This  is  a  digital  copy  of  a  book  that  was  preserved  for  generations  on  library  shelves  before  it  was  carefully  scanned  by  Google  as  part  of  a  project 
to  make  the  world's  books  discoverable  online. 

It  has  survived  long  enough  for  the  copyright  to  expire  and  the  book  to  enter  the  public  domain.  A  public  domain  book  is  one  that  was  never  subject 
to  copyright  or  whose  legal  copyright  term  has  expired.  Whether  a  book  is  in  the  public  domain  may  vary  country  to  country.  Public  domain  books 
are  our  gateways  to  the  past,  representing  a  wealth  of  history,  culture  and  knowledge  that's  often  difficult  to  discover. 

Marks,  notations  and  other  marginalia  present  in  the  original  volume  will  appear  in  this  file  -  a  reminder  of  this  book's  long  journey  from  the 
publisher  to  a  library  and  finally  to  you. 

Usage  guidelines 

Google  is  proud  to  partner  with  libraries  to  digitize  public  domain  materials  and  make  them  widely  accessible.  Public  domain  books  belong  to  the 
public  and  we  are  merely  their  custodians.  Nevertheless,  this  work  is  expensive,  so  in  order  to  keep  providing  this  resource,  we  have  taken  steps  to 
prevent  abuse  by  commercial  parties,  including  placing  technical  restrictions  on  automated  querying. 

We  also  ask  that  you: 

+  Make  non-commercial  use  of  the  files  We  designed  Google  Book  Search  for  use  by  individuals,  and  we  request  that  you  use  these  files  for 
personal,  non-commercial  purposes. 

+  Refrain  from  automated  querying  Do  not  send  automated  queries  of  any  sort  to  Google's  system:  If  you  are  conducting  research  on  machine 
translation,  optical  character  recognition  or  other  areas  where  access  to  a  large  amount  of  text  is  helpful,  please  contact  us.  We  encourage  the 
use  of  public  domain  materials  for  these  purposes  and  may  be  able  to  help. 

+  Maintain  attribution  The  Google  "watermark"  you  see  on  each  file  is  essential  for  informing  people  about  this  project  and  helping  them  find 
additional  materials  through  Google  Book  Search.  Please  do  not  remove  it. 

+  Keep  it  legal  Whatever  your  use,  remember  that  you  are  responsible  for  ensuring  that  what  you  are  doing  is  legal.  Do  not  assume  that  just 
because  we  believe  a  book  is  in  the  public  domain  for  users  in  the  United  States,  that  the  work  is  also  in  the  public  domain  for  users  in  other 
countries.  Whether  a  book  is  still  in  copyright  varies  from  country  to  country,  and  we  can't  offer  guidance  on  whether  any  specific  use  of 
any  specific  book  is  allowed.  Please  do  not  assume  that  a  book's  appearance  in  Google  Book  Search  means  it  can  be  used  in  any  manner 
anywhere  in  the  world.  Copyright  infringement  liability  can  be  quite  severe. 

About  Google  Book  Search 

Google's  mission  is  to  organize  the  world's  information  and  to  make  it  universally  accessible  and  useful.  Google  Book  Search  helps  readers 
discover  the  world's  books  while  helping  authors  and  publishers  reach  new  audiences.  You  can  search  through  the  full  text  of  this  book  on  the  web 


at|http  :  //books  .  google  .  com/ 


i 


1 ' iiinwJ  's^ — ' — 

ri 

Ip^^^^^^in. 

^I  ximt^a^^^ymTHE  < 

1  N^^^^^SAN 

3  =         <S^'<ft*s™ca^r^  S) 

j 

i 

:       ^i^>                    t^ 

"^^  1 

-^-Ji 

1 

1 

^ 


I 

3 

3 
4 
S 

6 

lI 

9 
to 
ti 

.    '3 


1^1 'fj 


yGoogle 


yGoogle 


STANDARD  HANDBOOK 


FOR 


ELECTRICAL  ENGINEERS 


yGoogle 


MiimiHi»iMiiiii««iiiiiiMiHiiwmini«iiiiBnHiiiiiiiiuiiiiiriiiuiiiiwiii«iiiiiiiiiiuiii|Hnw 


!%  QrcmOllllBock  &  Im 

PUMISUCRS    or     SOOKS     FOR^ 

Coal  Age  »  Electric  Railway  Journal 
Electrical  Ufarld  -^  Er\gineering  News-Record 
American  Machinist  -^  The  Contractor 
Engineering 8 Mining  Journal  ^  Power 
Metallurgical  £i  Chemical  Engineering 
Electrical  Merchandising 


y  Google 


STANDARD 
HANDBOOK 

FOR 

Electrical  Engineers 

PREPABED  BT  A 
STAFF  OF  SPECIALISTS 


FRANK  F.  FOWLE,  S.  B. 

EDlTOB-IN-CHlEy 

CDXSULTINa   VIJCCrmiCAL  KNOIKKBB,  MBMBCB  AMBKICAN  INaTITUTS 

or     ZI.BCTBtCA.1.     BNOINXBM,      ILLCHINATINa     BNaiHBBRIHO 

SOCIBTT    AND   HAHOHAL  BLBCTBIO  UORT  AUOOIATIOH 


total.  issue,  pipty-bioht  thousand 

Fourth  Edition 
Rkwritten  and  Greatlt  Enlarged 

Fifth  Impression 

WITH  Corrections,  and  Revision  op  the 

Standardization  Rules 

TO 

JANUARY,  1917 


McGRAW-HILL  BOOK  COMPANY,  Inc. 
239  WEST  39TH  STREET.    NEW  YORK 


LONDON:  HILL  PUBLISHINQ  CO.,  Ltd. 

e  &  8  BOUVBRIB  ST..  B.C. 

1915  ^         • 


OopTmoHT.  1907.  I90«,  bt  thb  McOraw  PtniLtsinNa  Cohpamt 

COPTHIQHT,   1910,  BT  THB   McGbaw-HiLL   BoOK  CoHPANT 

CopTRiauT.   1915,  BT  TUB  AIcGbaw-Hili,  Book  Coupant,  Ino. 


FiBBT  Edition 
Pint  Printing,  Decembtr,  1907 


Second  Edition 

FirttPrintine,  May,  1908 

Steond  Priming,  March,  1910 


TmsD  Edition 
Firtt  Printing,  September,  1910 
Second  Printing,  September,  1911 
Third  PritUing,  December,  1912 


FouBTH  Edition 

Firel  Printing,  July,  1915 

Second  Printing,  Novembtr,  1915 

Third  Printing,  December,  1916 

Fourth  Printing,  April,  1918 

Fifth  Printing,  May,  1919 

Total  Ibsub,  Fiptt-eioht  Thousand 


TMEAfAt>I.K    PKCSM    TOBKPA 

Digiii^edb,  Google 


PREFACE  TO  THE  FOURTH  EDITION 


The  present  edition  of  the  Standard  Handbook  for  Elec- 
nacAL  Engineers,  preparation  of  which  was  undertaken  early 
in  the  year  1913  under  the  editorial  direction  of  the  writer,  em- 
bodies so  many  changes  and  so  much  new  matter  that  it  is 
virtually  a  new  bocdc,  retaining,  however,  the  general  features 
and  scheme  of  arrangement  which  have  received  extensive  en- 
dorsement in  the  prior  editions.  As  heretofore,  the  Standard 
Haxdbook  is  intended  primarQy  as  a  reference  book  of  practical 
information  and  data  for  practising  engineers  and  a  supplement 
to  the  standard  text-books  employed  in  teaching  electrical  en- 
iqneering  in  colleges  and  universities.  It  is  well  recognized  that 
limitations  <rf  space  within  ^  single  volume  of  this  character,  even 
of  the  present  size,  render  it  impossible  to  treat  each  subject 
exhaustively.  Our  efforts  have  been  concentrated  chiefly  on 
the  task  of  presenting  as  much  information  and  data  of  a  prac- 
tiral  nature  as  space  would  permit,  reducing  descriptive  mat- 
ter to  the  reasonable  minimum  and  relying  on  references  to 
standard  works  for  extended  dissertations  on  theory  and  highly 
q>e(rial  topics.  Perhaps-  the  most  difficult  task  of  all,  in  the 
picsent  revision,  was  that  of  keeping  the  subject  matter  within 
the  confines  of  a  volume  which  would  not  be  impossible  in 
either  the  physical  or  the  commercial  sense. 

Owing  to  the  numerous  advances  in  electrical  science  and  the 
dectrical  arts  since  the  appearance  of  the  third  edition  in 
tlWi,  and  owing  also  to  certain  criticbms  which  had  been 
made  concerning  the  earlier  editions,  the  Publishers  approved 
at  the  outset  a  broad  and  liberal  editorial  poKcy  which  greatly 
facilitated  the  work  and  minimized  the  burdens  of  a  task  that 
at  best  is  a  difficult  one. 

The  first  problem  was  the  rearrangement  of  the  sections 
for  the  purpose  of  securing  a  rational  classification  of  major 
subjects  and  insuring  a  well-balanced  presentation.  A  great 
deal  of  time  was  spent  in  consideration  of  this  question 
before  undertaking  the  details  of  the  work.  In  the  same 
manner  much  attention  was  given  to  the  grouping  of  subjects 
under  minor  divisions  in  each  main  section,  in  order  that  the 
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information  on  each  subject  might  be  presented  in  reasonably- 
compact  form,  and  at  the  same  time  be  easily  located. 

Thus  each  numbered  paragraph  opens  with  a  descriptive  title 
or  phrase  in  bold-faced  type,  while  in  other  respects  the  use  of 
such  type  has  been  limited  to  subheads  and  important  key- 
words which  should  catch  the  eye  upon  a  casual  glance  over 
the  pages.  An  entirely  new  feature  is  the  consistent  use  of  sub- 
heads throughout  each  section  and  the  grouping  of  thebe  on 
each  section  title  page,  for  the  double  purpose  of  describing 
the  contents  in  some  detail  and  serving  as  a  ready  guide  to  any 
particular  subdivision  or  minor  subject.  This  general  scheme 
of  presentation  is  not  intended  to  relieve  the  necessity  for  a 
thorough  and  complete  index,  but  rather  to  supplement  the 
latter  and  make  the  book  of  maximum  usefulness.  Another  new 
feature  is  the  addition  of  bibliographies  at  the  end  of  each  sec- 
tion or  subsection,  and  the  insertion  of  numerous  references 
throughout  the  text  to  more  extended  or  specialized  literature. 

In  retaining  the  sectional  or  unit  system  of  arranging  a  refer- 
ence work  of  this  character,  both  the  Editor  and  the  Publishers 
are  convinced  from  past  results  that  there  is  no  other  form  of 
arrangement  which  is  so  well  suited  to  the  production  of  a  useful 
and  convenient  handbook,  or  which  makes  possible  the  segrega- 
tion of  all  the  material  relating  to  each  subject,  presented  in 
logical  sequence  and  so  displayed  as  to  give  it  the  desired 
prominence. 

.  Sections  1  to  5  inclusive  cover  the  same  general  ground  as  in 
the  third  edition,  but  have  been  almost  completely  rewritten  and 
considerably  extended. 

Sections  6  to  9  inclusive  embrace  the  same  subjects  as  Sections  - 
6  to  8  in  the  third  edition,  but  conform  to  a  revised  classification 
which  is  believed  to  be  preferable  to  the  former  arrangement. 
These  sections  have  also  been  entirely  rewritten  and  substan- 
tially enlarged. 

Section  10  covers  the  same  general  subject  matter  as  the  cor- 
responding section  in  the  last  edition,  but  is  entirely  rewritten 
and  greatly  enlarged. 

Sections  11  and  12  cover  the  same  ground  as  Section  11  in 
the  third  edition,  but  are  entirely  new  and  much  more 
comprehensive. 

Section  13  replaces  Section  18  in  the  old  edition,  being  entirely 
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lewrittcn;  Section  14  replaces  Section  12,  with  entirely  new 
material',  Section  15,  Industrial  Motor  Applications,  is  a  new 
section  with  entirely  new  subject  matter. 

Section  16  covera  the  ground  of  Section  13  in  the  third  edi- 
tion, and  has  been  thoroughly  revised.  Section  17,  Electric 
Vehicles,  and  Section  18,  Electric  Ship  Propulsion,  are  both  new 
sections. 

Section  19  replaces  Section  14  in  the  third  edition,  many  por- 
tions of  it  being  rewritten.  Section  20  takes  the  place  of  old 
Section  9  with  new  material,  and  Section  21  replaces  old  Sections 
15  and  16,  also  rewritten  and  altered  somewhat  in  scope. 

Section  22  takes  the  place  of  Section  17  in  the  old  edition, 
with  almost  exclusively  new  materiaL  Section  23,  Mechanical 
Section,  is  a  new  section;  Section  24  corresponds  to  Section  19 
in  the  last  edition;  Section  25,  General  Engineering  Economics 
and  Central  Station  Economics,  is  entirely  new.  Section  20  in 
the  former  edition  has  Been  abandoned  and  its  contents,  or 
their  revised  equivalents,  have  been  distributed  among  other 
aeetions. 

The  Editor  takes  this  occasion  to  thank  his  numerous  associ- 
ates far  their  cooperation  and  enthusiasm  throughout  a  long 
and  difficult  task,  and  to  acJcnowledge  the  painstaking  efforts 
of  the  Publishers  concerning  the  mechanical  features  and  their 
patience  over  the  unexpected  but  seemingly  unavoidable  delays 
in  completing  the  editorial  portion  of  the  work.  Acknowledg- 
ment is  also  due  to  my  assistant,  Mr.  J.  C.  Bogle,  who  has  pains- 
takingly performed  a  large  share  of  the  routine  editorial  work; 
to  Mr.  Walter  Jackson,  Associate  £^tor  of  the  Electric  Railway 
Journal,  who  has  read  the  complete  proofs  before  going  to 
press;  and  to  Mr.  O.  A.  Kenyon,  who  has  prepared  the  index. 

FnANK  F.  FowLE, 
Chtcago,  June  15, 1916.  Editor-inrCkieJ. 
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PREFACE  TO  THE  THIRD  EDITION 


The  preface  to  the  first  edition  of  the  Standard  Handbook, 
which  appears  on  another  page,  describes  the  "unit"  system  on 
which  the  work  was  developed.  The  present  edition,  the 
publishers  believe,  is  somewhat  of  a  triumph  for  this  system. 
The  thorough  revision  of  a  book  of  this  size,  when  manufac- 
tured according  to  the  usual  plan,  is  commercially  impossible 
except  at  long  intervals  when  the  changes  in  the  art  become  so 
great  as  to  demand  an  entirely  new  book.  The  "unit"  system 
employed  in  the  Standard  Handbook  permits  thorough  revision 
in  part  or  as  a  whole  without  any  of  the  usual  limitations. 

In  the  present  revision  the  authors  of  the  various  sections 
were  allowed  a  free  hand  in  so  far  as  mechanical  details  were 
concerned.  They  were  not  restricted  in  space  or  compelled  to 
cut  and  prune  material  to  fit  pages.  The  result  is  a  book  that 
has  been  thoroughly  revised  from  cover  to  cover  so  that  it  could 
be  fairly  called  a  new  Standard  Handbook. 

The  following  synopsis  gives  a  brief  outline  of  the  changes 
and  additions  that  have  been  made  to  the  various  sections. 

Section  1,  Units,  is  corrected  and  slightly  enlarged. 

Section  2,  Electric,  Magnetic  and  Dielectric  Circuits,  is 
greatly  enlarged.  The  general  theory  of  electric  and  magnetic 
circuits  is  entirely  rewritten  and  the  calculation  of  inductance 
and  capacity  is  given  in  greater  detail  than  before. 

Section  3,  Measurements  and  Measuring  Instruments,  is 
greatly  enlarged.  Several  new  instruments  are  described,  tests 
of  self  and  mutual  inductance  have  been  added  and  a  section 
devoted  to  pjrrometers  and  high  temperature  measurements  has 
been  included.  The  design  of  rheostats  and  motor  starters  has 
been  transferred  to  Section  5. 

Section  4,  Properties  of  Conductor,  Resistor  and  Insulating 
Materials,  is  enlarged  more  than  any  other  section.  Many 
tables  have  been  added  giving  data  on  the  latest  types  of 
conductors  and  cables.  An  entirely  new  section  giving  the 
properties  of  a  large  number  of  commercial  resistor  alloys  has 
also  been  added  and  the  magnetic  testing  of  iron  has  been  en- 
tirely rewritten  and  now  forms  a  very  comprehensive  tTeatment 
of  the  latest  practice  in  this  important  subject. 
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Section  5,  Magnets,  Resistors,  Ck)nden8er8  and  Reactors,  has 
been  enlai^^ed  in  scope  to  include  resistors,  condensers  and  react- 
ors. In  the  sections  on  magnets,  a  discussion  of  the  energy 
relations  in  a  plunger  magnet  has  been  added.  The  section  on 
resistors  contains  the  design  of  rheostats,  formerly  in  Section  3. 
To  this  section  have  been  added  the  design  of  induction  motor 
starters,  the  heating  of  wires,  cables  and  embedded  conductors, 
the  calculation  of  fuses  and  tables  for  use  in  heating  calculations. 
A  new  skin  effect  for  various  metals  has  also  been  added.  In  the 
condenser  and  reactor  sections,  the  electrical  calculations  are 
given,  and  considerable  space  is  devoted  to  the  electrolytic 
eondraaer.  Almost  all  of  the  material  in  this  section  is  entirely 
new. 

Section  6,  Transformers  and  Converters,  is  thoroughly 
revised  and  considerably  enlarged.  The  use  of  silicon  steel  has 
mrolutionized  transformer  design  and  hence  this  section  has 
been  completely  overhauled.  As  the  book  goes  to  press  it 
is  the  Mily  available  up-to-date  treatment  of  transformers.  In 
the  converter  section  numerous  additions  are  made,  the  most 
important  being  a  discussion  d  the  split-pole  converter. 

Section  7,  Generators,  has  been  corrected  and  slightly  revised. 

Section  8,  Motors,  has  been  revised,  discussions  of  new  motors 
being  added  to  the  alternating  current  commutating  motor  sec- 
tion.    Xew  design  data  are  given  for  both  a.c.  and  d.c.  motors. 

Section  9,  Batteries,  has  been  corrected  and  revised,  with 
aii^t  additions. 

Section  10,  Central  Stations,  has  been  thoroughly  revised 
and  largely  rewritten.  The  scope  is  the  same.  Many  cost  data 
have  been  added. 

Section  II,  Transmission  and  Distribution,  excepting  the 
underground  construction  and  mechanical  transmission,  has 
been  entirely  rewritten.  It  is  believed  now  to  be  thoroughly 
abreast  of  the  times  in  the  calculation  and  construction  of  trans- 
mitBion  and  distribution  systems.  Many  tables  have  been 
calculated  especially  for  this  section.  Practically  all  of  the  old 
tables  have  been  discarded.  Inductive  reactance  and  charging 
current  for  ail  sizes  of  wire  and  cable  and  all  spacings  are  given 
for  25  and  60  cycles.  Tables  giving  the  stresses  in  wires  and 
cables  of  various  sizes  for  wind,  and  wind  and  sleet  conditions 
4*e  abo  among  the  additions. 

Sectioa  12,  Illumination,  has  been  corrected  and  revised. 
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Section  13,  Traction,  has  been  corrected,  revised  and  enlarged. 
The  locomotive  section  has  been  entirely  rewritten,  and  more 
space  has  been  given  to  the  method  of  constructing  speed-time 
curves. 

Section  14,  ElIectrochemLstry,  has  been  thoroughly  revised 
and  somewhat  enlarged. 

Section  15,  Telephony,  has  been  entirely  rewritten.  It  is  now 
a  comprehensive  treatise  and  represents  a  new  method  of  pre- 
senting the  subject. 

Section  16,  Telegraphy,  is  corrected. 

Section  17,  Miscellaneous  Applications  of  Electricity,  ia 
corrected  and  somewhat  enlarged. 

Section  18,  Wiring,  is  corrected  and  brought  to  date. 

Section  19,  Standards,  is  considerably  enlarged.  The 
latest  changes  in  the  A.  1.  E.  E.  Standardization  Rules  have  been 
noted,  and  standard  specifications  for  rubber  insulation,  copper 
conductors  and  transformers  have  been  added. 

Section  20,  Tables  and  Statistics,  has  been  corrected  and 
enlarged  by  adding  telephone,  telegraph  and  central  station 
statistics  and  by  general  revision. 
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PREFACE  TO  THE  FIRST  EDITION 


In  the  preparation  of  the  Standakd  Handbook  the  pub- 
lishers have  adapted  the  "unit"  system  to  bookmaking.  The 
entire  field  of  electrical  engineering  was  divided  into  twenty  sec- 
tions or  units,  each  complete  in  itself.  These  twenty  sections 
were  arranged  in  what  seemed  to  be  a  logical  order  and  each 
was  assigned  to  a  specialist.  Each  author  was  supplied  with 
a  detailed  outline  of  all  the  sections,  thus  avoiding  repetitions 
and  duplication  of  material  as  far  as  desirable.  All  of  the 
material  thus  brought  together  was  carefully  edited  to  obtain 
uniformity  of  style,  symbols,  abbreviations,  units,  etc.,  and  to 
eonnect  the  various  parts  by  cross-references. 

Some  repetitions  are  purposely  made  to  save  the  time  of  the 
user.  For  instance,  transformer  oil  is  treated  under  Insulating 
Materials  in  Section  4,  but  a  brief  outline  of  its  important 
qualities  is  again  given  in  Section  6  under  Transformers,  with  a 
cnm-rtsference  to  guide  the  reader  to  the  fuller  treatment  in 
Section  4. 

The  Index  embodies  some  new  features.  All  references  are 
made  to  section  and  iiaragraph.  In  each  section  the  para- 
giaphs  are  numbered  from  one  to  the  end,  and  the  section  and 
paragraph  numbers  are  set  at  the  head  of  the  page;  the  page 
number  appearing  in  an  inconspicuous  place  at  the  foot,  for  the 
guidance  of  the  printer  only.  Cross-references  are  always  made 
throu^  the  index  to  avoid  errors  and  to  guide  the  user  to  all 
other  parts  of  the  book  where  that  subject  may  be  treated. 

The  studied  use  of  bold -face  type  is  also  intended  to  save  time 
by  bringing  out  in  a  prominent  way  the  real  subject  of  each 
paragraph. 

Recognized  standards  have  been  followed  wherever  pos- 
sble.  Those  recommended  by  the  national  societies  or  organi- 
lations  have  usually  been  followed.  Section  19  is  entirely 
given  up  to  Standardization  Rules  and  Reports,  including  the 
full  report  of  the  American  Institute  of  Electrical  Engineers  of 
June,  1907,  and  that  of  the  American  Street  and  Interurban 
Railway  Engineering  Association,  ratified  in  October,  1907. 

The  publishers  cannot  hope  for  absolute  accuracy  in  this 
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first  edition  of  a  work  containing  such  a  mass  of  figures  and 
data,  although  the  greatest  care  has  been  exercised  in  its  prepa- 
ration. Any  suggestions,  criticisms,  or  corrections  from  users 
will  be  of  great  service  in  making  The  Standard  Handbook  a 
standard  in  fact  as  well  as  in  name. 

December  12,  1907. 


PREFACE  TO  THE  SECOND  EDITION 


No  new  material  has  been  added  to  this  edition  of  the  Stan]>- 
ARD  Handbook,  with  the  exception  of  directions  for  resus- 
citation from  electric  shock,  which  have  been  inserted  at  the  end 
of  the  book.  However,  every  page  has  been  most  carefully  read 
and  every  possible  effort  made  to  insure  the  accuracy  of  all  data 
and  perfection  of  the  typographical  work.  Several  of  the  ta- 
bles, which  were  especially  prepared  for  this  book,  have  been 
recalculated  and  others  have  been  checked  by  plotting  the  values 
and  recalculating  those  which  did  not  fall  on  a  smooth  curve. 

The  success  of  the  Standard  Handbook  has  been  phenome- 
nal. The  general  interest  in  the  work  has  been  manifested  by 
the  many  letters  received  from  prominent  men  commending  its 
general  character  and  offering  suggestions  and  criticisms.  It 
has  already  been  adopted  for  use  as  a  text-book  in  thirty 
universities  and  colleges. 

The  publishers  take  this  occasion  to  express  their  appre- 
ciation of  its  reception  by  the  profession,  and  to  thank  those 
who  by  their  kindness  in  pointing  out  typographical  and  other 
errors,  have  materially  assisted  in  the  work  of  correction. 

New  York,  May,  1908. 
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SECTION  1 


UNITS,  CONVERSION  FACTORS,  AND  TABLES 

STSTKHB  or  TTKITB 

1,  Ilktun  of  unltf.  EnsineeriDg  makes  lue  of  physical  quantitiea  in 
tha  broadest  sense  of  that  term,  >'.«.,  including  meohanioal,  cbemioal,  physical, 
thermal  and  physiological  quantities.  In  order  adequately  to  compare  the 
magnitudes  of  physical  quantities  of  the  same  kind,  unit  magnitudes,  or 
units,  are  necessary  for  each  kind  of  physical  quantity  dealt  with. 

t.  CiMlifleatlon  of  unit*.  The  subdivisions  and  species  into  which 
units  may  be  divided  are  indicated  in  the  scheme  shown  in  Fig.  1,  with  ex- 
planations which  follow  in  Par.  t. 
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Fio.  1. 

•(•■)  Ituidard  unlU  (see  Fi|[.  1)  may  be  said  to  include  all  units  which 
haTe  received  the  stamp  of  recognition  in  technical  literature. 

t(ai)  Kinplrioal  units,  on  the  other  hand,  are  units  which  have  sprung 
into  existence  locally,  ordinarily  without  any  pretense  to  scientific  deriva- 
tion, and  wliich  have  not  been  sanctioned  by  general  usage.  At  various 
times  during  Tecorded"  history,  empirical  units  have  appeared.  Thus,  in 
the  early  history  of  electrical  units,  a  unit  of  conductor  resistance  was  used  ss 
representing  the  itostanoe  of  a  certain  length  pf  »  ««rV>u>  ■>*«  of  telcfrapl) 
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wire,  aM  embodied  in  a  oertain  vUndard  reMiaiwe  0(h1«  Similarly.  (Im 
aTcran  «iia-f-  of  a  Daaiell  cell  was  originally  an  empirical  unit  of  e.m.1. 

S(bi)  Ibstematlc  units  are  units  of  any  definitely  related  sroup.  Thus 
the  onita  pint,"  "quart,'*  "peck,"  and  "buafael"  entering  into  "dry  mesa- 
Bie"  are  Qyatematic  units;  be^uae  they  stand  in  definite  quantitative  mutual 
relation  as  a  icroup  or  system.  Again,  the  units  "mill,  "cent,"  "dime,** 
sod  "dollar"  entering  into  American  currency  are  systematic  units. 

S(bi)  Hondeseripv  units  may  be  defined  as  standard  units  which  are 
not  sywtematic,  or  do  not  enter  into  any  tmit  system.  Thus,  in  Pennsylvania, 
a  "bushel"  d  coarse  salt,  as  a  weight-unit,  is  80  lb.  avoirdupoist*  but  in 
Dfinns  it  is  50  lb.  avcnrdupois. 

<(B)  Hybrid  ff^l*f^,  in  contradistinction  to  systematic  units,  are  units 
which  (io  not  bdong  to  any  one  system,  but  which  are  derived  say  from 
s  plurality  ci  different  systems;  from  a  systematio  and  a  generu  unit; 
or  from  any  combination  of  standard  and  empirical  units.  Thus,  a  **kUo- 
gram"  may  be  defined  as  a  unit  of  weigiit  in  the  international  metric  system; 


the  use  of  a  hybrid  unit  may  outweigh  the  diudvantage  of  its  unsystematic 
derivation.  No  stigma  necessarily  attaches  to  the  use  of  a  hybrid,  as  distin- 
giushed  from  a  systematic  unit;  but  great  caution  has  to  be  used  in  pursuing 
new  and  unf&miuar  quantitative  reasoning  processes  involving  hybrid  units, 
lest  Domerical  errors  be  introduced  by  neglect  of  coefficients. 

Kci)  Absolute  units  are  units  of  pfaysiail  quantities  selected  In  a  compre- 
bensiTe  scientific  system  based  upon  three  or  more  fundamental  phyncal 
properties,  such  as  length,  mass,  time,  energy,  epedfio  gravitational  force, 
etc.;  BO  that  simple  and  fundamental  quantitative  relations  may  subsist 
between  the  members  of  the  system  and  that  each  physical  quantity  may  have 
one  and  onlv  one  unit  in  the  system.  The  particular  basic  units  from  which 
s  srstem  <H  absolute  units  is  derived  are  called  the  tundanantAl  unltg 
cf  that  system;t  while  the  units  so  derived  are  called  the  dsrlTsd  unlts  in 
correlation  thereto.  In  a  dynamical  syatsn,  the  fundMnent*!  units 
are  tlirss  only  and  are:  a  unit  of  length,  a  imit  of  mast,  and  a  unit  of 
ttms.t  Consequently,  unless  otherwise  specified,  the  term  "absolute  units'* 
is  taken  as  referring  to  a  scientific  system  based  on  fundamental  units  of 
length,  mass,  and  time.  But  whereas  only  one  set  of  fundamental  units  has 
come  into  recognition — the  length-mass-time  set  above  mentioned — several 
Bpecies  of  this  act  have  been  used  to  some  extent;  nam^,  the  "foot-graln- 
second"  system, {  the  "meter-kilogram-second"  system*  the  "osntlmstsr- 
fram-ieeond*'  (C.O.B.)  system,  and  the  "qnadrant-elsTsntli-gram- 
■ssond'*  (Q.X.S.)  system.  Only  the  last  two  have  come  into  extensive 
practical  use.  The  C.Q.S.  system  has  become  the  international  scientific 
qntem,  and  the  Q.E.S.  system  an  international  electromagnetic  system  in 
uectrical  engineenng.  Any  complete  electromagnetic  absolute  system 
involves  five  fundamental  units,  two  of  which  mav  be  constants  of  the  ether. 
S(ei)Ustrie  units  are  units  pertaining  to  the  International  mstrlo 
system.  This  system,  which  was  created  in  France  in  1792,  was  adopted 
in  France  in  1840,  Q  in  Germany  in  1872,  in  Austria  In  1876  and  so  on  from 
OM  rivilijwd  country  to  another;  until  at  the  present  date,  the  only  great 
eonimimities  which  have  not  yet  adopted  the  metric  system  are  the  British 
Enqxre.  the  United  States  and  the  Russian  Empire.  The  advantage  of 
the  system  is  its  simplicity.  It  is  a  decimal  system,  using  a  single  f  unda- 
MSDtalunit  of  length  (the  meter)  and  one  of  mass  (the  ^cram).  The  dsoimal 
noltlplss  of  these  are  distinEuished  by  Greek  and  Latin  preflzss  common  to 
sU  branches  of  the  system  (Par.  lOS). 

•"The  World  Almanac,"  1913,  New  York,  p.  81. 

tEverett,  J.  D.     "C.G.S.  System  of  UniU,''  Macmillan  Co.,  1891,  p.  15. 

I  Strictly  speaking,  a  dynamical  system  of  absolute  units  may  employ 
ny  desired  acceferation  as  unit  acceleration,  when  the  unit  force  acts  on 
vdt  mass,  yet,  if  the  unit  of  acceleration  be  the  unit  of  length  per  unit  of 
time  squared  as  in  the  C.G.S.  system,  the  system  Is  called  an  absolute  kinetic 

I  "British  Association  Report  on  Electrical  Standards,'*  1863. 
^  I  HaQoek  and  Wade.  "  Evolution  of  Weights  and  Measures  and  the  Mstrie 
West,*'  Macmilton  Co.,  Nsw  York.  1906. 
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a(e<)  Onitomarrliicllili  tmlta  u«  the  nniu  of  the  Eniliih  taA  Anuii- 
cftD  meaaures,  tU.,  lenxth  measure,  aquare  meaaure,  land  meaauie,  oubie 
measure,  cord  measure,  dry  measure,  liquid  measure,  aToirdupois  weight, 
troy  weight,  apothecaries  weight  and  Jeweler's  weight.  Each  of  these  mew^ 
ures  may  be  regarded  as  a  system.  The  complete  list  may  be  re^rded  aa  a 
oongeriea  of  imperfectly  oonneeted  systems.  Empirical  and  hybrid  units  ar« 
mingled  with  tne  rest. 

t(di)  O.O.S.  unlti  are  the  units  of  that  particular  system  of  abaolute 
units  which  is  baaed  on  the  Intammtional  oantiiiutar,  the  Intamatlonal 
cram  and  the  mean  lolar  leoond.  That  is,  they  are  absolute  unita 
employing  tlie  metric  system  in  a  definite  way.  A  reason  for  the  centimeter 
having  been  selected  in  place  of  the  meter  as  the  fundamental  unit  of  length 
was  that  the  mass  of  the  cubic  centimeter  of  water  (at  the  temperature  of 
u^t  density)  is  the  fram  or  unit  mass;  whereas  the  masa  of  a  cutnc  meter  of 
water  would  be  a  million  grams. 

I(dt)  Q.I. 8.  nniti  are  unita  pertaining  to  the  quadrant-deventh-cranrt- 
seeond  absolute  system;  {.«.,  the  nrstem  In  which  the  unit  of  lencth la  lO* 
cm.  or  1  theoretical  quadrant  of  the  earth  as  measured  from  a  pole  to  the 
equator,  tiie  unit  of  mass  is  10^»  g.,*  and  the  unit  of  time  the  mean  aolar 
second,  or  the  l/86,400th  part  of  the  annual  mean  d«ly  period  of  revo- 
lution of  the  earth  with  respect  to  the  sun.  This  is  the  system  to  which  the 
international  ohm,  volt,  ampere,  Joule,  watt,  coulomb,  farad  and  beniy, 
belong.  The  system  was  not  intentionally  established  aa  a  Q.B.8.  (ystam; 
but  the  ohm  having  been  arbitrarily  selected,  for  convenience  of  magaituda. 
aa  10*  C.O.S.  eleetromagnetio  units,  and  the  volt  similarly  as  I0*C.O.S. 
units,  the  reat  of  the  system  necessarily  coincides  with  the  Q.B.8.  system; 
or  is  such  a  system  as  would  be  produced  by  the  selection  of  the  quadrant, 
•levonth-gram  and  second  aa  fundamental  units,  together  with  unity  for 
the  permeability  and  unity  for  the  dielectric  constant  of  the  ether. 

•(dt)  Oiorgl  uatt*  are  units  in  a  combined  absolute  and  practical  system 
devised  by  Prof.  O.  Oiorgi,t  in  which  the  fundamental  units  are:  the  meter- 
IdlogTam-eeeond-intemauonal  ohm,  and  the  further  assumption  that  tba 
permeability  of  free  ether,  instead  of  being  unity  as  in  the  C.G.8.  magnetie 
•ystem,  is  m«~^X10-'  henry/m.  On  this  oasis  the  ohm-volt-ami>ere 
aeries  of  practical  units  become  also  absolute  units.  The  electric  inductivity, 
instead  of  being  unity,  as  in  the  C.Q.S.  electric  system,  becomes  k,  —  l/SOr 
X  10~*  farad/m.  No  distinction  arisea  in  the  Qioni  system  between  electrie 
and  magnetie  units.  The  system  is  also  rectified  in  regard  to  4*'  factoio, 
or  is  *^ationaU>ad"  in  the  Heaviside  sense;  so  that  a  number  of  fundamental 
equations  in  the  system  differ  from  thoee  of  the  CO. 8.  system  in  regard  to 
such  4t  factors. 

S(d4)  H.O.B.  nniti,  ete.  Units  in  an  absolute  system  whose  fundamental 
units  are  the  meter«ram-second,  the  millimeter-milligram-eecond,  the  foo^ 

Gain  second,  etc.  None  of  these  extraneous  absolute  systems  have  coma 
to  extensive  use. 

S(«i)  B.A.  nnitt  are  the  units  of  the  C.O.8.  system  as  established  by  the 
British  Association  for  the  Advancement  of  8eiencet  in  1863.  The  electro- 
static subsystem  was  established  on  the  basis  of  the  unit  quantity  of  ele<v 
trieity  such  that  it  repelled  ita  prototype  at  a  distance  of  I  cm.  with  a  force 
of  1  dyne.  The  electromagnetic  sub^stem  was  similarly  established  on  the 
basis  of  the  unit  magnetic  pole  such  that  it  repelled  ita  prototype  at  a  dis- 
tance of  1  cm.  with  a  force  of  1  dyne.  This  procedure  led  to  the  anomaloua 
nault  that  every  electromagnetic  qnantity  has  a  unit  both  in  the  electro- 
static subsystem  and  in  the  magnetic  subsystem. 

>(•«)  Heaviside  unita  are  units  in  that  form  of  the  C.Q.S.  system  which 
was  first  suggested  by  Mr.  Oliver  Heaviside  in  1882.  |  He  showed  that  it  a 
unit  electric  point  charge  and  a  unit  magnetic  point  pole  had  been  respect- 
ively defined  such  that  unit  total  flux  emanated  therefrom,  the  strength  of 

*  Maxwell,  J.  C.  "A  Treatise  on  Electricity  and  Magnetism,"  1881, 
Chapter  X. 

t  Ascoli,  M.  "On  the  Systems  of  Electrical  Units,"  Trans.  Int.  Electrical 
Concress  of  St.  Louis.  1904,  Vol.  I,  p.  130. 

t  "British  Association  Report  on  Electrical  Standards,"  1863. 

I  Heaviside,  O.  "The  Relations  between  Magfletic  Force  and  Eleatrie 
Curtent."    The  Eleetriciaa,  London.  Nov.  18,  1882. 
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ikt  field  St  nait  diatauoe  would  be  1/(4t),  and  this,  not  onity,  ihould  be  the 
force  in  djmca  tlukt  the  prototjrpe  would  develop  in  repulsion.  Ai  a.  eonee- 
qneBee  of  this  nnnsturml  definition  of  the  B.A.  unit  charce  end  pole,  the 
fwwliifnfintal  equations  of  the  B.A.  system  become  InterUrded  with  iw 
laeton  in  rectihneur  problems  and  denuded  of  them  in  spherical  problems 
where  they  should  naturally  be  expected  to  occur.  Mr.  Heaviside  proposed 
to  lectifj  the  system  by  changing  the  fundamental  definitions  in  the  manner 
auaeeted,  and  enunciating  a  new  list  of  units  in  both  the  electrostatic  and 
inacnatie  aubsystems;  all  related  to  the  corresponding  B.A.  units  in  simple 
ra  or  roota  of  4r.  He  aimilafly  propoeed  rectifying  the  practical  or 
3.  system  of  units  by  adopting  a  new  ohm,  volt,  ampere,  etc.,  all  bearing 

x^o  of  simple   power  or  root  of    4r  to  the  corresponding  existing 

vafaiea.  If  Mr.  Heaviside's  proposals  had  been  formulated  and  considered 
piior  to  international  adc^tlon  of  the  ohm-Tolt-ampere  series  of  units,  and 
Mgalisad  standards,  they  might  have  been  adopted.  *  At  the  present  Ume 
a  very  few  phyddsts  employ  Heaviside's  "rational"  ttnits  in  theoretical 
aiialyais.t 

4.  FnndaoMntel  prlndplaa  ooneemlnc  anltg  in  eqiMitioiis.  Many 
of  the  equations  representing  propositions  in  pure  mathematics  maybe  satie- 
fisd  by  quantitiee  m  any  Una.     Thus  taking  the  very  simple  equation 

2(.a+b)-2a+3b 
h  is  dear  that  the  qnantitiea  a  and  b  may  be  of  the  same  kind  or  of  different 
Uada,  and  their  respective  units  may  be  any  whatsoever,  without  affecting 
the  identitr  expressed,  so  long  as  a  and  b  have  respectively  the  same  meanings 
SB  Um  two  sules  of    the   equation. 
Vhco,  however,  as  ordinarily  in  en- 
gineeruw,    physical    magnitudes    are 
oealt  with  in  an  equation;  then  three 
ruiisequeiiofe  ensue;  namely: 

(1)  Ths  equation  can  only  be  tnter- 
tnUd  in  Isnns  «/  wm*  unit  aflkt  par- 
(teslar  pkytieal  guttnUti/  diaU  with. 
This  is  toe  unit  of  the  equation. 

CO  Tk«  SHtiC  emplovM  on  tad 
tfAo  toaalion  mutt  be  the  sams.t 

(3)  1/  either  eide  of  the  equation  am- 
tauu  a  atapls  swai  of  foeiliee  or  netoHte  terme;  tiien  each  of  thete  (emu  muet 
emalett  the  saaw  tmit  ae  the  eguation. 

far  eample,  oonaideiliig  toe  case  of  a  uniform  pipe,  discharging  water  at 
a  ntdfarm  velocity  *  meters  pa  see.,  from  a  reservoir  A  into  a  river  B 
ifit-  3i.  Let  B  be  the  total  head  or  elevation  in  meters  between  the  water 
levda  i  and  B  at  the  two  ends  of  the  i>ipe,  and  let  a  vertical  pressure  pipe 
be  inserted  C^- 2)  at  say  point  P.  Then  we  have  the  well-known  hydraulic 
tdatioa: 

B-f+^+hi+h,  (meters)  (1) 

where  /  is  the  loss  of  head  due  to  friction  in  the  length  of  pipe  AP,  a  is  the 
suedeiatiop  doe  to  gravitation  in  meters  per  second  per  second,  t'/^e  i>  the 
loss  cl  head  due  to  velocity  at  the  point  P,  ai  is  the  remaining  head  above  the 
local  levd,  and  At  the  height  of  P  above  the  reservoir  level  at  B.  Then 
acconfing  to  the  jiropositioDS  above  stated,  each  of  the  four  terms  on  the 
right  hand  of  the  equation  must  be  a  head,  or  height,  in  meters,  and  both  sides 
of  the  equation  miist  be  expressed  in  terms  of  the  same  unit.  The  left-hand 
term  H  eannot  be  in  meters  and  the  right-hand  terms  or  any  of  them  in  feet 
or  centimeteis.  The  second  term  on  the  right  hand  (I'/ig)  contains  a 
vslodty  s,  sad  an  acceleration  a;  yet  the  term  as  a  whole  must  be  a  height, 
if  the  eqnstioa  is  correct. 

The  equation  might  evidently  be  expreesed  in  term*  of  any  unit  of  length 
such  as  inehes,  feet,  eubits,  yards,  miles  or  millimeters.  As  an  algebraic 
•qnaiion  entirely  by  itself,  ttere  is  no  reason  for  selecting  one  unit  rather 

■  Bssviside,  O.  "Eleetrieal  Papers."    Macini]laii.Co.,  1892,  Vol.  II,  p.  675. 

tLorents,  H.  A.    "The  Theory  of  Eleetrons."   B.  O.  Teubnar,  1909,  p.  2. 

t  An  exception  is  found  in  aa  equation  expressing  the  relation  between  dif- 

'srent  unit*  of  the  same  speciee,  as  for  example,  in  the  equation  lib.  -  16  os. 


^is  is  toe  onit  of  tbe  equsnon. 
CO  The  tntiC  employed  on  each  eide  _       „ 
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than  ftDother.  The  numerical  values  applyinji  to  any  particular  case  cov- 
ered by  the  equation  will  vary  greatly  according  to  the  unit  Bolected.  If, 
however,  any  one  of  the  terms  is  oxpresaed  in  a  particular  unit,  all  the  other 
terms  must  adopt  the  same  unit.  In  all  cases,  noweveft  it  is  helpful  to  the 
reader  to  have  the  unit  of  the  equation  written  out  at  the  end  of  ita  line,  as 
above,  in  order  to  assist  the  numerical  interpretation. 

HIBTOBXCAL  SKKTCH  OF  ENOLI8B  UiriTS 

6.  The  Knffllih  weighto  and  zneasurei  are  based  upon  old  Roman 
weights  and  measures.  *  The  troy  pound  is  supposed  to  have  been  a  weight 
of  suver  referred  to  as  a  "pound  sterling."  This  pound  would  be  coined  into 
240  silver  pennies  or  "pennyweights,"  each  of  24  gr.  (barley  grain  weights). 
It  would,  therefore,  contain  5.760  gr.  Heavy  bodies  (auostancea  in  gross 
outside  of  coins  or  bullion)  were  weighed  by  **  avoirdupois"  weight,  authorised 
by  law  early  in  the  fourteenth  century.  Several  slightly  different  avoirdu- 
pois pounds  were  in  use. .  Since  Queen  Elisabeth's  reign  the  avoirdupois 
pound  has  been  fixed  at  7,000  troy  grains. 

6.  In  regsrd  to  British  lenffths,  the  earliest  seems  to  have  been  the 
cubit  or  half  yard.  The  cubit  is  a  very  ancient  measure,  and  corresponds  to 
a  forearm  length  from  elbow  to  middle  finger-tip.  The  royal  iron  standard 
ysrd  was  constructed  in  the  thirteenth  century,  after  which  the  cubit  or  half 
yard  gradually  fell  out  of  use.  The  foot  was  standardised  at  one-third  of 
the  yard.  The  mite  was  a  relic  of  the  Roman  "millia  passuum,"  or  thousand 
paces;  the  Roman  pace  was  two  of  our  paces,  or  counted  between  the  lifts  of 
one  and  the  same  foot. 

7.  Oallon  mouiuret  of  volume  existed  at  different  times  in  England  in 
six  different  forms,  such  aa  the  corn-gallon,  the  ale-gallon,  etc.  Among  these, 
the  wine-gallon  of  Queen  Anne  contained  231  cu.  in.  This  gallon  was  brought 
to  America  by  the  early  colonists  and  remains  to-day  the  U,  S.  gallon.  In 
1824,  the  British  enacted  a  new  *'  impsrial  gallon  '*  to  eupersede  all  pre- 
existing gallons,  and  defined  it  as  the  volume  of  10  avoirdupois  pounds  of 
distilled  water  at  the  temperature  of  62  deg.  fahr.^  with  the  barometer  at 
30  in.  It  was  further  defined  aa  a  measure  containing  277.274  cu.  in.  of 
distilled  water.  There  is  thus  a  diiference  between  British  and  American 
gallons  in  the  ratio  277.274  to  231  »  1.204  :  1;  so  that  the  British  gallons, 
quarts,  and  pints  are  respectively  about  20  per  cent,  larger  than  American 
gallons,  quarts  and  pints,  a  large  discrepancy  that  has  frequently  led  to 
misunderstandings. 

8.  In  land  measure,  since  Anglo-Saxon  times,  a  "perch"  or  "pole*' 
was  11  cubit*  in  length  - 10}  ft.,  and  such  a  pole  was  the  surreyor't  unit* 
A  length  of  40  perches  was  a  furlong,  and  8  furlongs  the  Statute  mile. 
An  acre  of  land  was  the  area  of  a  rectangular  strip  a  furlong  in  length  and 
4  perches  in  breadth,  which  breadth  was  known  as  the  "acre's  breadth." 
An  acre  therefore  included  40X4 » 160  sq.  perches.  Eight  such  stripe  end 
to  end  made  the  statute  mile,  and  SO  such  strips  side  by  side  made  a  statute 
mile  breadth;  so  that  a  square  statute  mile  contained  640  acres.  Early 
in  the  seventeenth  century.  Prof.  Edmund  Gunter  of  Gresham  College 
decimalised  acre  measure  by  inventing  a  100-link  "chain"  of  outstretched 
length  equal  to  4  perches  or  the  acre's  breadth  (66  ft.).  The  acre  thus  becams 
10  sq.  chains. 

HIBTOKICAL  SKKTCB  OF  THX  ZKTERirATIOirAL  MXTBIC 
8T8TIM 

9.  Prior  to  1790,  differences  existed  between  the  weights  and  measures 
of  different  Departments  of  France.  ^  Reform  in  the  directions  of  simpli- 
fication and  unification  was  promised  in  a  decree  of  the  National  ABsemoly 
under  the  sanction  of  Louis  XVI  in  1790.  The  metric  system  was  actually 
developed  under  the  authority  of  the  French  Republic  in  1793,  in  the  hands 
of  a  committee  of  scientists  and  engineers. 

10.  The  decimal  sntem,  at  the  base  of  the  metric  system,  was  originally 
extended  to  angles  and  to  time,  the  right  angle  being  divided  into  100  gradee. 
each  subdivided  into  100  min.  and  again  into  100  sec.  The  day  was  dividea 
into  10  hr..  each  subdivided  into  100  min.  and  again  into  100  see.  The  deci- 
mal subdivision  of  time  never  came  into  extended  effect,  and  the  decimal 
subdivision  of  angles  has  only  been  used  to  a  limited  extent. 

*  Watson,  Sir  C.  M.    "British  Weights  and  Measures.**    London,  1910. 
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11.  Tlia  mtttar  wss  selected  ai  a  length  equ&l  to  the  ten  millionth  part 
yl  the  ZMWthAm  qnadrant  of  tlM  OBTthi  or  distance  from  pole  to  equator 
k.t  the  meridian  of  Paris.  Lat«r  measuromenta  have  shown  that  the  inter- 
oational  atandard  meter  finally  adopted  is  shorter  than  the  10"'  quadrant 
by  0.O2*  per  cent.  The  advanta^  of  such  a  basis  for  the  met«r  is  that  by 
the  U£e  of  the  decimal  subdivision  of  angles;  i.e.,  by  the  aubetitution  of  100 
grades  for  90  deg.,  the  kilometer  becomes  the  natural  nautical  unit  of  dis- 
tance, or  the  hundredth  of  the  grade;  just  as  the  English  nautical  mile  is 
the  sixtieth  of  a  degree. 

IS.  Tl&a  metric  syatom  is  universally  used  in  all  European  countries, 
except  Great  Britain  and  Russia.  The  quantitative  literature  of  the  scien- 
tific irorld  is  almost  exclusively  written  in  the  metric  system.  To  express 
quantit&tive  relations  exclusively  in  the  English  units  is  to  conceal  their 
meaning  to  a  great  extent,  from  all  but  English-speaking  peoples;  and  also 
to  discredit  them  scientifically,  by  implication. 

IS.  In  tiie  United  States,  the  metric  system  has  been  a  legally  recognized 
system  since  July  28,  1868.  In  1893,  the  U.  9.  Office  of  Standard  Weights 
fl^  Measures  waa  authorised  to  derive  the  yard  from  the  mct^Tt  at  the  ratio 
1  yd.  =»  3G00/3937  meter.  The  customary  weights  are  likewise  referred  to 
the  kilogram.  The  customary  weights  and  measures  of  the  United  States 
are  thus  defined  in  terms  of,  and  maintained  with  reference  to,  the  intcr- 
national  metric  sj'stero. 

14.  Tbe  international  metrio  standard!,  i.e.,  the  standard  meter 
bar  and  the  standard  kilogram,  are  maintained  at  the  International  Bureau 
of  Weights  and  Measures  at  Sevres,  near  Paris,  France,  in  a  building  which 
h&B  been  declared  internationally  neutral  or  outside  of  French  territory. 
Copies  or  prototypes  of  these  standards  are  maintained  at  the  various 
oationiJ  laboratories  and  are  occauonally  intercompared. 

EVOIiVnOK  or  TBS  PEACTICAL  KLICTKOBCAaHXTIO 
STSTBM  or  TTRITSt 
IS.  Brief  higtorleal  outline.  In  1861  a  committee  of  the  B.A.  (British 
Association  for  the  Advancement  of  Science)  was  appointed  to  consider 
standards  of  electrical  resistance.  The  committee  decided  to  adopt  a  Hcrics 
of  electrical  units  in  the  C.G.S.  absolute  system.  The  unit  of  resistance  in 
the  C.G.S.  magnetic  system  was  so  small  (one-billionth  of  an  ohm)  that  it 
wu  considered  unfit  for  practical  use  and  a  unit  10*  times  greater  than  tho 
C.G.S.  unit  was  selected  as  of  convenient  magnitude.  This  decimall>^  derivr*d 
unit  was  called  the  ohm  after  the  German  scientist  Dr.  Ohm.  Similarly, 
the  C.G.S.  magnetic  unit  of  electromotive  force  waa  regarded  arf  unfit  for 
rceommendation,  and  a  unit  10*  tim^  greater  than  the  C.G.S.  unit  was 
■dected,  and  called  the  volt,  after  the  Italian  electrician  Volta.  The  ohm 
Ittving  been  selected  as  a  unit,  standard  resistance  coils  had  to  be  produced 
and  adjusted — a  work  of  great  labor.  In  18ti4  and  18G5,  certain  standards 
of  renstance  or  B.A.  ohms  were  produced  and  put  into  servico.  In  1K72, 
Mr.  Latimer  Clark  produced  the  well-known  dno-meroury  standard  cell 
which  bears  his  name. 

U.  B.A.  ohm  too  imall.  In  1878,  it  was  realised  that  the  B.A.  ohm 
was  too  small  by  over  I  per  cent.  That  is,  the  B.A.  ohm  is  now  taken  to 
be  •.i8M  of  the  existing  International  ohm. 

IT.  In  18S1  an  international  eleetrleal  congress  at  Paris  recommended 
that  the  standard  ohm  should  be  represented  as  the  resistance  of  a  uniform 
column  of  mercury,  1  sq.  mm.  in  cross-section,  at  0  deg.  cent.,  the  length  of 
such  a  column  for  the  B.A.  ohm  being  approximately  104.9  cm.  The  Paris 
Congress  of  1881  also  adopted  the  ampere,  coulomb  and  farad,  as  the  prac- 
tical units  of  current,  quantity  and  capacity.  The  practical  syfltom  based 
<m  the  ohm  and  volt  thus  became  virtually  the  Q.E.S.  (quadrant-Hovoiith- 
gnun-seeond)  system,  in  place  of  the  C.G.S.  system:  t.e.,  as  thouRh  10*  cm. 
were  substituted  for  1  em.  as  the  unit  length,  and  10~"  g.  instead  of  1  g.  an 
tbemut  mass. 

"AniJuaire  pour  Tan  1913,  Paris.     Gauthier'Villars. 

t  Tables  of  Equivalents  of  the  U.  S.  Customar>-  and  Metric  Woights  and 
Meuures.  Department  of  Commerce  and  Labor,  Bureau  of  Stundardu, 
Publication. 

t Wolff,  F.  A.  "The  So-called  International  Electrical  Units.**  Trans. 
{si  £1  Concres**  St.  Louie.  1004.  Vol.  I,  p.  148. 
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II.  In  IMS,  >n  intem*tloiutI  oommlMlon  met  at  Farii  and  adopted 
a  lencth  of  106  cm.  as  the  length  of  the  merouiy  column  defining  the  ohm,  aa  a 
closer  approximation  to  the  true  ohm  than  the  B.A.  ohm.  This  106-em. 
ohm  was  called  the  "laral"  ohm,  as  distinguished  from  the  B.A.  ohm. 
Legal  ohms,  volts,  etc.,  have  at  the  present  date  almost  eompletebr  dia- 
appeared.  They  represented  an  intermediate  stage  of  appronmatton  to 
the  present  international  unit  values. 

It.  In  16M,  an  international  eleetrloal  oongran  at  Paris  adopted 
the  joule,  the  watt,  and  the  quadrant,  aa  the  practical  units  of  energy,  power 
and  inductance,  respectively. 

to.  Xdlnburgh  conference.  In  1892,  a  eonferenea  was  held  in  conneo- 
tion  with  the  B.A.  meeting  at  Edinburgh.  It  was  then  decided  to  adopt 
106.3  cm.  as  the  length  of  mercury  column  whose  resistance  should  embody 
the  ohm. 

M.  In  un,  the  International  alaetrlcal  confraai  of  Chicago  adopted 
the  106.3-cm.  ohm,  which  was  called  the  intemationml  ohm.  The  other 
units  of  the  practical  system  adjusted  in  conformity  to  tliis  value  were  called 
correspondingly  the  International  ampere,  volt,  oonlomb,  etc.  The 
name  of  the  umt  of  inductance  was  changcKl  from  the  quadrant  to  the  henry, 
in  honor  of  the  American  physicist  of  that  name. 

tf .  In  IMO,  an  internationml  electrical  oongreu  at  Paris,  aftw  some 
debate,  adopted  the  maxwell  aa  the  unit  of  magnetic  flux  and  the  (aua* 
as  the  unit  either  of  magnetic  intensity  or  of  flux-density  in  the  C.Q.S.  mag- 
netic system. 

tt.  In  Itot,  an  International  oommlaaion  at  London  considered  the 
order  of  leauenoe  of  resistance,  current  and  voltage  rtandarda,  which 
had  been  left  indefinite  at  precediiig  congresses.  It  was  decided  that  the 
ohm  should  be  the  llrtt  unit,  and  tne  ampere  the  lecond,  as  determined 
by  the  rate  of  electrodeposition  of  silver  under  specified  conditions.  The 
volt  was  to  be  determined  from  the  ohm  and  ampere. 

simnTioHB  or  ruiTDAMurTAL  uiriTS 

M.  Length.  (L.)  Linear  distance  between  any  two  points.  Thennitot 
length  in  the  metric  system  is  the  meter,  in  the  C.Q.8.  system  the  centi- 
meter, in  the  customary  system  it  is  any  one  of  the  following:— inch,  foot, 
yard,  pole,  furlong,  statute  mile,  nautical  mile. 

The  fundamental  luit  of  length  of  the  United  States  ia  the  international 
meter,  the  primary  standard  of  which  is  deposited  at  the  International 
Bureau  of  Weights  and  Measures  near  Paris,  France.  This  is  a  platinum- 
iridium  bar  with  three  fine  lines  at  each  end:  and  the  distance  between  the 
middle  lines  of  each  end  when  the  bar  is  at  the  temperature  of  0  deg.  cent., 
and  is  supported  at  the  two  neutral  points  28.fi  cm,  each  side  of  the  centre  ia 
1  m.  by  definition.  Two  copies  of  this  bar  (protot3rpe  meters)  are  in  the 
possession  of  the  United  States  and  are  deposited  at  the  Bureau  of  Standarxls. 

The  United  States  yard  is  defined  by  the  relation 
1  yd.  -  3600/3937  m. 

The  legal  equivalent  of  the  meter  for  commercial  purposes  was  fixed  ■■ 
89.37  in.  by  the  law  of  July  28,  1866,  and  experience  having  shown  that  this 
value  was  exact  within  the  error  of  observation,  the  United  States  Office  of 
Standard  Weights  and  Measures  was,  by  executive  order  in  1893,  authorised 
to  derive  the  yard  from  the  meter  by  the  use  of  this  relation. 

18.  Maaa.  (M.)  The  quantity  of  matter  in  a  body  is  estimated  either  by 
its  inertia  or  by  He  weight.  In  the  metric  system,  the  unit  of  mass  la 
the  CTMn,  which  was  originally  defined  aa  the  mass  of  a  oubia  centimeter 
of  distilled  water  at  0  deg.  cent.,  although  in  practice  it  is  taken  as  the 
thousandth  part  of  a  standard  kilofl^m.  In  the  customary  system,  the 
unit  is  ordinarily  any  one  of  the  following:  avoirdupois  grain,  ounce,  pound, 
or  ton  (long  or  short) :  occasionally,  it  is  one  of  the  Troy;  system  (ounce, 
pound).  In  the  use  of  drugs,  it  is  usually  stated  in  apothecarise  weight.  The 
mass  of  precious  stones  is  commonly  estimated  in  carats. 

M.  Time.  (7*.)  The  interval  elapsing  between  any  two  events.  In  the 
C.Q.8.  system,  the  unit  of  time  is  the  mean  golar  leoond,  or  86,400th  part 
of  the  mean  solar  day.  In  the  customary  system,  it  is  either  the  second,  min- 
nte,  hour,  day,  week  or  year  of  mean  solar  time. 
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V.  ATM.  (A.)  Spaoe  ooenpted  in  two  dimeniioiu.  In  th«  metric  *y»- 
tun,  tba  unit  u  primarily  tha  iquar*  OMtw;  but  the  squue  dekameter  or 
ve  ie  oaad  in  und  measure;  while  square  millimeter;  square  centimeter; 
ud  square  decimeter  are  also  used.  In  the  ouatomary  English  system  the 
unit  may  be  the  Kniars  mil,  the  square  inch,  square  loot,  square  yard,  square 
ekain  or  square  mUs. 

tS.  TalanM.  (T.)  Space  oecnpied  in  three  dimeodons.  In  the  metric 
■fstem.  the  unit  is  piimanly  the  ouDio  meter  or  itare;  but  the  cubic  deci- 
meter or  liter  is  much  usea,  as  well  as  the  cubic  centimeter  and  the  cubio 
nnllimeter.  In  the  customary  English  system,  the  unite  are  tha  cubic  inch, 
nHs  foot,  enUa  yard,  cubic  mile. 

H.  Demltr.  (<. )  Ratio  of  mass  to  the  Tolnme  it  oecuiuM.  In  the  met- 
ric sjnMem  tha  onii  is  primarily  tha  cram  per  cubic  meter;  but  decimal  deriva- 
tives an  vaan  common.  In  the  C.Q.S.  system,  the  unit  is  the  (TMn  par 
(oUo  eanUmatar. 

M.  Vore«.  (f .)  That  which  tends  to  change  the  energy  eiisting  in  a 
(iv«n  renon  of  apace.  In  mechanics,  foit»  is  that  which  tends  to  produce 
ekaaga  of  motioii  in  matter.  In  the  C.O.8.  system,  the  unit  is  the  ayna,  or 
tkat  fona  whieh  after  acting  on  a  free  gram  during  1  sec.,  creates  therein 
a  vsloct^r  ol  \  em.  jiar  sec.  In  mechanics,  the  unit  force  is  the  force 
isquired  to  support  unit  msa  sgainst  atsodard  gravity;  i.t.,  gravity  at  the 
•laadard  locality ;  the  weight,  at  standard  latitude  and  level,  of  a  gram,  a 
UkgTsm,  a  poand,  etc.,  aooording  to  tha  system  considered. 

tl.  Tha  ir«i|(lit  of  a  bodjr  is  the  gravltatloBal  (orea  acting  upon  it. 
Its  slasdatd  wocht  ia  its-  weight  under  standard  gravitational  force.  Its 
loeal  waigbt  ia  ita  wright  xmoer  local  gravitational  force.  In  the  C.O.S. 
•jislem  the  unit  for  weight  ia  the  dyna.     It  is  also  expressible  in  the  various 


•jstama  as  the  armm  weight,  Ulogram  weight,  the  pound  weight,  etc. 

laqxartMit  diSaraneaa  of  uaaga  and  terminology  freauently  exist  be- 
twaan  text-books  on  physics  and  text-books  on  api^ed  mecbanics,  ia  regard 


to  the  units  of  mass  uul  of  force.  These  dilferencee  are  not  eaaentially  con- 
nected with  Enriish  weights  and  measures,  because  they  exist  in  the  text- 
books of  aeveralEnropean  countries  where  the  metric  system  is  exclusively 
employed.  In  phyrics,  it  is  customary  to  regard  the  terms  gram,  milu- 
Bam,  kilogram,  pound,  etc.,  as  deaignating  a  mass  in  the  sense  above 
oafincd.  Tha  force  exerted  gravitatlonally  on  such  a  unit  is  called  the  weight 
cf  the  unit,  and  is  derived  from  the  product  of  the  mass  and  the  gravitational 
seeeleratioa  constant  q.  Thus  in  an  absolute  kinetic  system,  if  a  body  has 
s  mass  of  si  gimioa,  its  local  weight  or  gravitational  force  P  is 

P  -mg  (dynes)  (2) 

(  being  the  local  cravitational  aeceleiation.  If  the  body  is  transferred  to  a 
place  where  there  is  standard  gravitational  acceleration  ft,  then: 

Pt  -  si«t  (dynes)  (3) 

la  appBad  meebjudea,  it  ia  customary  to  regard  the  terms  gram,  kilo- 
gram, pound,  eto.,  as  designating  a  wisight  or  gravitational  force  In  the 
sense  above  defined;  that  is,  to  say  ona  and  tha  same  term,  "  kilogram  "  say, 
is  used  with  a  cUfferent  meaning  in  the  two  cases  here  compared.  If  a  body 
kaa  a  standard  weight  of  Wt  grama,  then  by  (3), 

Pt  -  (.Wt/Qti)9t  (grams  standard  weight)  (4) 
so  that  in  the  books  on  applied  mechanics,  where  a  mass  has  to  appear  in 
aa  aquation,  it  ia  rapreaented  by  such  a  term  as  Wt/g*.  The  same  is  true 
far  any  system  of  unite.  Thus  in  (3),  if  ai  is  a  mass  expressed  in  pounds, 
sad  n  is  the  gnvitational  eonatant  in  eustomary  measure,  then  we  might 
tad  m'  a  test-book  on  phyrice: 

Fo  —  mot  (poundals)  (5) 

wbareaa  in  a  text-book  on  applied  mechanics  (4)  would  have  to  be  written 

Pt  —  i.V»/Q»)ll»  (standard  pounds  weight)  (6) 

Tba  eantrUocal  forea  of  a  mass  m  pounds  whirling  with  a  peripheral 

nlodty  >  feet  per  sac.  at  a  radius  of  r  feet  would  be,  according  to  (S) 


y-«(^)  (•poundals)  (7) 


*  Everett.  "  C.O.S.  System  of  Units."     New  York,  Macmillan  Co.,  1891, 
P.2>. 
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a  poundal  being  the  foroe  which  acting  on  a  pound  maaa  for  1  aeo-i  develop* 
in  it  a  velocity  of  1  ft>  per  seo.  A  pound  weight  ia  equal  to  32.2  poundaU. 
But  if  we  oonaider  a  pound  to  be  a  force,  represented  by  a  weight  W, 

f  -  —  •     -  (  •  pounda  force)  (8) 

It  i>  evident  that  there  is  no  difference  between  the  two  contrasted  modes  of 
presenting  the  facts,  provided  that  we  distinguish  carefully  between  a 
"  pound-mass  "  and  a  "pound-force."  If,  however,  we  use  the  same  word 
"pound "  to  do  duty  in  the  two  cases,  contradictory  and  illogical  results  may 
be  obtained. 

It  follows  that  the  terms  gram,  kUogram,  pound,  ton,  etc..  are  bus- 
ceptible  of  either  of  two  distinct  meanings;  namely,  a  unit  of  mass  of 
matter  or  a  unit  of  force  equal  to  the  gravitational  force  exerted  on  that 
mass  by  the  earth.  Confusion  can  be  avoided  in  all  cases,  however,  by  usins 
distinguishing  terms,  as  "gram-mass/'  "gram  force,"  or  "gram  weight." 

SS.  Linear  velocity  Cv).  ^  Rate  of  movement  along  a  line,  and  ordinarily 
along  a  straight  line;  also,  time  rate  of  change  of  space.  The  unit  in  the 
C.G.S.  system  is  thecentimeter-per-second,  in  the  metric  system  the  meter- 
per-second,  or  per  minute  or  per  hour.  In  the  customary  system,  it  would 
be  any  of  the  customary  English  units  of  length  per  second,  minute,  hour 
or  day,  etc.  Velocities  may  be  either  +  or  —  with  respect  to  a  selected 
point  on  the  line  of  motion. 

SS.  Linear  acceleration  (a).  Time  rate  of  change  of  linear  velocity. 
The  C.G.S.  unit  ia  the  (cm.  per  seel  per  sec. ;  or  the  cm.  per  sec.'.  The 
metric  unit  may  be  a  meter  per  sec.',  or  a  meter  per  hour*,  or  any  decimal 
derivative  of  the  meter,  per  square  of  the  second,  minute,  hour,  etc.  A 
useful  hybrid  unit  is  the  (kilometer  per  hour)  per  second.  AcceleraUona 
may  be  either  +  or  — . 

S4i.  Plane  ani^le  ia,p,y).  In  plane  circular  trigonometry,  the  ratio  of 
a  circular  arc  to  its  radius.  The  C.G.S.  unit  is  the  radian,  or  1  cm.  of  arc 
drawn  with  a  radius  of  1  cm.  The  metric  unit  is  the  ^ade  or  one-hundredth 
of  the  quadrant  with  unit  radius.  The  customary  umt  ia  either  the  degree — 
one-ninetieth  of  the  unit-radius  qxiadrant— or  the  revolution  of  four 
quadrants. 

SS.  Angular  velocity  (») .  In  plane  circular  trigonometry,  the  time  rate  of 
change  of  angle  at  any  given  instant.  The  C.G.S.  unit  is  the  radian  per 
second.  The  customary  unit  is  either  the  degree  per  second,  or  the  revolu- 
tion per  second,  or  per  minute,  etc.   Angular  velocities  may  be  either  +  or  — . 

86.  Angular  acceleration.  In  plane  circular  trigonometry,  the  time 
rate  of  change  of  angular  velocity.  Tne  C.G.S.  unit  is  the  radian  per  second 
per  second.  Customary  unita  are  the  degree  per  sec.',  the  revolution  per 
sec.*,  or  per  min.*,  etc. 

t7.  Energy  (W).  The  capacity  of  doing  work.  Energy  may  be  consid- 
ered as  the  fundamental  entity  in  terms  of  which  all  dynamical  quantitiea 
may  be  downed.  In  the  C.G.S.  system,  the  unit  is  the  erg,  or  dyne-oentl- 
meter.  In  mechanics,  it  may  be  any  product  of  a  unit  weight  and  unit, 
distance  such  as  kilogram-meter,  foot-pound,  etc.,  according  to  the  system. 
An  industrial  unit  in  the  meter-kilogram-eecond  system  is  the  watt-hour. 

58.  PoWOT  (P).  Activity  or  the  rate  of  working.  The  rate  of  expending 
enerf^y.  The  C.G.S.  unit  is  the  erg  per  second.  The  metric  gravitational 
unit  is  the  gram-meter  oer  second,  or  a  decimal  derivative,  such  as  the  kilo- 
gram-meter per  second.  The  absolute  unit  in  the  meter-kilogram-second 
system  is  the  watt.  The  customary  unit  ia  the  foot-pound  per  seoond, 
or  the  horse-power  of  560  ft.-lb.  per  sec.  It  may  be  either  local  or 
standard. 

59.  Momentum.  The  product  of  the  mass  of  a  body  and  its  velocity. 
The  C.G.S.  unit  ia  the  gram-centlnieter  per  second.  A  customary  unit 
ia  the  pound-masa  X  (foot  per  second). 

40.  Torque  (r).  Twisting  e^ort.  The  moment  of  a  twisting  couple 
ordinarily  exerted  about  a  shaft  axis.  The  C.G.S.  unit  is  the  dyne-i>erpen- 
dicular-centlmeter;  t.«.,  a  dyne  acting  at  right  angles  to  a  radius  arm  1  cm. 

•  Prof.  W.  J.  M.  Rankine.  "Applied  Mechanics,"  9th  edition,  1877.  page  -491. 
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In  length.  The  customary  nnit  is  the  pound-welcht  pen>«ndicnlu'  foot. 
If  the  word  "perpendicular"  is  omitted  from  the  unit,  care  must  be  taken  to 
distinBuifib  from  a  dyne-centimeter  or  a  foot-pound  weight,  which  are  untt« 
of  work  or  energy.  A  torque  is  not  a  work,  and  can  do  Do  work  until  it 
advances  through  an  angle. 

41.  Fr«niir«  (p).  A  force  integral,  or  summatioD  of  a  force,  over  a 
■nrface.  A  pressure  may  be  either  total  or  SFpecific.  A  total  prMture,  aa 
itfl  name  suj^gesta.  is  the  force  intef^ral  or  totu  force  with  reference  to  ttome 
particular  direction  or  set  of  directions.  A  ipedflo  preuure,  or  intensity 
of  pressure,  is  the  raiio  of  a  pressure  to  the  surface  area  over  which  it  la 
ap^ed.  or  the  preuuro  per  unit  area.  Unless  otherwise  sperificd.  a 
prestfure  ia  ordinarily  imderstood  to  be  a  specific  pressure.  TbeC.G.S.  unit  of 
prewure  is  the  dyne  per  square  centimeter,  sometimes  called  a  "bar."* 
The  metric  graTitation  unit  is  the  gram  weight  per  square  meter,  or 
some  decimal  derivative,  such  as  the  kilogram  weight  per  square  milli- 
meter. The  standard  atmospheric  pressure  of  760  mm.  mercury 
at  sea-I^vel  and  0  deg.  cent,  at  latitude  45  dcg.,  is  1.01321X10"  bars  or 
1.01321  mesrabar-t  Pressures  are  thus  frequently  reckoned  in  ntmoaphores. 
They  are  also  frequently  expressed  as  heights  of  a  column  of  uniform  liquid. 

41.  StrSiia.  A  change  in  the  shape  or  mzc  of  a  body  due  to  the  applicatian 
of  a  force  or  set  of  forces.  In  the  simplest  cases,  strains  arc  (1)  voluminal 
compressions  or  dilations;  (2)  extensions  or  compressions  in  one  direction  with 
corresponding  lateral  compressions  or  dilations  (such  an  extension  is  cnllcd  an 
elongation);  (3)  a  twist  or  shear.  These  various  strains,  when  sniiill,  are 
expressed  aa  f<niall  numerical  fractions,  in  which  the  numerator  expresses  the 
distortion  aod  the  denominator  the  origihal  undistorted  value.  These  strains 
are  ordinarily  independent  of  the  system  of  units  employed. 

4S.  Streaa.  The  force  or  set  of  forces  applied  to  a  body,  and  which  tend 
to  produce  a  s^^n.  They  may  be  either  umple  forces,  pressure  intenaition, 
twists,  or  combinations  of  the  foregoing,  ana  are  expressible  in  the  corre- 
sponding units. 

M.  Young's  modulus  of  elasticity.  The  specific  tension  which  would 
have  to  be  applied  to  a  uniform  prism  of  a  substance  in  order  to  double  its 
firiginal  length,  aa  judged  from  a  small  extension  under  a  measured  tension. 
It  is  a  specific  tension  or  longitudinal  force  per  unit  area  of  prinm.  The 
C.G.S.  unit  is  the  dyne  per  square  centimeter.  The  metric  gravitntion 
unit  is  the  gram-weight  per  square  meter  or  some  decimal  derivative. 
A  customary  unit  is  the  potmd-weight  per  square  Inch. 

4i.  Moment  of  inertia  of  a  body  with  respect  to  an  axis  <J).  The 
product  of  the  mass  of  the  body  and  the  square  of  its  radius  of  gyration 
with  respect  to  the  axis  conmdered.  It  is  therefore  the  product  of  a  nia.s.<4  and 
a  distance  squared.  The  C.G.S.  unit  is  the  g-cm.^  The  metric  unit  is 
a  grajn-masft-meter.i  A  customary  unit  is  the  pound-mass-foot.' 
The  radius  of  gyration  of  a  body  with  respect  to  an  axis  is  the  square  root 
<rf  the  mean  square  of  the  distances  of  all  the  iMirticles  of  the  bo<ly  from  the 
axis.^  It  is  therefore  a  length.  The  C.G.S.  unit  is  the  centimeter.  A 
metric  unit  is  the  meter,  or  decimal  derivative.     A  customary  unit  is  the  foot, 

DBFnriTioHt  or  xliotbio  ahd  magitetio  TnnTS 

M.  Blectric  quaoti^  (Q).  The  amount  of  electricity  present  in  any 
electric  charge  or  passccf  through  a  circuit  during  any  time  interval  by  an 
eleetrio  current.  The  practical  unit  is  the  coulomb,  the  C.G.S.  units  are  the 
abcoulomb  and  statcoulomb. 

47.  Xlectric  e.m.f.  or  pressure  (K).  That  which  tends  to  make  an 
riectric  current  flow.  E.m.f.  is  ordinarily  accompanied  by  a  difrcronce  of 
electric  potential;  but  an  e.m.f.  may  occur  without  difference  of  potential,  as 
for  example,  when  a  straight  bar  magnet  is  thrust-synimetrically  into  a  cir- 
ct]Iar  loop  of  uniform  wire.  A  brief  current  will  thus  be  set  up  in  the  wire 
due^  an  e.m.f.  induced  by  the.  magnet's  motion;  but  there  will  be  no  dilTor- 
encc  tji  electric  potential  in  or  abound  the  wire.  The  practical  unit  in  the 
»olt.    "fhe  C.G.S.  units  are  the  abvolt  and  statvolt. 

*  Richards- and  Stull.    Garnegie -Institution  Publication  No.  7,  p.  43,  l^ec. 
t  Gautbier-Villara.    "Les  lUeeita  Progrte  du  Systdme  Mctrique."  Paris, 
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E.in.f .  may  ba  reckoned  for  •  complete  ctreuit  or  for  Miy  portion  thareof  : 
that  ia,  each  and  every  portion  of  a  closed  drcvit  in  the  iteiuly  atata  oberya 
Ohm's  law. 

48.  Potential  dUIarance  (Jlary).  A  condition  in  virtue  of  which  an 
electric  current  tends  to  Bow  from  a  place  of  higher  to  a  place  of  lower  poten* 
tial.  The  numerical  measure  of  the  jmtential  oifFerenoe  is  the  work  done  OB 
a  unit  quantity  of  electricity  in  passins  between  the  two  points.  The  prao- 
tioal  umt  ia  the  volt.     The  C.G.S.  units  are  the  abvolt  and  statvolt. 

4*.  Potential  gnwUent.  The  space  rate  of  ehanse  of  potential,  or  th« 
change  with  reepect  to  distance.  ^  An  electric  potential  gradient  is  the  apaoa 
rate  of  change  of  electric  potential,  and  similarly  for  magnetic,  thermal  or 
gravitational  potential.  The  systematic  unit  in  the  practical  system  is  tha 
TOlt  per  quaorant,  but  a  hybnd  unit  such  as  volt  {Mr  oantlmetar  is  gener- 
ally used.     The  C.Q.8.  unit  is  either  the  abvolt  or  itatvolt  per  em. 

50.  Ueotrle  emreiit  (I).  The  rate  at  which  electricity  flows  throncb  • 
conductor  or  circuit.  The  practical  unit  is  the  ampere,  which  is  a  current 
of  one  coulomb  per  second. .  The  C.Q.B.  unit  is  either  the  abiainiiara  or 
■tatampere. 

•I.  Beetrle  enrrant  deniitf .  The  ratio  of  the  eurrent  flowing  throiuh 
a  conductor  to  the  crosa-aectional  area  of  that  conductor.  More  strictly, 
the  current  density  at  a  iwint  in  a  conductor  is  the  ratio  of  the  current  through 
a  very  small  plane  element  of  section  containing  the  p<dnt  and  peniendiouiar 
to  the  current,  to  the  area  of  the  element.  The  systematic  practioal  unit  in 
the  ampere  per  iquare  qnadraat.  In  piaotiee,  a  hybrid  unit  is  preferred 
such  as  the  ampere  per  iquare  eaatlmeter  or  square  inch.  The  C.G.8. 
unit  is  either  the  absampere  or  statampere  par  square  centimeter. 

•1.  nectrie  realitaaoe  (B).  Obstruction  to  electric  flow.  The  ratio 
of  voltage  to  current  in  a  conductor  or  dosed  circuit.  The  praetieal  nnit  ia 
tlia  ohm.     The  C.G.S.  unit  is  either  the  abiohm  or  itatofim. 

M.  Ueetrie  reiiittvltj  U).  The  ratio  of  potential  gradient  in  a  con- 
ductor to  the  current  density  thereby  produced.  Also  the  specific  resistance  of 
a  substance  numerically  equal  to  tne  resistance  offered  by  a  unit  cube  of  the 
substance  as  measured  between  a  pair  of  opposed  parallel  faces.  The  sys- 
tematic practioal  unit  is  the  ohm-quadrant  or  numerically  equal  to  the 
resistanoe  in  a  cubic  earth-quadrant.  A  hybrid  unit  such  as  the  ohm-cm. 
is  usually  preferred.    The  C.Q.S.  magnetic  unit  is  the  absohm-cm. 

54.  Kleotrio  oonductance  (Q).  The  conducting  power  of  a  conductor 
or  circuit  for  electricity.  The  inverse  or  reciprocal  of  electric  resistanoe. 
The  practical  unit  is  the  mho.  The  C.O.S.  umt  is  either  the  abmho  or  the 
■tatmho. 

55.  Kleotrio  conduetlvlty  (y).  The  spedfio  electric  conducting  power 
of  a  substance.  The  redprocal  of  resistivity.  The  systematic  praetieal 
unit  is  the  mho  per  quadrant.  A  hybrid  unit,  such  as  the  mho  per  em. 
is  usually  preferred.     The  C.G.S.  magnetic  unit  is  the  abmho  par  em. 

55.  Indnotance  (L).  The  capadty  for  electromagnetic  induction  poa- 
seesed  by  an  active  drcuit  dther  on  itself  or  on  neighboring  circuits.  The 
ratio  of  the  magnetic  flux  linked  with  and  due  to  an  active  conductor  (num- 
ber of  turns  X  total  flux)  to  the  current  strength  carried.  The  practical 
unit  is  the  heni7.  The  C.O.S.  units  are  the  abhenrj  and  itatheaiy. 
The  term  "inductance"  seems  to  have  been  first  introduced  by  Heavitide* 
as  a  brief  equivalent  for  "  eoeffident  of  self^nduotion."  Inductance  may  bo 
divided  into  two  spedes;  namely,  lelf-indaotanoe  and  mutual  Induetanoo. 
The  unit  is  the  same  for  both  spedee. 

5T.  Elsctrio  capacity  (C).  Sometimes  called  parmlttanoa  oroapaei- 
tanoe.  The  power  of  storiiig  or  holding  an  electric  charge.  The  ratio  of  an 
dectric  charge  on  a  conductor  to  the  electric  potential  £llerence  produdnc 
the  charge.  The  practical  unit  is  the  farad.  The  C.O.S.  unit  is  dther  the 
abfarad  or  the  itatfarad.  The  term  "permittance"  was  introduced  by 
Heavisidct  It  should  be  noted  that  capadtance  is  used  by  a  few  writers  as 
synonymous  with  eapadty-reactance. 

*  Heavidde,  0.    "The  Electridan,"  1884,  May  3,  p.  S83;  also  "Electrical 
Papers,"  Macmillan  Co.,  1892,  Vol.  1,  p.  3M. 
T  Hraviside,  0.    "Electrical  Papers.''^  1892,  Vol.  II,  pp.  802  and  837. 
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_  k  the  qwdfio  pemuttanoe  of  a  rabateiiM  and  numar- 
icaOy  aqoal  to  the  parmittanoe  offered  by  a  unit  cube  of  the  ■n«t«ri^l  ^a 
■Maiiii  ml  between  a  pair  of  oppoaed  parallel  facea.  In  the  C.Q.8.  deetiie 
•jiUiiu  it  ia  eqnal  to  I,  the  dielectric  oonatant.  Aoalogona  to  eleetiia 
■■ilui  IJTity  and  macaeUo  penneabilitjr.  A  term  iatroduoed  and  defined 
by  Hasraida.  * 

n.  DlatoBMe  eooateat  or  ipaeUa  IndneUT*  eapaeltj  (Jk).  Tha 
laaio  of  the  eapacitr  of  a  oondenaer  whose  aoatinsa  are  aeparatad  by  a  given 
aahatance,  to  the  capacity  of  a  aimilar  oondenaer  whoee  platea  are  aeparatad 
by  a  TBCunm.     A  pure  numeric  in  any  ayatem  of  unite. 


Theredproaalof  thecapadtf  of  aeondenMrordieleetrie' 
Na  anit  for  rtaatanne  haa  Men  agreed  upim  in  any  syatam.     The  term 
^  haa,  howerar,  been  sugKcated  for  thia  unit  in  the  practical  ayatem. 


so  that  a  aandaoaar  hsTing  a  capacity  of  one  farad  woiuid  alao  have  an 
>  of  ooe  daraf . 


U.  ■taaUrlljF.  The  apecifio  elastance  of  a  anbatance,  and  numerically 
ej— I  to  the  alaatanne  ogered  by  a  unit  cube  of  thesubataneeas  meaaaredbe- 
t««aa  a  pair  of  oppoaed  paraUel  faees.  In  the  C.a.8.  electric  ayatem  It  ia 
the    M  'i         '  of  permittivity.    Analofona  to  eleetrie  reaiativity. 

W.  »»qoaii«jj  (f).  In  a  aiinple  altematinc-ounent  circuit  the  number  of 
■nWatiatiilwl  by  the  current  per  aeeond.  Tha  unit  is  the  oyela  par  laoond. 
AafOlar  nHotttj  M  of  a  simple  alternating-current  circuit.  The 
et  of  the  nnmerie  2w  and  the  frequency  /  of  the  eurieat  in  eydee  per 
Tbe  unit  amplorad  is  the  radian  par  aaooad. 
rtanca  (X).  In  a  simple  altemating-curTent  circuit,  the  reactiva 
j  of  ibe  impedance,  aa  distin|piished  from  tbe  active  component, 
aaooL  Beactanee  may  be  divided  into  two  s|>eciee  of  mutually  oppoaite 
_  J  Bamdy,  imdnettra  raactanea  or  that  species  of  reactance  developed 
ia  aa  indnetance,  2r/L,  and  eondanaiTe  raaotanoa,  or  that  speciea  of  le- 
•etanoe  developed  in  a  condenser,  l/Tmfe.  Inductive  reactance  is  denoted 
(alien  using  toe  method  of  complex  imaginary  quantitiea)  by  the  rign  +  y  or 
+V— I.  and  eondenaive  reaetance  by  the  sign  —jot—  V— 1.  The  unit  of 
I  in  tbe  nraetioal  ayatem  ia  the  ohm.  The  C.G.8.  unit  ia  either  the 
>r  atatonm. 


(Z).  The  apparent  resistance  of  an  altemaUng-current 
dfcait  or  patli.  Tbe  Taetor  ram  of  the  railatanca  and  reactance  of  the 
path.    The  piaetieal  unit  is  the  ohm.     The  C.Q.S.  unit  is  either  the  abnhm 


I  (T).     The  reciprocal  of  the  impedance  of  an  altemating- 
nmat  cireirit  or  path.     A  plane  vector  or  complex  quantity. 

tl.  OailJlKitanna  (O).  In  a  direct-current  cireuit,  the  reciprocal  of 
the  resiataiiee.  The  practical  unit  ia  the  mho.  In  Germany  it  ia  called 
the  aKmena.    Tbe  C.G.8.  unit  is  either  the  abmho  or  the  etatmho. 

Ia  a  simple  altemating-curTent  circuit,  the  conductance  is  the  active  com- 
paacart  of  the  admittance,  or  the  quantity  which  multiplied  by  tha  root- 
■SSB  square  impreaaed  alternating  voltage  gives  the  active  component  of 
raot-nMaa-aqaare  cmrent,  or  the  component  in  phase  with  the  e.m.f.  The 
fraetieal  nut  ia  the  mho.     The  C.G.S.  unit  may  be  either  the  abmho  or 


I  (B) .     The  reactive  component  of  admittance  in  a  ample 

oreidt.     Tha  practical  unit  is  the  mbo.     The  C.Q.8. 

ay  oe  eitlaer  the  abmho  or  atatmho. 

M.  WagiwMo  polaa.     Thoae  portions  of  the  surface  of  a  magnetic  source 

vbR  the  magaetie  flux  entera  or  leavea  the  surface.     Magnetic  poise  apiwar 

ahtaiet  there  la  an  abrupt  change  of  permeability. 

n.  ■■•■•*''  pol*  ■transth.  The  total  flux  entering  or  leaving  a  pole 
Crided  by  4w.  No  name  has  been  provided  for  this  unit.  The  product 
d  aiagnffir  pole  atrength  and  the  length  of  the  magnet  (interpolar  distance) 
iithe  macaiaUe  momant. 

n.  Hacmatie  floz  (40-  The  magnetia  flow  or  current  that  paaaaa  through 
say  magnarte  drenit.    The  C.O.8.  magnetic  unit  ia  tha  mazwall. 

tBwvWdc.  O.    "Elaetrieal  Papers."    1803,  ToL  II,  p.  82S. 
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Tl.  Hagnatlo  fluz-denal^  ((B).  ^  The  ratio  of  the  magnetic  flux  in  any 
CTOBS  Bootional  element  of  a  magnetic  circuit  to  the  area  of  that  element. 
The  C.O.S.  magnetic  unit  is  the  gftUMi  which  is  also  a  maxwell  per  square 
centimeter. 

TS.  MagnetomotlTe  force  (m.zn.f.).  That  which  produces  magnetic 
flux.  The  analogue  in  the  magnetic  circuit  of  electromotive  force  m  ^lie 
electric  drouit.  No  name  has  been  provided  for  the  unit  of  m.m.f.  either 
in  the  practical  or  in  the  C.O.S.  magnetic  system.  The  name  of  gUboz^ 
haSj  however,  been  suggested  for  the  latter.  A  convenient  practical  unit 
is  the  ampere-turn  wmeh  is  Air/lO  gilberts. 

74.  BCeignetic  field  Intensity  (3C)  or  gradient  of  magaette  pot«nti«J. 
also  termed  magnetlaing  force.  The  rate  of  change  of  magnetic  potential 
with  respect  to  distance.  In  a  region  of  unit  permeability,  the  field  intensity 
is  numerically  equal  to  the  magnetio  flux  density.  The  provisional  naxno 
of  the  C.O.S.  magnetic  unit  is  the  gilbert  per  centimeter.  A  numeric»Uy 
related  hybrid  unit  is  the  ampere-tum  per  centimeter. 

Tf .  Beluctance  ((R).  Obstruction  to  magnetic  flow.  In  a  simple  mme- 
netic  circuit,  the  ratio  of  the  m.m.f.  to  the  magnetio  flux.  A  provisions,! 
name  for  the  C.O.S.  magnetic  unit  is  the  oersted.  One  gilbert  m.m.f.  acting 
on  a  magnetic  circuit  of  one  oersted  reluctance  produces  one  maxwell  of  flujc. 

T6.  Kelnetlfl]^  (»).  A  specific  reluctance,  numerically  equal  to  the 
reluctance  of  unit  cube  of  a  substance  between  any  pair  of  oppoMMd  parall«l 
faces.     The  C.O.S.  magnetic  tmit  is  the  oersted-cm. 

7T.  Permeance.  The  reciprocal  of  reluctance.  Conducting  power  for 
magnetic  flux.     No  name  has  been  adopted  for  this  unit. 

78.  Permeabllltr  (ji).  The  reciprocal  of  reluctivity,  or  tpeelflo  pernto— 
anoe.  No  name  has  been  adopted  for  this  unit.  In  the  dimcnsion&I 
formulas  of  the  C.O.S.  system,  if  the  electric  and  magnetic  constants  of  the 
0ther  are  considered  as  mere  numerics;  both  permeability  and  reluctivity 
are  also  mere  numerics.  Also  magnetic  intensity  has  the  same  dimensioixs 
as  flux  densitjy;*  so  that  on  this  basis,  which  was  at  one  time  undisputed, 
there  would  be  no  difference  between  gilberts-per-c^nti  meter  and  gausses 
except  namerically.  It  is  now  generally  admitted,  f  however,  that  the  electric 
and  magnetio  constants  of  the  ather  should  not  be  taken  as  mere  numerice; 
although  their  dimensional  formulas  are  not  defined.  ,  On  the  latter  basis, 
there  is  a  dimensional  difl^erence  of  some  kind  between  magnetio  intensity 
in  gilbert s-per-cen time ter  and  flux-density  in  gausses.  The  permeability  cad 
also  be  expressed  n  — 1  +  4«-«  where  k  ia  the  lUSCeptlblUtjr. 

7*.  Karnes  for  the  units  In  the  G.Q.B.  magnetio  and  electric  sub- 
systems. Although  the  practical  ohm-volt-ampere  series  of  units  is  uni- 
versally employed  in  the  great  majority  of  electrical  applications,  yet  it  is 
sometimes  desirable  to  use  the  C.O.S.  parent  system  of  units  and  names  for 
such  units  have  only  been  assigned  authoritatively  in  a  few  instances,  such 
as  the  "dyne"  for  the  unit  of  force,  and  the  erg  for  the  unit  of  work.  It  has 
been  suggestedt  that  the  C.O.S.  magnetio  units  might  be  distinguished  from 
their  pr^otypes  in  the  practical  system  by  the  prefix  ab-  or  afos-  and  also 
that  the  C.G.S.  electrostatic  units  might  be  similarly  distinguished  by  the 
prefix  abstat-  or  Itat-,  as  indicated  in  the  following  table.  Par.  80. 

It  should  be  borne  in  mind  that  the  prefixes  "ab  and  "stat"  have  never 
been  authorised  by  any  technical  society  or  institution,  and  terms  bearing 
these  prefixes  are  therefore  technically  irregular.  The  excuse  for  this  irregu- 
larity is  that  no  proper  terms  exist  by  which  to  describe  these  units,  since  the 
phrases  "C.O.S.  magnetic  unitt"  or  "C.G.S.  electric  unit/'  are  cumbersome 
and  insuflSdently  descriptive.^  Moreover,  there  can  be  no  ambiguity  con- 
cerning the  meaning  of  these  Irregular  terms. 

*  Maxwell,  J.  C.  "A  Treatise  on  Electricity  and  Magnetism."  1S8L 
Vol.  II,  p.  244. 

t  RQcker,     Phfl.  Mag.,  Feb.,  1889. 

1  Trans.  A.  I.  E.  E.,  July.  1903.  Vol.  XXII,  p.  529.  Franklin,  W.  8. 
"Electric  Waves,"  New  York,  MacmiUan  Co..  1909.  p.  67.  Bering,  C.  "Con- 
veraion  Tablee,"  New  York.  John  Wiley  ft  Sons.  1904. 

Pender,  -Hafold.  "American  Handbook  for  Electrical  Engtneerst"  New 
York,  John  Wiley  A  Sons.  Inc..  1914. 
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DimnTzoira  or  PHOTomTuo  toitb 

SI.  Lnmlnoa*  flnz  (V),  (Ufbt)  b  ths  phymoal  itiinaliis  produced  by  ra- 
distion,  which  excite*  Tiaon.  it  i<  proportional  to  the  nte  of  flow  of  r»aiant 
enerfy  and  to  a  sttmuliu  eoeflelant  which  dmpenda  chiefly  on  the  meetral 
dittnbution  of  that  energy,'  The  atimuliu  coemcient  for  radiation  ofm  par- 
tioular  wave-len^h  is  the  ratio  of  the  luminoiu  flux  to  the  radiant  power 

Sroducing  it.     The  conventional  unit  of  luminoiu  flux  i«  the  luman  or  the 
uz  emitted  by  one  Intamatlonal  Okndl*  through  one  itanMliaa. 

SI.  Luminoiu  intansltr  (I),  or  eandle-powar.  The  luminoni  inten- 
nty  of  a  point  source  of  liglit  u  tiie  eolid-angular  density  of  the  luminoua 
flux  emitted  by  the  aouroe  in  the  direction  considered;  or  it  is  the  flux  ii«r 
•teradian  in  that  direction.  The  ooDTentional  unit  is  the  candle-power,  or 
the  (candle)  lumen  per  eteradian. 

55.  Intarjuktlonal  eandle.  A  ttaodard  of  luminoua  intensity,  eon- 
rentionally  equal  to  the  boncle  dedinml,  maintained  between  the  natioiuki 
laboratoriee  of  England,  France  and  America  through  the  medium  of  group* 
of  standard  incanoeaoent  lamp*  seasoned  and  intereompared.  The  intensity 
given  by  this  standard  is  the  conventional  unit  or  candle. 

M.  True  ipeeifhi  luminous  IntaniltT  Oh)  of  an  element  of  a  luminoua 
surface  is  the  ratio  of  the  luminous  intensity  of  the  element,  taken  normally, 
to  the  area  of  the  element.  The  conventional  unit  is  the  oandle  per  gquar* 
eantlmatar ;  or  the  lumen  per  sq.  cm. 

SI.  Apparent  spaeiSe  luminoua  Intandtjr,  or  brlxhtneu  (b),  of  an 
element  of  a  luminous  surface,  from  a  given  position,  is  the  luminous  intensity 
per  unit  area  of  the  surface  projected  on  a  plane  perpendicular  to  ths  line  <M 
sight,  and  including  onlv  a  surface  of  dimensions  small  in  comparison  with 
the  .distance  from  the  observer.  The  conventional  unit  is  the  candl*  p«r 
■qnara  oentlineter  of  projeeted  area;  or  the  apparent  lumen  per  sq.  cm. 
For  luminous  surfaces  obeying  Lambert's  law,  or  the  "cosine  law,"  the  true 
and  the  apparent  specific  luminous  intensities  are  equal.  In  practice,  the 
apparent  specific  intensity  is  ordinarily  observed.  It  has  been  proposed  to 
call  a  brightness  of  one  apparent  lumen  per  sq.  cm.  one  "lambert  . 

56.  ZUumination  on  a  rarfa«*  (I)  is  the  luminous  flux-density  over 
the  surface,  or  the  flux  per  unit  of  intercepting  area.  The  practical  unit  ia 
the  lumen  par  square  foot  or  the  (oot-«andle.  The  conventional  unit 
is  the  lunten  per  square  oantimstar  which  has  been  termed  the  '^hot"  by 
Blondel.  It  is  a  cm-candle.  The  meter-candle,  or  10~*phot,  is  sometimes 
called  the  candle-lux.  The  milUphot  (10''  phot  —  millilumen  per  equare 
centimeter)  is  roughly  equal  to  a  foot-candle,  since  1  foot-candle  —1.0764 
milliphots. 

Dniinnoin  or  tbkemal  tjhits 

ST.  Temperature.  The  thermal  condition  of  a  body  considered  with 
reference  to  its  capability  to  communicate  heat  to  other  bodies.  Bodi** 
at  the  same  temperature  do  not  communicate  heat  to  oae  another  at  their 
bounding  surfaces.  The  conventional  unit  is  the  dagrea  oanttgrada. 
Other  units  in  practical  use  are  the  degree  (ahrenltalt,  and  oecaaionslly  tbe 
degree  rtaumur. 

SS.  QnantitT  o{  heat.  The  amount  of  heat  energy  contained  in  a  body 
or  transferred  from  one  body  to  another,  by  virtue  of  which  temperaturee 
are  established  or  changed.  Since  heat  is  a  form  of  energy,  a  quantity  of 
heat  may  be  expressed  in  units  of  energy  of  any  kind.  Two  types  of  uaita 
are  employed,  one  thermal,  the  other  dynamical.  As  thermal  units  the 
C.O.S.  unit  is  the  'aesser-aalorie"  or  'therm"  or  "watar-gram- 
dagrea  centigrade,"  t.<.,  the  quantity  of  heat  required  to  raise  1  g.  of 
water  1  deg.  cent.;  and  as  this  differs  sli^tly  with  the  temi)eratura,  the 
interval  from  16  deg.  to  10  deg.  cent,  is  given  in  the  definition.  A  larger 
'  decimal  multiple  of  this  unit,  called  the  ''graatar  oalorie"  or  "Idlogram- 
ealorla"  is  much  used  and  is  equal  to  1,000  lesser  calories,  A  practical  unit 
is  the  "British  thermal  unit''  (B.t.u.),  or  the  heat  required  to  raise  1  lb. 
of  water  1  deg.  fahr.  Dynamic  uniu  are  the  erg,  the  joule,  the  watt-hr., 
etc. 
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^  J  liaat  u  th«  ratio  of  th«  qiuntity  of  best  lequired  to  r*iw  unit 
the  ralMtmiioe  through  unit  differanoe  of  temperstuie,  to  that  t»- 
qairad  to  laiae  unit  man  of  water'  the  uune  interval.  In  the  C.Q.S.  thermal 
Hatem  tliia  ia  namerieaUr  the  Hune  aa  the  quantity  of  heat  reomred  to  ralM 
Is-  (i<  the  aabatanee  I  dee.  cent,  at  the  tamperatura  oonaideied.  The  unit  i* 
lawnBUmerie  in  any  ■ysteoi. 

M.  Ttaamul  eondaetMty.  A  ■|>eciflc  thermal  conducting  power.  It 
ii  nnmetieally  equal  to  the  flow  of  heat  occurring  through  a  1-cm.  ilab  of 
the  material,  through  a  eroae-eeetional  area  of  1  aq.  cm.,  when  the  difference 
el  tem|>erataie  between  the  atufacea  of  the  elab  is  I  deg.  eeot.  The  C.Q.S. 
4rBamieal  unit  ia  the  abwatt  per  centimeter  und  per  degree  centigrade. 

n.  TlMrmal  raciataiuw.  Oppoaition  to  the  flow  of  heat  by  conduction. 
Cait  tbarmal  reetstanee  in  a  heat  conductor  permits  unit  flow  of  heat  under 
■ait  ^ffarenea  of  temperature.  If  the  flow  of  heat  is  measured  in  abwatts  or 
■IS  per  aeeoncL  and  the  difference  of  temperature  is  in  deg.  cent.,  the  unit 
kw  bean  called  the  thermal  abaohm.  If  the  flow  of  heat  is  measured  in  watts, 
dia  unit  haa  been  called  the  thermal  ohm. 

(L  Tharmal  raaiatlTlty.  The  reciprocal  of  thermal  oonduotivity,  and 
iwaiaiisble  ia.  thermal  ohm-cm.  or  absohm-cm. 

M.  btant  h»«t  The  quantity  of  heat  required  to  change  the  physical 
•late  of  mnt  maas  of  a  substance  without  changing  its  temperature,  as  for 

cent,  xnl 


J  to  convert  1  g.  of  water  at  100  deg.  cent,  into  saturated  dry  steam 

at  100  deg.  eeni.     The  dynamical  C.G,S.  unit  is  the  erg  per  gram. 

N.  Xatropy.  A  quantitatiTe  property  of  a  body  which  is  constant 
when  the  quantity  of  neat  contained  in  it  ia  constant;  but  which  increases 
•r  deereaaes  as  the  body  gains  or  loaes  heat.  In  any  small  change  of  the  quan- 
tity tl  heat  contained  in  the  body,  the  change  in  entropy  is  the  ratio  of  the 
iMBge  in  qaaatity  of  beat  to  the  absolute  temperature  at  which  the  change 
took  plaee.     The  C.G.S.  unit  is  the  erg  per  degree  absolute. 

M.  Ooaffldant  of  aspaiuloii,  at  any  temperature,  is  the  ratio  of  the 
•Hiffgr  in  dianenMona  of  a  body  to  the  original  dimenrions,  per  dcj^ree  centi- 
pads  of  temp«atar€  increase.  The  expansion  may  be  linear,  as  m  the  ease 
af  a  mftalHr  wire;  or  it  may  be  Toluroinal  as  in  the  ease  of  a  fluid.  In  either 
caas  tks  nmt  is  a  nnmerie  divided  by  a  change  of  temperature. 

M.  BinfiT''"T      The  rate  of  emission  of  heat  from  a  body  per  unit  of 
saiteee  area  andper  degree  centi^de  elevation  of  temperature  above  its 
"  igs.     The  C.G.8.  dsrnamical  unit  is  the  erg  per  second,  per  square 
and  per  degree  centigrade. 

vr.  ICaehBiileal  equlvalant  of  haat.  The  value  in  meehanieal  units 
af  CBsrgy  earreapondini;  to  a  given  quantity  of  heat;  and,  in  particular,  the 
vafais  in  mechanical  nmts  eoiresponding  to  a  unit  quantity  of  heat  such  as 
a  laassr  calaria  or  a  B.t.a> 

DnmUOKAL  rOBKULAS 

n.  Bash  and  mmaj  dartrad  imit  in  an  absolute  system  is  necessarily 
fill  Hsil  fmca  the  foadamental  units  of  that  system  in  one  and  only  one  eom- 
Hifatimi.  The  particular  combination  of  fundamental  unita  antraing  into  a 
derived  unit  ejLpreasce  its  dlmaiwloiu,  and  when  presented  algebraically,  is 
aBsd  the  diaiaiaional  fonnnla  of  the  unit.  Any  statical  or  dynamical 
■nit  ia  a  kinyti"  abaolute  system  involves  only  three  fundamental  units,  or 
tes  iliiiieiMiiMis  in  three  fundamental  units.  Eleotric  or  magnetic  units 
■avaira  Cva  fnndanwBtal  unita. 

M  Aa  >  giiivl*  •sampla,  we  may  consider  the  unit  of  velocity.  A 
nlactty  ■  minrsssrily  a  lengtb  divided  by  a  time.  The  notion  of  mass  is 
aet  iavolvad  ia  the  coneept  of  velocity.  Consequently,  if  we  denote  the  units 
(t  leagtb,  maar  and  time  by  L,  If.  and  T,  respectively,  the  nature  of  unit 
niaeityr  is  ezpraaaed  by  the  f  onnuU 

V-t/T-LT-i  (velocity  unit)  (») 
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The  dimensioiu  of  Telocity  are  therefore  LT'^^  or  the  firet  positire  power  of 
length  and  the  first  negative  power  of  time.  Sinoe  masa  doee  not  appear  in 
this  dimenmonal  formula  we  may  write  the  formal  diraensiona  of  TMOcity  aa 
iAM^T~\  The  three  exponents  1,  0  and  —  1  completely  define  the  nature  of 
Telocity  in  any  absolute  system  whose  fundamental  units  are  length,  mass 
and  time.  Moreover,  the  dimensional  formula  of  a  unit  assigns  at  once  the 
■iie  of  a  unit  when  systems  employing  different  fundamental  units  are 
compared.  Thus  if  we  should  compare  the  unit  of  velocity  in  the  C.G.S.  sya- 
tem  with  that,  say,  in  the  meter-kilogram-day  system;  then  in  the  latter 
the  unit  would  be  the  meter  per  day  while  in  the  former  it  would  be  the 
centimeter  per  second. 

100.  TaUnff  th«  mor«  complos  case  of  the  macnetle  unit  of,  say. 
current-density  in  a  system  whose  fundamental  units  are  those  of  both  the 
practical  and  C.G.S,  systems;  namely,  length,  mass,  time,  magnetic  tether 
constant  ^t  and  dielectric  »ther  constant  k.     Then  the  dimensional  formula 

of  current-density  is  L~*M  ^T  ^/i~  '.  If  now  we  compare  the  sise  of  the  prao* 
tical  unit  with  that  of  the  C.G.S.  unit  the  former  has  a  unit  length  of  a  quad- 
rant or  10*  cm.,  and  a  mass  ximi  of  10~"  g.     Consequently,  the  sise  of  the 

?ractical  unit  is  to  the  sise  of  the  C.G.S.  unit  in  the  ratio  (10*)'^  X  (10-i>)'- 
0~i*;  so  that  the  practical  unit,  the  ampere  per  square  quadrant.  Is  less 
than  the  C.G.S.  unit  or  absampera  per  square  centimeter  in  the  ratio  10~i*. 
For  praoUoal  purposes,  we  should  probably  ignore  the  systematic  practical 
unit  of  current  density,  the  ampere  per  square  quadrant,  and  select  a  hybrid 
unit,  say  the  ampere  t>er  square  centimeter  or  per  square  inch.  By  such  a 
departure  from  the  absolute  system,  however,  the  fundamental  equations 
of  the  system  involving  lengths,  areas,  or  volumes,  may  become  erroneous 
unless  we  introduce  compensating  numerical  coefficients. 

100a.  Vector  unltl  and  complex  ouantttiea.  As  is  explained  in  Sec . 
2,  at  Par.  163  and  elsewhere,  vector  alternating  quantities  are  much  used 
in  electrical  engineering,  and  call  for  corresponmng  vector  units,  as  well  as 
vector  symbols,  in  the  formulas  relating  to  such  quantities.  Strictly  speak- 
ing, such  quantities  and  units  are  not  vectors  in  the  mathematical  sense  of 
that  term,  but  are  "complex"  quantities  and  units,  because  when  two  such 
quantities  are  multiplied  together,  they  do  not  possess  both  a  "vector  prod- 
uct" and  a  "scalar  product  as  is  the  case  when  two  mathematical  vectors 
are  multiplied.  Nevertheless,  such  alternating  quantities  may  be  called 
"plane  vectors"  to  avoid  conflict  with  mathematical  usage,  and  the  word 
"vector,"  which  is  much  used  in  alternating-current  literature,  may  then  be 
interpreted,  in  this  sense,  as  subject  to  the  algebra  of  complex  quantities  in  a 
plane. 

It  is  not  only  logical  but  also  very  desirable  to  distinguish  between  simple 
and  complex  quantities,  i.e.,  between  scalars  and  vectors  in  alternating-our- 
rent  formulas  employing  both.     There  are  three  ways  in  which  this  is  done: 

1.  Distinctive  symbols,  or  types  of  symbol,  are  used  to  designate  vectors. 
Thus  a  scalar  e.m.f.  in  volts  might  be  represented  by  E  and  a  vector  by  X  or 
V,  i.e.,  by  a  black  letter  capital,  or  by  a  gothio  capital,  of  the  same  letter. 
This  method  has  the  disadvantage  of  calling  for  and  reserving  special  fonts 
in  representing  vectors. 

2.  The  same  symbol  may  be  used,  but  a  distinctive  mark,  such  as  an 
**under  dot,"  may  be  applied  to  symbols  representing  vector  quantities. 
ThusaBOidare.m.!.  in  volts  might  be  represented  by  £,  and  a  vector  e.m.f.  by 
B.  In  any  formula  or  equation,  if  any  one  term  is  a  vector,  all  of  its  terms 
must  be  vectors;  so  that  the  under  dot  must  be  applied  to  each  and  every 
term  of  a  vector  equation.  This  method  has  the  disadvuntages  that  it  la 
difficult  to  print  or  to  set  up  in  type,  and  that  a  page  containing  many  vector 
formulas  presents  a  speckled  appearance. 

3.  No  special  symbolfi  or  symbol  marks  may  be  used  for  vector  quantities, 
but  the  unit  at  the  end  of  the  line  on  which  the  equation  appears  may  have  a 
distinctive  sign,  such  as  an  angle  mark  (  Z.  ),  to  indicate  that  the  equation 
employs  vectora.     Thus  the  equation 

J-/Zi+/Z>+I^i  volts  Z 

would  indicate  that  the  e.m.f.  £  is  a  vector,  and  can  be  represented  by  the 
polygonal  or  vector  sum  of  three  vector  elements.  In  this  case  the  unit  of  the 
equation  becomes  a  "vector  volt." 

101.  The  Intoraatlonal  metric  iTitem.    There  an  only  three  unite 

^  Lijli.cdby^^iUUyiC 


UNITS,  FACTOBS,  AND  TABLBS  Soc  1*102 


in  the  metric  system — the  meter,  the  gram  and  the  liter,  with  decimal  derira- 
tiTva  denoted  by  prefixes  common  to  all  parte  of  the  system,  indudiBg  all 
C.G^  unite  azui  electric  or  magnetio  units. 


i  or  magneuo  umts. 
101.  Tha  Metrlo  PreflzM 


!§ 


Meg»-  - 1,000.000- 10« 
Mrria.-  10,000 -10< 
KUo-  -  1,000- 10> 
Becio- »  100- 10< 
,Oek»-  —  01-I0> 
'Deci-  -1/10  -lO-'-iV 
CenU-  -I/lOO  -l0-«-ii, 
MilU-         -  -       ■ 


1     E 


Greek  for  gnttt 

Greek  for  10,000  as  in  word  myriad 

Greek  for  1,000 

Greek  for  100 

Greek  for  10 

—  Latin  for  10  aa  in  U.  S.  dime 

—  Latin  for  100  ae  in  U.  S.  cent 
-1/1000     -lO-'-iit,-  Latin  for  1,000  a«  in  0.  S.  mill 

Gredc  Miero-   -  1/1,000,000  -  lO"'  -fog^Qoo*  °"^  '°' "™^ 

lOS.  ■zamplu  of  lua  of  pratxm.  The  length  of  1  itatute  Engliah  mile 
!•  ezpreased  in  the  metric  system  u  1609.33  meters  or  1809.33  m.  This 
mar  also  be  expressed  aa:  1.60933  kilometeia  or  1.60933  km. 
or  16.0033  hectometeiB  or  160933  centimeters 

"  180.933  dekametezs  "  1609330  millimeters 

"  18003.3  decimeters  "  1. 80933X10*  microns 

The  pre6x  may  be  regarded  either  as  designating  a  secondary 
iniit  deeimaUy  related  to  the  primary  unit,  or  as  indicating  a 
(iianfe  in  the  decimal  point  of  the  number  expressing  the  di- 
menawna,  without  changing  the  unit.  Just  as  the  unit  of 
American  currency,  the  dollar,  may  be  expressed  either  as  1 
dollar,  10  dimes,  100  cents,  or  1.000  mills,  so  each  of  the  terms 
dime,  oent,  and  mill  may  be  regarded  either  as  defining  a  sec- 
ondary unit  decimally  idated  to  the  dollar;  or  as  change  the 
place  of  tha  deramal  in  expressing  a  sum  of  money,  without 
oeparting  from  the  dollar  unit;  smce  SI0.93  ••  109.3  dimes 

-  1093  oenta  -  10,930  mills. 

104.  Tig.  t  shows  to  aoale,  a  Uncth  of  1  deelmotar,  or 
about  one  hand's  breadth.  This  is  one-tenth  of  a  meter. 
It  is  ^Tided  into  10  parts,  each  1/lOOth  of  a  meter  or  1  centi- 
Uffter.  Each  oentimeter  is  again  divided  into  10  parts,  each 
1/IOOOth  of  a  meter  or  1  millimeter. 

IM.  If  •  enbo  li  formed  of  dedmetor  edges,  the  volume 
of  the  cube  is. a  cubic  decimeter,  and  is  called  a  liter.  It  is 
about  midway  between  a  dry  U.  8.  quart  and  a  liquid  U.  S. 
quart:  so  that  a  liter  may  be  regarded  for  rough  purposes  as 
a  quart.  One  cubic  oentimeter  of  water  weighs  1  g.  So 
that  a  liter  of  water  weighs  1,000  g.  or  a  kilogram,  wmch  is 
rougjily  2  lb.  ardrdupois  (2.205  lb.) 

IM.  Kotrie  length.  1  meter  -  39.37  U.  S.  inches  or 
roughly  a  yard  or  exactly  3  ft.  3  in.  +  }  in.  +  A  in-  +  sis  in- 
Common  deramal  denvatives  are  the  kilometer  (km.)  of 
roughly  |  statute  mile;  the  centimeter  (cm.)  roughly  {inch; 
the  mulimflter  (nun.)  roughly  ^  inch. 

lOT.  Katrlo  area.  I  sq.  m.  -  1.196  sq.  yd.  or  roughly 
a  square  yard,  and  dednial  derivatives,  such  as  the  square 
centimeter,  or  square  millimeter.  In  land  measure,  a  square 
dekameter  or  an  area  10  m.  by  10  m.  —  100  sq.  m.  is  called  an 
ar.  A  aqnare  100  m.  by  100  m.  —  10,000  sq.  m.,  contains  lOO 
arsoris  1  bectar  and  forms  the  metric  acre.  1  bectar  —  2,471 
acres.    The  square  kilometer  contains  just  100  hectais. 

105.  Katrio  Tolume.     1  cu.  m.,  sometimes  called  a  stere, 

—  1.308  cu.  yd.  or  roughly  li  cu.  yd. 
IM.  Hetrle  mass.     1  g.  the  mass  of  1  cu.  cm.  of  water. 

Common  decimal  derivatives  are  the  kilogram,  or  the  mass 
of  1  liter  of  water;  the  megagram,  or  mstaio  ton,  the  mass 
of  1  cu.  m.  of  water.  The  metric  ton  (1,000  kg.)  is  a  little  less 
than  the  long  ton  (0.084)  so  that  for  many  purposes  it  may 
be  taken  u  a  Ions  ton- 
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COMTEBSION  TABLES 
IW.  Daniity  • 


Grama  per 
cu.  cm. 

Reciprocal 

1  lb.  av.  per  sq.  mil.  ft 

I  lb.  av.  per  circular  mil-ft 

2.936X10* 
2.306X10* 
27.68 
0.01602 
0.003954 
0.0005933 

0. 3406X10-* 
0.4.337X10* 
0.03613 
62.43 
252.9 
1,685 

1  sraia  per  cu.  in 

*  Tables  for  converting  deg.  Baumj  (liquid  density)  to  epecifio  gravity  at 
60  deK.Fahr.,and  vice  versa,  ore  given  in  Circular  No.  19,  Bureau  of 
Standards,  pp.  31-35. 

ISO.  Time  IntarraU 


Mean  solar                                     1 

days 

hours 

mins. 

sees. 

1  mean  solar  year. . 
1  week  of  7  days  . . 
1  mean  solar  day . . 

1  siderUl  day 

1  mean  solar  hour 
1  siderial  hour    . . . 
1  mean  solar  minute. 

365.2 
7.0 
1.0 
0.9973 
4. 167X10-' 
4. 155X10-' 
6. 944X10-' 

8,766 
168 
24 
23.93 
1 
0.9973 
1.667XI0-' 

5.26X10* 

1.008X10* 

1.440X10* 

1.436X10* 

60 

69.83 

1 

3.156X10' 
6.048X10* 
8.640X10* 
8.616X10* 
3.60X10* 
3.590X10' 
60 

ISl.    Solid  Angle 


Sphere 

Hemisphere 

Spherical 
right  angle 

Steradian 

1 
0.5 
0.125 
0.07B58 

2 

1 
0.25 
0.1592 

8 

4 

1 

0.6366 

12.57 
6.283 
1.671 

1 

1  spherical  right  angle 
1  steradian 

Itt.  rorea 


Grama 
Weight 

Reciprocal 

Dynes 

Reciproeal 

lib.,  weight avoird.. 

453.6 

14.10 

0.06480 

1 

0.9072X10* 

0. 0010197 

0.002206 

0.07092 

15.43 

1 
1. 102X10-* 
980.6651 

4.448X10* 
1.383X10* 

63.65 

980.6661 

0.8896X10* 

1 

0. 2248X10-* 

0. 7233X10-* 

0.01673 

0.0010197 

1. 124X10-* 

1 

1  grain,  weight 

1  gram,  weight 

1  short  ton,  weight. . 
1  dyne 

%  The  internatioaally  accepted  conventional  value  of  gravitational  ac- 
celeration at  latitude  45  deg.  and  sea-level.  This  is  usually  adopted 
ftlthough  later  researohea  have  indicated  a  slightly  different  value. 
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S«C.  1-138  UNITS,  FACTORS,  AND  TABLES 

ISS.  Torque 


Grams  parp. 
cm. 

Reciproeal 

Dynes  perp. 
cm. 

Reciprocal 

1  lb.-perp.-ft.« 

1  g.-perp.-om , 

1  dyne-perp.-cm  . . 

1.383X10* 

1 
0.0010197 

0.7233X10-* 

1 

980.665 

1.356X10' 
980.665 

1 

0.7375X10-' 
0.0010197 

1 

1ST.  Un«ftr  Velooity 


Metric  equivalent                1 

Meters  per  sec. 

Reciprocal 

0.3048 

0.005080 

0.4470 

0.2778 

0.5148 

3.281 
196.9 
2.237 
3.60 
1.94.1 

1  km.-per-hr 

1S8.  Linear  Acceleration 

Meters  per 
sec.  per  sec. 

Reciprocal 

Km.  per  hr. 
per  sec. 

Reciprocal 

1  ft.  per  sec.  per  see 

1  mile  per  hr.  per  sec 

Standard  gravitation  ff. . 

1  m.  per  sec.  per  sec 

1  km.  per  hr.  per  sec. . . . 

0.3048 
0.4470 
9.80665 

1 
0.2778 

3.281 
2.237 
0.10197 

1 
3.600 

1.097 
1.609 
35.30 
3.600 

1 

0.9114 
0.6214 
0.02833 
0,2778 
1 

1S9.  Convenion  of  Anglei  (plane) 

Angles 

De- 
grees 

Recip- 
rocal 

Grades 

Recip- 
rocal 

Radian 

Recip- 
rocal 

1  degree 

1 

0.9 
67.30 
90° 

360° 

180° 
90° 
45° 

360° 

1 

1.111 

0.01745 

0.01111 

0.002778 

0.005556 

0.01111 

0.02222 

0.002778 

1.1111 

1 
63.66 

100 

400 

200 

100 
50 

400 

0.900 

1 

0.01571 

0.010 

0.00250 

0.005 

0.010 

0.020 

0.0025 

0.01745 

0.01571 

1 
./2- 1.571 

2r-6.283 
T-3.142 
»/2- 1.571 
W4- 0.7854 

2»-8.283 

57.30 
63.66 
1 

0.6366 
0.1592 
0.3183 
0.6366 
1  2730 
0.1592 

1  radian 

1  quadrant 

1  revolution 

I  radians 

r/2  radians 

r/i  radians 

140. 

1  lb.  per  linear  yard.. 
1  lb.  per  linear  toot. . . 


Linear  Haas 

Gram  per  meter  Reciprocal 

496.1  0.002016 

1488  0.0006720 


*  A  torque  is  the  product  of  a  force  and  a  length  taken  perpendicularly 
thereto.  Its  dimensions  are  therefore  those  of  force  X  —jL  where  j^y/~^\ 
or  —iL^M^T'*.  Any  element  of  angle  is  also  the  ratio  of  an  element  of  arc 
length  to  the  length  of  a  radius  perpendicular  thereto,  or  has  dimensions 
jL/L—j.  The  product  of  torque  and  the  angle  through  which  it  advanoee 
IS  thus  —fL'Myr-'Xj='L'MiT-'  which  are  the  dimensions  of  work.  If 
the  foregoing  direction  symbols  are  neglected,  a  torque  appears  to  have  the 
same  dimensioos  and  nature  as  a  work,  which  is  illo(3caI.  A  torque  of  1  g. 
force  acting  at  a  radius  of  I  cm.  is  thus  correcily  to  oe  expressed  as  a  gram 
perpendicular  oentimeter  rather  than  as  a  gram  centimeter. 
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141.  ■tone*  of  Wftter 

1  Mr*-tt.  -325,800  IT.  S.  gal.  -43,560  ou.  ft.  - 1613  ou.  yd.  • 
Ifal.  -0.3069X10-' aon-ft. 

1  en.  ft.     -0.2298X  10-<  scre-ft. 
1  OU.  74.    -0.00062  aere-ft. 
1  OU.  m.     -0.000811  aore-ft. 

144.  Temp«ratur« 


1234  ou. 


Seals 

Ftaeiincpi^t 
of  water 

Boiling  point 
of  water 

Int«rval 

Fahrenheit 

Centigrade 

lUaumur 

32  dec. 
Odeg. 
Odeg. 

212  dec. 

100  dec. 

80  dec. 

180  deg. 

100  dec. 

80  dec. 

1  dec.  fahr.    -  0.5556  or  (|)  deg.  cent.  -  0.4444  or  (|)  dw.  lUa. 

1  dec.  cent.    -  0.8000  deg.  lUa.  -  1 . 800  dec.  f a&. 

1  dec.  R«a.    -  2.250  dec.  fahr.  -  1 .250  dec.  eant. 

Abaolnt*  nro   -    -273.1  deg.  cent.  -  -491.6  deg.  fahr.  -  -218. J 
dec.  rteumur. 

Td>  -  273. 1  +  deg.  cent,  (in  cent,  aoale) 
Tata  —  491.6  +  deg.  fahr.  (in  fahr.  scale) 
Tata  —  218.5  +  dec-  r6aumur  (in  rteumur  scale) 

TiM  liit«m»tton»l  t^drocan  leale  of  tomiMratars. 

14f,  MMhsnleal  oqulTalent  of  heat. 

1  B.t.tl.       -  1.054  Joules  -  777.5  ft-lb.  -  0.2928  watt-hr.  -0.0003927 

1  Joule        -  0.7^6  ft-lb.  -  0.0009488  B.t.a.  -  0.0002778  watt-hr. 
1  ft-lb.       -1.356  iouIeB-0.001286  B.t.u. -0.0003766  watt-hr. 
1  watt-hr.  -3,600  joules -2.655  ft-lb.  -3.415  B.t.u. 
Also  see  Par.  lit  on  energy  conversion  faotots. 


HATHUCATIGAL  COH8TANT8  AITD  TABLX8 

146.  Viofnl  Conitamti.  Base  of  the  hyperbolic  system  of  locarithma 
—  •  —  2.7183  to  the  nearest  unit  in  five  sicmficant  figures;  it  is  not  a  com- 
mensurate quantity. 

Ratio  of  mroumference  to  diameter  of  circle  — r  — 3.1416  (incommensurate) 


Numerio 

Reciprocal 

2.7183 
0.434295 
3.1416 
6.2832 
9.4248 
12.566 
1.5708 
1.0472 
0.7854 
0.8696 
1.7728 
1.4142 
1.7321 

0.86788 

2.302585 

0.31831 

0.16915 

0.10610 

0.079877 

0.63662 

0.95493 

1.2782 

0.10132 

0.56419 

0.70711 

0.57733 

3r 

3r 

4t 

«/2 

w/a............. 

r/4 

r> 

^/i 

Z^:::::::::::: 

Vs 

Irodiaa- 57.296  dec- -57  dec.,  17  min.  and  45  sec. 

Aa  are  of  1  dag.,  in  terms  of  its  radius -0.017453. 

For  further  oonrenion  factors  of  circular  measure,  see  Par.  184  on  antfes. 
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Katnral  Biaaa  and  Ootinas. — Cojtduded 


Deg. 

•OJ) 

•0.1 

•0J8 

•OJ 

•0.4 

•0.5 

•0.6 

•0.7 

•0.8 

•0.9 

45 

0.7071 

0.7083 

0.7006 

0.7108 

0.7120 

0.7133 

0.7145 

0.7157 

0.7189 

0.7181 

44 

40 

0.7193 

0.7206 

0.7218 

0.7230 

0.7242 

0.7254 

0.7266 

0.7378 

0.7290 

0.7302 

43 

47 

0.7314 

0.7325 

0.7337 

0.7349 

0.7361 

0.7373 

0.7385 

0.7396  0.7408 

0.7420 

43 

48 

0.7431:0.7443  0.745S 

0.7466 

0.747810.7490 

0.7501 

0.75130.7524 

0.7536 

41 

49 

0.7547  0.7559,0.7570 

0.7581 

0.769310.7604 

0.7615 

0.7627 

0.7638 

0.7649 

40» 

Uf 

0.7680  0.7672  0.7683 

0 .7694  0 .7705'o  .7716'9 .7727 

0.7738 

0.7749 

0.7760 

30 

SI 

0.7771  0.7782 10.7793 

0.7804  0.7815  0.7826,0.7837|0.7848 

0.7859 

0.7869 

38 

S3 

0.7880  0.7891 

0.7902 

0.7912  O.7923,n.7934lo.7944lo.7955 

0.7985 

0.7976 

87 

53 

0.7986  0.7997 

0.8007 

0.8018  0.8028 

0.8039 

0.8049 

0.8059 

0.8070 

OJWWO 

36 

54 

0.8090J0.8100 

0.8111 

0.81210.81310.8141 

0.8151 

0.8161 

0.8171 

0.8181 

SS 

55 

0.8192  0.8202 

0.8211 

0.82210.82310.8241 

0.8251 

0.8261 

0.8271 

0.8281 

34 

5« 

0.829010.8300 

0.831010.832010.832910.8339 

0.8348 

0.8358 

0J368 

0X377 

33 

87 

0.8387  0.8396 

0.8406 

0.8415  0.8425,0.8434 

0.8443 

0.8453 

0.8462 

0X471 
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148.  Natural  Taacanta  and  Cotancanta 

KoTS. — For  cotangents  \uM  right-hand  column  of  dcgreon  and  lower  Ud*  of 
tenths 
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5911 

6031 
6138 


6335 
6436 


6S32 


6638 
6721 
6812 
6802 


6890 
7076 
7160 
7343 
7834 


0043 
0468 


1173 
1493 

1790 
2068 
2330 


2577 
2810 


3032 


3444 
3636 


0086 
0492 
0664 
1206 
1523 

1818 
2086 
3355 
2601 
2833 

3054 
3363 
8464 
3666 

3838 


0128 
0531 
0899 
1339 
1563 

1847 
3122 


0170  0212 


3997 
4166 
4330 
4487 
4630 

4786 
4928 
5065 

5186 
6328 

6453 
5575 
6684 
6808 

5822 

6081 
6138 
6243 
0345 

6444 

6543 
6637 
6730 
6821 
6911 


4014 
4183 
4346 
4502 
4654 

4800 
4942 
5078 
5211 
5340 

6465 
5587 
5705 
6821 


2635 
2866 

3075 
3284 
3483 
3674 
3866 

4031 
4200 
4362 
4518 
4668 

4814 
4866 
5002 
6324 
5353 


0042 
6148 
6253 
6356 
6454 

6661 
6646 
6738 


6478 
5580 
6717 
5832 
6944 

6063 
6160 


6306 


7084 
7168 
7251 
7332 


6830 

7007 
7083 
7177 
7250 
7340 


6464 

6561 
6656 
6749 
6830 


7016 
7101 
7185 
7267 
7348 


0569 
0934 
1271 

1584 

1875 
2148 
2405 
2648 

2878 

3096 
3304 
3602 
3682 
3874 

4048 
4216 
4378 
4533 
4683 

4839 
4868 
5106 
5237 
6366 

6490 
5611 
6729 
6843 
5866 

6064 
6170 
6274 
6375 
6474 

6571 
6666 
6758 
6848 
6037 

7024 
7110 
7193 
7275 
7356 


0607 
0968 
1303 
1614 

1903 
2175 
2430 
2672 
2900 

3118 
3324 
3522 
3711 
3802 

4065 
4232 
4393 
4548 
4698 

4843 
4083 
6119 
5250 
5378 

6602 
6623 
5740 
5856 
5966 

6075 
6180 
6284 
6385 
6484 

6680 
6675 
6767 
6857 
6946 

7033 
7118 
7202 
7284 
7364 


0253 
0645 
1004 
1335 
1644 

1631 
2201 
2466 
2606 
2923 

3139 
3346 
3541 
3729 
3909 

4082 
4249 
4409 
4564 

4713 

4867 
4887 
5132 
5263 
5391 

6514 
5635 
5752 
5866 
6977 

6085 
6191 
6294 
6305 
6493 

6690 
6684 
6776 
6866 
69S6 

7042 
7126 
7210 
7292 
7372 


0284 
0682 
1038 
1367 
1673 

1850 
2227 
3480 
2718 
2945 

3160 
3366 
8660 
3747 
3027 

4098 
4265 
4425 
4579 

4728 

4871 
5011 
6145 
5376 
6403 

6627 
6647 
6763 
6877 
6088 

6086 
6201 
6304 
6405 
6503 

6509 
6683 
6785 
6875 

6064 

7060 
7135 
7218 
7300 
7380 


0334 
0719 
1072 
1388 
1703 

1087 
2263 
2604 
2742 
2967 

3181 
3386 
3579 
3766 
3945 

4116 
4281 
4440 
4504 
4742 


4886 
6024 
5159 
6280 
5416 

5539 
5668 
6775 

5888 
5909 

6107 
6712 
6314 
6415 
6513 

6609 
6702 
6794 
6884 
6972 

7059 
7143 
7228 
7308 
7388 


0374 
0756 
1106 
1430 
1732 

2014 
2279 
2529 
2765 
2989 

3201 
3404 
3698 
3784 
3962 

4133 

4288 
4456 
4609 
4767 

4800 
5088 
6172 
6302 
5428 

6551 

5670 
5786 
6899 
6010 

6117 
6222 
6325 
6425 
6622 

6618 
6712 
6803 
6893 
6981 

7067 
7152 
7236 
7316 
7306 


40 
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Sec  1-149         UNITS,  FACTORS.  AND   TABLES 
Logarithms  of  Numben. — Concluded 


N 

0 

1 

2 

3 

J_ 

5 

6 

7  • 

8 

9 

55 

7404 

7412 

7410 

7427 

7435 

7443 

74(;i 

74S9 

7466 

7474 

56 

7482 

7490 

7407 

7505 

7613 

7620 

7528 

7538 

7543 

7661 

57 

7559 

7566 

7674 

7682 

7580 

7597 

7604 

7612 

7610 

7627 

58 

7634 

7642 

7649 

7657 

7664 

7672 

7679 

7686 

7694 

7701 

59 

7709 

7716 

7723 

7731 

7738 

7745 

7762 

7760 

7767 

7774 

60 

7782 

7780 

7796 

7803 

7810 

7818 

7826 

7832 

7830 

7846 

61 

7853 

7860 

7868 

7875 

7882 

7889 

7806 

7003 

7010 

7917 

62 

7924 

7931 

7038 

7045 

7052 

7950 

7966 

7073 

7080 

7087 

63 

7993 

8000 

8007 

8014 

8021 

8028 

8035 

8041 

8048 

8066 

64 

8062 

8069 

8075 

8082 

80S9 

8006 

8102 

8109 

8116 

8122 

65 

8129 

8136 

8142 

sue 

8166 

8162 

8169 

8176 

8182 

8189 

66 

8195 

8202 

8200 

8215 

8222 

8228 

8235 

8241 

8248 

8264 

67 

8261 

8367 

8274 

8280 

8287 

8203 

8299 

8306 

8312 

8319 

68 

8325 

8331 

8338 

8344 

8351 

8357 

8363 

8370 

8376 

8383 

60 

8388 

8395 

8401 

8407 

8414 

8420 

8426 

8432 

8439 

8445 

70 

8481 

8457 

8463 

8470 

8476 

8482 

8488 

8494 

8500 

8606 

71 

8513 

8519 

8525 

8531 

8537 

8543 

8549 

R555 

8561 

8667 

72 

8573 

8579 

8586 

8591 

8507 

8603 

8609 

8616 

8621 

8627 

73 

8633 

8630 

8645 

8651 

8657 

8663 

8669 

8675 

8681 

8686 

74 

8692 

8698 

8704 

8710 

8716 

8722 

8727 

8733 

8739 

8746 

75 

8751 

8456 

8762 

8768 

8774 

8770 

8785 

8791 

8797 

8802 

76 

8808 

8814 

8820 

8825 

8831 

8837 

8842 

8848 

8854 

8859 

77 

8865 

8871 

8876 

8882 

8887 

8803 

8899 

8904 

8010 

8015 

78 

8921 

8927 

8032 

8038 

8943 

8049 

8964 

8960 

8965 

8971 

79 

8976 

8982 

8087 

8003 

8998 

9004 

9009 

9015 

9020 

9025 

80 

9031 

9036 

0042 

9047 

0063 

0081 
0112 

9063 

9069 

9074 

9070 

81 

9085 

9000 

0006 

9101 

0106 

0H7 

0122 

9128 

0133 

82 

9138 

0143 

0140 

0154 

0150 

0165 

0170 

0176 

0180 

9186 

83 

9191 

0196 

0201 

0206 

0212 

0217 

0222 

0227 

9232 

0238 

84 

9243 

9248 

0253 

9258 

9263 

9269 

9274 

9279 

9284 

0280 

85 

9204 

0200 

0304 

9309 

9315 

9320 

9325 

0330 

9335 

0340 

86 

9345 

0350 

0355 

9360 

9365 

0370 

9375 

0380 

9385 

0390 

87 

9395 

0400 

0405 

9410 

9415 

0420 

0425 

0430 

0436 

9440 

88 

9445 

0450 

0455 

9460 

9465 

9469 

0474 

0470 

0484 

9489 

8V 

9494 

0409 

0504 

0509 

0513 

9618 

9523 

0528 

9533 

9538 

00 

9542 

9547 

9552 

9557 

9562 

eS6f. 

9571 

0676 

9581 

9586 

91 

9590 

0595 

9600 

9605 

0600 

0614 

9619 

0624 

9628 

9633 

92 

9638 

9843 

9647 

9652 

0657 

0661 

9666 

9671 

0675 

9680 

93 

9685 

0680 

0604 

9699 

0703 

9708 

0713 

0717 

0722 

9727 

94 

9731 

0736 

0741 

0745 

0750 

9764 

0760 

0763 

0768 

9773 

95 

9777 

9782 

0786 

0791 

0795 

9800 

9805 

0800 

9814 

9818 

96 

9823 

0827 

0832 

9836 

0841 

9845 

9850 

0864 

9859 

9863 

97 

9868 

9872 

0877 

9881 

0886 

9890 

9894 

0899 

9903 

9908 

98 

9912 

9917 

0921 

0926 

9930 

9934 

9939 

0943 

9948 

9902 

99 

9956 

9961 

9965 

9989 

0974 

9978 

9983 

9987 

9991 

9996 

yGoogle 


VfflTS,  FACTORS,  AND  TABLES 
IM.  HjparboIIo  Locarithma 


Sec  1-lSO 


.V 


0  —000. 
10^2.30262. 
103.90573. 
303.40123. 

403.68893. 
S03. 91203. 
SM. 09434. 

I  I 

;W4. 24854. 
8M. 38204. 
904.49984. 

1004. 6052*4. 
1104.70054. 
1204.78754. 
1304.88754. 

I 
1404.94164. 
1M5.01065. 
1605.07S25 

17IU.  13585. 
18015.19305. 
24705. 


29836. 
34715. 
39365. 
43815. 

48065. 
52155. 
56075. 

59845. 
63485 
6099^. 

703S5. 
73665. 
7S835. 
7991J. 

1 
.82895 
85795 
88615 

I 
91355 
94025 
96615 

99155 
01626 
04036 
063»6 


1   J_ 

odboo. 

39793. 
04453. 
43403. 

I 
71363. 
93183. 
11094. 


69311 
484! 
0910'3 
4657|3. 

7377  3-, 
9512  3. 
12714. 


7    I     8 


210i5. 
2205. 
2306 
I 

2405. 
IM.'i. 
2605. 

270ls. 

ao5. 

»05. 

30o!s. 
3105 
3205. 
IMS. 

I 

3M5. 
3505. 
U95 

I 

37«5 
»U 
M45 

«as 

41M 
<»« 
43M 


2«27'4.2767  4. 
39444.40674 
51094. 5218|4. 

61514.625014 
7095I4.7I854, 
7958'4.804a4. 
87524.8828  4. 

948S4.95S8  4. 
01735.0239  5. 
08145. 0S76S. 

I 
14175.1475  5 
19855.2040  5 
25235.2576  5 

3033  5.3083  5 

3519.5.35665 
39825.4027  5 
44^5.44675 

48485.4889  5 
52555.5294 
56455. 6683  5 

60215.6058  5 
63845.04195 
6733,5.6768  5 


oiozls.gisgs. 

042815.0454  5. 
^5. 9713  5. 


««M  aH8«.080»6 
««  10924.11156 
<•»  13126.13346 


«. 99655 
.01866.02106. 
.O42&e.045a6. 
.066116.00846. 


0913  8 


1I37S 
1356  6 


471J!  lS27«.1549«.1670te 
I***  173R6.17S0|6.1779  8 
[jM».l»446.1964p.  lOOSfi 


09861.38631.60941.79181.94502.0704  2.1972 
56492.63912.70812.77262.83322.89042.9444 
13553.17813.2189  3.25813.29683.33223.3673 
496^ .  5264  3 .  5553  3 .  58353 .  6109  3 .  6376:3 .  6636 


76123. 
97033. 

1431  k. 

29054. 
41884. 
63264. 

634714. 
72744. 
81224. 
89034, 


78423. 
98904. 

1589H 


B9j4. 
414 


8041. 

43084. 

643314. 

644414 
736214 
82034 
89784 


80673. 
00734. 

1744j4. 

31754. 
44274. 
5539M. 

6540I4. 
74494. 
82834. 
00634. 


82863.8501 

02644.04314 

1897,4.20474 


9e28'4.9698'4.9767 
03045.03706.0434 
0938,6.0999,6.1069 


15336. 
20955. 
26275 

31325 

36135, 
40725, 
451015, 


16915 
21495 
2679,5. 

818lk 
36606. 
4116|5. 
4553I5. 


33074. 
46434, 

56434. 

66344. 

,75364. 
.83634, 
.9127,4, 


3.87123.8918 
06044.0776 
2195^.2341 


343814.35674 
46694.4773I4 
5747^.686014 


67284 


4.6913 

4.7791 

4.8598 

92004.92734.9345 


7622  4 
8442  4 


4.983ff4.9904  4.99726, 
6. 04995. 0662  6. 0626  5. 
5. 11205. 1180  5. 1340  6. 


164S5. 
2204'5, 
27305. 


32305 
370616 
4161 
4596 


.493116.49725. 
.53345.63735. 
.57226.67595. 


17066.1761 
22575.2311 
278115.2832 


.6821 
.7707 
.8520 


3004 
4886 
.6061 


5.18186. 
6.2364:5. 
5.2883,5. 


,3279|5. 3327  5. 33756 
375316.37995.38455 
,4206,5.425016.42935 
,4638'5. 4681  5.4723  5 


60136. 60636. 6094'5 
64136.64525.64916 


0030 
0680 
1209 

1874 
2417 
2933 

3423 
3891 
4337 
4766 


9S6.C 


6797 


5.68365.687215 


,609516.613115. 
64545.64906. 
.6802  5. 6836:5. 


6168 
6525 


6134  5.6176 
55305.5588 
59105.6947 


5.6204  5.624015, 
5.65605.65055, 


68705.6904:5.6937:6 


6276'5.63I2 
66305.6864 
69715.7004 


7071  5. 710415. 7137  6. 717015. 72036. 723816. 7268  5. 7301  6.7333 
7398  5 .  7430  5. 7482l5 .  7494  5 .  7526  5 .  7557  5 .  7689!5 .  762 1 5 .  7652 
77145.7746  5.7777:5.78075.7838:5.78695.7900,5.79305.7961 
8021  5. 8051^.  8081 5. 8111,5.8141  6. 8171|6. 8201  5. 82305. 8260 


83I»'5 .  834815 .  8377'5 .  8406l5. 843516 .  8464!5 .  8493  S .  8522  5 .  8561 
8608  3 .  8636  5 .  86655 .  8693,6 .  872 1 '5 .  8749  S .  877715 .  8805  S .  8833 
,8889:5.8916  5.8944  5.89726.80995.9026,5.90546.90815.9108 


92165.9243,'5 
94806.95065 
6.g764!S 


098918. 00146 
02.348.02596 
0474:8.0497:6 
070716.07306 


02e9!6. 
053215. 
97896. 

0039« 
02836. 

.0621^. 
07336. 


9296l5.9322l5.93496.9378 
96586.95845.96106.9636 
.981416.98395.98655.9890 

,0064le. 008816. 01136. 0137 


03076.0331 
0544,6.0568 


6.03556.0379 
6.060116.0616 


077616 .  0799:6 .  0822  6 .  0846 


.ll.WO 
.1377|i 


.1691 
.18006 
■  2005|6 


,0958'6.0g816. 
,11818.12036. 
,1 399.6. 1420|6. 

161241. 1633«. 
182ll6.184l'6. 
2025|6!2046|6. 


10036. 10266. 
122.';,6. 124716. 
14426.146316. 

16546.167516. 
18626. 1883|6. 
20666.2086,6. 


104816.1070 
128916.1291 
1485  S.  1506 

16966.1717 
190318.1924 
2106 16. 2126 


i 


61 


i 


Sec  1-150        viriTS,  factors,  and  tablss 
Byp«rboIie  LAgailtliiiia. — Condudtd 


N 


SOOlO .  2  U6|6 . 2  leele .  2 186^ .  2206  8 .  2226  6 .  3246  B .  2266  8 .  228fi  5 .  2305|6 
S.2383«.24O36.24226.2442a.2461S.3480  6 
258816.25586.267716.2696  6.26156.2634  6.26636.2672  8 
S30|6 .  2729  6 .  2748  6 .  2766  6 .  278S|6 .  2804{6 .  2823|6 .  2841{« .  2860|6 


5506.3099 


5606.32796.3297 


1 


5406.29166.29346.29536.2971 


6.3117 


6.31356.3164 
6.33156.3333 


5706.34666.34746.3491 
5806.3630,6.36486.3665 
6906.38016.38186.38356.3852 


6006 

6106. 413516.4151 

6206. 
6306.44576.447314.4489 


3 


6. 3509  6. 3526  6. 3544 
6.36826.3699 
6.3869 


3969^.39866.40036.4019 

6.41676.4184 

4297^.4313  6.43296.4346 


640» .  4615  6 .  4630'6. 464A6 
6506 .  4770.8 .  4786  6 .  48U0{6 
6606.4922,6.49386. 


6.29896.30086.30266.3044 
6.3172 


6.3351 


6.40366.40526.4009  6.4086  6.41028.4118 
42008.4216'6. 42326. 42496.42656. 4281 
6.4362^.43786.4394  8.4409  6.44256.4441 
6 .  4562  6 .  4568  6 .  4583  6 .  4509 


6.45056.45206.4636 


6.4677 

6.4831 

49536.49686.4983 


466] 
.4811 


6706. 507316.60886. 5103  6. 51 17 
680  6 .  622 1  i6 .  5236!6 .  5260|6 .  5266  6 
690,6.5367,6.5381,6.5396,6.5410 


7006. 
710fl. 
7206. 
7306. 

7406. 
7506. 
760|6. 

7706. 
780'6. 
790,6. 

SOOV. 
810{e. 
8206. 

8306. 

84o'6. 
8506 
8606 


55116 
56536 
5793,6 
5930» 

60676 
620 IM 
63336 


65256.653916 
56676.5681 
5806,6.6820^ 
59446.59586 

60806. 6093:6 
62146.6227,6 
63466.6359  6 


5564 
5605 


.64646 

.66931 

.67206 

.68466 
.69706 
70936 
72146, 

73346 
74526. 
76696, 


6477|6 
66066 
67336 

68595 
6983>6 
7105.6 
7226,6 

73466 
74646 
75816 


6871 
.60956 
.71176 
.7238,6 


6241 

6373 


6.31906.32088.32266.3244 
^68  6.38868.3404  6.3421 


8.8561 


6.35786.35966.3618 
6 .  87 1 6|6 .  3733  8 .  3750  6 .  8767  8 .  3784 
6. 38866.390216. 39196.  S936  6. 395S 


6 

5280 
6 !  54256. 543916. 6453 


6.5294 


6.56686.5582 
6.6709|e.5723e 
5834  6.58486.6862|6 
6.59856 


8971 

6107  6.612016. 
6.6254'6. 
6.6386,6. 


.50996 


6 


6.63096 


6.30636.8081 
6.3261 


6 .  4693  6 .  4708  6 .  4723« .  4739  8 .  47S4 
6.48466.48626.48776.48926.4907 
6.49986.60136.60286.50436.5088 


5132^.51476.6162^.8177^.81918.6206 

5338,6.5358 

6.6468A.64826.5497 


6.55966 
.57376.5751 
.88766 
60126 


5610^.5624  6.6639 

{6.576516.5779 

58896.69036.5817 

60266.60396.0053 


61344. 61476. 6161 
6267«.  6280^.  629416. 
63996.64126.64356 


6490  6 .  6503« .  65 1 6M .  6529  6 

6619  6 .  6631 6 .  6644  6 .  6657  6 .  6670|6 .  6882 

67466.67586.67716.67838 


6.735816 


6 .  6884  6 .  6896!6 .  6908  6. 6921 6 . 

70076.7020,6.7032  6.70446. 

16.71666. 

6.72866, 


71306.71426.7164 
7350,6.72626.7274 


73581 

74766 
.75936 


870  6 . 7685  6 . 7606  6 . 7708 
8806. 77996. 781l|6. 7822 
890,6. 7912  6 .  7923i6 .  7935 


9006.8024 
9106. 8134 
9206. 8244«. 825516 
930,6.8352 


940ib 
9506 
960,6 


k. 


970 

0806 

990p 


8469  8 
85656 
8669n 

8773I6 
8876|6 

8977P 


8035'6. 
81456. 


7370l6 .  7382  6 .  7393  6 .  7405  6 .  741 7  6 .  742916 
7488  6 .  7499  [e .  751 1  6 .  7523  6 .  7534  6 .  7546  8 
760416.76166.76276.7639  6.76606.76626 


6.77196.7731 
6.7833  6.7845  8 
6.79406.79576 


80466.8057  6. 

816e«. 81676. 

82656.8276,6. 

6.8363|6.83736.83846. 


6.77426.7754 
.78666.7867 
.7968,6.7979 


olo 


.8480 


8469l6 

85756.8586|6 

8680:6 

.8783M 


6.84916 
.86966 
8690|6.8701 

6. 


8794  6.8804 
88966.89066 
8987|6.8997|6.90076 


80686 
81786, 
82876. 
83956. 

850ll6. 
8607  6. 
87116. 

8814  6. 
89166. 
90176. 

83 


80796.80908.8101 

81896. 8200!6. 8211 
829816. 8309)6. 8320 
8405  6. 841 6«.  8427 


8512».8622».86336 
8617M. 86286. 8638« 
8721«.8732M.8742|6. 

88246.8835M 
8026«.8037M.  894716 
9027p  .9037^.904716 


8 


2324 
280016.8519 
S091  8.2710 
28796.3807 


6.8439 


6174  6 

6307 

64386 


6542  6 .  6554  6 .  6567  6 .  6S80 

6.66956.6708 

6796^.6809  6.68218.6834 


.69468 


68S8 
7056^.  7069to.  7081 
7178l6. 719016.7203 
72986.73106.7323 


7765«.7776l6 

78786.7890(6 

6.79916.80026 


6.81126 
6.8222 
6.8330 
6.84376 


8544I8. 
8648{6. 
87626. 

88556. 
89576. 
90576. 


.6187 
6320 
.6481 


,7441 
7558 
7873 

.7788 
.7901 
.8013 

.8128 

6.8233 

6.8341 

8448 


8584 

8688 
8708 

88««. 

8987: 

9088| 
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lU.  Couffudon  c»f  Irfii^arlthina.     For  converting  logarithmB  to  the 
but  a,  to  another  base  fr: 

loct  X— i 1 

log.i 

log.  &Xlogt  a— I 


(10) 


(H) 
or  Brlcsa  loKmrlthmi  are  computed  from  the  base  of  10, 
vU*  liTpariioUe  lec*ritluna  are  computed  from  the  baae  <  or  2.7183. 
Tkenfora 

lo.--'i?^'  (12) 

in.  Til*  OrMk  Alphabet 


Nan* 

Larce 

Smalt 

Commonly  used  to  designate 

■IplM 

A 

^"g^«^,  coefficients. 

bMa 

B 

angles,'  coefficients. 

ssr 

r 

speeifio  gravity, 
density,  variation. 

ecdai 

E 

base  of  hyperbolic  logarithms. 

MU 

Z 

eo-ordinaies,  coefficients. 

eu 

H 

byatereos  (Steinmets)  coefficient,  efficiency 

dwta 

e 

angular  phase  displacement,  time  constant. 

iou 

I 

bSds 

K 
A    . 

dideetrie  constant,  susceptibility. 
conductivity. 

aa 

M 

permeability. 

na 

N 

relnctivHy. 

xi 

3 

output  coefficient. 

omUrea 

O 

pi 

II 

circumference  +  diameter. 

So 

P 

resistivity. 

■cma 

z 

(cap.),  summation;  leakage  coefficient. 

taa 

T 

time-phase  displacement,  time  constant. 

r- 

r 
* 

flur. 

da 

X 

X 

pa 

* 

* 

angular  velocity  in  time. 

a 

<# 

(small),  angular  velocity  in  space. 
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SECTION  2 


ELECTRIC  AND  MAGNETIC  CIRCUITS 
SUCTUO  rOTMttTIAl, 

1.  The  MtUM  of  ut  elaetrle  vainat  in  a  dreuit  ii  termed  the  alaotro- 
motlT*  (oroa  or  Toltac*.  The  latter  name  U  derived  from  the  praoUoal 
unit  of  electromotive  force  called  the  volt.  The  current  between  two  pointa 
in  a  circuit  ia  due  to  a  different  electric  state  or  "potential"  at  each  point; 
for  this  reason  the  electromotive  force  or  voltage  is  sometimes  caUed  th« 
dUIarancM  of  potential. 

t.  TIm  alaeblo  tawgj  (IF)  developed  or  absorbed  by  an  electric  circuit 
may  be  considered  due  to  the  actual  flow  of  an  incompressible  something 
which  we  call  electricity.  From  this  ^oiiit  of  view,  the  quantity  of  electricity 
Q  which  is  transferred  between  two.pomts  of  the  circuit  is  the  quantity  factor 
of  the  energsr,  while  the  difference  of  potential,  or  the  voltage  B  between  the 
same  points,  is  the  intensity  factor  of  the  energy  ;  or 

W  =  QE.  (1) 

When  Q  ia  in  coulombs,  and  S  in  volts,  W  is  in  joules  (watt-seconds). 
Hence,  electromotive  force  or  voltage  may  also  be  defined  as  electrical  energy 
developed  or  work  done  per  unit  quantity  of  electricity. 

S.  Blectrto  Power. — Dividing  both  sides  of  the  preceding  equation  by 
the  time  which  it  takes  for  the  quantity  Q  to  flow  through  a  croes-seotion  of 
the  circuit,  we  get 

P-IS,  (2) 

where  P  is  the  power,  and  /  the  rate  of  flow  or  the  current.  The  e.m.f .  can 
thus  be  defined  as  the  power  developed  per  unit  of  current. 

4.  The  prineliial  loureei  of  electromotiTe  toroa  or  difference  of  poten- 
tial are  the  following: 


(a)  Electromagnetic  induction  (see  Par.  M); 

(b)  Contact  of  dissimilar  substances  (see  Par. 

So)  Tharmo-eleotric  action  (see  Par.  () ; 
J    _. 
e) 
In  the 


(d)  Chemical  action  (See.  19): 
I   Friction  between  dissimilar  substances  (see  See.  22). 
ne  light  of  the  modem  electrical  theory,  all  these  phenonema,  with  the 
exception  of  (a)  ■  appear  to  be  but  special  cases  of  the  general  contact  action. 

I.  In  a  clroait  made  up  of  leTeral  lubitancai,  a  difference  of  potential 
(e.m.f.)  exists  at  each  junction, of  two  unlike  substances.  However,  from 
the  law  of  conservation  of  energy  it  follows  that  unless  the  circuit  contain 
a  source  of  energy,  the  resultant  e.m.f.  in  the  circuit  must  be  sero  and  no 
current  can  be  established.  This  phenomenon  also  takes  place  in  circuite 
made  up  of  a  single  substance  whenever  the  substance  is  not  physically  and 
ehemiciuly  homogeneous.  The  following  are  the  principal  cases  of  thermal 
and  contact  action: 

(a)  Seebeck  eBaet.  Inaoloeedcircuitoonsvtingoftwe  different  metals,  if 
the  two  junctions  are  kept  at  different  temperatures,  a  permanent  current 
will  low.  Thus,  if  one  junction  of  a  copper-iron  dreuit  De  kept  in  melting 
ice  and  the  other  in  boiling  water,  it  will  be  found  that  a  current  passes  from 
copper  to  iron  across  the  not  junction.  If,  however,  the  temperature  of  the 
hot  junction  be  raised  gradually,  the  e.m.f.  in  the  circuit  slowly  reaches  a 
maximum,  then  sinks  to  sero,  and  finally  is  reversed. 

(b)  Peltier  eBeet.  When  a  current  is  passed  aeroas  the  junction  between 
two  different  metals,  an  evolution  or  an  absorption  of  heat  takes  plaee. 
This  effect  is  different  from  the  evolution  of  heat  (>*r),  due  to  the  resistanee 
of  the  Junction,  and  is  reversible,  heat  being  evolved  when  the  ourrent 
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paana  ona  way  >eraa  the  Jonotioii  and  abaorbed  when  the  oumnt  paaaea  in 
the  othor  direction.  There  ie  a  definite  relation  between  tlie  diieotion  of  the 
tharmo-«ieotrie  eorrent  and  the  aisn  of  the  Peltier  effect.  If  a  current  be 
fanad  acroae  a  junction  in  the  aame  direction  aa  the  thermo-electric  current 
Iowa  at  ttaa  hot  junction,  the  junction  will  be  cooled,  that  ia,  heat  will  be 
abaorbed.  Converaely,  a  ourreat  paaain^  in  the  normal  direction  aorcaa  the 
•aid  joBction  of  a  thermo-electric  circuit  erolTea  heat.  In  general,  then,  a 
Ibwiiaj  uleiliic  current  abaorbe  heat  at  the  hot  junction  and  ^vea  up  heat  at 
the  cold  junetion.  Therefore,  a  ounent  produced  in  the  aame  direction  by 
•Klanial  meana  most  cool  off  the  junetion  which  aerrea  aa  the  "hot"  junction 
aad  warm  up  the  "ecdd"  junction, 
(e)  Thomaon  aSaet.  In  a  copper  bar,  heat  ia  carried  with  the  electric 
when  it  flowa  from  hot  regions  to  oidd  onea;  on  the  other  hand. 


wfcrea  tlta  earrent  flowa  from  eold  regiona  to  hot  onea,_theae  hot  parte  of  the 
bar  an  cooled.     In  iron  theae  effeete  are  i 


■B^nti 
I  dinen 


r  reryeraed.  The  conductor  may  be 
of  aa  eompoaed  of  a  number  of  littie  elementa  of  volume,  at  the 
jeaHiona  between  which  occur  rereraible  heat  effects,  similar  to  Peltier 
ifctta  at  the  junetione  between  different  metala. 
(d)  Talte  aSaet,  or  eoBtaet  alaetiUhMttion.  When  piecee  of  varioua 
^t  in  contact,  an  e.m.f.  is  dereloped  between  them. 
aine  and  copper,  ainc  becomea  charged  poaitivaly  and 
atirely.  Aeeordins  to  the  electron  theory,  different  subatancea 
lerent  tandeneiea  to  giTe  up  their  negatively  charged  corpuaelea. 
pvea  them  up  very  eaaily;  therefore  a  number  of  negatively  charged 
I  pass  from  it  to  copper.  Measurable  e.m.fi.  are  observed  even 
L  two  pieeea  of  the  aame  substance,  having  different  structuree;  for 
)  between  a  piece  of  oast  copper  and  dectrolytic  copper,  Friotional 
dcetricity  ia  explained  in  a  similar  way,  only  a  more  intimate  contact  ia 
aaataaaty  where  the  eonduetivitiee  of  the  subatancea  are  small. 

•._  Utarstor*  rafaraneaa.  _  For  a  detailed  treatment,  curves  and  mathe- 
aiatiral  theory  of  thermo-electric  and  contact  phenomena  see  Maxwell,  J.  C, 
"  Bectricity  and  Macnetism,"  Vol.  I,  Arte.  Z4S  al  ««g.;  Encyclopedia  Bri- 
laaaiea,  under  "Thermo-electricity";  Whetham,  W,  C.  D.,  "  The  Theory  of 
Expasimental  Eleetriei^/'  Chap.  6;  Brooka and Poyaer,  "Magnetism  and 
Bectricity."  Chap.  28.  For  an  explanation  of  thermo-electric  effects  in  the 
Isaguaaa  of  the  deetroa  theory  see  Foumier  d'Albee,  "The  Electron 
ttaosy."  Chap.  5;  Thomaon,  J.  J.,  "  The  Corpuscular  Theory  of  Matter," 
!».  n  aad  97;  CampbeU,  N.  R..  "  Modem  Electrical  Theory,'*  pp.  118-124. 
T.  Th*  *aliM  of  tha  a.in.f.  at  a  Junetloa  tS  imlike  tnbatMieaa 
dveada  iqxm  the  kind  of  subetancaa,  and  ia  approximately  proportional  to 
the  temperature.  The  e.m.f.  generated  in  tloa  way  can  be  utilised  aa  a 
■HSBra  of  temperature.     For  temperature  riaea  up  to  200  dec,  cent. 

I'ht+h^,  '  (3) 

•al  for  temperature  riaea  above  200  deg.  oent. 

Iac««i«Iog<-fi«  (4) 

A  men  general  formula  ia 

*ma+U+cP  (5) 

Tks  taastitica  b,  hu  lt»,  i\,  a,  h  and  e  are  constants.     For  numerical  values 
M8ee.4. 

t.  Tkannoeeiiplaa  and  battarlaa.  In  order  to  utilise  these  contact 
c-mJi.,  raeana  xnuvt  be  devised  to  supply  energy  to  the  system  continuously. 
Tkcre  an  two  ways  of  doing  this,  namely,  by  heat  and  by  chemical  reaction. 
Tie  theraoooaple  is  an  example  of  the  former,  and  the  battery  an  example 
of  the  latter.  For  farther  discussion  of  thermocouples  see  Sec.  3.  Batteries 
an  seated  in  See.  30. 

XUCTUC  CTTWUirTS  * 

1  Aa  daiililn  •luiwtt  is  daflnad  as  the  rate  of  flow  of  electricity,  or  the 
tmatity  al  tiliiulildty  whieh  flows  through  a  croae-eeetion  of  the  circuit  per 
Slit  tias.    If  the  eurrent  /  is  steady,  then 

'-§•  (8) 

B  Oil  the  qnaatity  of  eleetiicity  in  eonlomba,  and  2*  the  time  in  seconds, 
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the  ourreat  /  is  in  amperes.     When  the  rate  of  flow  is  non-uniform,  the  in- 

■tantaneouB  current  is 

for  a  classification  of  electric  currents  see  the  Standardisation  Rules  of  the 
American  Institute  of  Electrical  Engineera,  Sec.  24. 

10.  8t«ady  and  tr&nsleat  statai.  An  electric  circuit  may  be  in  n 
steady  or  in  a  transient  state.  When  a  current  is  continuous,  or  when  it 
varies  periodically  between  the  same  limits  and  according  to  the  same  law, 
the  circuit  ia  said  to  be  in  a  steady  state.  For  instance,  the  circuit  of  aa 
idternator  is  steady  as  long  as  the  load,  Bp>eed  and  field  excitation  are  kept 
constant.  The  same  circuit  is  in  a  transient  state  when  the  load  is  switched, 
on  or  off,  or  when  it  ia  varied  in  such  a  way  that  the  same  conditions  do  not 
repeat  themselves  periodically.  A  transient  current  may  be  periodic,  for 
instance  in  a  rectifier,  in  which  cycles  follow  in  such  rapid  succession  that 
the  current  is  very  different  from  the  permanent  value  which  it  would  grad- 
xiaXiy  assume. 

11.  A  dlreot  currant  given  out  by  a  chemical  battery  is  constant  in 
value,  or  oontlnuouji.  when  the  load  is  constant.  A  current  delivered  under 
the  same  conditions  by  an  electric  generator  or  a  rectifier  is  pul««tln|r» 
that  is,  it  varies  periodically  due  to  a  finite  number  of  commutator  segments. 

IS.  An  alternating  current  may  vary  according  to  the  simple  sine  IftW 
(Par.  162),  or  accoroung  to  a  more  complleatea  periodic  law.  In  the 
latter  case  the  current  may  be  resolved,  for  purposes  of  theory  and  analysis, 
into  a  fundamental  sine  wave,  and  sine  waves  of  higher  frequencies  (Par. 
S09).  Sometimes  a  complex  alternating  current  or  voltage  is  replaced  for 
practical  purposes  by  an  equivalent  sine-wave. 

IS.  Transient  currents  may  be  OBcillatinff  or  non-oiclUating,  ac- 
cording to  the  conditions  in  the  circuit.  Oscillations  are  due  to  ^riodic 
transformations  of  the  electrostatic  ener^  stored  in  the  dielectric  into  tho 
electromagnetic  energy  of  the  magnetic  flux  Unking  with  the  current. 
During  these  transformations  part  of  the  energy  is  converted  into  the 
Joulean  (tV)  heat  in  the  conductors  and  in  surrounding  metallic  objects, 
including  the  iron  of  the  magnetic  circuit.  Part  of  the  energy  is  also  con- 
verted into  the  heat  caused  oy  magnetic  and  dielectric  hysteresis.  The 
oscillations  are  thus  damped  out,  and  their  amplitude  decreases.  When  the 
conditions  are  particularly  favorable  for  the  conversion  into  heat  (high 
resistance  in  series,  or  low  rcsistanoe  in  parallel),  both  the  electrostatic  and 
the  electromagnetic  energy  are  directly  converted  into  heat,  instead  of  being 
partly  converted  into  one  another.  This  conversion  into  heat  is  an  irre- 
versible phenomenon,  so  that  in  this  case  the  current  is  non- oscillating,  but 
gradually  reaches  its  final  value.  'When  it  is  desired  to  maintain  oscilla- 
tions as  long  as  possible  (wireless  telegraphy)  the  series  resistance  must  be 
kept  down  as  low  as  possible.  When  oscillations  are  harmful  (switching  in 
long  cables  or  transmission  lines),  extra  resistance  ia  temporarily  connectod 
in  ^e  circuit. 

14.  Conductora  and  iniulatori.  For  practical  purposes,  materials 
used  in  electrical  engineering  are  divided  into  conductora  and  insulators.  A 
conducting  material  allows  a  continuous  current  to  pass  through  it  under  the 
action  of  a  continuous  e.m.f.  An  insulator  (more  correctly  called  a  dielec- 
tric) allows  only  a  brief  transient  current  which  charges  it  electrostatically. 
This  charge  or  displacement  of  electricity  produces  a  counter-e.m.f.  OQual 
and  opposite  to  the  applied  e.m.f.,  and  the  flow  of  current  ceases.  Tho 
division  into  conductors  and  dielectrics  is  not  strictly  correct,  but  convenient 
for  practical  purposes.  A  substance  may  practically  stop  the  flow  of  current 
when  the  applied  voltage  ia  sufficiently  low,  and  at  the  same  time  be  unsuit- 
able  as  an  insulator  at  high  voltages.  Some  materials  which  are  practically 
non-conducting  at  ordinary  temperatures  become  good  conductors  when 
sufficiently  heated.  For  numerical  data  and  tables  of  conducting  and 
insulating  properties  of  the  principal  materisils  used  in  practice  see  Sec.  4. 

18.  The  electronic  theory  of  conduction.  According  to  the  modern 
electronic  or  corpuscular  theory  of  electricity,  there  ia  an  indivisible  atom  of 
negative  electricity,  called  the  electron  or  the  corpuscle.  Atoms  of  matter 
consist  of  one  or  more  electrons  and  an  unknown  something  which  has  the 
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nature  of  poAitive  ettHrtricity.  A  ne^tively  charged  particle  of  matter  is 
one  ID  which  there  are  more  elertronfl  than  necessary  to  neutralize  ita  potntive 
electricity,  A  powtively  electrified  body  is  one  which  has  loMt  some  of  the 
electrons  it  bad  in  the  neutraJ  titatc. 

16.  XetaU  and  other  solid  conductort  aupiKM^dly  poi»au  fro*  or 
roamiiif  •lectronB*  in  addition  to  those  aMociat«d  with  the  molecules. 
Tht'^e  free  electrons  are  in  rapid  motion  aa  if  they  were  the  particles  of  a  gas 
dissolved  in  the  metal.  When  an  e.m.f.  is  applied,  each  electron  gains  a 
compnnent  velocity  which,  on  account  of  its  negative  charge,  is  in  the  oppo- 
site direction  to  the  e.m.f.  Thin  drift  of  electrons  is  equivalent  to  a  current. 
In  their  motion  the  electrons  come  in  collision  with  the  molecules  and  give 
up  part  of  their  momentum.  This  loss  is  supposed  to  account  for  the 
Joulean  (iV)  heat  set  free  in  all  conductors.     Also  see  Sec.  22. 

IT.  XlectrolTtot.  In  liquids  which  are  chemical  compounds  (electro- 
lyted)  the  passage  of  an  electric  current  is  accompanied  by  a  chemical 
decomposition.  Atoms  of  metals  and  hydrogen  travel  through  the  liquid 
in  the  direction  of  the  positive  current,  while  oxygen  and  acid  radicals 
travel  against  the  positive  current.  Thus,  while  in  solid  conductors  elec- 
triritv  travels  across  the  matter,  in  electrolytes  it  travels  with  the  matter. 
For  uet&ils  of  electrolytic  conduction  see  Sec.  19. 

IS,  OaaM  in  the  normal  atata  conduct  electricity  only  to  a  ilirht 
degree.  A  gas  may  be  put  in  the  conducting  8tat«  by  different  means,  such 
u  nu.-ang  ita  temperature,  drawing  it  from  the  neighborhood  of  flames,  arcs, 
or  glou'iug  metals,  or  from  a  space  in  which  an  electric  discharge  is  passing, 
etf.  This  conductivity  is  due  to  electrons  which  form  electrified  particles 
mixed  up  with  the  gas  (ions).  The  process  by  which  a  gas  in  maoe  into  a 
conductor  is  called  the  ionization  of  the  gas.  The  movement  of  free 
electrons  constitutes  the  current  through  the  gas.  *     Also  see  Sec.  19. 

coHmruouB-cinuuiiT  cxecuits 

If.  Ohm'i  law.  When  the  current  in  a  conductor  is  stead v  and  there 
are  no  electromotive  forces  within  the  conductor,  the  value  of  the  current  i 
is  proportional  to  the  voltage  e  between  the  terminals  of  the  conductor,  or 

e-rt  (8) 

where  the  coefficient  of  proportionality  r  is  called  the  raatstance  of  the 
e&oductor.     The  eame  law  may  be  written  in  the  form 

i^oe  (9) 

where  the  coefficient  of  proporUonality  a— 1/r  is  called  the  condoctanoe 
of  the  rooductor.  When  tue  current  is  measured  in  amperes  and  the  elec- 
tromotive force  in  Tolts,  the  resistance  r  is  in  ohms  and  the  conductance  q 
in  mhos. 

When  there  is  a  counter-electromotlTe  force  ec  within  the  conductor, 
Ohm's  law  becomes 

«(-ee-n',  (10) 

t-.fl(«*-r*).  (11) 

where  et  is  the  voltage  between  the  terminals  of  the  conductor. 

M.  For  eylindric&l  conductors  the  resistance  is  proportional  to  the 
length  I,  and  inversely  proportional  to  the  cross-section  A,  or 

r-4.  (12) 

vbere  tlw  coefficient  of  proportionality  p  (rho)  is  called  the  rMiltirity  (or 

•periBc  resiitsnce)  of  the  material.  For  numerical  values  of  f  for  various 
materials  kc  Sec.  4.  , 

Tbe  fonductance  of  a  cylindrical  conductor  is 

a-x-j,  (13) 

*  For  tbe  on^nal  development  of  the  electronic  theory  and  its  application 
to  various  electric  and  maenetic  phenomena  see  numerous  books  ana  articles 
^  Sir  J.  J.  Thomson.  A  popular  exposition  of  the  results  will  be  found  in 
Fouraier  d' Albee's  "  The  Electron  Theory  "  and  in  a  somewhat  more  advanced 
"Modem  Electrioal  Theory"  by  N.  R.  CampbalL 
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whete  X  (lambda)  ia  ealled  the  oondoetlTlty  of  the  suterial.  Sinee  t^l/r,\ 
the  relation  alao  holda,  that 

X---  (W)i 

P 

For  the  oaloulatioa  of  reaiatanoe  of  Don-cylindrioal  conductors  see  ths' 
author's  "Electric  Circuit,"  Chap.  Ill,  and  the  referencea  given  there. 

tl.  T«mp«r»tnr«  ooeffleiant.  The  reaistanoe  of  a  conductor  varies 
with  the  temperature  accordins  to  a  rather  complicated  Ia».  The  leaiatancs 
of  all  metala  and  of  praetioally  all  alloys  increases  with  the  temperature. 
The  resistance  of  carbon  and  of  electrolytes  decreases  with  the  tamperaturs. 
For  numerical  values  see  Sec.  i.  For  many  materials  the  variation  of  r» 
sistance  with  the  temperature  can  be  represented  by  the  relation 

ri-r.(l+aO  (18) 

where  r<  is  the  resistance  at  (  dec  cent.,  r,  the  resistance  at  0  dec.'eent.,  and 
a  (alpha)  is  called  the  temperature  coefficient  of  the  material.  For  nnmerieal 
values  of  <t  for  various  materials  see  Bee.  4.  When  the  resistance  of  a  material 
increases  with  the  temperature,  a  is  positive;  otherwise  it  is  negative.  For 
other  formula  see  Sec.  4. 

n.  Seiiituieaa  and  oonduetanoM  In  wrlM.  When  two  or  more 
resistances  are  coimeoted  in  series  the  equivalent  resistance  of  the  comfainsr 
tion  is  equal  to  the  sum  of  the  reaistances  of  the  individual  resistors,  or 

r«t>«n+r«+etc.  (18) 

When  conductances  are  coimected  in  series,  the  equivalent  conduetanee 
ax  is  determined  from  the  relation 

i— i+i+eto..  (17) 

a<t    n    «• 
in  other  words,  when  two  or  more  conductors  are  connected  in  aeries,  the 
reciprocal  of  the  equivalent  conductance  is  equal  to  the  sum  of  the  reciprocals 
of  the  individual  conductances.    - 

It,  Whan  resUtanoei  ara  oonnaetad  In  parallel,  the  equivalent  t»- 
sistanoe  r<s  is  determined  from  the  relation 

— --+J-  +eto.  (18) 

or  simply 

»„-»i+«+etc.  (19) 

S4.  Tha  limpls  ml*  is:  Bailitaneea  are  added  when  In  Mriea;  oom- 

duetaneas  ara  added  when  In  parallel.    In  the  case  often  met  in  practice 

when  two  resistances  are  connected  in 
parallel 

riri  ,-^  J. 

'••~;r+ri*  ^    '  '^ »        VWVWW— ^g-^VWWW- 

M.  Barlei-parallel  eireulti.      In  '>  k        **• 

a  combination  like  the  one  shown  in  sro 

Fig.  1,  where  some  of  the  resistances  \ 

are  in  series,   some   in   parallel,    and  „  f 

where  it  ia  required  to  find  the  equiva-  ■''  ii 

lent  resistance  between  A.  and  B,  the 

Eroblem  is  solved  step  by  step,  by  com-       Fia.  1. — Seriea-parallel  circuit, 
ining  the  resistances  in  series,  con- 
verting them  into  conductances  and 

adding  them  with  other  conductances  in  parallel.  For  instance,  in  the  case 
shown  in  Fig.  I  begin  by  combining  the  resistances  ri  and  A  into  one,  and 
determine  the  oorrespondisg  conductance 

1  . 
(«+r«)' 
add  this  conductance  to  the  conductance  1/rs.  This  will  give  the  total  con- 
ductance between  the  points  tt  and  N.  The  reciprocal  of  it  gives  the  equiva- 
lent resistance  between  the  same  pcants.  The  total  resistance  between  the 
points  A  and  B  is  found  by  adding  n  to  this  resistance.  When  a  network  of 
conductors  cannot  be  reduced  to  a  series-parallel  combination,  the  problem 
is  solved  as  shown  in  Par.  M. 
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M.  Voww  knd  nurcy.  When  a  steady  current  t  flows  through  a  eon- 
duetor  and  the  ▼oltage  acroea  the  terminals  of  the  conductor  is  0,  the  power, 
or  the  energy  per  unit  time,  delivered  to  the  conductor  is 

P-ti.  (21) 

If  the  ennent  is  ezpieased  in  amperes  and  the  potential  in  Tolts,  the  power 
/*  is  In  watt*  Qoolea  per  second).  When  the  voltage  and  the  current  are 
variable,  Xhmx  instantaneous  vaJues  bein^  represented  by  «  and  t  respect- 
inly,  the  prebeding  equation  gives  the  instantaneous  power,  that  is  the 
isetantaneoua  rate  at  which  energy  is  being  delivered  to  the  conductor. 

The  total  energy  delivered  to  the  conduetor  during  a  time  (  is 

W-tU-tQ,  (22) 

vbers  Q  is  the  total  quantity  of  electricity  (coulombs)  which  passed  through 
the  eenductor.  If  Q  is  in  coulombs  (ampere-seconds),  FT  is  in  joules  (watt- 
seeonds).  When  the  voltage  and  the  current  are  variable  the  total  energy 
tsopnssedby 


W"    I   tUt, 

Jtl 


(23) 


•ken  the  time  interval  is  <t— (i. 

iT.  Jonto^  IkW.  When  the  conduetor  eontains  ohmio  resistance  only 
aad  DO  eoontar-eleetroinotive  forces,  we  have  fri-'i/g,  so  that  the  power 

t'     s* 

P-i«r---  — -eV.  (2<) 

I      r 
TUs  >ipiMslun  is  known  as  Joola'l  I»w. 

n.  If  tha  oondnetor  oontalna  »  eouatar-a.iauf.,  ««  for  instance, 
that  d  a  motor  or  of  a  battery,  tb*  power  is  given  by 

P-«o-«rt+»>,  (28) 

wkcR  «i  is  the  voltage  across  the  terminals  of  the  conductor.  In  this  expres- 
■oa  fci  is  the  osefuTpower,  and  tV  is  the  heat  loss  in  the  conductor.  See 
Par.  1(. 

It.  Kirehlua*B  l&wi.  In  an  arbitrary  network  of  conductors  (Fig.  2) 
with  soareea  o(  eontisuous  e.m.f.  connected  in  one  or  more  places,  the  die- 
triboticB  of  the  eanents  is  such  that  two  conditions  are  sati&ed,  namely, 

Z»  »  0,  and  Ze  —  Ztr.  (26) 

The  Cnt  equation  refen  to  any  junction  point  of  three  or  more  conductors 

sad  states  the  fact  that  aa  much  current  flows  toward  the  junction  as  away 

from  it,  because  electricity  behaves  like  an 

incompressible  fluid.     In  this  equation  all 

the  currents  which  flow  toward  the  junction 

are  taken  with  the  sign  plus  (+)  S  all  those 

which  flow  awajr  from  it  with  the   sign 

minus  (  — ),  or  nee  verMa.     The  second  law 

refers  to  any  dosed  circuit  taken  at  random 

In  the  network.     The  voltages  s  are  the 

local  electromotive  forces  in  such  a  circuit 

and  the  currents  and  the  resistances  refer  to 

the  individual   conductors  of  the   circuit. 

The  directions  of  flow  of  the  currents  can 

be  assumed  arbitrarily  to  start  with,  and  in 

writing  the  second  equation  one  follows  a 

selected  circuit  in  a  certain  direction,  cloek- 

wise  or  counter-clockwise,  taking  as  posiUve 

Fh.  2:— Ketwork  of  eon-       the  current*  which  flow  in  this  direction  and 

dnetorsi  the  e.m.fs.  which  tend  to  produce  currents 

in  the  same  direction.   The  currents  and  the 

wihsgM  ia  tbs  opposite  direetion  are  entered  in  the  equation  with  the  sign 

■tnoL    For  >  given  network  of  conductors  the  total  number  of  equations  of 

Ik  fast  form  is  equal  to  the  number  of  junction  points  less  one;  tne  number 

*f  eqestioBS  of  the  second  kind  is  equal  to  tne  number  of  independtnt 

lirnni  paths  in  the  network.    Tha  total  number  of  equations  of  both  kinds 

■Xqalto  tha  anmber  of  nnknown  ourrents  so  that  these  eurrents  can  be 
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Fl«.  3. — WhoaUtone  Bridge. 


(2S) 


determined  by  aolnng  eimultaneous  equations.     For  an  example  of  each 
equations  see  Far,  SI  Delow. 

10.  Wheatlton*  bridga.  The  comtnnstion  of  rix  reaistancea  shown  in 
Fis.  3  is  called  the  Wheatstone  bridge.  The  resistances  are  denoted  by 
a,  Ot  r,  a,  0,  y,  the  currents  by  2, 
V,  s,  t*  )t  f>  ,  An  electric  battery 
of  e.m.f.  J?  is  connected  in  the 
branch  BC,  and  the  value  of  a 
includes  the  internal  resistance 
of  the  battery.^  In  practice  a 
galvanometer  is  usually  con- 
nected in  the  branch  OA,  and  a 
indudee  its  resistance.  When 
the  four  resistances  b,  c,  0,  y,  arc 
so  adjusted  that  no  current  flows 
through  OA,  the  bridge  is  said 
to  be  balanced,  and  the  condi- 
tion holds  that, 

bp-ey.  (27) 

11.  Unbalanced    bridge.. 
When  the  Wheatstone  bridge  is' 
not  balanced,  Ohm's  law   and 
Kirehhoff's  laws  give  the  follow- 
ing equations: 

ax-'C-B+E,  a(-A,  t+u  —  t-0, 

by  =  A-C,  0V-B,  ^+t-x-0, 

CM-B-A,  yS-C,  t+x-V-0. 

Here  E  is  the  battery  e.m.f.,  and  A,  B,  C,  denote  the  potentials  of  these 

points  below  that  at  0.     These   mne   equations   contain  nine   unknown 

quantities,  vii.,  six  currents  and  three  potentials.     Solving  them  as  simul- 

toneous  equations  an^  of  the  unknown  quantities  may  be  determined.     For 

instance,  the  current  in  the  galvanometer  circuit  is 

t_^(6/»-cr),  C29) 

where  the  "determinant"  D  is  given  by 

£)-oi>e  +  6ctf-(-7)+M(T  +  a)+oi(a+«-Ka-f-H-c)  (fiy^^a+aff).* 
U.  Networks  of  oonduotort.     In  a  general  cose   (Fig.  2)  as  many 
Kirohhoff  equations  (Par.  tS)  may  be  written  as  there  are  conductors;  the 

unknown  quantities  may  be 
the  currents,  the  resistances 
or  the  voltages;  also  any  com- 
bination of  these,  provided 
that  the  total  number  of  un- 
known quantities  is  equal  to 
the  number  of  equations.^  The 
equations  are  conveniently 
solved  by  the  method  of  deter- 
minants, found  in  most  text- 
books on  algebra. 

»i.  Mazwell't  solution. 
In  Borne  cases  it  is  convenient 
to  consider,  instead  of  the  ac- 
tual currents,  fictitious  cur- 
rcnta  in  each  mesh  (MaxweU, 
ibid..  Art.  282i).  The  actual 
current  in  each  conductor  is 
equal  to  the  algabraio  sum  of  the  fictitious  currents.  For  instance,  in 
Fig.  4  the  ourrent  in  conductor /is  the  difference  of  the  fictitious  currents 
X  and  Y,    The  Kirchhoff  equations  are  written  for  the  fictitious  currents. 

*  Maxwell,  J.  C.  "A  Treatise  on  Electricity  and  Magnetism,*'  Vol.  1, 
Art.  347. 

For  practical  forms  of  the  Wheatstone  bridge  and  its  application  to  tho 
measurement  of  resistance  see  Sec.  3. 


Fig.  4. — Method  of  simplifying  networks. 
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An  examine  of  Bueh  a  solution  will  be  found  in  Del  Mar's  "Eleotrie  Power 
Conductors,"  p.  34. 

U.  JBquiTUent  >tar  and  maah  (d«lta).    The  ntiniber  of  meshes,  and 

.  conaeqoently  the  aumber  of  equations,  ma^  be  reduced,  when  some  of  the 

tneeh^a  are  in  the  form  of  s  triangle,  like  ^c  in  Fig.  4.     For  tha  three  retistancea 

furmi^  the  trioTigle  may  be  mbstiluted  the  three  retittaneea  a,  0,  arid  y,  which 

Taitate  from  one  point. 

The  currenta  and  the  voltages  in  the  rest  of  the  network  remain  the  same, 
pcov»ied  that 

6c ,  CO  ah 

""(a+t+c)'  ''"(a+6+c)'  '*'"(o+6  +  c)  *^^ 

The  Qumber  of  meshes  is  thus  reduced  by  one.  See  Kennelly,  A.  E..  EUc- 
irknl  World  and  Engineer,  VoL  XXXIV  (1809),  p.  413.  For  a  discussion  of 
frqiiivalent  star-  and  delta- connected  impedances  for  alternating  currents 
•ee  his  "Application  of  Hyperbolic  Functions  to  Electrical  Engineering 
Problems,"      Appendix  E. 

U.  In  the  pTftctieal  oaM  of  distributing  networica  and  feeders,  the 
drtennination  of  the  currenta  and  voltages  at  the  junction  points  is  simpu6ed 
by  uidnc  the  following  l«wa  of  superposition  of  currents  and  voltaffes. 
(1)  The  true  current  at  any  point  in  the  network  is  the  algebraie  sum  of 
the  currents  which  would  flow  if  the  consumers'  eurrents  were  taken  in 
•ReeeaEion  instead  of  simultaneously.  (2)  The  voltage  dr<^  to  any  point 
in  the  netwtvk  is  equal  to  the  suni  of  the  drops  to  the  same  point  calculated 
Bsder  the  araumption  that  the  consumers'  currents  are  taken  in  succession, 
and  not  simultaneously.  Some  simplification  in  the  solution  <A  the  Kirchboff 
eqaations  ia  posnibly  due  to  the  fact  that  the  voltage  drop  along  a  conductor 
is  usually  small  as  compared  to  the  voltage  between  it  and  the  return  con- 
dnrtor.  For  details  of  such  calculations  see  Teichmullcr,  "  Die  Elektrinchen 
Icituwen;"  F.  B.  Crocker,  "  Network  of  Electrical  Conductors,"  El.  World, 
VoL  LIX  (1912),  pp.  799,  847,  901;  Alex.  Russell.  "The  Theory  of  Electric 
Cables  and  Networks,"  Chap.  4;  Nowak,  J.,  "  A  Machine  for  the  Calculation 
of  Supply  Networks."  The  Electrician,  Vol.  LXVIII  (1912).  p.  748;  Hersog 
Md  Feldmann,  "The  Distribution  of  Voltage  and  Current  m  Closed  Con- 
dufting  Networks."  Trarnt.  Inst.  Elec.  Congress,  8t.  Louis.  1904,  Vol.  II.  p. 
6^:  also  their  book  entitled  "  Die  Bereohnung  Elektrisoher  Leitungsnetxe," 
and  lUiha  und  Seidoner,  "  Starkstromtechnik,    Sec.  8. 

EI.XCTEOHAOinCTIC  IKDUCTIOH 

M.  Faraday's  law  of  indnetlon.  When  a  mat^netic  fl\ix  *  within  a 
loop  of  wire  varies  with  the  time,  an  e.m.f.  is  induced  in  the  loop,  the  instan- 
taneau  value  e  of  the  e.m.f.  being  proportional  to  the  rate  of  change  of  flux; 

.--t-3;^.  (31) 

vbere  d*/dt  la  the  rate  of  change  of  flux  4  with  resiwct  to  the  time  t,  and  h 
iiteoDstant  which  depends  upon  the  units  of  voltage,  flux,  and  time.  When 
4^  is  ia  maxwells,  e  in  volts,  and  time  in  seconds,  k=^  10~*.  If  the  flux  is 
fxpreved  in  webers,  k=  1.  The  sign  minus  determines  the  relative  directions 
of  the  flux  and  the  o.m.f.  Namely,  when  the  circuit  is  closed,  the  induced 
«-m.f.  tends  to  produce  a  current  in  the  direction  such  as  to  oppose  the  change 
IB  flux.  This  latter  statement  follows  from  Lens't  law,  which  is  stated  by 
MmwcU*  as  follows:  If  a  constant  current  flows  in  the  primary  circuit  A, 
*odif,  by  the  motion  of  A,  or  of  the  secondary  circuit  B,  a  current  is  induced 
tn  B,  the  direction  of  this  induced  current  will  be  such  that,  by  its  electro- 
^N9Hic  acUon  on  A,  it  tends  to  oppose  the  relative  motion  of  the  circuits. 
See  the  right-hand  screw  rule  (Par.  S6)  or  Fleming's  rule  (Par.  67).  For 
pPsctieal  purposes  three  particular  cases  of  electromagnetic  induction  are 
cooadered  below. 

n.  Stationary  conductor  and  variable  flux.  This  is  the  case  when 
both  the  cxnting  xn.m.f.  which  produces  the  flux,  and  the  winding  in  which 
»n  e.m.f.  is  induced,  are  stationary,  relatively  to  one  another.  The  voltage 
winducpd  by  a  varying  magnetic  flux,  the  chani(cs  in  the  flux  being  prodncwl 
by  rar>'ing  either  the  magnitude  of  the  m.m.f.  (stationary  transformer)  or 

,  'Maxwell.  J,  C.  "A  Treatise  on  Electricity  and  Magnetism."  Vol.  U. 
Art  M2.  ^  •^ 
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tb*  raluotaaoe  of  tbe  masnetio  oimiit  Ondaotor-type  alternator).  If  tb* 
flux  k  linked  with  N  turns  and  variea  harmonically  with  the  time,  at  a  fre- 
quency of  /  cycles  per  second,  the  znazimam  Induced  e.m.f.  ia 

«.»»  -  2x/3V*«..10-»  Tolta,  (32) 

where  *mt*  is  the  maximum  instantaneous  value  of  the  flux,  in  maxwelta. 
The  efteetlT*  value  of  the  induced  e.m^f.  is 

S  -  4.44/if  *».>10-i  Tolts.  (33) 

When  the  flux  rarles  according  to  a  lav  different  ftrom  the  line  lav  the 
effective  voltace  is 

E-ixIN*m«AO-*,  (34) 

where  x  is  the  form  factor  (Par.  lOT). 

The  aTcrase  e.m.f.  Induced  in  one  turn,  no  matter  what  tlie  law  of 
variation  of  the  flux  with  the  time,  is 

where  the  subscripts  1  and  2  refer  to  the  initial  and  the  final  instant* 
respectively. 

M.  Stationary  flux  and  movinc  conductor.  When  the  exdtins  m.mj. 
which  produces  the  flux,  and  tbe  winding  in  which  tbe  e.m.f .  is  induced,  movo 
relatively  to  each  other,  as  in  a  generator,  so  that  tbe  conductors  out  aoroea 
the  lines  of  flux,  the  instantaneous  induced  e.m.f.  in  a  oonduetor  ia 

c-MU>,*  (38) 

whece  (B  is  the  flux  density,  I  the  length  of  tbe  conductor,  •  the  relative  veloc- 
ity between  the  flux  and  tbe  conductor,  and  k  a  coefficient  which  depends 
upon  the  units  selected.  When  « is  in  volts,  (B  in  maxwells  per  square  centi- 
meter (gaussee),  I  in  centimeters  and  o  in  centimetera  per  second,  k  "  10~*. 

The  three  directions,  (B,  I,  and  i,  are  supposed  to  be  at  right  angles  to  each 
other;  if  not,  their  projections  at  right  angles  to  each  other  are  to  be  used  in 
the  preceding  formula.  For  practical  formulas  giving  the  e.m.f.  induced  in 
direct-current  and  altemating-cunent  mabbinery  see  Sec.  7  and  Sec.  8. 

t>.  ▼arlabla  Huz  and  movinc  conductor.  When  coilsor  conduetois 
are  moving  through  a  pulsating  magnetic  field,  as  for  instance  in  single-phase 
motors,  the  induced  e.m.f .  is  due  to  a  combined  transformer  and  generator 
action  (Far.  37  and  U),  and  is  equal  at  any  instant  to  the  sum  of  the  e.m.f. 
induced  by  a  constant  flux  in  a  moving  coil  and  that  induced  by  a  pul- 
sating flux  in  a  stationary  coil.  Let  the  frequency  of  the  pulsating  fiela  be 
/  cycles  per  second;  that  of  the  rotating  coil  f  cycles  per  second.  A  pul- 
sating field  can  be  resolved  into  two  revolWng  fields,  one  rotating  clock- 
wise, the  other  counter-clockwise.  Therefore,  the  Induced  e.m.f.  is  a  result 
of  the  superposition  of  two  e.m.fa,  one  of  the  frequency /+/'.  the  other 
f—f.  In  the  particular  case  of  f^f  the  e.m.f.  induced  in  the  rotating  coil 
IB  of  the  frequency  2f,  the  frequency  f—f  being  equal  to  sero. 

M.  Torce  on  a  conductor  cairj^nf  a  current  in  a  macnetlc  field. 
Let  a  conductor  carry  a  current  of  i  amp.  and  be  placed  in  a  magnetic  field 
the  density  of  which  is  ffl  maxwells  per  square  centimeter  ((B  gausses).  TheOt 
if  the  length  of  the  conductor  is  I  cm.,  the  force  tending  to  move  the  con- 
ductor across  the  field  is 

J'-10.2.(BI10-»  (kg.)  (37) 

It  is  presupposed  in  this  formula  that  the  direction  of  the  axis  of  the  conductor 
is  at  right  angles  to  the  direction  of  the  field.  If  the  directions  of  i  and  B 
form  an  angle  a,  the  preceding  expression  must  be  multiplied  by  mn  a. 

The  force  F  is  perpendicular  to  both  i  and  B,  and  its  direction  is  determined 
by  the  right-hand  screw  rule  (Par.  ■•].  Namely,  the  effect  of  the  magnetic 
field  produced  by  the  conductor  itself  is  to  increase  the  original  flux  density 
((B)  on  one  side  of  the  conductor  and  to  reduce  it  on  the  other  side.  The 
conductor  tends  to  move  away  from  the  denser  field. 

41.  The  attraction  or  repulsion  between  two  parallel  straight  eon- 
ductor>»  carrying  currents  ii  and  ti  (amp.)  and  placed  in  a  non-magnetio 
medium,  is  cslcuTated  aocording  to  the  formula 

F-2.04uf«(j^)10-«  (kg.)  (8q> 
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vken  I/l  ii  tha  ratio  of  the  length  of  euh  eonductor  to  the  kzial  diatanee 
bMvMn  the  condueton.  The  foroe  ie  an  attraction  or  a  repulaion  according 
to  vliether  tlie  two  cumnta  are  flotring  reepeettrely  in  the  aame  or  in  tlM 
apocate  dinctioni. 

MKhanical  force  exerted  between  magnetic  flux  and  a  current-earnring 
•ondnctor  ii  alM>  preoent  iniida  the  conductor  itaelf ,  and  ii  called  pinch  eaiMit. 
TlH  force  between  tike  infiniteeimal  fiiamenta  of  the  current  is  an  attraction, 
K  that  a  current  in  a  conductor  tenda  to  contract  the  conductor.  Thia 
tlMt  k  o(  importance  in  «ome  type*  of  electric  furnacea  where  it  liraita  the 
ranent  wUeh  can  1m  carried  by  a  molten  conductor.  The  same  atreaa  alao 
tmda  to  elongate  the  conductor. 

tt.  iBtarlinkac*  of  eUetrie  uid  ntafoMe  elrealtg.  The  most  general 
nlstioaa  between  the  electric  and  tlie  magnetic  quantities  are  expressed  bv 
two lawi  of  etrenltaUon. *  Stripped  of  the  Teotor^analjraia  termain  whicn 
tlnas  lavs  an  uaually  expressed,  they  are  as  follows:  Let  H  be  the  magnetie 
iatesaty  or  the  m.ni.f .  gradient  at  a  pcont  in  a  medium  of  constant  permea* 
fajlity,  and  let  (7  be  the  electric  intensity  or  the  e.m.f.  gradient  at  a  point. 
Tie  Snt  law  of  eircuitation  atatea  tliat  the  line  integral  of  H  along  a  closed 
tvra  is  propwtional  to  the  Tolume  of  the  total  current  (conduction  current 
ud  displacement  current)  linked  with  this  curve.  The  second  law  of 
drmitatioa  states  that  the  tine  integral  of  the  electric  intensity  along  a  closed 
rarre  is  proportional  to  the  rate  of  change  of  the  total  magnetic  flux  linked 
«itb  this  curre.  The  coefficients  of  proportionality  depend  only  upon  the 
nits  and.  The  theory  of  propagation  of  electromagnetic  waves  is  based 
•poB  these  two  lawa.  See  for  instanoe  W.  B.  Franklin's  "  Electrio  Waves," 
Art  57. 

TBI  MAaHXTIO  OntOVIT 

II.  The  ilinple  magnstle  circuit.  The  simplest  magnetic  circuit  is  a 
aaifomly  wound  torua  ring  (Fig.  5).     The  relation  between  the   m.m.f.  7 

and  the  flux  *  ia  aimilar  to  Ohm's  law 
(1»),  vis., 

S-Sl*  (39) 

where  A  is  called  the  ralneteaes  of  the 
magnetic  circuit.  The  same  relation  is 
sometimes  written  in  the  form 

*-<P9  (40) 

where  <?— 1/91  ia  called  the  pannaane* 
of  the  magnetic  circuit.  Reluctance  is 
analogous  to  redstanoe  and  permeance 
is  analogoua  to  conductance  of  an  elec- 
ttie  circuit. 

44.  The  m.m.f.  does  not  depend 
alone  on  either  the  current  in  the  wind- 
Pto.  5. — Closed  magnetio  circuit,  lag  or  on  the  number  of  turns,  but  on 
the  product  of  the  two;  therefore,  tha 
natural  unit  for  tlu  m.m.f.  li  1  amp-turn,  but  in  the  practical  system 
1  smp-turn  ia  1.257  unite  of  m.m.f.  U  the  flux  in  the  preceding  equations 
isexprsssed  in welsers  (one weberM  10* maxwells)  the  permeance  is  expressed 
in  benrys  (bein^  of  the  nature  of  inductance).  It  hsia  been  proposed  to  call 
the  eorreapondinc  unit  of  reluctance  the  ymeh,  this  being  the  word  henry 
spelled  backward,  corresponding  to  ohm  and  mho.  It  has  also  been  pro- 
posed to  name  the  unit  of  permeance  a  perm,  and  the  Unit  of  reluctance  a 
rel,t  when  tha  flux  is  in  maxwella  and  the  m.m.f.  in  ampere-turns,  but  no 
names  have  yet  been  generally  accepted.  In  the  C.G.B.  electromaxnetic 
■Vitem  the  unit  of  m.in.f.  is  the  gilbert,  equal  to  10/4t  —  0.7055  amp-turn. 
Tberefort  the  in.in.f.  in  gilberts,  expressed  as  a  function  of  ampere-turns,  is 

*  Hcaviside,  O.     "Electromagnetic  Theory,"  Vol.  I. 

t  Karuetoff,  V.  "The  Magnetic  Circuit;"  MoOraw-FliD  Book  Ca  Inc.. 
New  Yore,  1912,  Chap.  I,  and  appendices. 
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where  nJ  is  the  product  of  the  number  of  turn*  and  the  currant  in  ampere*. 
For  further  information  about  magnetic  unite  ace  See.  1. 

M.  f •rmeabillt^  and  relnetlTltjr.  The  reluctance  of  a  uniform  mac- 
netio  path  (Fig.  6)  la  proportional  to  ita  length  {  and  inversely  proportional 
to  its  croea-eection  At  or 

»-'2  (42) 

and 

(f-l'j.  (43) 

In  theae  ezpreariona  r  ia  called  the  reluctivitv  and  it  the  permeability  of  the 
material  of  the  magnetic  path.  For  air  ana  all  non-inagnetic  ■ubatsnoea, 
r  and  ti  are  aasumea  to  be  equal  to  unity  per  oentimeter-cubo,  oorreapondins 
to  centimeter  measure  for  I  and  A  in  (42)  and  (43),  and  the  ^bert  as  the 
unit  of  m.m.f.  This  is  the  conventional  aaaumption  in  the  C.O.S.  eleo- 
tromagnetio  system  and  ia  the  one  generally  employed.  See  alao  Par.  IS 
andM. 

The  method  preferred  by  the  author,  and  expounded  in  his  "  Macoetie 
(Mreuit"  (see  footnote  reference  in  Par.  M),  ia  to  t&loe  the  ampere-turn  aa 
the  unit  oi  nti.m.f.  -  In  such  eases,  with  the  maxwelras  the  unit  6i  flax,  the 
permeability  and  the  reluctivity  of  air,  respectively,  are 

F-0.7e55  per  cm.>-0.3132  per  in.«  1  ,. .. 

>.-1.2S7    per  cm.«-3.193    perin.*/  (**' 

This  method  has  the  advantage  of  ^ater  airaplictty  in  caleulationa,  but  ia 
not  yet  in  general  use  (see  Sec.  1;  Giorgi  aystem  of  units.  Par.  S(<<a)). 

4>.  Macnetio  field  Inteniity  X  is  defined  aa  the  m.m.f.  per  unit  length 
of  path.     In  any  uniform  field 

K-f.  (45) 

In  a  non-uniform  magnetic  circuit 

K.'f.  (4«) 

Inversely 

^-XlorS-J'Xal.  (47) 

3C  is  alao  known  as  the  nukcnetlaing  fore*  or  as  the  magnatie  potantial 
(radiant. 

If  9  is  in  ampere-turna,  3C  ia  in  ampere-turns  per  centimeter  (or  per  inch*) 
of  length.     If  7  is  in  gilberts,  3C  is  in  gilberts  per  centimeter  (or  per  inch). 

4T.  Tlux  density  ((B)  is  defined  aa  the  flux  per  unit  area  perpendicular 
to  the  direction  of  the  Unea  of  force.     In  a  uniform  field 

In  a  non-uniform  Add 

«-aJ-  («) 

Inversely 

*-(B.4,  or  *-y*(Ba.<l.  (50) 

If  the  flux  ia  measured  in  maxwella  and  areas  In  square  centimeters, 
flux  density  is  expressed  in  maxwells  per  square  centimeter;  one  maxwell 
per  square  centimeter  is  sometimes  called  a  gauH.  In  thia  country  flux 
density  is  alao  expressed  in  maxwells,  or  in  kilolinee,  per  square  inch. 

It  follows  at  once  from  (40),  (43),  (4S)  and  (48)  that 

(B-piK  (51) 

which  ia  the  familiar  relationship  between  flux  density,  permeability  and  mag- 
netic field  intensity. 

4t.  Beluctanees  and  parmeaneas  in  larlaa  and  In  parallel.  Reluct- 
ance* and  permeances  are  added  like  resistances  and  conductances  (Par.  n 
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toM),  respeetn^y.  That  u,  reluctaneea  are  to  he  added  wfwn  in  eeriee,  and 
fwrneanfM  art  to  b«^idded  whrn  in  paralkl-  If  several  permeance*  are  given 
roonected  in  series  they  are  first  converted  into  reluctances  by  taking  the 
redprocsl  of  each.  Similarly  if  reluctances  are  given  in  a  parallel  oomoina- 
tioB,  they  are  first  converted  into  permeances  by  taking  the  reciprocal  of 
esch. 

49.  ICarnctljifttlon  characteristic.  The  magnetic  properties  of  a 
■smple  of  steel  or  iron  are  represented  by  a  saturation  or  nuiglisti latlon 
eorra  (Fig.  0).     Magnetic  intensities  X  in  ampere-turns  per  centimeter 

(or  per  inch)  are  plotted  as  abscissa 

and   the   corresponding  flux  densities 

(B  in  kilolines  per  square  centimeter  {or 
per  square  inch)   as   ordinates.      The 
eiuve  IB  also  known  as  the  (B-K  curve. 
The   practical  iiae  of  a  magnetisa- 
tion curve  may  be  best  illustrated  by 
«    ["f'Hjfil"  M  !  I  i  I"  t'l  t  I  t"n~l      *°  example.    Let  it  be  required  to  find 
Jl»---'-^ 1 — I the    number  of  exciting  ampere-turns 

f'-f for  magnetising  a  steel  ring  so  as  to 
_-L . produce  in  it  a  flux  of  168,000  max- 
—    Nt  l-t  t  I-  H  H  i  t  I  M  M  1  T         wells.     Let  the  cross-section    of  the 

ring  be  3  cm.  by  4  cm.,  and  the  mean 
diameter  46  cm.  Let  the  quality  of 
the  material  be  rapreeented  by  the 
curve  in  Fig.  6.  The  flux  density  is 
168,000/(3X4) -14,000  maxwells  per 
square  centimeter  or  14  kilogausses. 
For  this  flux  density  the  corresponding 
abscissa  from  the  curve  is  about  18 
amp^tums  per  centimeter.  The  total 
required  number  of  ampere-turns  is 
18X1-X46-2.600. 

It  may  be  noted  that  it  is  much  more  convenient  to  plot  curves  of  <B 
wing  as  abaoissiB  3C  in  ampere-turns  per  unit  length,  rather  than  gilbertt  per 
ludt  length.  For  '*(B-dC  curves  oi  various  grades  of  steel  and  iron  see 
See.  4.  The  principal  methods  for  experimentally  obtaining  magnetisa- 
tioa  curves  wul  be  found  in  8eo.  3. 

M.  Zn  a  mAffn«tio  dreult  eonslstinsr  partly  of  Iron  and  partly  of 
sir  the  ampere-turxu  required  for  establishing  a  certain  flux  are  calculated 
by  adding  together  the  ampere-turns  required  for  each  part  of  the  circuit. 
I^  (Bi  be  the  flux  density  (gausses)  in  the  iron  and  U  the  length  (centimeters) 
o(  the  path  in  the  iron,  ffl«  the  flux  density  in  the  air  and  l»  the  length  of  the 
sir-Ksp  in  the  direction  of  the  linee  of  force.  Then  the  total  ampere-turns 
rcqaiied  for  the  circuit  are 

JV7-3Ci^+3CJ^  (52) 

vhne  Xi  (amper»-tums)  is  found  from  a  saturation  curve  for  the  known 
nine  of  (&t  (O)  and  9C.«0.7g55(B..  If  U  is  in  inches,  and  (B.  in  maxwells 
per  iqaare  inch,  3C«>-0.3132(B«.  The  same  method  is  applied  if  a  ma^etio 
ciremt  consists  of  more  than  two  parts,  as  for  instance  tne  magnetic  circuit 
d  an  electric  generator  or  motor  (Sees.  7  and  8).  For  numerous  practical 
problems  and  solutions  see  the  author's  "Magnetic  Circuit,'*  pp.  27-31, 
ud  Chaps.  V  and  VI. 

11.  Anal/ils  of  marnstisatlon  curre.  Three  parts  are  distinguished 
iBsmsffnetuationeurve  (Fig.  6),  the  lower  or  nearly  straight  part,  the  middle 
psit  ca&d  the  knoo  of  the  curve  and  the  upper  part  which  is  nearly  a  straight 
luie.  As  the  magnetic  intensity  3C  increases,  the  corresponding  flux  density 
A  increases  more  and  more  slowly,  and  the  iron  is  said  to  approach  satura- 
tton.  The  percentage  of  saturation  of  a  machine  is  defined  in  Art.  47  of 
the  Staadvt&sationRnles  of  the  A.  I.  E.  £.  (Sec.  24). 
.  H  Sosesptlblllty  and  Inducsd  magnetisation.  A  magnetic  flux  in 
iron  or  in  another  magnetic  substance  mav  be  thought  of  as  due  to  two 
caows:  (1)  the  extAmai  applied  m.m.f.,  and  (2)  the  internal  or  molecular 
in.in.fi.,  induced  by  the  applied  m.m.f.    Thus,  we  have 

.      X-.3,  (53) 

vbcrt  X  is  the  mag^netic  intensity  due  to  the  external  m.m.f .,  and  3  is  the 
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intuwity  of  indnced  mastietintioa.  Tha  eoeSoient  <  is  oalled  th*  nucapti- 
bilitjr  of  the  material.  The  total  flux  density  in  iron  also  oonsists  of  two 
parts,  vis.,  that  due  to  3C  and  to  3,  or,  in  the  C.Q.S.  system, 

(B-3C+4t3.  (54) 

Dividinc  both  sides  of  this  equation  by  X,  s>ves 

/.-l+4«,  (55) 

where  /■  is  the  permeability  of  the  material  (Par.  H) .  SoaoeptibiUty  is  equal 
to  sero  for  non-magnetio  materials,  is  positive  for  paramagnetic  and  ne(»- 
ti ve  for  diamagnetic  substances.    It  is  seldom  used  in  practice.  * 

It.  The  permeability  0<)  and  the  reluoUTlty  (r)  of  »  in>t«i1»l  (Par. 
M)  are  also  defined  as  the  ratios 

Their  values  depend  upon  the  units  selected  for  (S  and  3C.  In  the  C.Q.S. 
electromscnetic  system  S  and  X  are  numerically  equal  for  non-masnetio 
materials,  consequently  it^fl.  When  (B  is  expressed  in  maxwells  per 
square  centimeter  ^or  per  square  inch)  and  K  in  ampere-turns  per  unit 
length,  li  and  r  for  air  and  other  non-magnetic  materials  nave  values  given  in 
Par.  M,  Eq.  44. 

(4.  Two  dlfler'ent  scales  of  permeability.  For  steel  and  iron  the  per- 
meability fi<^(S/K  is  frequently  calculated  from  the  magnetisation  curve 
(Par.  49),  and  is  usually  plotted  against  (B  as  absoissai  (see  curves  in  Sec.  4). 
One  must  be  careful  to  distinguish  between  the  absolute  permeftbUit^ 
and  the  relative  permeability.  The  former  is  equal  to  (B/3C,  the  latter  la 
the  ratio  of  the  permeability  of  a  sample  to  that  of  the  air.  In  the  C.Q.8. 
electromagnetic  system  both  permeabilities  are  numerically  the  same, 
because  n  is  assumed  to  be  unity  for  the  air;  nevertheless  they  have  diffeient 
physical  dimensions  in  any  system  of  units. 

U.  Kagnatle  oaloulatioiu.  In  practice,  calculations  of  macnetio 
circuits  with  iron  are  usually  arranged  so  as  to  avoid  the  use  of  permeatauitjr  tt 
altogether,  using  a  (B-3C  curve  directly  (Par.  49  and  50).  In  some  spe^uJ 
investigations  it  is  convenient  to  use  the  vsJues  of  permeability  and  also  an 
empirical  equation  between  ii  and  (&.  For  small  and  medium  mix  densitiee  ^ 
may  be  expressed  as  a  parabolic  curve,  of  the  form 

M-o-K(Bo-(B)'10-«  (57) 


»: : :  •.  ■   0  o,^'' 


Fig.  7a. — Relation  between  directions  Fia.  7b. — Fleming's  rules, 

of  current  and  flux. 

For  numerical  values  of  the  coefficients  see  Sec.  4.  It  is  also  possible  to 
represent  the  relatlomblp  between  ffi  and  X  tor  %  magnetle  material 
empirically  by  a  hyperbola  (FrShlich's  formula) 

or  also  in  the  form 

reluctivity  »-^-a+^"i.  (SB) 

The  coefficients  a  and  fi  must  be  so  determined  as  to  satisfy  the  saturation 
curve  of  the  particular  material  used. 

§9.  The  right-hand  screw  rule.     The  direction  of  the  flux  produced 
by  a  given  current  is  determined  as  shown  in  Fig.  7a  (see  also  f^.  5).     If  the 

'Maxwell,  J.  C.    "ATreatise  on  Electricity  and  Magnetism,"  Vol.  II., 
Arts.,42e  to  428. 
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cancat  Bows  in  the  diraotioii  of  rotation  of  %  lisht-haod  acrew,  the  flux  is  in 
tte  diraction  of  the  ^rocreaaive  movement  of  the  ■crew.  If  the  currant  in  a 
■tiaight  eoadoctor  u  in  the  diieetioa  of  the  procreaaive  motion  of  a  lii^t- 
haad  aerew,  then  the  flux  encirelee  thia  conductor  in  the  direction  in  which 
the  acrew  most  be  rotated  in  order  to  produce  thia  motion.  The  dots  in  the 
fiiafe  indicate  tbe  direction  of  fluz  or  current  toward  the  reader;  the  croeses, 
thai  away  from  him. 

tn.  Tba  ralatire  dlraetion  of  flux,  e.m.f.  and  moUon  in  a  senerator 
mn  be  determined  with  the  richt  hand  by  plaoinc  the  thumb,  index-  and 
lawlrilw  fincera  ao  aa  to  form  the  three  axee  of  a  coordinate  ayatem  and  then 
f^^iK*i*>^  tAe  index-finjier  in  the  direction  of  the  flux  (north  to  south)  and 
the  thumb  in  the  direction  of  motion,  the  middle  finder  will  give  the 
iHreetiiin  of  the  generated  e.mJ.  (Fi^  76).  In  the  aame  wa^  in  a  motor, 
■■as  tile  left  hand  and  pointin|t  the  index-finger  in  the  direction  of  the  flux 
aad  tlw  ifnAAX^  finger  in  the  direetion  of  the  current  in  the  armature  oon- 
dactor,  tbe  thumb  will  in^cate  the  direction  of  the  force,  and,  therefore, 
<ke  laaultina  motion.  Theae  two  rules,  indicated  in  Fig.  76,  are  known 
aa  naaalac'a  ml**- 

n.  taplacia'a  tow.  In  a  medigm  the  permeaUlity  of  which  ia  tbe  aame 
at  an  poanta,  tbe  magnetie  field  intensity  produced  at  a  p<nnt  ^  by  an 
t  of  a  conducted  da  (in  em.)  through  which  a  current  (u  i  amp,  is  Bow- 

Me-***jg.° "         (gOberteperem.)         (60) 

■  r  is  the  diatanoe  between  the  element  9t  and  the  point  A,  in  centimeters 
sad  <r  is  the  angle  between  tbe  directions  of  Aa  and  r.  _  The  intensity  9X  ia 
pcrpendicfdnr  to  the  plane  eompriidng  da  and  r,  and  ita  direction  is  deter- 
■ijM  by  the  right-hand  seiew  rule  pven  above.  The  field  intensity  pro- 
daecd  at  ^  by  a  closed  dreuit  ia  obtained  by  integrating  the  above  expression 
far  UK  over  tbe  whole  circuit. 

W.  Tbo  macnaUe  Held  due  to  an  Indeflnita  itraicht  eonduetor, 
cafrying  a  eorrent  of  i  amp.,  consists  of  concentric  circles  which  lie  in  planes 
psrpeamenlar  to  the  axis  of  the  conductor  and  which  have  their  centres  on 
Tbe  Hold  Intanaitj  at  a  distance  of  r  cm.  from  the  axis  of  the 
is 

3C-^  (gilberts  per  om.),  (61) 

its  fieetioa  being  determined  by  the  right-hand  screw  rule  (Far.  M). 

M.  Ifacnetisflelddastoaelossd 
drenlar  oondnctor.     If  the  conduc- 
tor carrying  a  current  of  /  amp.  ia 
..^  bent  in  the  form  of  a  ring  of  ramus  r 

J  ^^^  cm.  (Fig.  8),  the  magnetising  force  at 

a  point  along  the  axis  is 

(gilberts  per  cm.).        (6^ 
Wben(-0 

X-2f-'  (68) 

and  when  I  is  very  great  in  comparison 

Fu.  BL — Mvuetie  fidd  along  the  axis  *°  ''  0  2n-t 

of  a  evealar  eonduetor.  JC-    ~^  J.  (64) 

U.  Tha  magnoUe  Intanaitjr  within  a  solanoid  made  in  the  form  of 
a  tSfSi  ttng,  and  also  in  ibe  middle  part  of  a  long  atnight  lolenold,  ia 

3C-jgni»  (gilberta  per  cm.)  (6S) 

vlaK  ■  ia  the  current  in  amperes,  and  ni  is  the  number  of  turns  per  centi- 
■ncrkagtb. 
Tts  determination  of  the  field  intensity  produoed  by  short  coll*  ia 
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usually  a  complex  matter,  and  the  results  are  expressed  by  complicated 
formuls.     See  references  in  Par.  74. 

62.  The  stored  maffnetle  emerg;;  In  a  single  loop  of  non-magnetic  wire, 
when  the  dimensions  of  the  wire  are  small  compared  to  those  of  the  loop  (so 
that  the  flux  inside  the  wire  is  negligible),  is 


IF_J,*=},t(J>. 


29 


(joules) 


(66) 


where  t  is  the  current  in  amperes,  4  the  flux  linking  with  the  loop,  in  webers, 
and  (P  the  permeance  of  the  magnetic  path,  in  henrys. 

(S.  Kflect  of  leakage.  When  the  flux  linking  with  part  of  the  turns  of  a 
coil  C  is  not  negligible  (see  Fig.  9),  the  total  stored  energy  may  be  expressed 
in  the  following  forms: 

(67) 


ir-Jinn'<Pc+Sn»»A*,l.  / 


The  last  expressioii  is  identical  with 

W-IW  (68) 

where  L  is  the  inductance  of  the  coil  (Par.  •?) .     The  subscripts  r  in  the  fore- 
going expresaiona  refer  to  complete  Unkagea,  that  is  those  which  embrace 


Fio.  9. — Magnetic  field  due  to  a  coil. 


-'<- 


all  the  tumfl  of  the  coil,  the  subacripts  p  to  partial  llikkafftl.     See  the 

author's  "Magnetic  Circuit,"  Art.  57. 

64.  The  denidty  of  magnetic  enM^,  or  the  magnetic  enersy  stored 
per  cubic  centimeter  of  a  magnetic  field  is 

<BJC      <B' 
*"8»  "s —      (jouleeper  cubic  cm.).    (69) 

Here  3C  la  the  intensity^  in  gilberts  per  centimeter,  (B  Is  the  flux  density  in 
webers  per  square  centimeter  and  /<  ia  the  relative  permeability;  or  if  5C  is 
in  ampere-turns  per  centimeter,  then 

W"-  i/*3C*-  J<B3C-^      (joules  per  cubic  cm.)     (70) 

where  ii  is  the  so-called  absolute  permeability  (see  Par.  M).  To  find  the 
total  energy  of  a  field  the  preceding  expressions  are  multiplied  by  the  element 
of  the  volume  dr  and  integrated  within  the  desired  limits  of  volume.  For 
an  interesting  comparison  of  practical  possibilities  as  to  the  amount  of 
energy  storea  in  the  ma«netic  form  per  unit  volume,  compared  with  other 
forms  of  energy,  see  Steinmeti,  C.  P.,  General  Electric  Review,  1913,  p. 
636. 
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U.  Ibciutlc  tnkCtlTa  force.  *  Tha  eariTlnc  wsight  of  a  lUtinc  nukc- 

"*"  i^-^  (k«.)  (71) 

wben  (fi  is  tbe  fiuz  dennty  in  the  air-sap,  ezpresned  in  IdloUnes  per  square 
ecnunwter.  and  A  is  the  total  area  of  toe  contact  between  the  armature  and 
the  core,  in  square  centimeten.     See  also  Sec.  5. 

M.  MacnaUe  force  or  torque.  The  meehjuileal  toree  or  tha  torque 
lirtweeu  two  parte  of  a  maifnetic  circuit  may  in  some  cases  be  conven- 
iently calculated  by  maldnc  use  of  the  prlnofple  of  vlrtuiU  dliplaee- 
BMats.  An  infinltewmal  displacement  between  the  two  parts  is  assumed, 
aad  the  aammption  is  made  that  the  work  necessary  for  this  displacement 
is  equal  to  the  cbange  in  the  stored  magnetic  energy,  plus  the  electrical 
cnencT  added  during  the  ehange  from  the  sotirce  of  the  ezoitinc  current.  For 
details  see  the  author's  "  Magnetic  Circuit,"  Art.  71. 

DrDUCTANCK 

ST.  The  eleetromarnetlc  Inductance,  or  the  coeffldant  of  salf-tn- 
I L,  is  defined  from  any  of  the  following  three  fundamental  equations: 


"V 


(72) 


W-\i^L:  (73) 

L-n.»ff'.+   I   n,H<fr-  (74) 


^X"' 


These  ezpresaions  are  true  only  when  the  permeability  of  the  medium  is  con- 
scant.  The  first  equation  expresses  the  fact  that  the  self-induced  voltage 
is  pro|)ortional  to  the^rate  of  change  of  ^the  current  in  the  cireuit,  and  L  is  the 
eoefident  of  proportionality.  ^  According  to  the  second  equation,  the  mag- 
Betie  etteigy  stored  in  a  eiremt  is  proportional  to  the  square  of  the  current 
fPar.  U),  and  L  is  the  eoefficient  of  proportionality.  In  the  third  formula 
L  is  expressed  through  the  permeances  <?  of  the  magnetic  paths  linking  with 
the  eimiit  (Fig.  9),  and  the  number  of  turns  with  which  these  paths  are 
Eaked.  The  snbacnpta  e  and  p  refer  to  complete  and  partial  linkages  respec- 
tiveiy  (Par.  M).  For  practical  purposes  both  inductance  and  permeance 
are  expusecd  in  henry*  (Par.  44).  The  first  expression  is  convenient  for 
nrseamnenta  of  inductance,  the  third  one  for  calculations  in  ttiose  cases 
where  the  shape  of  the  magnetic  paths  is  known  or  can  be  estimated. 

M.  Cloaed  magnetic  circuit.  For  a  torua  rlnc  (Fig.  5)  uniformly 
vsand  with  one  uurer  of  thin  wire  the  partial  linkages  may  be  neglected, 
so  that  fly  — 0,  and  Ve^uA/l,  where  for  non-magnetic  materials  /i«  1.000; 
A  is  tlie  eroas  iretion  of  the  Sox  within  the  ring,  and  I  is  the  average  length  of 
tb*  flex.     Consequently 

£_L?*^f!i^^,10-«-1.267n«iM10-»       (henrys)      (75) 

la  this  cxprrsaion  ne  is  the  total  number  of  turns,  and  m  ■■  nc/l  is  the  number 
el  turns  per  eentimeter  length  of  the  magnetic  path;  I  and  A  are  in  square 
reBtinetefB;  bt  is  the  relative  i>ermeability  of  the  core  with  respect  to  the  air 
(Pu.  M). 

M.  For  a  toma  rlnc  of  reetanynlar  eroH-iectlon  wound  with  MTeral 
lajan  of  wire  the  indoetanee  is 

JE,-0.4^'li»+|«(6+»+0110-«  (henrys)         (76) 

la  tUs  cipreBaion  h  and  h  are  the  dimensions  of  the  non-magnetic  core  on 
wts^  the  wire  is  wound,  D  is  the  mean  diameter  of  the  ring,  n  is  the  total 
aujabei  of  tarns,  and  t  the  thirlcness  of  the  winding  (all  in  centimeters). 
If  the  core  is  magnetic,  the  product  bh  must  l>e  multiplied   by  the  relative 

*  Maxwdl,  i.  C.  "Treatise  on  Electricity  and  Magnetism;"  Cambridge 
I'avmaly  Pnaa;  \<A.  II.  Art.  043. 
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permeability  of  the  steel.     If  the  macnetio  core  occupiea  only  a  part  a  of 
the  croae-eection  bh,  yue  the  expreeaioa  bA[eg<r  +  (l— a)],  in  place  of   Uk. 

TO.  For  other  raleulatioiu  of  induotanee  uainc  formula  (S8)  eee  the 
author's  "  Magnetic  Circuit,"  Chapa.  X  to  XII. 

Tl.  Thin  aolenoida.  For  a  straight  coil  imiformly  wound  vith  m  turns 
per  centimeter  length,  provided  that  the  lengUi  of  the  coil  is  large  com- 
pared to  its  transverve  dimensions,  and  that  the  winding  consists  of  one  layer 
of  comparatively  thin  wire,  tba  induetane*  is 

£-1.2fi7ni>iAI0-«  (heniys)  (77) 

the  notation  being  the  same  as  ifi  Par.  68. 

Tt.  The  InduetanM  of  a  Ions  itraif  ht  eoll  wound  with  several  layers 
of  wire,  and  with  an  iron  core  of  radius  a  inside, 

i-4n.«««r«[H-0>,-l)^'+^+|^]lO-?      (henrys)      (78) 

where  r  is  the  inside  radius  of  the  winding,  and 
d  its  radial  thickness;  m  is  the  number  of  turns 
per  centimeter  length,  and  all  the  dimensions 
are  in  centimeter*.  If  there  is  no  iron  core, 
put  a»0. 

T>.  ttat.  Morfui  Brooks  has  derived  s 
universal  semi-empiiioal  formula  for  the  in- 
doeteneo  of  ihort  and  lonr  eoila  without 
Iron  oorM.  His  formula  is  given  below  in 
two  forms,  one  (79)  for  dimensions  in  centi- 
meters, the  other  ^80)  for  dimensions  in  En- 
glish units.  Both  give  results  in  henrys.  The 
notation  is  explained  in  Fig.  10. 


Cm* 


F'F" 

'b+c+B       10« 


(heniys) 


(78) 


XPV"      (henrys)      (80) 


ln£q.(80)  the  conductor  length  is  in  thousands 
of  feet,  and  the  coil  dimensions  in  inches;  0.366 
is  the  conversion  factor.  P'  and  F"  are  em- 
pirical ooU-sha^  factors  dependent  upon  the 
relative,  and  independent  of  the  absolute 
dimensions  of  the  winding.  Values  of  F^  and 
F'  are  as  follows: 

10fc+12c+2S 


T' 

hnnt 

1 

1 

-I 

1, 

r. 

— 

D 

i:. 

4 

■ 

k 


-Axis 


Fio.  10. — See  Par.  73. 

UR  \ 


'"-m+i^+ilR-  ^'-o-'  '°'"^'^+mk) 


Cm  indicates  the  length  of  the  conductor  in  centimeters; 

Ft  indicates  the  length  of  the  conductor  in  feet,  and  A/ 1000  — thousands  of 

feet; 
AT  is  the  total  nuQtber  of  turns  in  the  winding,  whence 
Cm  —  2waN,  when  a  is  in  centimeters,  and 
Ft         2nN     .  .... 

looo"  Ilooor "'"""' "•° ""'•"*• 


(82) 
(83) 

Numerous  tables,  curves,  and  charts  which  simplify  the  use  of  this  formula 
for  practical  design  will  be  found  in  the  Bulletin  No,  53  of  the  Univerrity 
of  Illinois,  by  Morgan  Brooks  and  H.  M.  Turner,  entitled  "Inductance  of 
Coils."  For  another  empirical  formula  see  Doggett,  L.  A.,  **The  Induotanoo 
of  AiKsored  Solenoids,"  EUc.  World,  Vol.  LXIII  (1814),  p.  260. 

T4.  Buroau  of  Standard!,  fonnulaa  for  inductaneo.  For  a  thorough 
analysis  and  comparison  of  various  formulas  for  the  inductance  of  coils  the 
reader  is  referred  to  the  following  excellent  series  of  articles  published  in  the 
Bulletin  of  the  Bureau  of  Standards: 

"  Formula  and  Tables  for  the  Calculation  of  Mutual  and  Self-inductance  " 
(Revised),  E.  B.  Rosa  and  L.  Cohen,  Vol.  VIII,  p.  1;  1012;  "Calculation  of 
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tb  Sdf-imloetaiioe  of  Sincle-Uyer  Coib,"  Edward  B.  Rom.  VoL  II,  p.  181; 
IWt;  "The  8«lf'4nductance  of  >  Coil  of  any  Length  Wound  with  anjr  Number 
dLMcn  of  Wire,"  Edward  B.  Koaa.  Vol.  IV,  p.  369;  1B07: "  Self-Inductance 
efaSolnuad  of  any  Number  of  Layers,"  Louis  Cohen.  Vol.  IV,  p.  383;  1907; 
**CoiiBtraction  and  Calculation  of  Absolute  Standards  of  Inductance,'* 
J.  G.  Coffin.     VoL  II,  p.  37;  1906. 

"  BcriaioB  of  the  Formulas  of  Weinstein  and  Stefan  for  Mutual  Inductance 
e<  Caudal  Coils."  Edward  B.  Rosa.  Vol.  IL  p.  331;  1906;  "The  Mutual 
ladactaaee  ot  Two  Circular  Coaxial  C<uls  of  Reotangular  Section,"  Edward 
B.  Baaa  and  Louia  Cohen.  Vol.  II,  p.  359;  1906.  See  also  E.  Orlich, 
"Kuaiititund  InductivitAt "  (Vieweg),p.  74.  and  Louis  Cohen,  "  Formulie 
sod  Tables  for  the  Calculation  of  AltematinK-current  Problems,"  Chap.  2, 

n.  Thi  indaeteaea  of  a  eoncentrlo  aabto  is  (Fig.  II) 

Z-0.4006  logio(^Wo.05+i:''     (miUihenrys  per  km.)     (84) 

^'-Tii['-1^(f)'+4-o(f)'+-    •    •    •    ]  ^««> 

The  faracoins  expression  for  L  is  true  at  low  freqneneisi  onljr.  At  high 
fraqaeacies  an  unequal  distribution  of  currents  reduces  the  partial  linkages 

L-0.4605  1<«>«(^  +HO.OS+L').  (86) 

HcR  t— I  at  naoal  industrial  frequeneiea,  and  gradually  approaches  sero 
as  the  frequency  increases  to  infinity. 

n.  H-eoadaetor  oabloa.  For  the  flald 
distribution  in  and  the  indnetanee  o(  non- 
eoneontrlc  o»bles  see  Alex.  Russell,  "Alter- 
nating eurrents,"  VoL  I;  for  the  indnotanea 
of  armorad  ««bl*t  see  J.  B.  Whitehead, 
"The  Reaistanoe  and  Reactance  of  Armored 
Cable*,"  Trans.  A.  1.  E.  E.,  Vol.  XXVIII 
(1909),-p.  737. 

TT.  Tha  indaetane*  of  a  aiiicla-phaaa 
tranamladon  lino  is  given  by 

L  -  0.4605  logi«-+  0.06,  in  miUihenrys  per 

a 

kilometer  of  one  conductor,  (87) 

where  a  is  the  radius  of  the  conductors,  and  6 

rM.  11.— Croaa-seetion  of     is  the  distance  between  their  centres.     To  find 

eoDcentrie  cable.  the  inductance  per  mile  multiply  by  1.609. 

To  find  the  inauetanoe   per  thousand  feet 

<STids  by  3.2SI.     For  tables  of  reactance  (Par.  IM)  at  usual  frequendee 

Md  ipaeuigB  see  Sec.  1 1. 

n.  For  iroiL  eondaeton  use  O.OSjir  instead  of  0.05  in  the  above  formula, 
■hoc  ^r  is  die  relative  permeability  of  the  iron  with  respect  to  the  air.  The 
Tilas  of  It,  varies  with  the  current,  and  also  depends  upon  the  quality  of  the 
irsa.  For  good  telMraph  wire  ^r  is  equal  approximately  to  150. 
.  19.  Far  gtrandod  eondaeton  the  actual  radios  is  too  large  to  be  used 
m  tim  fonnula  for  inductance.  For  ail  practical  purpooes,  the  equivalent 
n£ai  of  a  stranded  conductor  majr  be  assumed  the  same  as  that  of  a  solid 
■vsad  eoodnctor  of  the  same  sectional  area.  For  an  accurate  calculation 
tf_  the  iadoctanee  of  stranded  conductors  see  Dwight,  H.  B.,  EltctriaU 
'wR  1913,  VoL  LXI,  p.  828. 

W._Th«  inductance  of  a  three-phaia  line  with  irnunatrieal  ipaolng, 
PV  Vka,  is  the  aame  as  the  inductance  of  a  single-phase  line  per  wire,  with 
tar  'eiae  siaa  of  wire  and  the  same  spacing.  It  is  expressed  by  the  formula 
W  la  Par.  TT.  This  formula  holds  true  lor  balanced  as  well  as  unbalanced 
>"»,  tat  faalaneed  and  unbalanced  line  voltages,  for  a  three-wire  two-phase 
•fxm,  three^wire  single-pbaae  system,  monocyeUc  system,  etc. 

n.  For  a  iemi-iTnunetrteal  tpaoing  of  a  threa-phMe  line,  that  is 
•in  two  spaongs  are  eqtal,  sod  the  third  is  different,  formula  (87)  in 
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Par.  77  holds  true  oi^  for  the  eonduetor  situated  symmertricaUf  iritti  refpaot 
to  the  other  two.  The  inductance  of  the  other  two  wires  cannot  be  cal.- 
culatcd  in  a  simple  manner.  For  practical  purposes  it  is  sufficient  to  take 
the  inductance  of  all  three  wires  as  equal  to  that  of  a  line  symmetrically 
spaced,  the  equivalent  apadng  being  equal  to  the  geometric  mean  of  the  three 
actual  Bpacings,  or 

b^'-^bibtbi.  (88) 

81.  Vor  the  •quiTalant  reiistanee  and  raaetuuM  of  »  three-phua 
Una  with  onaqual  ipadngi  of  wirai  see  the  writer's  "  MagneUc  Circuit", 
Art.  63.  In  this  case  the  e.m.f.  induced  in  a  conductor  by  the  varying  mag- 
netic fluxes  consists  of  two  components,  one  being  in  quadrature,  the  other 
in  phase  with  the  current  in  the  conductor.  The  first  component  oorreeponda 
to  the  inductance  of  the  conductor,  the  other  represents  transfer  of  power 
from  one  phase  to  the  others.^  In  general,  those  components  are  different 
for  the  three  conductors,  and  in  order  to  equalise  them  for  the  whole  line 
conductors  are  transposed  after  a  certain  number  of  spans.  This  tranfpoBl-^ 
tton  of  conductors  is  used  on  power  lines  (Sec.  11)  as  well  as  on  telegraph 
and  telephone  lines  (Sec.  21)  to  reduce  the  unbalancing  effect  of  mutual  m^ 
duction.  See  also  Par.  87  below.  The  inductance  of  two  or  more  parallel 
cylinders  of  any  cross-section  can  be  expressed  through  the  so-called  geo* 
metric  mean  distance  introduced  by  Maxwell.*  For  details  also  see  Oruch» 
"  Kapazatit  tmd  Inductivit&t,"  pp.  63-74. 

83.  Mutual  Inductancs.  When  two  independent  electric  dreuits, 
(1)  and  (2),  are  in  proximity  to  each  other,  their  electromagnetic  energy  may 
be  said  to  consist  of  three  parts:  the  part  due  to  the  linkages  of  the  flux  pro- 
duced b^  the  circuit  (1)  with  the  current  in  (1);  that  due  to  the  flux  produced 
by  the  circuit  (2)  with  the  current  in  (2) ;  and  that  due  to  the  current  in  each 
circuit  linking  with  the  flux  produced  by  the  other  circuit.  Employing  the 
notation  in  Par.  87,  the  total  energy  of  the  system  is  expressed  by 

W-iu'L,  +  iU'Li+<,itLm  (joules)  (89) 

where  Lt  and  Lt  are  the  coefficients  of  self-induction  of  the  two  circuits,  and 
Lm  is  called  the  coefficlant  of  mutual  induetanea  of  the  two  circuits. 
All  three  coefficients  are  measured  in  henrys. 

84.  The  ooeffloient  of  mutual  Inductance  is  also  defined  from  the 
relations: 

■•   <f«»  •.  dii  ,«._ 

«i  -  -^"-Jf ,  or  e»  -  -i«jj-,  (80) 

that  is,  Lm  determines  the  voltage  <i  induced  in  the  drcuit  ( 1)  when  the  current 
it  in  circuit  (2)  varies  with  the  time,  and  vice  9er$a. 

88.  The  coefficient  of  mutual  Inductance  of  two  long  eoudal 
(ingla-layar  colli  of  the  same  length  I  and  cross-section  A,  is 

Z.»,-1.267niniM10-«,  (henrys),  (91) 

where  ni  and  m  are  the  numbers  of  turns  per  centimeter  length  of  the  two 
coils  respectively;  I  and  A  are  measured  in  centimeters. 

85.  Tor  two  long  coaxial  colli  wound  in  MTarU  layers  the  coefficient 
of  mutual  inductance  is 

I,«-4nitn.>Widiri«(l-(-^-|-|^,)         (henrys)         (92) 

and  if  an  iron  core  is  present 

I,«-4ni'ni«Wid»-i«[n-(Mr-l)o«+*-(-5^J]     (henrys)     (93)" 

For  explanation  of  notation  see  Par.  7t  above.  See  also  .the  references 
in  Par.  74. 

87.  Tlia  coefficient  of  mutual  inductance  of  two  parallel  line 
circuits  (Fig.  Ila)  is  given  by 

£»>  0.4605  logi>(^^    (millibenrysperkm.)    (94) 

where  ai  and  bi  are  the  distances  from  one  of  the  wires  of  circuit  1  to  the 

*  Maxwell,J.C.   "Treatise  on  Electricity  and  Magnetism,"  Vol.  II,  p.  324. 
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eonducton  of  the  other  circuit,  and  at  ftnd  bt 
are  the  corresponding  diatances  of  the  other 
wire  of  drctiit  1  from  the  conductors  of  the 
other  circuit.  For  interference  between 
tr&nsmisalon  and  telephone  linei  due  to 
mutual  inductance  see  Sec.  21.  TranBposition 
of  telephone  lines  ia  alao  explained  in  Sec.  21. 
tS.  Aetoal  meMurement  must  be  em- 
ployed in  most  eases  to  determine  the  ooeffi- 
dent  of  mutual  Inductance.    See  Sec.  3. 


BTBTXE1SI8  AHD  XBBT  GXrUUHTS 

it.  Tike  li^steresis  loop.  When  a  sample  of  iron  or  steel  is  subjected 
to  an  altematins  macxketisation,  the  relation  between  CB  and  3C  (Par.  49)  is 
diffctent  for  increasing  and  decreasing  values  of  the  magnetic  intensity  (Fig. 
12).  This  phenomenon  may  be  thought  of  as  due  to  some  kind  of  friction 
between  the  molecoles  of  the  magnetic  material.  Each  time  the  current 
ware  eompletee  a  cycle,  the  magnetic  flux  wave  must  also  complete  a  cycle 
ai^  each  molecular  magnet  be  turned  through  one  revolution.  This  loss 
appcaxa  wm  heat.     The  figure  AefBcdA  in  Fig.  12  is  called  the  bystereais  loops. 

M.  KetenttTitj.  If  the  coil  shown  in  ¥lg.  5  be  excited  with  alternating 
cmest,  the  ampere-tunu  and  consequently  the  m.m.f.  will,  at  any  instant, 
bepgopDctioiial  to  the  inatantancous  value  of  the  exciting  current.  Plotting 
a  O-X  or  a  4— 7  curve  (FSjc- 12)  for  one  cycle,  the  dosed  loop,  cdAefB,  is 
obcaised.  The  first  time  the  ut>n  ia  magnetized  the  Tirgln  or  neutral  currep 
OA^  win  be  produced;  but  it  cannot  be  produced  in  the  reverse  direction, 
JO,  betauee  when  the  mnif.  drops  to  sero  there  will  always  be  some  mag- 
■etism  (+0«  or  — Oc)  left.  This  ia  called  residual  magnetism  and  in 
onfer  to  reduce  this  to  aero,  an  m.m.f.  i—Of  at  +0d)  of  opposite  polarity 
BMMi  be  i^qiUed.     This  m.m.f.  is  called  the  coerdre  force. 

91.  Wave  dlatortlon.  If  the  instantaneous  values  of  the  exdting  current 
I  (which  are  directly  proportional  to  the  m.m.f.)  and  ^  are  plotted  with 
time  (Fig.  12)  it  ia  seen  that  if  the  coil  is  connected  across  a  alne-wave  e.m.f., 
the  cwrent  wave  will  be  badly  distorted  and  displaced  from  the  e.m.f. 
wvfe,  which  ia  in  time  quadrature  with  the  flux  wave,  as  shown  at  the  left 
ia  Fig.  12.  On  the  other  hand,  if  the  coil  is  connected  in  series  and  the  cur- 
rent forced  to  foUow  the  sine  curve,  the  flux  wave  is  distorted  and  displaced 
from  tbe  enncitt  wave,  as  shown  at  the  right  in  Fig.  12. 


Fia  12. — Periodic  waves  of  current,  flux  and  e.m.f.;  hysteresis  loop. 

tl.  CompcMienta  of  axel  ting  current.  The  alternating  current  which 
6e«a  IB  the  exciting  coil  (Fig.  12)  may  be  considered  to  consist  of  two  com- 
pcaeato.  one  exciting  magnetiam  in  the  iron,  and  the  other  supplying  the 
aj*e»gaia  loee^  For  practical  purpoees  both  components  miur  be  replaced 
^cqaitraleot  sine- waves,  and  finally  by  vectors  (Fig.  13).     We  have 

/r  ^1  COS  tfv power  component  of  the  current; 
Fh^IB  eo9  0''IrB-  hysteresis  loss  in  watte, 
Im^I  an  tf^mikgDetiaing  current. 
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Flo.  13. — Components 
of  exoitinc  oun«nt;  hy»- 
tentic  angle. 


■  Macnetie  Cirouit," 


wherein  /  U  the  total  exciting  ourrent  and  9  the  angle  of  time-phase  diaplaee- 
ment. 

The  nutgj  lost  par  orele  can  be  represented  by  the  area,  A/Bd,  of  ths 
loop ;  see  Par.  M  below. 

M.  Hyftwatle  ansla.       Without   hysteresis, 
the  ouirent  /  would  be  in  phase  quadrature  with 
B.    For  this  reason  the  angle  a  -90— #  is  called 
th*  angla  c^  hyitaraUo  adranee  dl  phaia. 
_.  I,     I,B         watts  loss  ,    . 

I      IB     apparent  watts 
In  praetioe,  the  measured  loss  usually  includes 
•ddjr  currents  (Far.  M)  so  that  the  name  "hys- 
teretio"  is  somewhat  of  a  misnomer. 

•4.  Th*  anarnr  lost  par  hyataraiU  ejd* 
(Ilg.  12)  is  proportional  to  the  area  of  the  loop,  or 

+(B 

Energy -er^SCAO  (Joules)  (96) 

-» 
wherein  V  is  the  volume  of  the  iron,  (B  and  K 
being  the  coordinates  of  the  loop  instead  of  *  and 
S  as  shown  in  Fig.  12;  and  e  a  constant  depend- 
ing upon  the  scale  used.     For  details  see  the  author's ' 
Art.  18. 

•(.  BtsiniiMta'i  formtlla.  According  to  exhaustive  expeiimenta  by 
Dr.  C.  P.  Steinmets,  the  heat  energy,  released  per  cycle  per  cubio  eentimeter 
of  iron  is  approximately 

Jr-lS'«-«  (ergs)  (97) 

The  exponent  of  (B  varies  between  1.4  and  1.8  but  is  generally  taken  as 
1.6.     Values  of  i;  are  given  in  Sec.  4  (see  index^. 

96.  Power  loss  par  unit  wsight.  The  most  oonvenient  way  to  express 
the  hystarsais  lois  is 

'  loov  1000 ; 

wherein  /  is  the  froqueney  in  cycles  per  second;  S  the  maximum  6ux  density 
in  lines  or  maxwells  per  square  centimeter,  and  kk  a  constant;  see  Bee.  4. 

9T,  Two-tarm  fonnuto.  Another  empirical  formula  for  the  hyataraaia 
loiais 

Pt-/(.v'B+^"B')     (watU  per  unit  weight)     (09) 

where  n'  and  17"  are  empirical  coefficients.  This  formula 
is  more  accurate  at  medium  and  high  flux  densities  tbmn 
the  preceding  one. 

•S.  Iddy-oturamt  loisat  are  IVt  losses  (Par.  27)  due 
to  secondary  currents  (Foucault  currents)  established  in 
those  parts  of  the  circuit  which  are  interlinked  with  alter- 
nating or  pulsating  Suz.  Referring  to  Fig. ,  14,  a  bar- 
shaped  conductor  is  just  entering  a  non-uniform  field. 
The  advancing  side,  A,  is  cutting  more  lines  than  the 
trailing  side,  S,  so  that  there  is  a  difference  in  potential 
between  these  two  sides  and  electricity  will  flow  as  shown 
by  the  arrows.  The  value  of  the  currents,  aoeording  to 
Ohm's  law,  is  directly  proportional  to  the  e.m.f.  and  in- 
versely proportional  to  the  resistance  of  the  path.  The 
e.m.f.  is  directly  proportional  to  the  thickness,  (,  of  the 
bar,  but  the  length  of  the  path,  and  therefore  its  resist' 
ance,  is  but  slightly  altered  by  varying  the  thickness,  I. 
Referring  to  Fig.  IS,  which  shows  a  cross  section  of  a  transformer  core,  the 
primary  current,  /,  produces  the  alternating  flux,  •,  which  by  its  change 
generates  an  «.m.f.,  «,  in  the  core;  thia  e.m.f.  then  seta  iq>  the  leeondaiy 


Pk-ki 


(watts  i>er  unit  weight)      (9S) 


Fio.  14. 
Eddy  currents. 
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Now,  if  the  core  be  divided  into  two  (&),  four  (e),  or  n  p«it«, 

I  total  e-inJ.  will  be  ^nersted  but  the  e.m.f.  in  each  ciicuit  mil  be 

e/2,  e/4t  e/n  respectively,  whatever  the 

len^h  of  the   circuit,  and  therefore  the 

neutance  will  not  be  materially  ^tered. 

M.  Uaet  of  lamination.  From  the 
two  examples  given  above  it  ia  seen  that 
the  eddy  currents  can  be  greatly,  reduced 
by  laminating  the  circuit,  t,«.,  by  making 
it  up  of  thin  sEeets  each  insulated  from  tha 
others.  The  same  purpose  is  aoeompliahed 
by  using  stranded  eonduetors  or  bundles 
Vta.  IS. — Section  of  trans-  of  wires.  Tha  addy-emreBt  lou  in  s 
former  core.  lunla»t«d  iron  oor«  la 

'•"*"C^^)'     (watts  per  unit  waght)    (100) 

1 1  ifl  the  thiekiMss  of  the  laminations  in  mils;  /  the  frequency  in  cycles 
per  ■eeood,  and  t,  a  factor  including  the  specific  weight  and  reristivity  of 
tht  material. 

Tke  determinatioD  of  valnee  of  the  constant,  kn  for  different  materials  ia 
treated  in  Bee.  4  (see  index). 

A  formula  for  the  loai  In  eondueton  of  dreujar  Motion,  such  as  wire,  ia 

P'-^^^^    (watts  per  ou.  cm.)       (101) 

wiieivbi  r  ia  tlie  radius  of  the  wire  in  oentimeten ;  /  the  f  reqnenoy  in  eyelea  par 
aseond ;  a_a  ia  the  maximom  flux  denai^  in  lines  per  square  centimeter 
aad  p  tha  apeeifie  reaatanee  of  the  win,  i,t.,  the  resistaooe  in  ohms  per 
aisiiliiiM  Uii  cube. 

A  iarmnia  for  the  loaa  in  slieati  is 

wiiaseia  I  ia  Uie  tidoknsas  in  oentimetera ;  /  the  frequency  in  cycles  per  second ; 
If  II  is  tbe  maximnm  flux  density  in  lines  per  square  centimeter,  and  p  the 
iUatific.  resiataiice. 

Tbe  apeeifie  reaistanea  of  various  materials  is  given  in  Sec.  4  (see  index). 

IM.  Baal  or  obmie  raailtenea  is  the  resistance  offered  by  the  conductor 
to  the  paaaage  of  electricity.  Although  the  specific  resistance  ia  the  same  for 
eilfaer  alternating  or  continuous  current,  the  total  resistance  of  a  wire  is 
graater  for  alternating  than  for  continuous  current.  This  is  due  to  the  fact 
that  ia  a  oondaetor  which  is  continuously  cut  by  flux,  there  are  generated 
C-mJa;  these  e.m.fs.  are  greater  at  the  centre  than  at  the  circumference 
t  the  potential  difference  tends  to  satablish  currents  which  oppose  tha 
I  eaireut  at  the  centre  and  assist  it  at  the  circumference.  The  result  is, 
tte  main  eo/rent  is  forced  to  the  outside  thus  redudng  the  effective  area 
sf  tha  oondttctor.     This  phenomenon  is  called  skin  effect  (Par.  101). 

Ml.  A  thaoratieal  formnla  tor  tha  ealeulatlon  of  ikin  eSaet  is* 

afcsron  r  is  the  raaistanee  offered  to  an  alternating  current;  R  that  offered 
to  a  eootiBaooB  current;  /  tiie  frequency  in  cycles  per  second,  m  the  relative 
psnasaMity  of  the  eondnctor  and  ( the  length  of  the  conductor  in  centimeters. 
It  win  be  noted  that  1/5  is  proportional  to  the  area  of  cross  section  of  the 
eoodactor;  therefore,  the  skin  effect  depends  upon  the  area  of  cross-section 
sf  the  conductor  and  the  frequency  of  the  current.  These  should  be  kept  as 
ssasU  as  poasible,  although  skin  effect  seldom  cuts  any  great  figure  where 
■sderste  siaed  eonduetors  are  used  to  carry  current  at  ordinary  frequencies. 
it  is  ia  iron  or  other  magnetio  materials,  where  skin  effect  becomes  really 
iBportant.  It  must  be  conadered  in  riiil  returns  for  alternatingHiurrent 
^Meiu.     Skin  eifeot  tables  are  given  in  See.  4  (see  index).    For  a  detailed 

■  Msxwdl,  J.  C.    "  A  Treatise  on  Electricity  and  Magnetism,"  Vol.  II, 
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treatment  of  resistance  to  alternating  currents  and  eddy  current  loeeea  tn 
metallic  conductors  see  Louis  Cohen,  "  Formuls  and  Tables  for  the  Calcu- 
lation of  Alternating-current  Problems,"  Chap.  I.  Numerous  tables  and 
formuln  will  be  found  there,  relating  to  the  resistance  to  alternating  currents 
and  eddy  current  losses  in  solid,  hollow  and  concentric  cylindrical  conductors^ 
flat  conductors,  coils  and  conductors  in  slots  of  laminated  iron  armatures. 

lot.  IffectiTe  reiiatanee  and  reactance.  When  an  alternating-current 
<urcuit  has  appreciable  hysteresis,  eddy  currents  and  skin  effect,  it  can  be 
replaced  by  an  equivalent  circuit,  without  these  losses,  by  using  aquiT&lent 
realstancai  and  aqulTalent  reactances  (Par.  1S4)  in  place  of  the  real  ones. 
These  equivalent  or  effective  quantities  are  so  chosen  that  the  energy  rela- 
tions are  the  same  in  the  equivalent  circuit  as  in  the  actual  one.  In  a  series 
oirouit  let  the  true  power  lost  in  ohmio  resistance,  hysteresis,  and  eddy 
currents  be  P,  and  the  reactive  (wattless)  volt-amperes  F^.  Then  the  effec- 
tive, resistance  and  reactance  are  determined  from  the  relations 

i*r^/f^P;     i*x,ff^P',  (104) 

In  a  parallel  drcuSt,  with  a  given  voltage,  the  eauivalent  eonductance  and 
susoeptance  (Par.  16S}  are  calculated  from  the  r^ations 

eV.//-P;     ««fr-//-P'.  (106) 

Such  equivalent  electric  quantities  which  replace  the  core  loss  are  used  in 
the  analytical  theory  of  transformers  and  induction  motors, 

101.  Core  loas.  In  practical  calculations  of  electrical  machinery  the 
total  core  loss  is  of  interest  rather  than  the  hyteresis  and  the  eddy  currents 
separately.  For  such  computations  empirical  curves  are  used,  obtained 
from  tests  on  various  grades  of  steel  and  iron  (see  Sec.  4). 

104.  The  uparation  of  hTitereala  from  eddy  currents.  For  a 
given  sami^le  of  laminations,  the  total  core  lossP,  at  a  constant  flux  density 
and  at  variable  frequency  /,  can  be  represented  in  the  form 

P-a/-f-V»  (106) 

where  of  represents  the  hysteresis  loas  and  bf*  the  eddy  or  Foucault-current 
loss,  a  and  6  b^n^  two  constants.  If  we  write  this  equation  for  two  known 
frequencies,  two  simultaneous  equations  are  obtained  from  which  a  and  6 
are  determined. 

100.  Determination  of  constants.  It  is  convenient  to  divide  the  fore> 
going  equation  by  /,  because  in  the  form 

^-a+6/  (107) 

it  represents  the  equation  of  a  straight  line  between  {P/f)  and  /.  Havins 
plotted  the  known  values  of  {P/f)  against  /  as  abscissn,  the  most  probable 
Btrai||;ht  line  is  drawn  through  the  points  thus  obtained.  The  intersection 
of  this  line  with  the  axis  of  ordinates  gives  a;  h  is  calculated  from  the  pre- 
ceding equation.  Knowing  a  and  b,  the  separate  losses  are  calculated  at  any 
desired  frequency  from  the  expressions  of  and  £/*  respectively. 

THX  DIXLKCTBIC  CIRCXnT 

106.  Dielectric  flux.  When  a  source  of  continuous  voltage  E  (Fi^.  16) 
is  applied  at  the  terminals  of  a  condenser  AB,  a  quantity  of  electricity  Q 
flows  through  the  connecting  wires  and  the  same  quantity  of  electricity 
may  be  saia  to  be  displaced  through  the  dielectric  between  the  condenaer 
terminals,  because  electricity  behaves  like  an  incompressible  fluid.  Thia 
displaced  electricity  in  a  dielectric  is  called  the  dielectric  flux  and  is  measured 
in  the  same  units  as  a  quantity  of  electricity  in  a  conducting  circuit;  that 
is,  in  coulombs  or  in  microcoulombs. 

107.  The  dielectric  flux  density  and  the  iK>tentiftl  gradient.  The 
flux  density  D  or  the  dielectric  flux  per  unit  area  is  D^Q/A  when  the  flux 
distribution  is  uniform,  or  D^dQ/dA  when  the  flux  distribution  is  non- 
uniform. In  these  expressions  Q  is  the  dielectric  flux  and  A  is  the  area 
perpendicular  to  the  electrostatic  lines  of  force.  Flux  density  is  measured 
in  microcoulomba  per  square  centimeter  or  per  square  inch. 

The  voltage  B  applied  at  the  terminals  of  the  condenser  acts  upon  the 
whole  thickness  I  of  tne  dielectric,  and  the  dlalactrlo  stress  O  is  characterised 
as  the  voltage  per  unit  thickness  (unit  length)  of  the  dielectric  in  the  direction 
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o(  the  BnM  of  force.  Thoa,  in  a  uniform  field,  O  —  S/l,  and  in  a  non-uniform 
fMd.  0=-9S/»l.  The  dielectric  itreaa  O  ta  also  called  the  TOltan  gntdlmt 
'  the  el*etne  force.     It  la  meuured  in  volta  per  inch,  IdlovoTts  per  mm. 


or  in  other  such  oonrenient  unite. 


m 


"•THHk 


in»= — I 

Kej^ 1 


A-  \ 


Oendenaer 


^f^:r. 


—-Q 


0 


Flo.  16. — Circuit  oontainins  a 
condeiuer. 


In  a  homogeneous  dielectric,  the  flux 
density  D  at  any  point  ia  proportional 
to  the  voltage  gradient  at  that  point, 
and  the  ratio  of  the  two  characterises 
the  material;  or.  D^^kO,  where  c  is 
called  the  absolute  permittiTlty  of 
the  dielectric.     See  Far.  Ill  and  IM. 

IN.  Kl^etrofltatie  caMdtj  (or 
permlttanea).  The  dispUcement  Q 
of  electricity  through  a  dielectric  is 
proportional  to  the  voltage  S  applied 
between  the  terminals  (Fig.  16)  as  long 
as  the  safe  limit  of  insulation  is  not 
exceeded;  or 

Q~CS  (108) 

where  the  coefficient  of  proportionality 
C  is  <»Ued  the  electrostatic  capacity  or 

rrmittanoe  of  the  condenser.  When 
is  in  volts  and  Q  in  coulombs.  C  is 
in  farads.  If  Q  is  in  microcoulombs, 
C  is  in  microfarads. 

When  the  applied  voltage  is  vari- 
able, the  precwling  equation  is  writ- 
ten in  the  form 

"     at    ^  31' 

where  Q  and  B  are  differentiated  with  respect  to  time  t,  and  u  ia  called  the 
eharfliis  or  diiplaeamant  current.  Either  thit  equation  or  the  relation 
Q^CB  may  be  considered  as  the  fundamental  one  denning  capacity  C. 

IM.  Baatanco.  The  same  proportionality  between  the  applied  Toltafe 
and  the  displaoement  of  eieotricity  is  sometimes  written  in  the  form 

S-SQ,  (110) 

where  8  —  l/C  is  called  the  •lastancc  of  the  rondenser.  When  £  is  in  volts 
and  Q  in  coulombs,  S  is  measured  in  units  which  the  author  has  termed 
"darafs"  (farad  spelled  backward).  When  Q  Is  in  microcoulombs,  5  is  in 
"megadarafs." 

110.  Oondanaan  in  urlcs  and  In  parallel.  When  condensers  are 
cosneeted  in  parallel,  the  equivalent  capacity  is  equal  to  the  sum  of  all  the 
cafiaeities  of  tne  component  condensers,  or 

C^-ZC.  (Ill) 

When  two  or  more  condensers  are  connected  in  aeries,  the  equivalent 
capacity  is  determined  from  the  relation 

J— si- 

Ck  C 
Analccoody,  for  a  MrlM  connection  of  clattanoac  (Par. 

&,-Z5; 
and  for  parallel  conncotlon  of  clartanoos 


(1«0) 


IM) 


(112) 


(113) 


,-4 


(114) 


111.  For  azampla,  let  two  permittances  CioO.2  mf.  and  Ci-0.3  mf. 
be  connected  in  parallel  with  each  other,  and  in  series  with  a  third  condenser 
for  which  Ci  —  0.4  mf.  To  find  the  total  capacity  of  the  combination  we  not* 
that  the  combined  capacity  of  the  two  condensers  in  parallel  is  Ci  +  Ct^O.i 
mf.,  or  the  elastance  of  the  combination  is  two  megaaarafs.  The  elastance 
of  the  third  condenser  is  I/Ci— 2.5  megadarafs,  so  that  the  total  elastance 
of  the  oombination  is  2+2.5-4.5  megadarafs.  Consequently  the  equivalent 
capacity  is  1/4.5-0.222  mf.  This  example  shows  the  oonvenience  of  uainc 
ilastanccs  wboi  oondenaeis  an  oonnected  in  aeries. 
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lit.  The  ipadfleindaetlTeoapMttrof  »dl*lMtrte(t)  iaiha  nrtio  be- 
tween the  capacity  of  a  eondeoaer  made  entirely  of  this  meleetrie  and  of  u 
identical  oondenaer  using  air  for  dielectric.  It  ii  also  termed  tlie  dlalaeld* 
eonitant.  Another  name  for  spedfio  inductive  capacity  ia  relattr*  p«r- 
xalttiTltr.    For  numerical  values  for  varioua  dielectrics  see  See.  4. 

lit.  Capacity  (parmlttanM)  batwean  parallel  plates.  When  a 
condenser  consists  of  two  parallel  plates  the  distance  between  which  is  small 
compared  to  the  dimensions  of  the  platest  the  lines  of  electrostatic  'displace- 
ment are  nearly  straight  lioea  normal  to  the  adjacent  surfaces  of  the  plates. 
The  capacity  of  such  a  condenser  is 


C-(^)j  (abstatfarads)  (US) 


where  A  is  the  area  of  one  of  the  plates  in  sq.  cm.,  I  the  normal  distance 
between  tliem,  in  cm.  and  k/tw  tixe  JjwnoMmtj  ol  the  dielectric;  it  is  the 
dieleetric  constant,  which  for  air  is  unity.  If  C  is  to  be  in  mierofarada.  then 
in  the  preceding  formula  in  place  of  k/Ar  use 

A^J^_0.08842XtX10-«     (mf.  per  centimeter-oube).       (118) 

where  •  is  the  relooity  of  light,  or  the  factor  required  to  change  from  deetro- 
statio  to  electromagnetic  units. 

If  instead  of  talung  k/ir  as  the  permittivity,  a  term  kt  called  the  absolute 
permittivity  is  introduced,  then 

C-kA  (microfarads)  (117) 

I* 
And  for  air,  instead  of  unity  (the  relative  permittivity),  the  abaoluta  per- 
mittivity is 

«.- 0.08842  X 10-*  (mf- per  centimeter-eube)     (118) 

antf  for  any  other  substance  the  absolute  permittivity  would  be  0.08842  X 
10~*Jb,  where  k  is  the  specific  inductive  capacity  or  the  relative  permittivity 
of  the  dielectric;  see  Par.  111.  See  also  the  author's  "Electric  Circuit, 
Article  51,  for  further  elaboration  of  this  theory  of  absolute  versus  relative 
permittivities.  At  present  the  accepted  method  of  calculation  is  baaed  on 
the  use  of  formula  (US)  and  (116). 

114.  Tha  elaatanea  of  a  dieleetric  between  two  parallel  plates  a 
short  distance  apart  is  5»r  (l/A)  where  the  coefficient  #  (sigma)  is  called 
the  alastlvlty.of  the  dlaleetno.  If  5  is  in  megadarafs  (1  daraf  ia  the  recip- 
rocal of  1  farad)  and  the  dimensions  in  centimeters,  #  is  in  megadsrafs  per 
centimeter  cube.  Elastance  is  the  reciprocal  of  permittance,  or  8^  1/C, 
and,  likewise,  elastivity  is  the  reciprocal  of  permittivity,  or  r  —  4v/l; 
Therefore 

^-(T)-i-'X  "») 

For  air,  in  practical  units, 

r  - 11.31  X 10*  mgd-  per  centimeter  eube.  (120) 

Example;  to  calculate  the  capacity  of  a  plate  condenser  (Fig.  16)  built  ac- 
cording to  the  following  specifications:  The  metal  plates  are  60  em.  by  70 
cm.  each,  placed  at  a  normal  distance  of  0.3  cm.  The  dielectric  consists  of 
tliree  consecutive  layers  of  insulation,  which  are  0.12  om.,  0.07  cm.  and  0.11 
cm.  thick.  The  relative  permittivities  of  the  materiab  are  2,  3  and  6  raapeist- 
ivelv.  Since  elaatances  are  added  in  series  (Far.  110),  tha  total  elaatanoe 
of  the  condenser  is 

S  -  I11.3X  10«/(S0X70)1I0. 12/2 -fO.07/3 -1-0.11/81 
-0.34X10>  mgd. 

Hence  the  capacity  C-5'>-2.B4X10~*  mf. 

lis.  Capaoity  of  concantrie  cablai.  For  a  single-oonduetor  eabla 
with  a  grounded  metal  sheath  (Fig.  17)  the  capacity 


„     0.03882*  ,    ,  ,,  , 

C-, vT-r-,  (mf.  per  mile)  or 

logi«(6/a) 

„     0.02413*  ,    ,  .      . 


(121) 


logi>(Va) 
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wiMn  1  is  the  rdative  permittivity  ot  the  dielectric  (Par.  lU).  The  ume 
formula  applies  for  the  capacity  or  permittance  betweea  any  two  concentric 
eylindcra.  provided  that  their  axial  length  ie  considerable  aa  compared  to 
thai  radii  ao  that  the  effect  of  the  enda  may  be  neglected. 

111.  Graded  inaulmtion.     When  the  insulation  between  two  concentric 
qrlindeii  consists  of  several  concentric  layer*  (Fig.  17),  the  elaatanc*  ot  the 


S-<^i-l5.7Sr*i-'  loBio(fci/a)  +*!-•  lo«io(V*i) 

+*>~>  locu(i>>/h)  +etc.l  (megadarafs  per  mile)       (122) 


-^ch 


lEa'r 


Fu.  17. — Concentric  cable.      Fio.  18. — Concentric  cable  and  lead  sheath. 


ti,  kt  •  .  •  are  the  relative  permittivities  of  the  layers  (Par.  lU). 
Ths  capacity  in  microfarads  per  mile  is  the  reciprocal  of  this  expression. 
1%s  capacity  of  a  cable  is  directly  proportional  to  its  length,  while  the  elas- 
taaee  is  inversely  proportional  to  the  length. 

IIT.    For  »     liiicle-phaM   concentrio  cable  with  a  grounded  sheath 
(Fig.  18).  the  capacity  between  two  conductors.  Cm,  and  that  between  the 

outer  conductor  and  the  sheathing,  Cw, 
is  calculated  according  to  the  formula 
given  above.      Then,  if  the  voltage  be- 

f^    \        I      >,  \  tween  the  two  conductors  is  £■«  and  the 

/      Ni  j  -♦4'*k-\  voltage  between  the  outer  conductor  and 

/    ^^    ^1       j^^  \       _^^_^  ^^  sheathing  is  Eu,  the  charging  current 
~\^R    1      ^Wi        ^^      at  a  frequency  of  /  cycles  per  second  is 
\  !*-«*[/  J-2v/(«rtCrt+«rtCw)10-«(amp.),{123) 

if  Cat  and  C>«  are  expressed  in  micro- 
farads. 

118.  Twin-oonduotor  obla  with 
grounded  sheath.  In  this  case  the 
sheath  may  be  replaced  by  a  pair  of  con- 
ductors located  outside,  as  shown  in 
Fif .  10.      The  spacing,  b,  of  these  im- 


aginary  conductors  being  given  by  the 
relal ' 


Pio.  IS. — Twin  conductor  cable 
•koving  electrical  image  due  to  the 
Cniuided  sheath. 

ilation* 
ba-d* 
and  the  eapkelti'  of  s  aincl*  eonduetor  1* 
0.03882* 
logior2a(d'  — at)i 
L  r(d«+a«)  J 
The  capacity  per  mile  of  the  circuit  (two  miles  of  conductor)  is  one-half 


(mf.  per  mile). 


(124) 


(12S) 


*I«o  Uehtenatein.  BUk.  Znt.    Vol.  XXV,  pp.  100  and  124  (1904). 
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of  the  preceding  value.     The  tranavene  dimenaions  may  be  either  in  inchaa 
or  in  centimeterB  because  only  their  ratio  enters  in  the  formula. 

llf .  A  three-conductor  cable  may  I>e  treated  in  a  aimilar  vay  (Fig.  20>- 
The  sheath  ie  replaced  by  three  equally  spaced  conductors  of  the  same  diam- 
eter and  spaced  according  to  the  relation  ba — d'.  The  eapaeltr  of  a  alncle 
oonduotor  is 

^0.07764* 

,         r3a«(d»-a«l»i       (mf.  per  mile)       C128> 

where  the  transverse  dimensions  are  injnchee  or  in  centimeters. 

110.  The  espadtr  of  a  dnsle-phasa  tranunlision  Iln*  per  wire,  or 
the  permittance  between  one  of  the  wires  and  the  plane  of  symmetry  is 

_      0.03882  ,    ,  ...  ,.„_. 

log»(o/a) 
where  a  is  the  radius  of  the  wire,  and  i  (he  spadns  between  the  oentraa. 
The  rapacity  between  tb^  two  conductors  is  equal  to  one-half  of  that  given 
by  the  formula  above.     For  values  of  charging  current  atfttandard  frequencies 
see  tables  in  Sec.  II. 


^ 


£urth 

Fio.  20. — Three-conductor  cable;  Flo.  21. — Overhead  conductor, 

showing  electrical  images  due  to  the 
grounded  aheath. 

ISl.  Th«  cftpadty  of  a  single  orerhead  conductor  with  ground 
return  (Fig.  21)  U 

0.03882  ,    ,  ,,  ^  ,,,^^ 

lir.  Whan  a  tingl«-phaM  line  with  metalUe  return  ii  stupondml 
lufflciently  near  the  ground  its  capacity  is  somewhat  increased.  Let 
the  wires  be  suspended  at'the  heights  h\  and  At  above  the  |[round;  then  cal- 
culate the  capacity  according  to  formula  in  Par.  ISO,  using  the  corrected 
spacing  (see  tue  author's  "Electric  Circuit,"  Art.  61) 

t."     ■     -     *    --^=  (120) 

VI +(0.256)  VAi»« 
When  the  heights  of  suspension  Ai  and  At  are  greater  than  3.S  times  the 
spacing  b,  the  difference  between  6  and  the  corrected  spacing  be  is  less  than 
1    per    cent.      The    correction    in  formula  (117)  is  still  smaller,  because 
logarithms  of  numbers  vary  more  slowly  than  the  numbers  themselves. 

In  formuUe  (128)  and  (12Q)  a  perfectly  conducting  ground  is  assumed. 
With  dry  non-conducting  earth  the  increase  in  capacity  is  somewhat  less. 

US.  Capacity  of  a  three-phase  line  with  i^nunetrieal  ipaetiiff. 
The  concept  of  the  capacity  of  a  three-phase  line  is  not  definite  without 
further  qualificationB.  In  practice  a  three-phase  line  is  calculated  by  re- 
ducing it  to  an  equivalent  single-phase  line  consisting  of  one  of  the  conductors 
of  the  three-phase  line  and  a  ground  return.  This  equivalent  single-phase 
line  carries  one-third  of  the  total  iwwer  transmitted  by  the  thrae-phaee  Une 

82 

DigilizedbyV^iUUyiL' 


MLBCTBIC  AND  MAONBTIC  CIRCUITS     SeC  2-124  ^ 

It  t  Toitaca  S/a/s  eonespoDdins  to  the  star  voltage  of  the  three-phaae  line.  A 

For  astfa  an  eqidTaleiit  line  the  capacity  ia  ezpreaaed  by  the  formula  given 
in  Par.  IM  above,  where  a  ia  the  t^uliua  of  each  wire  and  b  the  spacing  be- 
tween the  wires.  This  expreaaton  for  capacity  meana  that  the  charging  cux^  ^ 
rent  per  wire  calculated  from  the  formula  /  *  2rfCS/'\/3  checks  with  that 
actoJly  obaerred  in  each  wire  of  a  three-phaae  hne  when  a  pure  sine-wave 
vokaff  B  is  applied  between  the  wires.  For  values  of  charging  current  see 
■aUniaSeclfr 

IM.  With  Hk  oaayinjiMtTicml  ipaolnv  let  the  actual  distances  between 
th«  three  pairs  of  wires  be  bu  bt^  and  bi.  The  capacity  can  be  calculated 
from  the  above  given  formula  using  the  MialTklsnt  spacing 

b^-  ^/SSh!  (1301 

(qid  to  the  geometric  mean  of  the  actual  apacings.  For  a  more  detailed 
trcstsient  of  capacity  of  three-phase  lines  with  unsymmetrical  spacing, 
uBiTmBietrical  voltages  and  the  effect  of  the  ground,  see  the  author's  "  Elec- 
tric Cimrit,"  Art.  65.  For  other  formule  for  the  capacity  of  linear  oon- 
tetois  and  eaUea  see  Cohen,  L.,  "Formula  and  Tables  for  the  Calcu- 
IstioB  rf  AltcmatiiiJC  Current  Problems,"  Chap.  3.  See  also  Fowle,  F.  F., 
"The  Csleulationot  Capacity  Coefficients  for  Parallel  Suspended  Wires," 
B.  World,  VoL  58  (1911),  pp.  386,  443,  and  493. 

lU.  A  Iiaydan  Jar  (Fig.  22)  may  be  considered  as 
-ijtU-  Ur-J  '^  co,nbiiUktion  of  plate  condensers.      Thus,  using  the 

'  A  general  formula  Par.  Ill,  iu  capacity, 


C-.j-."'"^^"'        (microfarads)         (131) 


Irtiff 

I     '     Hi        where  the  dimeiuions   are  in  oentimetere  and  k*- 
l^^l  ?         0.08842X10-«i;  see  Par.  111. 

^^P^l  i_  ISft.  Permittance  of  Irrectilar  paths.     In  some 

I  cases  it  is  necessary  to  calculate  toe  capacity  of  a 

condenser  the  dielectric  of  which  ia  limited  by  irregu- 

Fm.  22. — Leyden  jar.   lar  boundaries.     The  problem  is  solved  either  by  ex- 

^>eriment  or  by  calculations.     In  performing  the  ex- 

tKriment  the  dielectric   is   sometimes  conveniently  replaced  by  a  (>iece  of 

■^  of  identical  shape  and  with  identical  terminals.     Let  the  resistance 

of  the  metal  paths  be  a,  the  unknown  capacity  C.  the  absolute  permittivity 

of  tbe  dielectric  Jb«  (Par.  lU)  and  the  resistivity  of  the  metal  p  (Par,  SO). 

Tkea 

C-^P  (132) 

la  order  to  calculate  the  permittance  without  any  experiment,  various 
■msptioBS  are  made  as  to  the  most  probable  paths  of  the  electroat^tio 
^Bu  of  force,  and  of  the  various  assumptions  one  is  selected  which  fdyea  the 
■szinam  permittance.  For  details  see  the  author's  "Electric  Circuit,'* 
Ana5i-Si 

,  Iff.  The  tomrgf  stored  in  &  eondaaser.     The  potential  energy  stored 
a  s  eeadeaaer  is 

CS^     Q^     SO 
W  -  -s"  "  ^  "  2  *    ^^  iowl««  (watt-seconds)     (133) 

*^keit  the  voltace  f  ia  in  volts,  the  electrostatic  6uz  (Par.  106)  or  charge 
9  i^.Melomfaa.  and  the  capacity  C  in  farads.     If  C  is  in  microfarads  and  Q 
If  is  in  microjoules. 


Itt.  Tha  dend^  of  electrostatic  energy,  or  the  energy  stored  per  unit 
"•■Jat  ei  the  dielectric,  is 

yfcgf  W  is  expreesed  in  microjoules  per  centimeter  cube,  ka  is  the  absolute 
ftviOnity  oithe  dielectric  in  microooulombs  per  centimeter  cube,  and  O 
Mtkevolti^  gradient  in  volts  per  centimeter  length  of   path;  D  is  the  di- 
t^Ktiie  ftox  density  (Par.  lOT)  in  microcoulombs  per  square  centimeter. 
^  total  energy  of  an  tiectroetatio  field  is  found  by  multiplying  W*  by 
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an  elemeDt  of  volume  dv  and  inteRratin^  within  the  desired  limita.  For  an 
interesting  comparison  of  practical  pooubilitiea  as  to  the  amount  of  energy 
stored  in  the  dielectric  form  per  unit  volume,  compared  with  other  fornu  of 
energy,  see  Steinmeti,  C.  P.,  General  Electric  Review,  1013,  p.  536. 

Itfl.  A  uatam  of  eh&rved  bodlea  (Fig.  23).  The  total  charvas  on 
the  Individual  conductors  are  expressed  by  the  equations 

fli-Ciri+Cii(ri-w)+Cii(n-w)+  etc..  1  (185) 

tfi-Cjtt+Cn(ri  — pj)-fC«Cn  — »i)4  etc.,/ 
where  vi,  «i.  «t»  etc..  are  the  potentials  of  these  conductors  above  the  ground. 
The  coefficients  Ci,  Ctt  Ca,  etc.,  are  called  the  partial  eapacltiai  of  the  con- 
ductors; Cis,  Cu,  etc.,  are  called  mutual  eapad* 
tlei.      Their  computation  is  possible  in  a  few 
simple  oases  only,  but  having  deterisdned  them 
experimentally,  it  is  possible  to  calculate  from  the 
preceding  equations  the  resultant  or  equivalent 
capacity  of  the  system  under  various  operating 
conditions. 

150.  Maxwell*!  equatlona  of  a  eharved  sy»- 
tezn.  The  same  equation  may  be  written  in 
Maxweirs  form 

fli-iCuti  +  Jr««+Jri»fi+etc.,l         (136) 

tf«— ifiin+#r««+iC«w»+etc.,  J 
where  the  coefficients  Kn,  Xts,  etc.,  are  called  the 
capacities  of  the  individual  conductors,  and  the 
negative  quantities  Kn,  Kn,  etc.,  are  called  coeffl- 
olenti  of  mutual  induction.  Pi^,  23. System  of 

151.  Coefflclenta  in  BCazwell's  equations.  eharted  bodice. 
The  following  relations  bold  between  the  coeffi- 
cients K  and  C: 

iiTn  -Ci+Cit+Cii+eto.         ) 

iC«-Cf+Cn+CM+etc.  [  (137) 

JCn-  -Cu;  Kw-Cn,  etc.  J 

Its.  The  eleotrottatio  energy  stored  in  the  field  Is 

W~iKiivi*  +  ^Knvi*-^9to,-\-Kimvi-\-Kainn-\-KtsnH-^eto,  (138) 
W  is  expressed  in  joules  (watt-seconds)  if  the  potentials  are  in  volts  and  the 
capacities  in  farads. 

ISS.  The  dielectric  strength  of  Insulating  materials,  or  the  ruptur- 
ing voltage  gradient,  is  the  maximum  voltage  per  unit  thickness  which  a 
dielectric  can  stand  in  a  uniform  field,  before  it  breaks  down  electrically. 
The  dielectric  strength  is  usually  measured  in  kilovolts  per  millimeter  or 
per  inch.  Theonly  correct  way  is  to  refer  the  dielectric  strength  to  a  uni- 
form field,  for  instance,  between  large  parallel  plates  placed  at  a  short  die- 
tsnco  apart.  If  the  striking  voltage  is  determined  between  two  spheres  or 
electroaes  of  some  other  shape,  the  fact  should  be  distinctly  stated.  In 
designing  insulation  a  factor  of  safety  is  assumed  depending  upon  the  con* 
ditions  of  operation.  For  numeriocU.  values  of  the  rupturing  voltage  gradi- 
ents of  various  materials  see  Sec.  4. 

134.  The  critical  dielectric  flux  density  is  the  density  at  which  the 
material  breaks  down.     It  is  determined  from  the  relation 

DmMM  -  0.08842iW7«4.  X  lO"*,  (139) 

where  i>iii««  is  the  critical  density  in  microcoulombs  per  square  centimetere 
Gm^m  is  the  rupturing  voltage  gradient  in  kilovoita  per  millimeter,  and 
Jbis  the  relative  perniittivity  of  the  material  (Far.  111). 

ISB.  llectrottatic  corona.  When  the  electrostatic  flux  density  in  the 
ur  exceeds  a  certaiir  value,  a  pale  violet  light  appears  near  the  adjacent 
metal  surfaces;  this  silent  discharge  is  called  the  electrostatic  corona.  In 
the  regions  where  the  corona  appears,  the  air  is  electrically  broken  down,  and 
Ionised  so  that  it  becomes  a  conductor  of  electririt;^.  When  the  voltage  is 
raised  still  higher  a  brush  discharge  takes  place,  until  the  whole  thickness  of 
the  dielectric  is  broken  down  and  a  disruptive  discharge,  or  spark,  jumps 
from  one  electrode  to  the  other. 

The  fonnation  of  corona  leads  to  power  loss  which  may  be  serious  in  some 
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tarn  Case  See.  11).  Moraorer,  eorona  facilitatm  the  formation  of  nitrio 
Mid  near  the  eoadaetor*,  and  may  lead  to  ooiToaion.  When  corona  ia  allowed 
to  play  OD  insulation  other  than  air,  thia  ioaulation  may  in  time  be  charred 
aod  deteriorated.  For  these  reaaona  it  ia  of  importance  to  know  the  critical 
▼oltagea  of  corona  formation  and  the  power  Ices  under  varioua  confiitione 
of  mrfaxea,  barometric  preaaure,  humidity,  ete.  The  problem  is  atill  in  a 
research  atate.  For  numerical  data  in  application  to  tranamiaaion  lines  aee 
9«e.  1 1;  in  connection  with  the  design  of  other  hish-tenaion  apparatoa,  See.IO. 
U(.  ■nMrimenti.  on  enrona.  A  large  amount  of  experimental  and 
titeoretioal  information  conoermng  corona  and  other  allied  topics  will  be  found 
in  Vola.  XXIX,  XXX,  and  XXXT  of  the  Tran$.  A.  I.  E.  £.  See  in  particular 
the  TsluaUe  papers  by  F.  W.  Peek,  Jr.,  H.  J.  Ryan,  and  J.  B.  Whitehead, 
snth  the  accompanying  diacuaaion. 

IIT.  DiaUetzle  hyrtereils  and  aondnotaaee.  When  an  alternating 
▼nlta^  is  applied  at  the  terminals  of  a  condenser,  the  dielectric  is  subjected 
to  penodie  streasea  and  displacements.  If  the  material  were  perfectly  elastic, 
no  energy  would  be  lost  duringone  complete  cycle,  because  the  energy  stored 
dming  toe  periods  of  increase  in  voltage  would  be  given  up  to  the  circuit 
when  the  voltage  decreased.  In  reality,  the  electric  elasticity  of  solid  and 
hqnid  dielectrics  ia  not  perfect,  so  that  the  applied  voltage  has  to  overcome 
aonie  kind  of  molecular  friction,  in  addition  to  the  elastic  forces.  The  work 
done  against  friction  ia  converted  into  heat,  and  is  lost,  as  far  as  the  circuit 
is  concerned.  Thia  phenomenon  is  similar  to  magnetic  hysteresis  (Par.  9t), 
and  is  therefore  called  dieUetric  hytteremU.  The  energy  lost  per  cycle  is 
proportiona]  to  the  square  of  the  applied  voltage,  because  both  the  displace 
ment  and  the  stress  are  proportional  to  the  volta^. 

An  imperfect  condenser  cioes  not  give  out  on  discharge  the  full  amount  of 
ensigy  put  into  it.  After  having  been  discharged  and  stood  some  time, 
an  additional  diacharge  may  be  obtained;  this  is  known  as  absorption  in 
tlw  dislaetrio. 

An  imperfect  condenser,  that  is,  one  which  shows  a  loss  of  power  from  one 
cause  or  another,  can  be  replaced  for  pnrpoaes  of  calculation  by  a  perfect 
ecmienser  with  an  ohnrio  conductance  shunted  around  it.  This  conductance, 
or  "leakance,"  as  some  authors  call  it,  is  selected  of  such  a  value  that  the 
l*R  loai  in  it  is  equal  to  the  loss  of  power  from  all  causes  in  the  given  imi>erfect 
eondenser.  The  actual  current  through  the  imperfect  condenser  is  considered 
then  as  consisting  of  two  components — the  leadin|C  reactive  component 
through  the  ideal  condenser,  and  the  loss  component,  in  phase  with  the  volt- 
age, through  the  shunted  conductance.  In  this  way,  imperfect  condenser* 
can  be  treated  graphically  or  analytically,  according  to  the  ordinary  laws  of 
the  electric  dreuit. 

nuiTBixKT  cimsnTS  ahs  toltaoks 

us.  Trangient  electric  phenoniMUt  are  such  as  occur  between  two 
permanent  conditions;  for  instance,  when  a  load  is  suddenly  changed,  an 
appreciable  time  elapses  before  the  generators  and  the  line  adapt  themselvea 
to  the  new  conditiona,  and  the  currents  and  the  voltages  dunng  the  inter- 
Mediate  time  are  called  transient.  Some  electric  phenomena  are  transient 
m  time  (for  instance,  the  ahort-<^reuiting  of  a  large  alternator) ,  others  are 
transient  in  space  (tlie  distribution  of  altemating  current  in  solid  conduo- 
ton),  and  some  are  transient  both  in  time  and  in  space  (surges  and  traveling 
waves  in  long  transmission  lines). 

in.  TI10017  of  tranilent  phenomena.  The  subject  is  too  large  and 
advanced  to  Se  treated  here  in  detail.  An  elementary  treatment  of  the 
sabjeet  will  be'  found  in  W.  S.  Franklin's  "Electric  Waves"  and  in  C.  P. 
Stemmeta'a  "Electric  Discharges,  Waves  and  Impulses."  Numerous 
formulB  and  results  will  be  found  in  Cohen's  "Formuln  and  Tables  for  the 
Calculation  of  Alternating-current  Problems,**  Chaps.  5  and  6.  For  a  more  ad- 
vaaeed  treatment  see  J.  A.  Fleming,  "The  Propagation  of  Electric  CurrenU;'* 
A.  E.  Kennelly,  '*The  Application  of  Hyperbolic  Functions  to  Electrical 
EngiBeeiing  Problems,"  Cnap.  6  and  foil.;  C.  P.  Steinmets,  "Transient 
Beetrie  Phenomena  and  Oscillations.*'  Numerous  articles  on  the  subject 
will  be  found  in  the  recent  volume*  of  the  A.  I.  E.  E.,  SlektroUckniacha 
ZtUmJiri/t  aad  Ardutftr  BltktnUclmik. 

lit.  Oloainf  a  drcnlt  eontaining  a  reiistance  r  (ohms)  and  an  indnc^ 
aaee^  (Iwnrj^  in  series  with  a  continuous  e.m.f.     When  the  de^nergised 
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oirauit  u  suddenly  connected  to  a  source  of  continuous  voltage  «,  tha  ourrent 
gradually  rises  to  the  final  value  to  —  e/r  according  to  the  law 

i-V,(l-.-"'/^.  (140) 

where  (  U  time,  and  «  is  the  baae  of  natural  (or  hyperbolic)  logarithms' 
Thi«  expression  is  known  as  HalnUlolts'fl  law.  When  the  source  of  e.in.f. 
is  short- oircuited  the  current  in  the  remaining  circuit  decreases  to  lero  ae* 
cording  to  a  similar  law 

141.  Periodic  a.m.f.  When  a  de-energised  circuit  containing  r  and  L 
is  suddenly  connected  at  the  instant  t»0,  to  a  source  of  alternating 
Toltage  fEm  sin  (2r/t+ot),  the  current  in  the  circuit  varies  according  to 
the  law 

i-?=!  Bin  (2»/(+o-*)-^  sin  (a-*)."'''/^  <142) 

In  this  equation  s  —  v  r' + (2W/*) »  is  the  impedance  of  the  circuit  and  ^  is 
the  phase  displacement  between  the  current  and  the  voltage,  determined  by 
Um  ^»%wfL/T.  The  angle  a  is  the  phase  displacement  between  the  volta^ 
0  and  the  reference  wave  which  passes  through  sero  at  the  time  t  — 0;/  la 
the  frequency.  The  first  term  in  the  expression  for  t  is  the  current  corro- 
■ponding  to  the  permanent  condition,  the  second  term  is  a  transient  which 
rapidly  approaches  sero  with  the  time.     (See  also  Eq.  14fi.) 

14S.  Closing  a  droiilt  containing  araslstancs  r  (ohms)  anda  capacity 

C  (farads)   in  series.     The  charging  current  is  theoretically  expressed  by 

,._,.^"i/(rC)^  •  <1*3) 

where  u  is  the  ourrent  at  the  first  instant.  This  equation  is  not  api^cable 
to  the  beginning  of  the  charge  because  it  presupposes  a  sudden  jump  of  the 
current  from  sero  to  ia.  In  reality,  the  unavoidable  inductance  m.  the  circuit 
smoothes  down   the  initial  change  in  current. 

When  a  condenser,  charged  at  a  voltage  Pa,  is  discharged  through  resist- 
ance r,  the  discharge  current  at  the  first  instant  is  theoretically  equal  to 
t*  ■"  fff/r,  and  then  vanes  accordlog  to  the  law 

.■„.-^-</(rO  (144) 

The  voltage  across  the  condenser  terminals  decreases  according  to  a  similar 
law 

,-«-'/('C)  (145) 

When  a  de-energised  circuit  containing  r  and  C  is  suddenly  connected  at 
the  instant  /°>0  to  a  source  of  alternating  voltage  e«*£mflin(2iryi-l-a)i  the 
ourrent  in  the  circuit  will  vary  according  to  the  law 

i-  — «n(2ir/t-|-a+*)-— flin(a+*)«"'^^'^  (146) 

In  this  equation  2»  "N/r*  +  [1/ (2t/C)  1  ■  is  theimpedance  of  the  circuit,  and  ^ 
is  the  phase  displacement  between  the  current  and  the  voltage,  determined 
by  cot  0  —  2«-/Cr.  The  angle  a  is  the  phase  displacement  between  the  voltage 
e  and  the  reference  wave  which  posses  through  sero  at  the  time  f*=0;  /  ia 
the  frequency.  The  first  term  in  the  expression  for  i  is  the  current  corre- 
sponding to  the  permanent  condition,  the  second  term  is  a  transient  which 
rapidly  approaches  sero  with  the  time.     Compare  Par.  141. 

14S.  Single-energy  and  double-energy  transients.  The  two  pre- 
oeding  cases  are  examples  of  single-energy  transients,  because  the  energy 
is  stored  in  one  form  only  (electromagnetic  or  electrostatic),  and  the  energy 
change  consists  in  an  increase  or  a  decrease  of  the  stored  energy.  In  the 
case  of  inductance  the  energy  is  that  of  the  magnetic  field  and  in  the  case  of 
capacity  it  is  the  energy  of  the  electrostatic  field.  When  both  inductance 
and  capacity  are  present,  the  energy  of  the  circuit  is  stored  in  two  forms, 
and  there  is  a  possibility  of  periodic  transformation  of  the  magnetic  energy 
into  the  dielectric  energy,  and  vice  vevBa,  which  constitutes  electric  oscilu- 
tions,  surges*  and  waves.  There  is  also  a  possibility  of  a  triple-encrsy 
transient,  when  for  instance  a  synchronous  motor  is  hunting  at  the  end  oxa 
long  transmission  line  which  possesses  inductance  and  capacity.     In  the  last 
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cue  the  total  energy  of  the  system  U  atonid  not  only  in  the  magnetic  and  the 
dielectric  forms,  but  in  mechanioal  form  as  well. 

IM.  Tils  gvnaral  dlllarential  aquktion  of  %  drenit  eontalnlnc  a 
iwiitaoe*  r  obau,  InduetuiGa  L  hanrr*  uid  eapaeity  O  farads  In 
Mrlti,  is 

vbere  <  ia  the  vcdtage  applied  to  the  circuit,  and  i  U  time. 

When  the  impreaaea  e.m.f.  «  is  constant  (de/cU^O}t  two  conditions 
may  ariw:  t*>AL/C  and  r*<4L/C.  The  intermediate  or  critical  case 
T*''iL/C  18  of  academic  interest  only. 

lU.  Hon-oseillafotT  ease.  In  the  fint  case  ir*>4L/C)  the  current 
in  iht  circuit  ia  non-asciUatory.  It  rises  from  sero,  reaches  a  maximum* 
snd  fslb  axain  to  lero  when  the  condenser  is  fully  charged;  the  current  never 
reveneg.  The  voltage  across  the  condenser  gradually  rises  from  sero  to  its 
fall  Talue,  equal  to  the  applied  e.m.f.,  but  never  exceeding  the  latter.  During 
the  (hseharge  both  the  current  and  the  voltage  across  the  condenser  gradually 
decxeaae  to  zero  according  to  a  logarithmic  (exponential)  law.  In  practice, 
these  conditions  are  usually  harmless,  and  therefore  desirable  in  cases  where 
OKfllationa  muat  be  suppressed.  Thia  ia  usuaily  done  by  increasing  the 
Raistanoe  of  the  circuit  until  the  condition  r*>^/C  is  fulfilled. 

IM.  OlcUlAtory  0«8«.  In  the  second  case,  when  r*<  4L/C,  the  charge 
ud  also  the  discharge  are  oscillatory.  The  oscillations  are  of  decreasing 
imikKtude,  because  of  the  damping  caused  by  the  energy  consumption  in 
Uk  tesiatance.     When  the  condenser  is  charging,  the  current  is 

•sd  the  Tollase  acroee  the  condenser  termlnsb  is 

^-cll-.-^/^Ccos^r+J-rfn^*)}.  o«) 

For  condenser  discharge 

,__2^-r'/2L^^  (ISO) 

»d.  '  ^ 

-Tt/2Lt q,,T     .    « 


4 


{'»4«  +  5-"4'}-  ""' 


!•  these  eipreesiona  q  —  y/J,AL/C)  —  r';  <  is  the  applied  voltage,  and  e,  ia  the 
Tdtsce  acroas  the  condenser  at  the  beginning  of  the  discharge;  t  ia  the  base 
of  nstuzal  logarithms. 

UT.  Tha  trtaamnef  of  oaclllatioii  and  the  lofarithmlo  doeramant. 
Tk«  frequency  ol  owrillations  in  the  preceding  case  is 

/— jfV-  (cycles  per  sec.)  (152) 

When  the  xesstance  ia  negligible,  that  is,  r*  small  compared  with  4L/C,  the 
Inqueucy  of  oecillationa  is  approximately  equal  to 

/. ~.  (183) 

2tVLC 
I^mithinio    doorament.     Succesaive    half  waves  of  osdllationa  de- 
tnssa  the  more  in   amplitude,  the  greater  the  resistance.     The  ratio  of 
the  amplitudes  of  successive  half  waves,  or  the  decrement  of  the  oscilla- 
ricB,  is  ,-'*'/2i'      ^here  d  -  !/(?/)  is  the  duration  of  one-half  cycle. 

Mi.  Continttotu  bteh-l^aqnsney  oieiUatlona  are  conveniently  pro- 
teced  by  mo  of  n  duact-eurrant  are  (Duddell).  In  the  Poulsen  arc, 
tiM  soode  is  c<q>per  and  the  cathode  carbon,  while  the  arc  is  formed  in  an 
Mooiphere  of  hydrogen,  which  appeals  to  increase  considerably  the  in- 
''■sity  of  the  oaollatlona.  Oscillationa  have  been  produced  of  frequencies 
nugiiig  as  high  as  one  million  per  second  and  of  considerable  power;  they  are 
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■ucoeasfully  lued  for  virelesa  telegraphy.  See  Foulsen,  V.,  "Syitem  for 
Producing  Continuoua  Electric  Oxollatioiu,"  Trant.  Int.  Eleo.  Ck>P«rHW,  Ek. 
Louis,  1904,  Vol.  II,  p.  863.  Also  Austin,  L.  W.,  "The  Produetioo  of  Hisb- 
frequenoy  Oscillations  from  the  Electric  Arc,"  Bulletin  of  the  Bureau  of 
Standards,  Vol.  Ill  (1907),  p.  32S. 

149.  Stored  energy.  When  a  considerable  amount  of  energy  is  liberated 
at  some  point  on  a  transmission  line,  for  instance  due  to  an  indirect  lightning 
stroke,  a  wave  starts  along  the  line  carrying  this  energy  to  the  ends  of  the 
line.  Part  of  it  enters  the  apparatus  at  the  ends,  part  is  reflected  and  the 
rest  is  converted  into  heat.  Generally  speaking,  tne  total  energy  stonxl  ia 
the  line,  or  in  some  part  of  it,  at  an  instant  is 

W-iU*+iCe',  qoules)  (1S4) 

where  L  is  the  inductance  of  the  line  in  henrys,  t  an  instantaneous  current,  C 
the  capacity  of  the  line  in  farads,  and  <  an  instantaneous  voltage.  The  term 
}I>t°'  represents  the  electromagnetic  energy,  the  term  iCe'  the  electrostatio 
energy.  At  certain  instants  the  current  is  equal  to  sero,  at  others  the  voltage 
is  sero,  so  that  the  two  energies  must  be  equal.     Therefore 

?=^-\/?.  (ohms) 

Thus,  knowing  the  maximum  voltage  tm^r,  the  largest  instantaneous  eurrent 
i^oM  can  be  calculated,  and  vice  wraa.  For  instance,  in  the  case  of  a  Ughtning 
stroke,  the  maximum  voltage  is  limited  by  the  disruptive  stren^h  of  the 
insulation  to  instantaneous  voltages,  and  the  mayimnm  eurrent  disturbance 
may  be  calculated  from  the  preceding  equation. 

IM.  Surge  imiradanoe.  With  oonoentrated  indaetanee  Mnd 
eapaoity,  the  (raquenoy  of  oaolllatloiu  Is  (Par.  14T) 

With  uniformly  diatrlbuted  tnduetance  and  capacity,  the  ftaquaneyla 

The  expression  s/L/C  is  called  the  natural  impodanea  or  the  anrn 
Impedance  of  the  line,  andats  reciprocal  the  natural  admittance  or  tba 
surge  admittance.  For  further  information  consult  the  references  in  Par. 
in  above. 

ALTIRHATINGh-CUUUHT  CIECUIT8 

111.  Sina-wavM.  In  this  treatment  of  alternating-current  circuita,  a 
sine-wave  is  arbitrarily  assumed.     For  non-sinusoidal  currents  and  v<Mt- 

ages  see  Par.  190  and  follow-        

ing.      Beginnini;    with   non-  "I  /"    "\  „ 

inductive   circuits,   »'.«.,   cir-     il  /         \''» 

cuits    which    contain    only    .1^ 

resistance,    the    eurrent    at 

any  instant  is  proportional 

to  the   instantaneous  value     ,   , 

of  the  impressed  e.m.f.    Plot-     1  i 

ting  the  i  natantaneous  values 

of  the  e.m.f.  and  the  current, 

it  is  seen.  Fig.  24,   that  the 

waves  pass  through  sero  and 

reach  their  maximum  values 

at  the  same  instant.     They 

ate  said  to  be  In  phaM. 

in.  Initantaneout 
values.  Let  the  amplitude 
or  the  instantaneous  maxi- 
mum value  of  the  voltage  be 
£>ui,  then  the  instantaneous 
value  is 


Fia. 


24. — Simple  sine-waves; 
circuit. 


non-inductive 


£«u  sin  2r/I  (158) 

where  /  is  the  frequency  in  cycles  per  second,  and  ( is  time  in  seconds.     The 


angle  2rft  is  in  radians. 
f-i/T. 


If  the  time  of  one  complete  cycle  is  T  (Fig.  24), 
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111.  BuetiT*   e.m.f.    In  a  oinnit  which  containa  indnotene*  only  -^ 

(P>r.  IT)  the  enrrent  wave  lass  by  90  electrical  decreea,  or  a  quarter  of  a 
cjele,  beUDd  the  applied  e.mj.     Numerically  ^ 

E.-2rffJ  (159)  > 

«hgi>  &  and  /  are  the  root-mean-equare  or  the  effective  values  (IM)  of 
Uk  Tottace  and  the  current  respectively,  L  is  the  inductance  in  henrys, 
ud/is  the  frequency  in  cycles  per  seoond.  A  similar  relation  holds  true  for 
ti»  unpiitodea  of  voltage  and  current,  or  for  the  average  valuea. 

IM.  IndaetiT*  raaetanee.    For  the  saVe  of  abbreviation,  the  expression 
itfii.  is  denoted  by  *  and  is  called  inductive  reactance,  so  that 

x-2w/L-~  (oiuns)  (160) 

If^isin  beniya  and /in  cycles  per  second,  «  is  in  ohms,  being  equal  to  the 
ratio  of  the  reactive  voltage  to  the  current.  If  the  voltage  is  expressed  sa 
is  ftt.  lit,  the  inatantaneous  current  is 

• =^  cos  2»/it,  (181) 

is  othar  worda,  the  cumnt  wave  lags  90  deg.  in  phase  behind  the  voltage 

IH.  I.iii.f.  eomponanti.    In  a  drenit  which  oontaina  raalstuuM 

•ad  hidnctaneo  in  aarlM,  one  portion  of  the  impressed  e.m.f.  may  be 

_  eonaiaered  as  consumed   in 

^^^^^ __^__„^^ resistance  drop  and  another 

y^^  ^^V  '    /Ow  «•  1  ^"^  ^^^  counter-e.m.f.  of  in- 

/VT>^  ^vV^V         '  /  Jyv\^  I  *^"*^^®  reactance.     The  Dux 

//  l^?  rjiO    \\        rTTCrW  J  interlinked  with  the  circuit  is 

//    /^^  /hO(     \\       !/^>^*V^  y!  '"    Pi><>**    *'*'>   ^B    current 

44 — I  ^^»r?^  ] — L] fy    iX  \X — y  i  which prodttoes it.   Thee.m.f. 

\\    \    jn     J     J I      y  ^^\ir      f  S^oerated  in  the  reactance  is 

W     v.C^^    /J       I  'VaS*-'^'  proportional  to  the  rate  of 

\\       IP        //        I  I  \  \    //^  chaiage  of  the  flux,  and  since 

^^i>~-^^  !  -rf^W.^^*^  1  the  rate  of  change  of  the  flux 

^ -^ lii^l. —   ia  greatest   when  the  value 

^  passes     through     sero,    the 

^  Flo.  25. — E.m.f.  and  current  wavce  in  a  e.m.f.  is  in  time-quadrati)re 
csremi  containing  resistance  and  reactance  in  with  the  flux  ancl  therefore 
series.  also  in  time-quadrature  with 

the  current  (Fig.  26). 
IN.  Ssanltant  e.in.f.  The  current  is  always  in  phase  with  the  e.m.f. 
vidsfa  is  oonsumed'in  resistaaoe,  and  the  impressed  e.m.f.  is  the  resultant  of 
the  instantaneous  values  of  the  components  consumed  in  resistance  and  in 
the  inductive  reactance.  Referring  to  Fig.  25,  Br  is  consumed  in  resistance, 
i%  is  consumed  in  overcoming  the  counter-e.m.f.  of  Inductive  reactance, 
sad  £  is  the  resultant  or  impressed  e.m.f. 

IIT.  Phaw  ancle.  The  current  is  in  phase  with  Sr  but  lags  behind 
the  impressed  e.ni.f.  £  by  the  phaaa  angto  ^  determined  from  the  relation 

tan*-?^-.?.  (162) 

If  the  tnstantaDeous  applied  voltage  is  expressed  as  in  Par.  lit,  the  in- 
•tantaasons  current  ia 

»■-/«»  stn(2x/il-«)  (163) 

when  both  2r/l  and  ^  are  expressed  either  in  radians  or  in  degrees.     For 
the  numerical  relation  between  E  and  J  see  Far.  lU  below. 

IW.  Craael^  raaetanaa  or  oandanauiea.  In  a  circuit  which  contains 
cleetrcstatie  capacity  or  permittance  only.  Far.  lOS,  the  current  wave 
leads  tbs  amlied  Tcdtase  by  90  electrical  degrees,  or  is  in  leading  quadrature 
with  it.    Numerically 

n.msd  (164) 

—^  (ohms)  (le.'S) 
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is  called  cfUMUuty  reactance,  or  condenmve  reactance.  When  inductive 
reactance  z  (Par.  104)  and  condenaive  reactance  x»  enter  in  the  same  circuit, 
x%  i%  considered  negative.     When  C  ia  in  farads,  xe  is  in  ohms. 

ISf .  I.xa.f.  components.  In  a  circuit  containing  resiitance  »nd 
condensiT*  raaotanco  in  Mries,  the  applied  e.m.f.  may  be  divided  into 
two    components;    one    con-  i^, 

Bumed  in  resistance  drop  and  ^„— i^-t^^-c ' >^ •* 

the  other  in  the  condensive       /'^(^^'^^^  '   .^^Cir*^  ' 

reactance.         The      current     //A  ^  '*     r\\        '//?^\  ' 

taken  by  the  condenaive  re-    //  ^c;~^J  W      ''>/'">OrVv  * 

aetance  18  proportional  to  the  //     X^A'f'Sl      \\      1  Ex^^ik\\  A 

rate  of  chan^  of  the  e.m.f.,  [  j    .  P  v-\L^j       j  1     /     f^[     \\   \  ■      Jw 
which  is  impressed  across  Jta  1  \      \  J      77     'y^  V\    \I  yf  h 

terminals,       therefore       the  V\       X..^^/     //      r  '  v\^^^^/' 

counter-e.m.f,    of  ^the    con-    \\  //       \  '  XV/^/^ 

densive  reactance  is  in  time-      ^^''-'--^^l^^^^         '  ■*i0''^\-^  /    ' 

quadrature  with  the  current.         ^'^    _^^^ J •_•     \i/       ' 

Referring  to  Fig.  28,  /  is  the  ^ 

total  current  in  phase  with  Et 

which  is  the  e.m.f.  consumed         Fxo.    26. — ^E.m.f.    and   current  waves  in  a 
in  resistance;  E%  is  the  volt-     circuit   contuning   renstance    and    capacity 
age  necessary  to  balance  the     reactance  in  series, 
counter-e.m.f.    of    the    con- 
denaive reactance,  and  E  is  the  total  e.m.f.  impressed  upon  the  circuit. 
It  will  be  seen  that  in  this  case  the  current  is  leading. 

If  the  inatantaneoua  applied  voltage  is  expressed  as  in  (1S9),  the  Instanta- 
neous current  is 

i-7»»  sin  (2x/t+*).  (166) 

In  this  expression,  the  phftsc  angle  ^  between  the  current  and  the  voltage 
is  determined  from  the  relation 

160.  Termi&oloff7<  The  following  termicology  used  ia  appUcatioD  of 
■liie-waT*  altamating-eorrant  olrcuitt  ia  recapitulated  here  for  the  rake 
of  convenience.  An  lnstant»n«oul  Tklu*  of  alternating  current  or  voltage 
(Fig.  24)  is  connected  with  the  inaziinum  value  or  the  amplitude  by 
the  relation  given  in  Par.  lU.  The  mean  effective  value,  also  called  the 
root-mean-iquare  value,  or  simply  the  effective  value  of  an  alternaUns 
current  or  voltage  is  defined  in  Far.  IM.  For  a  sine-wave  quantity  the 
effective  value  is  equal  to  the  amplitude  divided  by  \/2;  or 

B.„  -— "---0.7071B....  (168) 

V2 
The  mean  or  averace  value  of  a  sinusoidal  alternating  current  or  voltage 
ia  equal  to  the  maximum  value  divided  by  t/2,  or 

E.^  -  "^"-0.63662Fm«.  (169) 

The  ratio'  between  the  effective  and  the  average  value  ia  called  the  form 
factor  (Par.  SOT)  and  Is  equal  to  1.11  for  sine-waves. 

161.  Periodic  time.  The  interval  of  time  T  in  Fig.  24.  corresponds  to 
one  complete  cycle.  The  interval  of  time  Tf2  correaponding  to  one-hsif 
wave  ia  called  an  alternation,  and  for  every  cycle  there  are  two  alternations. 
The  frequency  or  the  periodicity  of  an  alternating  current  may  be  expressed 
either  in  cycles  per  second  or  in  alternations  per  minute.  However,  the 
latter  method  is  not  common. 

16S.  The  phase  displacement  between  two  currents  or  two  voltages. 
or  between  a  current  and  a  voltage,  is  commonly  meuured  in  electrical 
degrees.     One  electrical  degree  is  l/360th  part  of  a  complete  cycle. 

163.  Vector  representation.  ^  Alternating  currents  and  voltages  which 
vary  according  to  the  sine  or  conne  law  ran  be  represented  graphically  by 
directed  straight  lines  railed  Tectors  (Fig.  27).  The  length  of  a  vector 
represents,  to  son^  arbitrary  scale,  the  effective  value  of  the  altematiog  ' 
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qvantaty,  while  the  position  of  the  vector  with  respect  to  s  selected  refeienoa 
»»etor  giTCS  the  phase  displacement.  Countrr-clockmM  dirtction  of  rotation 
w  almym  caiuidtrtd  ponlin:  so  that  for  instance  in  the  diagram  (fc)  the  volt- 
age leads  the  current  by  90  dcg.  By  means  of  vectors  the  relative  phase 
peaition  and  value  of  either  currents  or  e.m.fs.  can  be  represented  in  the 
aame  manner  as  forces  in  mechanics. 

t«4.  Tsctor  diagrami  for  limpla  mtIu  elreuiti.  Referring  to  Fig. 
Z7,  diagnims  are  shown  for  circuits  containing  (o)  resistance;   (6)  inductive 

reactance;  (c)  condensive  re- 
actanoe;  Id)  resistance  and 
inductive  reactance;  (i)  re- 
sistance and  condensive  ze- 
actance;  (/)  resistance,  in- 
ductive reactance  and  con- 
densive reactance. 

IM.  Obm't  law  for 
altwnatliic-etirrant  dr- 
ouits.  The  Impedanee  (in 
ohms)  is  the  ratio  of  an 
alternating  voltage  E  across 
a  part  of  a  circuit  to  the 
current  I  through  the  circuit. 
Denoting  the, impedance  by  t, 
B-mI,  (170) 

where  B  and  /  are  the  effec- 
tive values.  This  eouation  expresses  only  the  numerical  relations;  it  must 
be  remembered  that  B  and  /  are  not  in  phase  with  one  another. 

IH.  Iinpsdanca  eoluUtInc  of  resistance  and  raaotano*  in  MriM. 
In  a  circuit  containing  an  ohmic  resistance  r  in  series  with  an  inductive 
resctanee  x  (Par.  IM)  the  impedance  is  numerically 

s-VTJ-)-T».  (171) 

•o  that  oumerically, 

I-    r-  (172) 

The  phaae  aiiKl*>  by  which  the  current  lags  behind  the  voltage,  is  found 
from  the  relatioD 


Fio.  27. — Vector  diagram  of  eunent  and 
e.mX;  series  eireuits. 


tan  # — -,  or  cos  ♦  —  - 


(173) 


1ST.  ImpodaDM  eonsiatinc  of  reaistane*  and  eondeniane*  in  lariM. 
In  a  circuit  coDtaining  an  ohmic  resistance  r  in  series  with  a  condensive 
lesetaaee  xm  (Par.  IM),  simitar  relations  hold,  in  which  x*  is  substituted 
for  z.  The  current  leads  the  voltage  and  the  angle  ^  is  to  be  considered  as 
negative. 

IH.  Impedanea  oonsistlnf  of  resistance,  reaetanc*  and  eondans- 
aaee  in  swies.  If  a  circuit  contain  both  inductive  and  condensive  reactance 
(Fig.  27/),  the  impressed  e.m.f.  is 

«- VjB,« -(-(«.-£.)»- V(/r)»-K/x-/i.)i.  (174) 

Dividing  ff  by  J,  tlie  impedance  is 


when 


«-Vr»-)-(»-i.)«. 


(ohms) 
(see  Par.  IM) 
(see  Par.  IM) 


(178) 
(176) 
(177) 


IM.  Current  eomponanti ;  parallel  eireulti  of  resistance  and  react- 
ance. The  current,  like  the  e.m.f.,  can  be  split  into  two  components, 
one  in  phase  and  the  other  in  quadrature  with  the  e.m.f.  It  is  convenient 
to  employ  the  e.m.f.  diagram  with  series  circuits  and  the  current  diagram 
with  parallel  circuits.  A  current  diagram  is  presented  in  Fig.  28.  It  pre- 
•uppcees  a  non-inductive  resistance  r  connected  in  parallel  with  a  pure 
iadactiva  rsaetaoee  s.    The  total  ourrsnt 


91 


(wnp.) 


(178) 


dbyV^iUUyiL' 


Sec.  a-170    BLBCTRZC  AND  MAONBTIC  CIRCUITS 


If  £  is  the  voltage  acron  the  drooit,  then 

I-V(Bg)'+(.Eb)'-B~-Bv 


(amp.) 
(amp.) 
(amp.) 


(ITO) 
(180) 
(181) 


In  these  expreosiona 


0  -  -^  -  oondnotene* 


y_  -  >i MllIlittanM 

Ir    a        ^     I     y 
ITO.  ftacUtanM  and  condensuiM  In  parallel. 


''i^: 


.^- 


*-E 


(mho)  (182) 

(mho)  (183) 

(mho)  (184) 

(186) 

In  a  circtxit  conaatinx 
of  a  resutance  and  a  capacity  in  paraller  the  same  relations  hold  except 
that  the  current  is  leading,  ana  x«  is  used  in  place 
of  z  (Par.  IM) .  If  there  is  any  doubt  whether  the 
quadrature  current  is  caused  Dy  an  inductance  or 
a  capacity,  use  the  expresaioDS  inductive  sus- 
oeptanoe  and  capacity  (or  condensive)  suscep- 
tanoe.  The  latter  is  sometimes  called  capacl- 
tenee.  Fig.  28  also  shows,  in  dotted  lines,  the 
resultant  current  when  a  pure  resistance  and  a 
pure  condensance  are  connected  in  parallel;  in 
such  case  the  phase  angle  ^  becomes  an  angle  of 
lead. 

ITl,  ImpeduxOM  In  Mriat.    In  a  circuit  eon- 
taining  several  resistances  and  reactances  in  series, 
the  resistances  should  be  added  together  and  the 
reactances  added  together,  so  that 
r^-Zr; 
Xn  -  Sx,- 

«,-V'(Zr)«  +  (Sl)>. 
The  subscript  eq  stands  for  equivalent. 

ITS.  Impadaaoet  cannot  be  mddad  alfabrateaUr,  but  mnat  always 
b«  added  ceooMttleally,  or  vectorially.   Sinoa 

r—s  cos  ^,  and  s—s  sin  ^,  (188) 

the  preceding  equation  gives 

t^  =  \/(Zx  eoa  «)<+(Z«  ain  ^)<.  (189) 

ITS.  Admittances  In  parallel.  In  a  circuit  consisting  of  several  parallel 
branches  the  conductances  should  be  added  together  and  the  susoeptanoea 
added  together  (Par.  ItS)  so  that, 

and 

«"«-V(r«)«+(Z6)«.  <191> 

1T4.  Admittances  cannot  be  added  alcebraleallT,  but  most  alwars 
be  added  geomatrioally,  or  vectorially.     Since 

ir-v  COS  ^,  and  6  — V  sin  0,  (182) 

the  preceding  equation  gives 

Vn  =  Viiu  cos  ^)'+(Zv  sin  ♦)'.  (193) 

ITS.  Squlvalant  leriea   and  parallel  eomUnattona.    IM  r.  and  x, 

be  a  resistance  and.  a  reactance  connected  in  series  and  let  r,  and  Xy  be  a 


U) 


(186) 
(187) 


Fio.  28. — Vector  dia- 
gram of  currents;  pure 
resistance  in  parallel 
with  pure  inductive  re- 
actance. 
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leaistanee  tad  a  raaetanoe  conneeted  in  ]>arftllel.  The  two  combin&tioiM  are 
ailed  equiTalent  when  a  civea  impreesed  alternatinK  voltage  produces  the 
tuat  total  eurrent  through  both,  in  magnitude  and  in  phase.  In  other 
vonb,  both  eombinationa  must  have  the  same  impedance  g  (or  admittanoe  y), 
tad  the  eame  phase  angle  ^.     The  two  reaistanoes  and  the  two  reactancea 


>  pbi 
I  by 


m  coaoeeted  by  the  idatioiu 


rjr. 


-^, 


•Bdalw 


**»-*'-ji: 


C194) 


0  6 

r.--;,    It--;- 

in.  OaleolAttoB  of  ■arlaa-pkrallal  dreiiita.     The  {oracoing  relstiona 
■n  oieful  in  detenxdiiing  the  voltage  and  current  relations  obtaining  in  com- 

plexseriee-paraUeJoircuitfl.  For 
_  example,  in  the  circuit  shown 

in  Fig.  20  the  reststanoe  r>  in 
series  with  leactance  xi  is  re- 
^t        *>  _^    plaoed  by  a  conductance^ v 

WW     'WW .B    n/n«  in  parallel  with*  euaoept- 

ance  bi  ^  zi/si',  where 

»i»-n»+»i«.  (195) 
A  afanilar  substitution  is  made 
lor  the  branch  2,  then  the 
branches  1  and  2  are  replaced 
by  one  equivalent  branch  o{ 
eondaetance  tfgi+m  in  parallel  with  the  ausceptance  fc<  — bi+^s.  Now 
tke  branch  g4,  &i»  ia  replaced  bjr  an  equivalent  seriee  combination  consisting 
of  a  resistance  r«—«i/y«*  in  serie»  with  a  reactano*  n  — Wv«'>  where 

y4«-»4»+k4>.  (196) 

Tke  original  aerim-jparallel  combination  is  thus  reduoed  to  •  aimple  series 
oiciiit,  and  we  finally  have 

Knowing  r.,  and  x^t  the  total  eurrent  may  be  found  for  a  given  voltage  or  tic* 
acno,  inm  the  iel*tions  given  in  Par.  IM. 

'  r        ' 


Pio.  29. — Seriee-parallel  combination. 


4 
\ 

4 


Fn>.  30. — Circle  ^i^F-*"*  tor  seriee       Fio.  31. — Circle  diagram  for  parallel 
dreuita.  eircuita. 

ITT.  Cinle  dUgrun;  mtIm  dretilti.  Drs.  F.  Bedell  and  A.  C.  Crehore 
developed  a  eirde  diacram  which  shows  the  interrelation  of  the  various 
constanU  ia  an  altamati&gHnirrent  circuit  when  one  or  more  quantities  are 
varied. 
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S 

Conridering  the  series  circuit  shown  in  Fig.  30,  let  it  be  required  to  study 
the  current  when  the  resistance  and  reactance  are  varied,  the  e.in.f.  being 
kept  constant.  With  £  as  a  diameter  draw  the  circle.  06c,  then  Obc  is  the 
e.m.f .  or  inmedance  triangle  and  9  is  the  angte  of  phase  displaoement  between 
/  and  E.  Dividing  the  current,  /,  into  ima^naiy  comiwnents,  B/r  is  laid  off 
along  OC  in  phase  with  E,  and  E/x  is  laid  on  along  OA  in  quadrature  with  B. 
Drawing  the  line  AC,  and  the  circles,  OB  A  and  OBC,  the  hne,  OB,  represent* 
the_  current,  /,  both  as  to  value  and  phase  position.  If  x  is  constant  ttnd  r 
variable,  the  point.  B,  will  travel  along  the  circle,  OBA^  while  if  r  is  con- 
stant and  X  variable,  the  point,  B,  will  travel  along  the  circle,  OBC. 

ITS.  Circle  dlagrazn;  parallel  circuits.  Referring  to  the  parallel 
circuit  in  Fig.  31,  let  it  be  required  to  study  the  e.m.f.  when  the  conductance 
and  susceDtance  are  varied,  the  current  remaining  constant.  With  I  aa 
diameter  draw  the  circle  Obc,  then  Obc  is  the  current  or  admittance  tri&nsle 
and  d  is  the  angle  of  phase  displacement  between  E  and  7.  Dividing  the 
e.m.f.  into  components,  I/b  is  laid  off  along  OA  in  quadrature  with/;  then 
drawing  the  line,  AC,  and  the  circles,  OB  A  and  OBC,  the  line,  OB,  repreaenta 
the  e.m.f.,  B,  both  as  to  value  and  phase  position.  The  circle,  OBA,  ia  the 
locus  of  the  point,  B,  when  b  is  constant  and  g  variable,  while  the  circle,  OBC, 
is  the  locus  of  the  point,  B,  when  g  is  constant  and  b  variable. 


FiQ.  32.-^ondensance  in  parallel 
with  inductive  impedance. 


Oener- 


Fig. 


33.— Load  connected  to 
inductive  line. 


179.  Phase  compensation.  CondensiTe  reactance  connected  tn 
thunt  with  an  induotlTc  impedance  can  ho  so  adjusted  as  to  brins  the 
total  current  more  or  leas  in  phase  with  the  impressed  e.m.f.  Referring  to 
Fig.  32,  Xe  and  the  impedance  t,  are  in  parallel,  where 


Taking  the  admittances, 

r 


fa»-r»+x,« 


and  5i=  — 


In  order  that  /  be  in  phase  vith  £,  ti  -fbi  must  be  equal  to  lero,  or 


(188) 
(109) 

(200) 


ThuSp  it  is  seen  that  the  value  of  x«  depends  upon  the  resistanoet  r,  aa 
well  as  upon  i.: 

1.  -  si  -  Ebv  n-gyj(^I-y  +  (^y-Ey/iJ+bJ,  (201) 

^-N(^.)'+  { C4^.)4}  '-^^^^'^•"•""'-  ^*°^> 

180.  Leading  current  through  an  Inductive  line  will  ruse  the  e.m.f. 
at  the  receiving  end  of  the  circuit.  Referring  to  Fig.  33,  let  B  be  the  voltage 
at  the  generator  end  of  a  circuit,  e  the  voltage  at  the  receiver  end,  and  i  the 
line  current.  Let  the  load  be  of  such  a  nature  that  the  current  is  leading 
with  respect  to  the  voltage  e.  Adding  to  e  the  ohmic  drop  ir  in  the  line 
(Fie.  34a)  in  phase  with  i,  and  the  reactive  drop  I'x  in  leading  quadrature 
with  i,  the  impressed  voltage  E  is  obtained.  It  will  be  seen  thJat  £<  e;  but 
with  a  lagging  current,  E>e  (Fig.   346). 

181.  Series  resonance.  In  a  cons  tan  t^potcntial  circuit  which  contains 
hiductive  reactance  and  also  condensive  reactance  in  aeries,  it  is  possibla 
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to  obtain  an  enormous  rise  in  e.m.f.  by  adjusting  the  reactances  or  the 
bequney.     Thua,  socordins  to  Par.  IM, 

JJ-/»-lVr' +  (!.-».)>,  (volts)         (203) 

Tbe  e.in-f.  aemas  tbe  eondenare  reactance  is 


•Dtkat 


«-/ift 


B     Vr«+(«,-a;,y>      » 


(804) 


Tm.  Ma. — ^Effect  of  induetaaoe  with    Flo.  34b. — Effect  of  inductance  with 
leadinc  current.  lagging  current. 

Xov.  s  (the  total  impedance)  may  be  less  than  xm,  and  in  this  case  e  (the 
dinpacroas  the  condenser  terminals)  will  be  greater  than  E  (the  total  impressed 
Twf  ).    U  the  frequency  ia 

^~o_    ,-^  (cycle*  per  second)         (205) 


■•  shall  haTS 

vfculi  eooditiona  giTes  the  highest  rise  in  voltage, 
aaee  of  tbe  circuit)  is  assumed  to  be  xero, 


(206) 
If  moreover  r  (the  resist- 


■d  we  have  an  extreme  case  of  voltaca  raionanM. 
ns*  is  purely  an  ideal  case,  but  in  any  event 


g 


(207) 


(208) 


■  L  is  the  ooeffieient  of  self-induction  in  beniys  and  Cthe  capacity  in 
fsfl»da  of  the  apparatus  connected  in  series.  Sometimes  the  constants  of 
the  eirevt  arc  such  that  a  resonance  of  one  of  the  higher  harmonics  of  the 
roltage  taka  place. 

IM.  Pandlal  rewmanea.  When  an  inductive  reactance  and  a  condensive 
rcActaaec  an  joined  together  in  parallel,  they  can  be  so  adjusted  or  the  fre- 
r|ii>a  ry  can  be  so  eboaen  that  eairent  monanee  will  take  place. 

Let  the  total  eonduetanoe  of  the  combination  be  a,  the  inductive  sus- 
i»Wsiir|  b,  and  the  condensive  susoeptance  b,.    Then,  the  total  current 

I<-Bv-Vg*+(.h.-hc)'  (209) 

Tht  taiieat  through  the  condensive  susceptance  is 

i.-£j>.,  (210) 

■>ttat  * 

^-     ^-•- -»?  (211) 
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But  the  total  admittanoe  y  may  be  amaller  than  &«,  and  in  thia  eaaa  tiw  total 
line  current  /  ia  leaa  than  one  of  ite  component*  i«.  A  ■i*wtUr  relation  nu^ 
be  proved  for  ti.     When  the  frequency  ia 

/"«.  .Ai-:?         (oyclee  per  aeoond)         (313> 


[U;fonoin  that 
and' 


ZwVlC 
6.-i*  (213) 

I -Eg,    ».--»..  (214) 

The  line  current  is  comparatively  small,  but  there  ia  a  large  intarali«iis« 
'of  current  between  the  inductance  and  the  capacity,  in  parallel. 
h  BMonanee  can  oocur  at  only  on*  fr«qaanc7.     Sometimes,  in  the  eaas 
of  a  complex  wave,  it  occurs  at  the  frequency  of  one  of  the  componant 
harmonics  instead  of  the  fundamental  frequency.     In  such  case,  either  for 

voltage  or  current  (series  or  parallel 
resonance),  the  macnituda  of  the  reso- 
nant harmonic  component  is  much  ezec- 
gerated,  as  compared  with  its  aormal 
magnitude  in  a  non-resonant  oireuit. 
The  condition  of  resonance,  except  in 
tuned  circuits  where  it  is  specially  de- 
sired (m  in  radio-telegraphy),  is  one  to 
be  avoided. 

IBS.   Conaonanee.       Reaonanoe    in 

the   primary   circuit  of  a  transformer, 

caused  by  the  proper  combination    of 

inductance  and  capacity  in  the  asoond- 

k  ary  circuit,  is  called  consonance. 

„      _.     „       ,  184.   Alternating    curranti    »ad 

Fia.  35. — Complex  quantities;  axes  Toltagei  treatad  b7  meana  of  oom- 

of  reals  and  imaginariea.         pi,x   (imaginary)  qnantltiea.      If  « 

and  f'  (Fig.  36)  are  the  projectiona  or 

the  components  of  a  vector  B  along  two  perpendioular  axes,  tnsn  the  veotor 

£  may  be  represented  symbolically  aa 

£-«+/«',  (216) 

where  ___ 

y-V-1,  (216) 

and  the  dot  under  S  signifies  that  the  magnitude  as  well  as  the  directioa 
of  E  is  meant. 

Let  two  veoton  of  Tolt- 


18(.  Addition  and  aubtraetlon  of  Taoton. 

age  be  represented  as 

JTi-si-H/s't, 

Then  the  sum  or  the  difFerence  of  these  two  veetota  ia 
Si  -  El ±  ffj  -  (ei ± «)  +;(e'i  ± s't). 
IBS.  Botation  of  a  Vector.     Multiplying  a  veetor  by  / 
00  deg.  in  the  poritive  direction  (counter-clookwisq).    Thus, 

y*-;(«+/«0--«'+*ii 


(217) 
(218) 

(21») 
it  by 

(220) 

because  j'—  —1.    Multiplying  a  veotor  by— j  rotates  the  veotor  by  90  deg. 
in  the  negative  direction — that  is,  clockwise. 

A  vector  S  may  be  also  represented  symbolically  (fig.  35)  as 

£-£(coe«+;  sin*),  (221) 

where  E  without  the  dot,  on  the  right^and  side  of  the  equation,  standa 
for  the  magnitude  only. 
The  operator 

c>>  -  cos  ^  +)  sin  «,  (232) 

where  •  is  the  base  of  natural  logarithms,  turns  a  veetoc,  by  the  an^  ^ 

in  the  positive  direction.    Thus, 

£(cos«+/sin  «)-£(cos  l+j  sin  «)  (cos  t+j  sin  «)«£[oo*  («+*)-(- 

J  sin  (»+♦).  (223) 
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TfceoptntoT 

W^  -eo*  4  -y  iin  «  (324) 

tanu  a  vector  by  the  angle  ^  in  the  negative  direction,  that  ia,  clockwise. 

UT.  Impaduiea  and  admlttaae*  oparaton.  Tha  ImpadanM 
Qarator 

Z-r+jz  (225) 

eoorerta  the  rector  ot  a  oiimnt  into  that  of  a  potential  difference  aeroas  an 
impedaoce  (conaiating  of  a  reaistance  r  in  setiea  rith  a  reactance  *).  Tha 
■dnittanea  oparator 

r-ff-iJ  (226) 

ocaTerla  the  vector  of  a  voltage  applied  acroaa  the  terminals  of  a  conduct- 
BBoe  ff  in  parallel  with  a  susceptance  b,  into  the  vector  of  the  total  currenl 
through  tnia  combination.  Thus,  if  a  current  I^i+ji'  flowa  through  tha 
impedance  Z  — r+jz,  the  required  voltage  is 

«-Z/-(r+>*)(t+i.'),  (237) 

«c,  separating'  the  real  and  the  imaginary  quantities, 

B-(ir-i'x)+)(,i'T+ix).  (228) 

la  othar  words,  £  is  a  vector  such  that  its  horisontal  projection  e  (Fig.  36) 
isMoal  to  iir~i'x),  and  the  vertical  projection  is  (i'r+iz). 

Tm  angle  9  which  the  vector  B  forms  with  the  horisontal  aiis  is  detar- 
aoasdhy 

*»»»~7-: — V^'  (229) 

(ir-.'i) 

in.  Vatworks  of  oonduetors.  The  method  pven  In  Par.  M  to  38  is 
pneraliied  in  the  case  of  alternating  e.m.fB.*  by  writmglCirohhoff*!  equations 
IOC  the  vectors  of  the  currents  and  of  the  voltages.  With  the  notation  used 
shove,  we  have 

Z/-0;  ZS-ZIZ.  (230) 

EQnatiiia  the  vertical  and  the  horisontal  projections  of  the  vectors  to  sero 
npsrately  (Fig.  35),  and  using  expression  (228),  equations  (230)  become 

Zt-0;  Zt'-O;      1 

2(»r-»'x)-S«:      [  (231) 

2(i'r+»*)-2«'.    J 

It  thsn  an  n  unknown  onrrenta  or  voltagea,  2n  independent  aquations  of  tha 
form  (231)  may  be  written,  and  from  theee  equations  2n  projections  of  n 
nlmcwn  vectors  can  be  determined.  The  problem  is  thus  similar  to  that 
vith  ^reet  currenta,  and  the  references  given  in  Par.  Si  ma^  be  consulted  for 
din|>lifieationa  which  may  be  taken  advantage  of  in  practical  cases.  * 

_  W.  Tha  azpraaaloiii  for  power  and  powar  factor.    The  avarar* 

power  expressed  through  the  projections  of  the  vectors  is 

P  -  n  +«'»'-  BJ  cos  «,  (232) 

whets  (  and  e'  are  the  projections  of  the  voltage  B  (Fig.  85),  and  i  and  t'  are 
U>cse  of  the  current  /.     Note  that  the  power  is  not  a  vector  quantity. 
Xhe  power  f aotor  is  found  from  the  relation 

oos  «  -  eos  (««-  9i),  (233) 


».-tan-«  t'/t  and  *t-tan-> ♦'/».  (234) 

Or  dse,  the  angle  4  is  found  directly  from  the  relation 

tan  «-[(«'/«)-«'/0Vll+(«'f7«01  (235) 

If  taa  #  is  positive,  the  current  is  lagging;  otherwise  it  is  leading— with  re- 
•Pwtto  the  f.m.f.    See  also  Par.  ISt. 

_*Sm  also  Campbell,  O.  A.    "Cisoidal  OsoilUtions;"  IVaiu.  A.  I.  E.  E.,  Vol. 
UX,  Mil,  pp.  873  to  913. 
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ifON-8nnr80ioAL  or  gomplsx  watxs 

190.  Sxaznples  of  complex  warei.  The  ouryea  ehown  in  Fis.  36 
illustrate  the  effect  of  the  inductance  aod  the  capacity  in  a  circuit  to  which 
ia  applied  an  alternating  e.ni.f.,  differing  from  the  simple  sine-waTe.  The 
ourres  were  taken  simultaneou^y  with  an  oacillograph.  E  is  the  impreased 
e.m.f.;  L  the  current  taken  by  an  inductance  coil,  and  /«  that  taken-  by  a 
condenser.     Fig.  37  shows  the  circuit. 

191.  WftTe  of  raftctire  e.m.f.  due  to  tnductlTe  re«ctftnoe.    Aseuxnins 

the  reluctance  of  the  iron  core  in 
the  inductance  coil  to  be  const&nt, 
which  ia  approximately  true  below 
the  saturation  point,  the  value   of 
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Fio.  36. — Complex  atternatins-ctirreiit 
waves. 


Flo.  37. — Circuit  in  which   the 
waves  of  Fig.  36  were  observed. 


the  flux  is  proportional  to  the  current  /..     The  instantaneous  value  of  the 
e.m.f.  £  (see  Par.  67)  is 

di     .di 

'-"ir-^di 


(236) 


that  is,  the  curve  £  will  have  its  maximum  amplitude  when  the  curve  /. 
passes  through  sero.  This  is  not  exactly  true  in  this  case,  because  of  a 
small  loss  in  the  resistance  and  the  iron;  the  current  to  supply  this  loas 
being  in  phase  with  the  e.m.f.  E. 

191.  Wave  of  currant  through  eondanilTa  rakCtanoe.  The  condenser 
current  is  proportional  to  the  rate  of  change  of  the  e.m.f.  (see  Par.  lOS) ; 
the  instantaneous  value  is 

.      ^«  (237) 

"  ^df 
that  is,  the  curve,  /«,  has  its  maximum  when  the  rate  of  change  of  the  curve, 
E,  is  a  maximum.  Were  E  a  sine  curve,  /  would  be  also  a  sine  curve  and 
would  be  in  quadrature  with  E,  but  when  the  curve  of  e.m.f.  is  not  a  sine 
curve,  as  in  Fig.  36.  the  maximum  amplitude  of  the  current  will  occur  at  the 
point  where  the  slope  of  the  e.m.f.  curve  is  a  maximum. 

19S.  Xflecti  of  Inductive  and  condenslve  reactance  on  wave  form* 
These  curves  show  the  effect  upon  the  current  wave  form  of  inductive 
reactance  and  condenaive  reactance.  The  curve,  B,  is  the  wave  form 
produced  by  the  generator;  it  contains  several  harmonics  (see  Par.  S09).  The 
inductive  reactance  tends  to  damp  out  the  higher  harmonics,  while  the 
condensive  reactance  emphasises  them. 

19i.  Determination  of  total  complex  current  wave.  When  the 
applied  voltage  contains  higher  harmonics  (Par.  809)  the  total  cur- 
rent through  an  impedance  is  found  by  summing  the  harmonic  currents 
due  to  each  harmonic  of  the  voltage  acting  alone.  Thus,  the  reactance 
at  the  fundamental  frequency  ^  is  xi  —  2t/L,  the  reactance  to  the  nth 
harmonic  is  Xi.»2]m/L,  and  the  impedance  to  the    nth  harmonic  is 

,««Vr«4.(2Tn/£*)*.  (238) 

199.  Power  and  energy.  The  general  expression  for  the  energy  deliv- 
ered to  an  alternating-current  circuit  with  any  wave  form  of  current  and 
voltage  is 


\V=    I    eidt  (j 
Jh 


(joules  or  watt-seconds),      (239) 
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vheia  e  is  aa  inst&ntaneoaa  valae  of  the  vclitige  in  rolta,  t  is  the  eorra- 
•poiuiiiig  instantaneous  cumat  in  amperes  undlt  —  ti'-Tit  the  interval  of 
time,  in  seconds,  for  which  the  energy  is  to  be  determined.  The  average 
power  deliTered  during  the  same  interval  is 

(watts)  (240) 

IM.  Towwr  ttetar,  itan-m-m.  When  the  current  and  the  voltage 
vary  according  to  tlie  sine  law,  the  power  P  —  IE  cos  ^,  where  B  and  / 
are  the  effective  values  of  the  voltage  and  the  current  respectively,  and  ^ 
is  the  phase  angle  hetween  the  two,  cos  ^  being  known  as  the  power  factor 
ot  the  circuit.     See  also  Far.  IW. 

UT.  Power  factor,  eomplaz  wavM.  When  e  and  i  are  irrecnlar  curves, 
the  average  poorer  is  found  as  the  average  ordinate  of  a  curve,  the  ordinates 
of  which  are  proDortional  to  the  product  n.  If  a  and  i  are  resolved  into  their 
barmonJcs,  each  harmonic  contributes  its  own  share  of  power  as  If  It 
wete  acting  alone,  so  that  the  average  power  is 

P-*iIi  oos^i+ftJi  COB  «i+eto.,  (241) 

where  7i,  7i,  etc..  and  B\,Ei,  etc.,  are  the  effective  values  o(  the  harmonic 
currents  and  vintages  respectively,  and  the  angles  ^  are  the  respective  phase 
^splacementa. 

IM.  The  •nar(T  component  and  the  rsaetiTS  component  of  Tolt- 
ace  or  eurreixt.  In  a  simple  harmonic  circuit  with  the  voltage  £,  current 
I,  and  the  pfaas6  displacement  <  between  the  two,  B  cos  <p  is  called  the  energy 
component  of  the  voltage  and  £  sin  0  the  reactive  component  of  the  voltage. 
Analogously.  7  cos  4  is  the  energy  component  of  the  current  and  7  sin  ^  is 
the  reactive  component  of  the  current.  Similar  components  are  used  in 
cireuits  with  non-einusoidal  currents  and  voltages,  provided  that  these  are 
first  replaced  by  equivalent  sine-waves. 

199.  BTeettro  Talae  of  any  ware.  The  effective  value  of  a  variable 
cnrrent  or  voltage  is  defined  as  that  continuous  value  which  gives  the  same 
total  iV  loss.     Or,  if  /  be  the  effective  value  of  a  variable  current  1, 

T 

7vr-   I      ««rd«  (joules) 

from  which 


(amp.) 


(242) 


TUs  may  be  expressed  by  saying  that  the  tfftcUtt  talue  0/  a  eumnt  «r  tottoffe 
ts^egvof  to  the  uguare  root  of  tht  mean  aquare  (r.m^.)  0/  the  variable  yaluee.  Hot- 
vire  instruments  and  electrod3mamometer-ty]>e  instruments  indicate  directly 
the  effective  values  of  alternating  currents  and  voltages. 

100.  BfeetiTO  Talue  of  a  ilne-waTe.  For  sine-waves  the  effective  values 
sn  given  in  Par  IM.     In  terms  of  the  maximum  value,  the  effective  value 

is  JI,/; -0.7071  EmtM. 

Ml.  Computation  of  affecttro  valuo  of  a  eomplox  wave ;  llrtt  mothod. 
For  irregular  waves  the  following  four  mothods  are  used  in  order  to 
obtain  the  effective  value  of  the  ordinates  of  a  curve,  y  ••  /(z).  Under  the 
first  method,  plot  a  curve  the  ordinates  of  which  are  equal  to  v*-  Deter- 
niioe  the  average  ordinate  of  this  curve  either  by  a  planimcter  or  by  weigh- 
ing the  paper  on  which  it  is  drawn,  and  take  the  square  root  of  the  value 
of  this  onhnate. 

MS.  loeond  mothod.     According  to  Bitapion'trtllo,*  divide  the  curve 

*  Simpson's  Rule  is  a  formula  for  computing  the  area  comprised  between 
a  ^ven  curve,  y  »  /(x) .  the  axis  of  abscissv  ana  two  given  ordinates.  Divide 
the  distance  between  the  given  ordinates  into  n  equal  parts,  where  n  is  an 
even  aumber,  and  erect  ibe  corresponding  ordinates.     Let  these  ordinatast 
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into  k  equal  p»rta  by  Jb+ 1  equidutsnt  ordiiuttM  y«,  vi>  «to.,  yt,  where  t  ia  an 
even  number.     Then  the  effeotive  value  is 

v.//  -  -T=[v.'+i(]n'+y*+ete.+vt.i')+2(i,'+y,'+ete+»\j+u^]*. 

(243) 
SOS.  Third  mathod.     If  the  irregular  wave  »  given  in  terma  of  ita 

harmonics,  then  the  effective  value  is 

».//-0.7071V'Ai«+4i«+eto.,  (2M) 

where  Ai,  At,  etc.,  are  the  amplitudes  of  the  separate  harmonies. 

S04.  Tourth  method.  Replot  the  given  irregular  curve  (Fig.  38)  in 
polar  coordinates  (Fig.  39),  ana  determine  the  area  A^,  of  the  polar  curve, 
with  a  planimeter,  or  Dy  plottinf;  on  homogeneous  paper  of  known  area  and 
weight,  then  cutting  out  and  weighing  again;  the  areas  are  then  proportional 
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Flo.  38. — Complex  wave  in  rec- 
tangular coordinates. 


Fio.  391 — Complex  wave  of  Fig. 
38  in  polar  coordinates. 


to  the  weights.     This  area  must  be  expressed  in  units,  v'mun  as  taken  from 
Fig.  38.     This  is  done  by  multiplying  the  area,  A„  of  the  polar  curve  by 

the  ratiof — ^m-\  ;  y,„  andpxu  are  meastued  in  terms  of  the  same  units. 

\  Pm..  / 

The  mean  effective  ordinate  is 


»•//■ 


intermsof  v« 


(245) 


lot.  Oeneraliution  of  fourth  method.  The  latter  method  has  been 
generalised  by  Mr.  C.  O.  Mailloux  for  determining  the  effective  value  of 
direct  current  taken  by  an  electric  car  or  a  train  during  a  run.  For  a 
detailed  treatment  ana  numerous  practical  applications  see  his  paper 
**Methode  de  Determination  du  Courant  Constant  Produisant  le  M£me 
Echauffement  qu'un  Courant  Variable,"  in  the  Transactions  of  the  Intei^ 
national  Electrical  Congress  held  at  Turin  (Italy),  1911. 

S06.  The  amplitude  factor  is  the  ratio  of  the  maximum  ordinate  to  tho 
mean  effective  ordinate,  thus 


Vttf 

tOT.  The  form  factor  is  the  ratio  of  the  mean  effective  ordinate  to  the 
mean  ordinate,  thus 


■amplitude  factor. 


-  —  form  factor. 


(246) 


(247) 


including  the  two  given  ones,  be  denoted  yo,  yi,  yi,  etc.,  yn.     Then  the  area  of 
tho  curve  is 

A  -  }A[yo+4(yi+y«+yi+etc. +y,-i) +2(yi-|-y«-(-y«+etc. +y.-j) -|-y.l, 
where  h  is  the  distance  between  any  two  adjacent  ordinates.     The  greater 
the  number  of  strips  (n),  the  more  nearly  the  foregoing  formula  represents 
the  area  of  the  given  curve. 
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Tlie  table  in  Par.  106  gives  the  form  factor  and  the  amplitude  factor 
for  Taiioua  mathematical  curves. 
IM.  Table  of  Tona  Tacton  and  Amplitude  Faetori. 


Name. 


Trace. 


Form  "??P'~^  Amplitude    K«3°«';}. 


factor. 


ReetacKle 

1.00 

1.00 

1.00 

1.00 

Senn-eOipae 

1.04 

0.96 

1.22 

0.82 

Bnunaicte 

1.04 

0.96 

1.22 

0.82 

Semi-eUipm 

J^  ^\ 

1.04 

0.98 

1.22 

0.82 

Sue 

r\ 

1.111 

0.900 

1.414 

0.707 

Tiiaacte 

Inrerae  circle  or 
utrerae  ellipse 

A 

1.15 

1.31 
1.44 

0.87 

0.78 
0.69 

1.73 

2.10 
3.23 

0.68 

0.48 
0.31 

M*.  Wam  italrtlMi  rooiler'i  lerlea.  In  the  mathematical  treatment 
«(  alteniatiiic  waves,  it  is  most  convenient  to  work  with  those  having  sine 
lona:  therefore,  thou  vatet  difffring  from  th*  tint  /orm  art  gtnercUly  rffobxd 
%Bfe  hdk  a  funJtnmenlal  sine-mve  and  il>  harmonia.  The  general  equation  of 
any  altematisg  wave,  as  given  by  Fourier's  series,  is 
f-risin(«+»i)  +  riain(2«+»i)+   ....    H-r.  sin(n<j+«,)+ etc.,  (248) 

wherein  v  is  the  ordinate  of  the  resultant  wave;  Fi,  Y Fm,  etc.,  are 

^c  maximiim  ordinates  of  the  first,  second,  .  .  nth,  etc.,  harmonics; 
#1,  fc,  .  .  -  f  K,  the  constant  angles  which  determine  the  relative  time- 
phase  poation  of  the  corresponding  harmonies,  and  u  — 2t/  the  angular 
velocity  of  the  generating  vector  of  the  fundamental  wave. 

tlO.  W>T«  analyaU;  Fiacher-Hinnan'i  method.  By  inspection  it 
cmn  be  said  that  waves  having  like  loops  above  and  below  the  time  axis 
eontain  only  odd  harmonics,  while  waves  havihg  unlike  loops  above  and 
below  the  axis  contain  both  even  and  odd  harmonics.  A  direct  method  of 
wave  aaalyais  given  by  J.  Fischer-Hinnen*  is  baaed  on  the  following 
eqnataoDs; 

4m— — (iit+yt+mt  +.  .  .  ytn-t—vi—v—vu—  ■  ■  ■  in«-«)    (249) 


and 


B.--— (»!+»«+»•+ 


.  lB».i — H — »i — int — 


in..i)       (250) 


wtaeiciB  in,  n  -  ■  ■  V*  ore  ordinates  at  punts  along  the  base  of  the  half 
wave.  wUeb  is  divided  into  2a  e><]ual  parts,  and  A,  and  Bn  are  the  ordinates 
of  the  ntii  harmonics  lying  90  time-degrees  apart.  The  maximum  ordinate 
of  the  nth  harmonic  is  VjIu'+B*',  and  its  time  phase  displacement  from 
the  resultant  wave  ia 


tn—itfi' 


•(rk). 


(251) 


'EUl.ZeU.,    Vol.  XXII.p.  396(1901).-    Also  P.  M.  Lincoln,  Bfec. /our., 
ToL  V,  p.  286  (1908). 
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9n  being  measured  in  terms  of  the  nth  harmonic.  Assuming  time  measured  to 
the  right  and  ordinates  measured  up  as  positive,  and  quantities  tueasured 
in  opposite  directions  as  negative,  positive  values  of  0%  indicate  that  the 
nearest  intersection  of  the  nth  harmonic  with  the  axis  is  to  the  right  of  the 
intersection  of  the  resultant  wave  with  the  axis,  and  positive  values  of  Bm 
indicate  that  the  nth  harmonic  is  rising  at  its  nearest  intersection  with  the 
time  axis.  The  values  obtained  with  the  above  equations  for  the  nth 
harmonic  are  afTccted  by  the  harmonics  which  arc  multiples  thereof,  that  is 
2n,  3n,  etc.  This  correction  is  practically  negligible  for  all  harmonics,  except 
the  first  or  fundamental,  and  a  correction  rarely  needs  to  be  carried  beyond 
the  ninth  harmonic.  Since  wave  forms  in  practice  almost  never  contain 
even  harmonics,  they  do  not  enter  into  the  correction,  and  denoting  the 
corrected  values  by  prime,  we  have: 


A'«">X»  — A'l«  — A'lB  —  X'Tn- 


(2.52) 


and 

B'.-B,+B'«.-B't.+B'7,-    .    .    .  (253) 

When  applying  this  to  the  first  harmonic,  Am  iB  the  ordinate  of  the  re> 
Bultant  wave  at  i/o  (Fig.  406),  and  S,  is  the  ordinate  00  time-degrees  there- 
from at  yt. 


Pio.  40a. — Wave  analysis,  Par.  211.     Fia.  40b.  Wave  analysis.  Par.   211. 

til.  Kzunple  of  w»Te  ftiutlTtli.  As  an  example,  *  assume  the  wave 
given  m  Fig.  40a,  which  is  split  into  three  harmomcs;  the  first  or  funda- 
mental, the  third  and  the  fifth.  Fig.  406  shows  the  method  of  determining 
a  given  harmonic,  in  ttijs  case  the  third.  The  base  of  the  wave  is  divided 
into  2n  or  six  equal  parts  and  ordinates  erected.  Assume  the  ordinatea  to 
measure  as  follows: 


then, 


and 


tn-676;  tn-660;  vt-940;  v<-1004;  Vi-554;  w.-0. 


At-Hi/t-jn) 


BfUvi+i/t  —  v) 


1004-« 


-- 114.7, 


676-I-S54-940 


99.7. 


The  maximum  ordinate  is 


and  the  phase  angle  is 


v'(114.7)>-(-(96.7)'-150 


«>' 


.     .,/'-114.7\ 


-50deg.t 


(254) 
(25S) 


(256) 


(257) 
(258) 


In  a  similar  manner  it  is  found  that  Ai—  —92.8,  and  £t  — 37.4.  In  thia 
example  the  wave  contains  only  the  third  and  the  fifth  harmonics;  therefore, 
the  fundamental  is  determined  as  follows: 

yll-»»-A'.-A'i-0-114.7-t-92.8--21.9; 

Bi-»«-|-B'i-B'.  =  9404-96.7-37.4-998.3; 

»i-tan-"(21.9/999.3)  =  l  deg.  15  min.  (approx.) 

•  EUc.  Jour.,  Vol.  V,  p.  386  (1908). 

t  Fifty  deg.  in  the  terms  of  the  third  harmonic,  or  SO/3  deg.  in  terms  of 
the  resultant 
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til.  W*!9%  maAlysia  tablet  are  available  (Publiahed  by  John  Wiley  and 
Boca.  Inc..')  by  means  of  which  an  irregular  wave  may  be  easily  analyied 
iaio  its  h&rmomcfl  by  taking  a  sufficient  number  of  ordinatea.  For  the 
aw  of  these  tablea  see  the  author's  "Experimental  Electrical  EngiiiMiingt*' 
Voiume  II,  Chapter  31;  John  Wiley  and  Sena,  New  York,  1011. 

POLTPHASI  STBTEMB 
SIS.  A  polypliaae  aystem  is  an  alternating-current  circuit  or  network 
to  which  are  applied  two  or  more  e.m.fa.  of  the  eame  frequency,  but  dia- 
plaeed  in  phase  by  a  fixed  amount  relatively  to  one  another. 


(Wh~^ 

&-1 

^t 

Fia.  41.  Fni.  42.  Fio.  43. 

Fio.  41. — Symmetrical  polyphase  e.m.rs.  (three-phase  system). 
Fia.  42. — Symmetrical  polyphase  e.in.f'a.  (quartei^phase  system). 
Tia.  43. — Unsymmetricai  polyphase  e.m.f's.  (two-phase  system). 

tl4.  S^nunatry  of  xralypham  Byitomi.  A  polyphase  system  is  called 
eymmetncAl  if  the  applied  voltages  are  eoual  and  displaced  in  phase  by 
equal  amounta.  The  three-phase  system  (Fig.  41)  and  the  quarter-phase 
qratem  (Fig.  42)  are  symmetrical  systems;  the  two-phase  system  (Fig.  43) 
is  an  ujwymmcirieal  system. 

tU.  A  balanced  i>ol7phaaa  lyitoin  is  one  in  which  the  sum  total  of 
the  instantaneous  power  in  all  the  phases  is  constant  (non-pulsatiD^). 
Thai,  in  a  symmetncal  three-phase  system  in  which  an  equal  load  is  applied 
to  all  the  tltfee  phases,  the  power  is  constant,  notwithstanding  the  fact  that 
the  power  in  each  phase  is  puUatin.*:. 


Fio.  44a. — Polyphase    star    connec-     Fzo.  44b. — Polyphase   ring   connec- 
tion, (ion. 

AM,  Balaoea  factor.  If  the  total  power  in  a  imlyphaae  system  is  pul- 
ating,  the  system  is  railed  unbalanced;  the  ratio  of  the  instantaneous 
saiBimum  value  of  power  to  the  maximum  value  of  power  is  called  the 
Vslanee  factor  of  the  system.  „,       .  j     .     ,  .,^   j       , 

tl7.  Star  and  Tiag  conneetlona.  The  two  principal  methods  of 
(Donectinc  the  separate  phases  of  a  polyphase  system  are  the  star  coo- 
wrtfoo  (Tig.  44a),  and  the  ring  or  mesh  connection  (Fig.  44b).  In  a 
irmmetrieal  lUpbaae  system,  with  the  phases  equally  loaded,  the  relation 
btween  the  star  voltases  B,  and  the  mesh  (or  ring)  voltages  £.  (Fig.  4Sa) 
b 

£.-2£.sin—  (2S») 
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I, 


Flo.  45a. — Symmetrical  star  and     Flo.  45b. — Symmetrical  star 
hug  o.m.fa.  and  ring  currents. 


Fia.  46a. — ^Thiee;-phai!e  Y  conneo-       Fia.   46b. — Three-phase  delta   oon- 


tion, 


Flo.  48. — Two-phase  system;  star  and  ring  oonnectiona. 


BLSCTJUC  AND  MAQlfBTlC  CIRCUITS    Sec.  2-218 


The  reimtion  between  the  star  eunents  /•  uid  the  mesh  cunents  Im  (Fig, 
4a)  U 


Ia-27aaill  - 


(260) 


tU.  Thro  pli«—  T  and  A  eonneetloni.  In  a  thne-phaae  ■ystem 
tka  star  eonneetion  is  also  called  the  Y-connection  (Fie-  46a),  and  the  mesh 
is  called  the  delta  ccnneetion  (Fif.  4S6).  The  relations  of  the  currents 
sad  the  T(dts«ea  are  (Figs.  47a  and  476). 

«.    -«rv^  - 1.733«„  and  /^  -  7^  -  Y.^^2  (261) 


ta. 


Fio.  49. — Two-phase  e.m.fs.  and  currents. 

Tvo-plUM*    >tar    and   rinc    eonneetloni.    In    a    two-phasa 
(Us.  48)  the  relations  of  the  currents  and  the  voltages  are  (Fig.  49) 

Bm-B.  Vi-IAIAB.:     '--:;;|=-Y7i4-0"'71Z.  (262) 

vhsf*  the  aabaciipts  m  and  «  refer  to  the  mesh  and  the  star  respectively  • 
(Par.  HI) 


Fio.  50. — ^Two-phase  three-wire  system. 

)Bt.  Tw»-plULaa  thrae-wlre   iritem-     ^ith  a  two-phsse  three-wire 

rem  (Flc.  60)   the  current  in  the  common  or  ratnm  wire  is  v^  times 
eurent  in  each  phase  (FSg.  fil),  and  the  voltage  between  the  phases  is 
Vs  timra  the  Toltace  between  each  phase  and  the  common  return. 
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111.  PoI]pph>M  power.    The  total  power  in  a  syounetrloal  n-phmse 
■Titam  is  given  by  the  formula 

P  =•  nIS,  cos  ^  -  n7«£.  cos  0.  (203) 

In  an  uniymmetrical  or  unbalanced  system  the  total  power  is  found 
by  summing  up  the  power  in  the  separate  phases. 

lU.  Three-phase  power.     In  a  threivphase  sjrstem  (Us-  46),  the  power 
i>-3/^i,eos^-3J^£^cos^-7^^V^3  COS  «     (watts)     (2ei> 
if  the  currents  are  in  amperes  and  the  voltages  in  volts. 

ISS.  Two-phase  power.     In  a  quarter-phwe  lyttem  (Fig.  47)   the 
power 

P  =  iI^,coa4.'=*ImEmcoa*-2V2I^meo»*    (watts)      (2ft5) 

>M.  An  equivalent  slngle-phue  circuit  is  a  circuit  which  is  used  in 
computations  relating  to  polyphase  transmission  lines  and  macliinery. 
For  three-phase  circuits  some  engineers 
use  a  sinKlo-phaae  circuit  with  a  vol- 
tage equal  to  the  Y-voltageof  the  three- 
phase  system,  and  the  power  equal  to 
that  in  one  phase.  _  Others  use  a  single- 
phase  circuit  having  a  voltage  equal 
to  the  delta  voltage  of  the  three-phase 
circuit,  and  transmitting  the  power 
equal  to  the  total  power  in  the  three 
phases.  Both  methods  lead  to  the 
same  result,  provided  that  the  assump- 
tions are  consistently  carried  out. 

US.  Unbalanced  polyphase  elr- 
oulta  are  treated  as  separate  single- 
phase. circuits  and  then  combined  into 
one.  Assuming  a  three-phase  system 
with  a  line  voltage  triangle  as  shown 
in  Fig.  52  and  an  unbalanced  load,  £i, 
£i  and  £i,  are  given.     (They  form  the 


triangle  obc.)      Constructing  semicir- 
cles on  Bu  Etf  and  Bt  as  diameters. 
the  e.m.f.  triangle  for  each  branch  is 
constructed  (Par.  IBS).     We  have 
El 


Fio.  51. — E.m.fs.  and  currents  in 
two-phase  three-wire  system. 


(266) 


Fto.  52. — Unbalanced  three-phase  system. 

The  currents,  ti,  I'l  and  u,  are  in  phase  with  the  ir  drops  in  their  respective 
branches.  These  can  be  conveniently  combined  by  prolonging  the  ir  lines 
until  they  intersect,  and  laying  off  the  currents,  i,  from  the  inteniectiork. 
The  main  currents,  /i.  It  and  /i.  are  found  by  taking  the  vector  sum  of  ^ho 
branch  ciurents,  is  and  tL.  is  and  is,  is  and  ii,  respectively. 
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tH.  Tor  fttrthar  trsatmmt  of  the  euirent  and  Toltafa  relktioni 
with  nnbalanead  IomU  and  unaTmmatrloal  TOltac**  ooe  the  last  few 
tkaptera,  in  Dr.  Steinmets's  " Alternatini^-cuiTent  phenomena";  also  the 
aaibor's  "Experimental  Electrical  Engineering/'  Vol.  II,  Chapter  25,  and 
!us*'Ueber  tnehrphaaige  Btromsystenie  bei  ungleichm&ssiger  Belastung" 
(Enke,  StirttKart,  1900).  For  the  "V"  and  "T"  conneotiona  of  trana- 
lormers,  and  for  aix-phase  eonncctions,  see  Sec.  6,  on  transformera.  Also  see 
See.  11,  on  Power  Transmission,  for  further  treatment  of  the  calculation  of 
polyphaae  ayatema,  and  Sec.  12,  on  Distribution  Systems. 

mnFoaxLT  dutkibutxd  bibistamci,  bxactamci,  catac- 

ITT  AHD  LXAKAQK 
SIT.  Vnlformljr  distributed  propartiai.    In  a  truumluion  line  the 

raristaaee,  tbe  raactanea,  and  the  eapaelty  are  uniformly  dlitributad. 
-    --  ....  ^£^,        • 


there  may  be  appreciable  leakage  to  the  ground  or  between  the 
wiles,  which  leakage  for  the  purpoeea  of  computation  may  also  be  assumed 
to  be  uniformly  distributed.  Under  such  conditions  the  current  along  the 
hne  at  any  certain  instant  ia  di  terent  in  different  places;  in  other  words,  the 
current  ia  a  function  not  only  .f  time  (  but  also  of  the  distance  a  from  the 
receiver  end. 

tU.  Continuona  impressed  e.m.t.  For  a  direet-enrrent  line 
paoBcaainc  a  resistance  of  r  ohms  per  unit  length  and  a  leakage  conductance 
of  g  mhos  per  unit  lenRth,  the  current  and  the  voltage  relations  at  a  distance 
I  from  tbe  receiver  end  are  expressed  by  the  differential  equations, 

d*i  ,  dV 

— -rj..  and~-rB..  (2fl7) 

The  solution  of  tbeae  equations  ia  of  the  form 

»"-^,«-~+il,.~,  (208) 

•  -«,«-— +Bj.~;  (289) 

wher^  m  ,>  \/rp,  and  Ai,  At,  Bi  and  Bt,  are  the  constants  of  integration  which 
are  determined  by  tbe  electrical  conditiona  at  some  one  point  of  the  line. 

nt.  Solntton  of  eontlnuous-eiUTent  ease.  The  solution  of  the  fore- 
coinc  differential  equationa  is  preferably  expressed  through  hnxrbolio 
f tmctiona,  *  in  the  form 

i-Ci  Cosh  ms+Cj  Sinh  nu;  (270) 

e-Di  Cosh  m*+Dt  Sinh  nu;  (271) 

vbere  Cu  Ct,  Dt,  and  Ih  are  the  constants  of  integration  which  depend  upon 
the  given  conditions  at  some  one  point  on  the  line.  For  example,  if  the 
raeciver  current  7i  and  the  receiver  voltage  £i  are  given,  the  constants  have 
the  following  valuea: 

Ci-/.;  C,-Et^;  Di-St;  Dt-Ii~-  (272) 

fn  Q 

Tha»»  kDowiaic  i  and  <  at  tbe  reeeiver  end,  th^r  values  may  be  calculated  for 
tbe  adhdiiig  end  or  for  any  pcriot  on  the  line.  For  further  details  see  tbe  first 
few  chapters  of  A.  £.  KenneUy's  "The  Application  of  Hyperbolic  Functions 
to  Electrical  Engineering  Problems." 

AnoitheT  form  of  solution,  eznplosring  tbe  exponential  method  instead 
of  tbe  hyperbolic,  will  be  found  in  the  Transttcliona  of  the  A.  I.  E.  E.f  for 
1911.  where  the  problem  discussed  is  one  of  telegraphic  transmission  over 
looit  aerial- wir«  circuita  by  means  of  the  closed-circwt  Morse  system  widely 
■•ed  in  America. 

*  For  a  simple  theory  of  hyperbolic  functions  see  SeaTcr's  "Mathematical 
Backdbook,"  Sec  III;  also  somewhat  more  advanced,  "Hyperbolic  Funo- 
lion«,"  by  McMahcm.  The  beat  tables  of  hyperbolic  functions  of  real 
hypt-irholic  ani^ea  are  probably  those  by  Becker  and  van  Orstrand,  published 
t^  the  Smitbaonian  Institution.  Tables  of  hyperbolic  functions  of  com- 
plex ancles  over  a  limited  range  will  be  found  in  the  above-mentioned  book 
Of  McMabon,  and  also  in  the  Otnetal  BUctrie  Review,  Supplement,  Mav, 
1010,  and  in  tbe  Harvard  Bnginterxno  Journal,  Vol.  X,  No.  4  and  Vol.  11, 


No.  2,     A  separate  reprint  of  the  latter  taoles  is  available.  _  ^      *..   „  . 

t  Fowie,  F:  F.    ••Telegraph Transmission;"  Trant.  A.  I.  E.  E.,  1011.  Vol. 

XXX.  Fart  II,  p.  1083. 


Fowie, 

II.  p.  1083. 

^^  D,g,l,zedby^^lUUyle 
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no.  Altamatlng  Imprened  e.m.f.  Let  Bsinc-rnvvalteniatiiisroltaps 
be  applied  to  an  equivalent  single-phaM  line  (Far.  ISi)  with  uniformly  du. 
tributed  characteristics.  Let  the  resistance  and  the  inductive  reactance^of 
the  line  be  r  ohms  and  x  ohms  per  unit  length,  respectively,  so  that  the  seiiea 
i  mpedance  is  Z^r+jx  ohms  per  unit  length.  Let  the  conaonsive  susceptanoe 
ana  the  leakage  conductance  be  h  and  g  mhos,  i)er  unit  length  reepectively,* 
so  that  the  shunted  admittance  is  Y  —  ^—jb  mhos  per  unit  length.  The  cur> 
rent  and  the  voltage  relations  at  a  distance  •  from  the  receiver  end  of  the 
Une  Are  expressed  by  the  differential  equaUons 
d'l  d'B 

-r^i  -  an/,  and  3-r  -  WB  (273) 

as  os»  • 

whrre  M—-\/YZ.  In  those  expressions  /,  B  and  Bf  are  bomplez  Quantities, 
(Far.  IM) ,  and  the  magnitude  and  the  phase  of  the  current  and  the  voltage 
vary  from  point  to  point,  remaining  at  the  same  time  sine  functions.  In 
other  words,  the  current  and  the  voltage  are  sine  functions  of  time  <,  and  such 
functions  of  a  as  to  satisfy  the  above-given  e<iuations.  The  parameter  M 
characterises  the  line  and  is  independent  of  either  (  or  s.  The  solution  ol 
these  equations  is  of  the  form 

I-/Lji~*^*+A^*  (274) 

B-B^t~^'+B^"'•  (276) 

where  the  constants  of  integration  Ai,  At,  Bi  and  Bi  are  complex  quantitiea 

These  constants  are  determined  by  the  electrical  conditions  at  some  one  point 
of  the  line,  for  instance,  when  the  current  and  the  voltage  at  one  point  are 
given  in  magnitude  and  in  relative  phase  position. 
Ml.  Solution  of  altematinc-otiTrent  cau.    The  solution  of  tho  fore- 

foing  differential  equations  is  preferably  expressed  through  hjparboUe 
onetioni  (Far.  129)  of  the  complex  angle  M:     Namely, 

I-Ci  Cosh  Af«+C«  Sinh  Mi;  (276) 

S'-Di  Cosh  Mt+Dt  Binh  Uf,  (277) 

where  the  complex  quantities  Ci,  Ci,  Di,  and  Dt  are  the  constants  of  integn^ 
tion  which  depend  upon  the  given  conditions  at  some  one  point  of  the  line. 
For  example,  if  the  receiver  voltage  Ei  and  the  receiver  current  It  are  given 
in  magnitude  and  in  phase  (at  8^0)  the  constants  of  integration  have  the 
following  values: 

Ci-Iii  Ci-Ei  -^;  Di-Et;  Dt-U  ^'  (278) 

Thus,  knowing  /  and  E  at  the  receiver  end,  their  values  may  be  calculated 
for  the  sending  end  or  a^  any  other  point  on  the  line. 

131.  Heterences  to  other  Utaraturo,  For  further  details  and  api>Iic»> 
tion  of  the  foregoing  equations  to  power-transmission  lines  and  to  the  prtip- 
agation  of  currents  in  telephone  and  telegraph  lines  see  C.  F.  Steinmets. 
**Theory  and  Calculation  of  Transient  Electric  Phenomena  and  Oscillationa; 
J.  A.  Fleming,  "The  Propagation  of  Electric  Currents  in  Telephone  and 
Telegraph  Conductors." 
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MEASUREMENTS  AND  MEASURING  APPARATUS 

lUOTUO  AMD  WAOHZnC  MSASTnUHnTTS 
BT  r.  MALCOLM   rABMZB,  M.I. 

QBirXBAL 

1.  Th«  mauuramsnt  ot  any  glv«n  qiuntitr  ia  the  eomparisoii  of 
that  quantity  with  another  quantity  of  the  same  kind  which  hae  been  choaen 
as  a  unit.  The  unit  mur  be  a  purely  arbitrary  quantity  with  no  rational 
significance,  such  as  the  foot  and  the  pound,  or  it  majr  hare  a  very  definita 
meaning,  as  the  centimeter  and  the  gram.  The  units  used  in  electrical 
measurements  belong  to  the  latter  class  because  they  are  based  on  the  eanti- 
metar-gram-sacond  or  C.Q.B.  system.  The  C.G.8.  system  (Sec.  1) 
is  the  fundamental  system  upon  which  all  physical  measurements  have  been 
based,  on  the  theory  that  all  physical  phenomena  are  the  result  of  matter 
and  motion,  that  is,  space  (centuneteis),  mass  (grams)  and  time  (seconds). 

t.  Mauuremanti  clauifled  see«rdlnc  to  pradilon. — Electrical 
measurement  may  be  divided,  in  a  very  general  way,  into  three  claasea. 
(a)  Hlch-praeUion  meajurementa,  such  as  those  made  at  the  various 
national  standardizing  laboratories  in  connection  with  the  establishment 
and  maintenance  of  standards.  Every  precaution  is  observed  to  obtain 
the  highest  possible  degree  of  accuracy.  Expense  is  a  secondary  con^dera- 
tion.  (b)  Commercial  Ikborstory  meaauramenti,  where  the  object 
is  to  secure  results  which  are  reliable  and  accurate,  but  only  to  the  degree 
justified  by  commercial  and  engineering  requirements.  The  cost  must  be 
a  minimum,  (c)  Commercial  maaiuramenta  are  thoee  involved  in  the 
production,  distribution  and  sale  of  energy.  The  scope  of  the  subject  in 
this  section  is  limited  to  the  last  two  classes. 

S.  A  standard  is  a  concrete  representation  of  a  unit.  The  fundamental 
C.Q.S.  units  are  difficult  to  represent  and  early-in  the  development  ot  the  art 
the  need  for  a  system  of  units  which  could  be  used  in  electrical  measurement* 
was  recognised,  and  resulted  in  the  establishment  of  tiie  ** practical*'  unite 
(see  Sec.  1).  These  units  are  derived  from  the  fundamental  C.G.8.  unita 
and  can  be  represented  by  definite,  concrete  and  reproducible  standards. 

The  distinction  drawn  between  primary  and  secondary  standards  is 
largely  a  matter  of  viewpoint.  In  general,  however,  primarv  standards  may 
be  considered  as  thoee  which  represent  directly  by  definition  tne  unit  involvea, 
such  as  the  mercury  ohm,  the  silver  voltameter  and  the  saturated  cadmium 
cell,  made  according  to  certain  specifications.  Secondary  standards  are  the 
more  practicable  working  standards  which  are  standardised  by  comparison 
with  primary  standards  and  used  as  the  basis  of  all  ordinary  measurements. 
They  include,  for  example,  the  manganin  standard  resistances  and  the  ordi- 
nary Weston-type  standard  cell.  Primary  standards  are,  in  general,  main- 
tained only  by  the  government  custodians  of  the  standards  in  the  various 
countries;  whereas  secondary  or  working  standards,  based  on  these  primatv- 
standards.  serve  as  the  fundamental  basis  of  practical  measurements  in  engi- 
neering and  commercial  fields. 

4.  The  pradalon  obtainable  in  an  electrical  measurement  depends 
upon  the  various  factora  which  enter  into  the  determination;  among  these 
are  the  correctness  of  the  principle  employed  and  the  method  used,  accuracy 
of  the  standards,  number  and  magnitude  of  possible  erron,  correctneaa  of 
calculations  and  so  forth.  In  precision  measurements,  as  classified  above, 
a  precision  of  one  part  in  100,000  in  certain  classes  of  measurements  is  regu- 
larly attained.    In  commercial  measurements,  the  cost  of  suoh  a  high  degree 
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af  preoBon  ia  not  iuatified.  The  limits,  however,  an  being  (radnally  niaed 
*■  the  ut  dSTelopa  and  Krestar  re&nementa  are  introduced.  The  table 
aim  in  Par.  •  indiestea  the  precision  which  may  be  reasonably  expected 
in  Tariona  elaaaee  of  measniements  made  by  average  obaervera,  under  onli* 
nary  eonditiona,  and  with  standard  commercial  instruments. 

■.  Tabto  of  Avarac*  PraoUlon  to  be  Kzpactad  in  ▼arlons  filititi  of 
ComiiMreial  Meksurenunta 

Probable 

Qaaa  of  Measarements  and  Method  precision, 

per  cent. 
CDefleetions  of  two-third  scale  assumed  in  indieating  instruments) 

Cvrrcnt 

Potentiometer,  liich-grade  tjrpes 0.03 

Portable  ammeter,  eontinuons-curtent 0.4 

Portable  ammeter,  altematingHnirrent 0.5  -1.0* 

Switchboard  ammeter,  continuous-current 1.5 

Switchboard  ammeter,  alternating-current 1.0-2.5* 

Raeordinc  instruments 1,5  -3,0 

Ptitnlial 

Potentiometer,  high-grade  type 0.02 

Portable  voltmeter,  continuous-current 0.26 

Portable  voltmeter,  alternating-current 0.5-1.5* 

Switchboard  voltmeter,  continuous-current 1,0 

Switchboard  voltmeter,  altemating-euTient 1.0-2.5* 

Bceoidins  instruments 1,5  -3,0 

ffigh  potentials  Cin  testing  of  insulators,  etc.) 5.0 

P»wer 

Portable  wattmeters 1,0 

Labocatory  wattmeters  (non-portable  or  semi-portable) 0. 25 

Switchboard  wattmeters 2.0 

Becording  instruments 2.0  -4  0 

Kntrty  (watt-hour  meters) 

Continuous-current 2.5 

AUematinK-eurrent,  single-phase,  no  transformers 2.0 

Altemating-eurrent,  single-phase  with  transformers 2.5 

AJtamatinc-current,  polyphase  with  transformen 3.0 

frmuHcj/ 

rortable  instruments 0.5 

Switchboard  instruments 1.5 

PMBcr-/ac<or 

Portable  instruments  (ammeter,  voltmeter,  wattmeter) 2,0 

Switchboard  instruments  (above  SO  per  cent.) 1.0 

Switchboard  instruments  (below  90  percent.) 2.0-4.0 


Mediom:  Wheatstone  bridge,  hi^-giade,  1.0  to  10,000  ohms.  0. 1 
Wheatstone  bridge,  higb-prade,  leas  than  1  ohm, 

over  10,000  ohms 0.2-1.0 

Portable  bridges 0.5  -2.0 

Low:  Fall-of-potential  method 0.5 

Thomson  double  bridge 0.05 

SBgh:        (Insulation) 5.0 

CrmdmcHwaw 0.25 

ItagneKe  sMosarssMnto 2.5 

t.  Olaaaai  of  erron.  There  are  two  general  classes  of  errors  in  any 
kind  of  messniements,  a,  systematic  and  b,  accidental.  The  former  dass 
afltets  each  result  in  a  series  of  similar  obaervations  in  the  same  manner, 
as  for  example,  an  error  in  the  standard  used.  The  latter  class  includes  those 
ever  wfaieh  the  obaarver  has  no  control,  saeh  as  observational  errors  in  reading 
aa  hidieating  instmment.  Aoeidental  erron,  unlike  systematic  errors,  an 
as  Skaly  to  be  positive  as  negative  and  therefore  tend  to  eliminate  tbemselvea 

*  Depends  upon  oapaoity  and  whether  used  with  instmment  transformers. 
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from  the  mean  value  aa  the  number  of  readings  is  inoreased.  Where  the 
necessary  degree  of  reliability  is  not  obtained  in  a  single  measurement,  a 
number  of  observations  are  made,  from  which  the  most  probable  true  v^ue 
may  be  obtained,  together  with  its  probable  error.  These  latter  quantitiea 
may  be  derived  in  different  degrees  of  precision  by  various  mathematical 
methods  involving  the  theory  of  probabilities  and  the  method  of  least  squares. 
In  all  ordinary  electrical  measurements  it  will  usually  be  sufficiently  correct 
to  assume  that  the  true  value  is  equal  to  the  average  of  the  various  values 
obtained  (eliminating  systematic  errors^  plus  or  minus  the  average  error. 
The  average  error  is  the  average  of  the  differences  between  the  averaee  value 
and  each  individual  value.  It  should  be  noted,  however,  that  according  to 
the  theory  of  probability,  the  precision  of  the  result  does  not  increase  directly 
but  only  as  tfa^  square  root  of  the  number  of  observations  made  (see  Par.  4M 
toiSS). 

T.  Certain  (enoral  pree&utloiis  which  should  be  observed  in  electrical 
measurements,  and  certain  sources  of  error  which  should  be  avoided,  are 
indioated  in  the  following  paragraphs. 

(a)  The  probable  limit  of  accuracy  of  the  standards,  instruments 
and  methods  should  be  known. 

(b)  As  a  general  proposition,  in  other  than  rough  determinations,  one 
measurement  should  not  be  relied  upon.  Several  readings  should  be 
taken,  and  the  conditions  should  bo  altered,  wherever  possible,  in  order  to 
avoid  accidental  errors. 

(c)  Indicating  instruments  should  be  of  such  a  range  that  the  quantity 
under  measurement  will  produce  a  reasonably  largo  deflection  on  the  scale. 
The  percentage  observational  error  decreases  In  direct  proportion  as  the 
magnitude  of  the  deflection  increases. 

(d)  The  possible  presence  of  externa]  or  stray  magnetic  fields,  both 
direet  and  alternating,  should  always  be  borne  in  mind.  Such  fields  may  be 
produced  by  current  in  neighboring  conductors,  or  by  various  classes  of 
electrical  machinery  and  apparatus,  structural  iron  and  steel  in  bmldinKa.  etc. 
These  fields  introduce  errors  by  combining  with  the  fields  of  portable  indi- 
cating instruments,  galvanometers  and  other  instruments  utilising  a  maf^netic 
field,  and,  in  the  cose  of  alternating  fields,  by  inducing  small  e.m.fs.  in  the 
loops  formed  in  bridges,  potentiometers,  etc, 

(e)  In  measurements  involving  high  resistances  and  galvanometers, 
such  as  bridges  and  potentiometers,  possible  "leakage"  or  ehunb  circuits 
should  be  eliminated.  This  is  done  by  providing  a  "ffuard"  circuit  the 
principle  of  which  is  to  keep  all  points  to  which  the  current  might  flow 
improperly,  at  the  same  potential  as  the  highest  in  the  apparatus.  See 
further  discussion  under  potentiometers  (Par.  i9  to  B2). 

(f)  Temperature  changes  in  various  parts  of  bridge,  potentiometer  and 
similar  circuits  should  be  avoided  because  of  thermo  e.m.fs.  produced  at 
the  junction  of  dia^milar  metals.  Such  effects  are  often  produced  if  the 
observer's  hand  comes  in  contact  with  the  metal  parts  of  the  galvanometer 
key,  switches,  etc. 

(g)  Instruments  with  covers  made  of  glass  and  hard  rubber  should  not  be 
rubbed,  especially  with  a  dry  dust  cloth.  The  induced  electrostatic  charge 
on  the  moving  element  is  often  sufficient  to  change  the  deflection  materially. 

(h)  At  potentials  of  500  volts  and  above,  the  electrostatic  attraction 
between  moving  and  fixed  parts  may  become  serious.  _  This  is  prevented  by 
keeping  the  two  parts  at  the  same  electrostatic  potential.  When  grounding 
is  pernusnblc,  this  can  be  done  by  connecting  the  circuit  to  earth  at  the  point 
where  the  instrument  is  connected,  care  being  taken  that  the  moving-coil 
end  of  the  instrument  is  on  the  ground  side.  In  very  high  potential  work 
this  electrostatic  attraction  becomes  very  troublesome,  so  that  the  instru- 
ments must  be  connected  in  circuit  at  a  grounded  part  of  the  line,  or  else 
be  thoroughly  insulated  from  ground  and  the  moving  element  connected  to 
the  case  or  to  an  electrostatic  shield  around  the  instrument. 

OAITANOMETKSS 
S.  QalTanometers  are  used  extensively  in  all  classes  of  electrical  meas- 
urements. Strictly  speaking,  the  term  applies  to  many  other  instruments  for 
measuring  current,  such  as  voltmeters  and  ammeters,  but  it  is  ordinarily 
understood  to  apply  to  those  instruments  which  axe  used  to  measure  very 
small  electrical  quantities. 
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•.  Olanaa  of  fiwmaatUn.  There  sre  two  general  elaasee:  (1) 
moTliic  maciMitie  needle;  (2)  mtning  coU.  In  the  former  clan,  .  .mall 
bikI  {usually)  permanent  magnet  is  suspended  at  the  centra  of  a  coil  of  wire 
throuKh  which  flows  the  current  to  be  measured,  producing  a  deBection  In 
moniLK  coil  galvanometers,  a  coil  of  relatively  fine  wire  is  suspended  at  the 
centre  of  a  permanent  or  electromagnetic  field;  the  current  to  be  measured 
Bows  through  Uiis  coil,  producing  a  deflection.  Moving-magnet  instru- 
;?*"»?.»'*.  ™"<'*  prominently  represented  by  the  Ungent  galvanometer  and 
the  Ivrlvin  galvanometer:  moving-coil  instruments  by  D'Arsonval  and 
etectro-iynamometer  type  galvanometers. 

».  Direct-cmrent  tyiwi  of  gaJTanometen  are  represented  by  the 
Vlrf"""*"  t  »"«*■",  Ki'^^nometers,  sine  galvanometers,  the  Kelvin  type 
I>  Arsonval  type,  balli.itic  type,  differential  Kalvanometers,  electrodyna- 
Doroet«r»  and  electrometers.  These  are  described  briefly  in  the  following 
paragraphs.  ^ 

11.  Tascent  ralTanometen.  In  this  instrument  the  magnetic  needle 
IS  suspended  or  pivoted  above  the  centre  of  a  circular  scale,  over  which 
movr-»  the  pointer  attached  to  the  magnet.  The  coil  carrving  the  current  is 
"■  »  plane  perpendicular  to  that  of  the  scale,  so  that  the  direction  of  the  field 
which  It  produces  is  in  the  plane  of  the  magnet,  the  earth's  magnetic  field 
being  the  direcuog  force.  The  current  is  approximately 
.  Srff  tan  a 
^^ ^ («n>p.)  (1) 

when  r  — radius  of  coil  in  centimeters:  H-horiionUl  component  of  earth'* 
feldm  gsuasea;  n  =  number  of  turns  in  coil;  and  a  -  angle  of  deflection. 

!•-  Tlie  mine  galTanometer  is  similar  to  the  tangeni  galvanometer,  the 
eoetntisl  diRerenec  being  that  the  coil  is  moved  as  the  needle  deflects  so 
that  they  are  finally  in  the  same  plane.  In  this  instrument,  the  above 
formula  becom^i: 

,     SrIT  sin  o  ,         , 

'- — —  (wnp.)  (2) 

U.  XalTin  ralTUiometer  (asUUctTpe).  In  this  instrument  there  are 
two  macnetic  need  es  or  sets  of  needles,  of  slightly  dilferent  strengths,  at 
o|>po«t«  ends  of  a  Ught  quarts  rod  and  oppositely  directed.  Each  is  at  the 
centre  of  a  pair  of  coils  through  which  flows  the  current  to  be  measured,  these 
pairs  being  oppositely  wound  so  that  the  moment  eierted  on  the  two  needles 
IB  in  the  same  direction.  Thus  the  moving  system  is  almost,  but  not  quite, 
astatic  The  controlling  force  is  the  earth's  field  modified  as  desired  by  means 
ej  a  movable  permanent  magnet.  This  galvanometer  must  be  calibrated 
against  a  standard.  It  is  one  of  the  most  sensitive  types  ol  galvanometers 
known,  instruments  with  a  current  sensibility  of  the  order  of  1X10"'«  am- 
pere* having  been  built  and  used  in  research  work. 

M.  KovliiK  coH  or  D'Araonval  galvanometen  consist  of  a  coil  of 
me  wire  suspended  between  the  poica  of  a  permanent  horse-shoe  magnet. 
The  coil  is  usually  suspended  by  a  phosphor-bronio  or  steel  wire,  or  flat 
strip,  which  not  only  conducts  the  current  to  the  coil  but  provides  the  con- 
trolling force.  Current  is  conducted  from  the  coil  by  a  helix  of  fine  wire  at 
the  bottom.  The  strength  of  the  field  in  the  region  occupied  by  the  coil  is 
iaereaaed  by  xnountin^  a  soft  iron  core  in  the  central  space  enclosed  by  the 
eaX,  the  pole  pieces  being  shaped  to  give  a  uniform  field  throughout  the  apace 
in  which  the  coil  moves.  While  the  D'Arsonval  galvanometer  cannot  readily 
be  used  to  make  absolute  measurements,  but  requires  calibration,  its  many 
advant&xcff  have  made  this  the  most  generally  used  type  of  galvanometer 
in  tlK?  electrical  laboratory.  It  is  practically  independent  of  the  earth's 
6e!d  or  other  external  fields;  its  penod  can  be  made  short,  which,  with  its 
dead-beat  qualities,  makes  it  a  much  faster  instrument  than  other  types;  it 
is  comparatively  rugged,  simple  to  use  and  one  instrument  can  be  employed 
for  a  wide  range  of  work. 

U.  Ballistic  (ralvanometen  are  used  .to  measure  quantity  of  electricity 
(coulombs) ;  such,  for  example,  as  the  discharge  from  a  condenser  or  the  in- 
duced charge  in  a  secondary  circuit.  Ballistic  galvanometers  may  be  of  the 
moring-magnet  or  the  D'Arsonval  type.  In  order  that  the  instrument  may 
be  perfectlj  balliatic  the  quantity  to  be  meaaured  muat  be  completely  dis- 
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charged  throush  it  before  the  suspended  system  has  moved  appreoiab^ 
The  period,  or  time  of  Tibration,  must  tberdore  be  long  compared  with  u 
time  of  discharge.  This  is  accomplished  by  inenaaing  the  inertia  of  tt 
moving  system. 

U.  Defleotion  of  balllitlo  BalTanometen.  The  magnitude  of  tb 
flrtt  deflection  is  a  measure  of  the  quantity  discharged  into  the  inatrumen* 
In  an  instrument  in  which  there  is  no  damping  (Far.  t0)  such  as  the  movini 
magnet  type,  the  quantity  may  be  calculated  directly  from  the  constant 
of  the  instrument.     Thus 

-     2Ht  sin  (i)a  ,_  ,      . .  ,, 

Q— ^''  (coulomb)  (J 

or  for  small  angles,  5  deg.  or  lesa, 

Q  -  — -;= —  (coulomb)  (4 

where  Q  — quantity  of  electricity  in  coulombs,  ff  — field  strength  in  «ausaei 
G«> constant  computed  from  the  ooila,  i^ period  in  seconds,  a-* angle  o 
deflection. 

IT.  Balllstie  galTUiomctar  constant.  In  practice,  ballistic  galv«n 
ometers  are  usually  standardised  and  the  formula  becomes  very  siinple 
Q  —  kd  where  d  — deflection  and  Jfc  — quantity  per  unit  deflection  or  Ksiva 
nometer  constant.  The  constant  is  determined  ^ith  a  standard  condense) 
or  mutual  inductance.  The  deflection  obtained  upon  suddenly  disohargini 
a  charged  condenser  through  the  galranometer  is  d  —  Q  —  CE;  and  henoi 
k  *  CS/df  where  Q  »  quantity  o  f  deetrioity  in  coulombs,  S  »  potential  to  whid 
the  condenser  had  been  charged  in  volts,  and  C  —  capacity  of  condenser  ii 
farada  When  a  mutual  inductance  is  used,  the  deflection  is  d-Q  —  AfZ/li 
and  k  —  MI/dB,  where  Q  •  quantity  of  electncity  in  coulombs,  U  <=  ooefficien  I 
of  mutual  inductance  in  henrys,  f  — steady  or  Ohm's  law  value  of  current  ii 
primary  of  mutual  inductance  in  amperes,  and  JZ»  resistance  of  seoondat] 
circuit  (including  the  mutual  inductance)  in  ohms. 

18.  A  differential  nlTanometar  is  one  provided  with  two  independen 
coils  or  sets  of  coils  by  means  of  which  two  currents  may  be  comparet 
simultaneously.  This  method  provides  a  means  of  measuring  a  current  with 
out  making  the  circuit  common  with  that  of  the  comparison  standard.  Ii 
D'Arsonval  instruments,  the  two  coils  are  wound  ride  by  side  on  the  sanM 
frame  and  are  connected  in  opposition,  so  that  when  the  two  currents  beinj 
compared  are  adjusted  for  zero  defleotion,  their  ratio  is  usually  unity.  Tbi 
actual  ratio  can  be  determined  experimentally. 

1>.  Ileetromctsn .  In  the  electrometer,  a  piece  of  thin  aluminium  ii 
suspended  by  a  metallic  suspension  over  four  quadrants  of  sheet  metal  whiol 
are  insulated  from  each  other  and  from  the  frame  or  support.  Opposite 
<^uadrants  are  connected  to  each  other  and  the  two  sets  are  connected  respec- 
tively to  the  two  sides  of  the  circuit  to  be  measured.  If  a  charge  from  i 
condenser  is  placed  on  the  moving  vane,  one  end  will  be  repelled  and  tlM 
opposite  end  attracted,  producing  a  deflection  which  will  be  a  measure  ol 
the  potential  applied  to  the  stationary  quadrants.  This  instrument  is  ex- 
tremely sensitive,  and  while  it  is  one  of  the  earliest  types  of  electrical  measuT' 
ing  instruments  it  is  still  used  extensively  in  research  work,  especially  whert 
the  available  energy  is  extremely  smiji,  as  in  measurements  of  radian< 
energy. 

M,  OalTMtomctan  m  deteoton .  The  majority  of  galvanometers  are 
used  as  detectors  only,  that  is,  in  sero-defleotion  methods  where  the  kind  of  scale 
or  proportionality  of  deflections  doee  not  enter  into  the  determination.  In 
such  eases  a  very  short,  straight  scale  is  sufficient  and  space  may  be  eoono- 
mised  by  placing  the  galvanometer  on  the  wall  above  the  table,  with  the 
scale  directly  underneath.  The  beam  of  light  is  properly  directed  by 
suitable  prisms  and  mirrors. 

tl.  Befleotlng  f»lT»noinsten  may  b^read  with  a  telescoim  and  seals, 
or  with  a  lamp  and  scale.  In  the  former,  the  scale  is  reflected  from  the 
plane  mirror  (attached  to  the  moving  system)  to  the  telescope  through  which 
movements  are  observed.  In  the  latter,  an  image  of  a  narrow  beam  of  light 
(issuing  from  a  narrow  slit  in  a  vessel  enclosiiig  a  lamp,  or  from  a  portion  ol 
an  isoandescent  lamp  filament)  is  thrown  on  to  the  scale  by  the  mirror.    In 
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orier  to  pt  a  aharp  imase,  either  the  mirror  is  raadfl  oonoave  (with  a  1- 
m.  focua  if  the  Bcale  is  the  lUiuil  diatanoe  of  1  m.  away),  or  a  leu  is  uaed. 
Fig.  1  ihowa  the  general  azTangeuient. 

tl.  OalTuioinstar  tealtt.  When  readinge  are  to  be  taken,  car*  ibould 
he  exerdaed  that  they  are  proportional  to  the  angular  defleotiona.  On  a 
•triitht  scale  the  deflection  in  millimetan  is 

d-Atan2a  (5) 

vhere  A  —distance  from  mirror  to  scale  in  millimetres  and  a— angle  through 
vhieh  the  moving  ooil  turns.  If  the  angle  is  small,  d  is  proportional  to  a. 
The  error  becomes  about  O.S  per  oent.  at  a  —  fi  deg.  Obviously  a  curved 
scale  will  elinunate  this  er- 
ror, and  by  properly  adjust-  ^  ^§ 
ing  the  curvature  the  read- 
ings may  be  made  propor- 
tioiial  to  the  angle  or  to  any  a  ^ 
deared  function  of  Uie  angle.    ^- 

n.  The  wnalMIlty  ot  a  '  i 
^•Itaaoinatar  ia  expressed 
la  oae  of  several  ways,  the 
Boiaerieal       expreaaion       of 
wUeh  is  called  the  (alva-    Fia.    1. — Lamp  and  scale.      Telescope  and 
■omstar  eonatant.     In  in-  scale, 

stmnents  of  the  D'Arsonval 

type,  the  sensibility  depends  upon  the  moment  of  inertia  of  the  moving 
•yitem,  the  torsional  moment  of  the  suspension,  the  field  strength,  and  the 
■umber  of  turns  and  the  area  of  the  coil. 

St.  DtBamtt  forma  of  galTUiometer  eonitenU.  The  various  eon- 
itaats  are  uanatly  defined  as  follows: 

(■)  The  ampar*  eonstent  is  the  current  in  microamperes  (milUonths 
of  sn  ampere)  which  will  produce  1  mm.  deflection  on  a  scale  1  m. 
distant. 

(b)  Tbs  msKohiu  eonstMtt  is  the  number  of  megohms  in  series  with  the 
tsiranometer  through  which  one  volt  will  produce  1  mm.  deflection  on  a 
scale  1  m.  distant. 

(c)  Tlia  Tolt  eonatant  is  the  potential  in  microvolts  (millionths  of  a 
vcit),  across  the  galvanometer  terminals  which  will  produce  a  deflection  of 
1  mm.  on  a  scale  1  m.  distant.  Or  it  may  be  expreeaed  as  the  deflection  in 
niHimetrra  which  will  be  produced  by  one  microvolt. 

(d)  Tha  coulomb  eonatant  refera  to  balliatic  galvanometera  (Par.  IT) 
■ad  ia  the  quantity  in  microcoulomba  (milliontha  of  a  coulomb)  which  will 
fnxliuje  1  mm.  deflection  on  a  scale  I  m.  distant. 

M.  nch  current  lenslbiUty  ia  desirable  for  bigh-resiatanee  measure 
sMits,  such  aa  insulation  reaiatance.  High  Toltags  unilblUty  is  desir- 
able for  measurements  involving  small  potentials,  such  as  low-resiatanca 
bridges,  potentiometers,  etc.  Wffh  eonlomb  lanalbllity  is  desirable  in 
magnetic  tests. 

M.  Damping.  This  term  ia  applied  to  thoee  forces  which  collectively 
hriag  the  moving  system  to  rest  aiter  it  has  been  set  in  motion.  In  order 
to  aborten  the  period  and  facilitate  readinga,  damping  sometimes  is  intention- 
sOy  produced  mechanically  with  air  vanes,  or  more  generally  by  electrical 
■aeaaa.  The  latter  meana  include:  (a)  uae  of  a  metal  frame  on  which  the 
■aoriag  coil  ia  wound  and  in  which  eddy  currents  are  produced;  (b)  uae  of  a 
doaed  loop  of  copper  wire  attached  to  the  coil  and  in  which  eddy  currents 
are  ivroduced;  (c)  use  of  the  generator  action  of  the  swinging  coil  when  its 
cimit  ia  closed.  The  latter  ia  the  more  convenient  method  for  general  pur- 
poses, beeaose  the  damping  can  be  readily  changed  by  means  of  resistances 
u  aerias  or  ia  parallel  with  the  galvanometer. 

tT.  Critieal  damping  is  that  condition  of  damping  where  the  moving 
jyatem  comes  to  sero  position,  or  equilibrium,  but  does  not  pass  through  it, 
ia  the  shortest  time  alter  deflection.  A  galvanometer  is  aperiodic  when  it 
■•  critically  damped.  It  ia  dead  beat  when  the  coil  deflects  to  its  final 
Vcatioa  or  reading  without  oscillation. 

tt.  Tbo  period  of  a  (alTanomatar  is  the  time  in  seconds  required  for 
cat  complete  oscillation,  or  the  time  between  two  succea^ve  passages  through 
the  sen  or  mid-poeition. 
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19.  OalTuiotneter  shunts  aro  combinations  of  resistances  so  arranged 
and  BO  connected  to  the  galvanometer  that  the  constant  of  the  latter  niay  be 
quickly  changed.  Ordinary  resistance  boxes  may  be  used  as  shunts  for  gai- 
vanometers  when  the  resistance  of  the  galvanometer  circuit  is  not  too  small. 
In  the  latter  case  the  box  is  connected  as  shown  in  Fig.  2, 
thus  increasing  the  resistance  Rg  of  the  galvanometer  cir- 
cuit. The  readings  of  the  galvanometer  must  be  multi- 
plied by  a  factor 

wherein  R^  is  the  reaiatanoo  of  the  galvanometer  circuit 
and  Rt  is  that  of  the  shunt.     In  special  galvanometer 
Fio,    2.— Galva-    shunts,  ,,     ^     ,>        ^ 

nometer  shunt.  fi,-- ?>  '^'y  "' »  -^ »  etc  m 

•     9    99  999  9999 "'  ^*' 

then  Jfc-10,  100.  1,000,  10,000  respectively. 

50.  The  Asrrton  or  universal  shunt  is  so  arranged  that  it  can  be  used 

with  any  galvanometer.  When,  in  Fig.  3,  the  movable  contact  x  is  at  b, 
/'b  — /rai/Crai+rg),  where  /'^  —  current  through  galvanometer,  /''current 
from  battery,  r«b»  resistance  between  a  and  b,  and  r^  *  resistance  of  galva- 
nometer.    If  the  contact  z  is  moved  to  c. 

It  will  be  noted  that  r«  is  not  in  this  equation;  hence  if  the  galvanometer 
constant  is  obtained  with  the  shunt  all  in  (x  at  b),  the  shunt  ratio  at  any 
Other  position  of  x  is  rae/rab  and  is  independent 
of  the  galvanometer  resistance. 

51.  Alternating- current  types  of  galvanom- 
•ters  include  the  following:  P^lectrodynamom- 
eters,  or,  as  they  are  more  commonly  known, 
dynamometers;  vibration  galvanometers,  ther- 
mogalvano meters,  electrostatic  galvanometers,  al- 


ternating-current  detectors,  barretters  and  bolom-  «|"*'W*AA^^AA/)j^^^AA^^ 
eters. 

$%,  Dynamometer-type  instruznents  arc 
used  extensively  in  measurements  of  alternating 
currents  because    they    measure    mean    effective 

values  and  can  be  calibrated  on  direct  current.    *:..„     n      r-   •  i         ■ 

They  can  be  used  for  a  wide  range  of  measure-    '^°-    3— l^mversal    gal- 
mento  of   current,   e.m.f.   and   power,   from  ex-  vanometer  shunt, 

tremely  small  values  to  very  large  ones. 

9t,  The  operative  principle  of  the  dynamometer  is  the  electrody- 
namic  action  between  a  movable  coil  (or  coils)  suapendcd  between  two  or 
more  fixed  coils,  all  of  which  are  energized.  The  Eowland  electrodyna- 
mometer*  is  typical  of  this  clo-is  of  instruments.  It  consists  simply  of  two 
fixed  coils  mounted  close  together,  between  which  is  suspended  a  small 
coil  of  very  fine  wire.  Each  fixed  coil  consists  of  two  separate  windings  of 
difterent  current  capacities  brought  out  to  separate  terminals.  For  e.m.f. 
measurements  the  moving  coil  and  the  fine  wire  fixed  coils  are  connected  in 
series;  for  current  measurements,  the  moving  coil  is  connected  across  a  non- 
inductive  shunt  in  the  current  circuit;  for  power  measurements,  the  moving 
coil  is  connected  across  the  circuit  to  be  measured  while  the  proper  fixed 
coil  is  connected  in  series  with  it. 

S4.  Dynamometers  are  made  astatic,  or  independent  of  external  fields, 
b;^  having  two  sets  of  moving  coils,  oppositely  wound,  one  above  the  other, 
with  a  common  suspension.  There  may  be  one  or  more  pairs  of  fixed  coils. 
In  henvy-currcnt  in.struments,  the  fixed  coils  are  wound  with  cable  composed 
of  many  fine  strands  laid  up  in  braitled  form.  This  reduces  the  eddy  currents 
which  otherwise  would  bo  set  up  and  which  would  influence  the  moving  coil. 

•  Rowland.  H.  A.  "Electrical  Measurements  by  Alternating  Currente;  " 
Leeds  and  Nortbrup  Catalogue  No.  74,  1911;  p.  294. 

118  ^  , 

DglzedbyCjOOgle 


MEASURING  APPARATUS 


Sec.  8-35 


SS.  Vibration  c*lvuionieta»*  can  be  used  only  with  alternating  our- 
rents.  There  are  two  types,  the  coil  and  the  soft-iron  maffnet.  In  the 
former,  the  moving  clement  is  a  single  wire  or  narrow  coil  of  very  fine  wire 
suspended  between  the  poles  of  a  permanent  magnet.  An  exceedingly 
small  mirror  is  attached  at  the  centre  of  the  wire  or  coil.  When  the  naturu 
period  of  this  moving  system  coincides  with  that  of  the  current  to  be  measured 
It  will  resonate  and  be  sensitive  to  extremely  small  currents,  the  indication 
Keing  the  width  of  the  spot  of  light  on  the  screen  or  scale.  The  instrument 
is  "  tuned  '*  or  adjusted  to  resonance  by  changing  the  effective  length  of  the 
suspension  or  its  tension. 

In  the  soft-iron  magnet  type,  a  very  small  piece  of  soft  iron  is  suspended 
bj  a  silk  fibre  between  the  poles  of  a  pernmnent  horse-shoe  magnet.  Ad- 
iaeent  is  a  coil  carrjnng  the  alternating  current  to  be  measured,  which  pro- 
duces a  field  perpendicular  to  that  of  the  permanent  magnet.  The  tempo- 
rarily mAgnetiaed  needle  vibrates  in  synchronism  with  the  period  of  the  alter- 
aatiag  current  and  with  an  amplitude  proportional  to  the  strength  of  the 
mrreot.  The  effective  period  of  the  movmg  system  is  ad- 
justed to  resonance,  by  shunting  more  or  leas  of  the  per- 
ntanent  field  by  means  of  a  movable  keeper  across  the 
limbs  of  the  magnet.  Obviously  these  instruments  can  be 
■sed  only  for  detector  purposca,  that  is,  in  sero-method 
measuTpments.  such  as  inductance  and  capacity  measurements 
vithaWheatstone  bridge.f  They  are  extremely  sensitive,  be- 
ing capable  of  detecting  currents  of  the  order  of  1X10~'  amp. 
and  are  applicable  to  frequencies  up  to  1,000  cycles  per  sec. 

St.  Tharzno-ffalTanometerfl  utilise  the  beating  effect  of 
sn  dectric  current  and  are  independent  of  frequency.  They 
can  be  constructed  with  practically  no  inductance  or  elec- 
trostatic capacity,  and  are  therefore  used  extensively  in 
lugh-frrquency  measurements.  One  of  several  forms  is  the 
Doddell  type,  Fig.  4,  in  which  a  moving  coil,  suspended  be- 
tween Uie  pole-8  of  a  permanent  magnet  as  in  D'Arsonval 
galvanometerB,  includes  a  bismuth-antimony  thermocouplo 
pUud  imraodiatcly   near  an  electric  heater  through  which 

ries  the  current  to  be  measured.  The  instrument  can 
used  for  a  wide  range  of  measurements  by  changins  the 
brater.  It  can  be  used  on  frequencies  up  to  the  order  of 
100,000  cycles  per  sec. 

3T.  Kl«ctrc»static  galTanomatera  utilise  the  force  of  re- 
polston  between  two  bodies  carrying  electrostatic  charges 
of  the  same  polarity.  One  or  more  very  thin  metal  vanes 
■re  Buspendeo  by  a  fine  wire  between  two  or  more  stationary 
VM3KS,  so  shaped  (circular  discs  with  opposite  quadrants 
eut  away)  that  when  excited,  the  movable  vanes  swin^  outward  from  the 
fixed  van^  between  which  they  are  interleaved.  These  mstruments  require 
BO  appreciable  current  and  can  be  calibrated  on  direct  current,  thus  pos- 
Kssing  characteristics  which  make  them  valuable  for  measuring  e.m.fs. 
^lere  the  current  capacity  is  very  small  or  nil. 

n.  Altematlnff-cuiTcnt  detectors.  Other  methods  of  determining  the 
rendition  of  balance  in  sero-method  alternating-current  measurements  are 
shown  in  Figs.  5  and  6.  The  former  indicates  the  scheme  of  a  synchronouB 
conanntator.  t  A  commutator,  C,  and  two  slip-rings,  r  and  r>,  are  mounted 
oo  the  sluft  of  a  small  synchronous  motor.  The  bars  in  the  commutator  are 
RMTow,  and  equal  in  number  to  the  poles  of  the  motor  and  equally  spaced. 
Two  brushes,  a,  a<,  connected  to  the  galvanometer  arc  so  spaced  as  to  bridge 
two  ban  simultaneously.  These  brushes  are  mounted  on  a  disc  which  can 
be  rotated  about  the  shaft.     The  bars  are  connected  alternately  to  the  two 


Pio.  4.— 
Dudell  thei^ 
mo-galva- 
nometer. 


'  Wenner,  F.  "Characteristics  and  Applications  of  Vibration  Galvan- 
ometers;"   Traju.    A.  I.    £.  E..  1912,  Vol.  XXXI,  p.  1343 

t  Roea,  E.  B-  and  Grover.  F.  W.  "Measurement  of  Inductance  by  Ander- 
■oa's  Method  Using  Alternating  Current  and  a  Vibration  Galvanometer;" 
Buresa  of  Standards  Bulletin  No.  3.  1905,  p.  201. 

I  See  sIao  Frederick  Bedell,  "Use  of  Synchronous  Commutators  in  Alter- 
nating-current Measurements;"  Jour.  Franklin  InttUtUe,  Oct..  1913,  p.  386. 
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rings  which  in  turn  are  connected  through  the  brushes,  b,  b\  to  the  al tempting 
current  being  measured.  It  is  apparent  that  the  connections  to  the  eskl- 
vanometer  are  reversed  every  half  cycle,  so  that  the  Indication  is  a  steady  ooe, 
the  value  of  which  may  be  made  anything  from  sero  to  a  maximum  by  shift- 
ing the  angular  position  of  the  brushes.  Thus  the  most  sensitive  i>oaition 
can  be  reauly  found,  irrespective  of  the  phase  relation  between  the  current 
in  the  circuit  being  measured  and  the  motor  armature.  The  variation,  in 
contact  resistance  at  high  speeds,  and  possible  presence  of  thermo  e.m.fa., 
may  cause  trouble  where  the  resiatanoes  or  potentials  are  very  low,  «s  in 
low-resistanoe  bridge  mMiorcmcnts.* 


Fia.  5. — Synchronous  commutator. 


99.  A  ■ynchronous  roTdrainc  kty  which  overcomes  the  latter  difficulty 
is  indicated  in  Fig.  6.  A  cam,  C,  mounted  on  the  shaft  of  a  small  synobrooous 
motor  is  so  designed  that  it  moves  the  lever,  I,  up  and  down  in  suob  a  maniur 
tii&t  the  pair  of  contacts,  a  and  a*,  at  the  end  of  the  lever  make  alternate  ooi>- 
taet  with  the  pairs  of  stationary  contacts,  e  and  e^,  once  per  evole.  The  num- 
ber of  projections  on  the  cam  of  course  will  correspond  with  the  number  o£ 
pairs  of  poles  on  the  motor.  The  contacts  are  arranged  as  shown  diagram- 
matically  at  the  right  of  Fig.  6,  from  which  it  will  be  seen  that  the  connectiona 
to  the  ^Ivanometer  are  reversed  every  half  cycle,  so  that  a  steady  deflection 
is  obtained  in  the  direct-current  galvanometer.     All  the  contacts  are  aup- 


'-0-' 


Fia.  6. — Synchronoua  reveramg  key. 


ported  on  a  solid  disc  which  can  be  rotated  around  the  shaft,  and  hence  re- 
versal can  be  made  at  any  point  on  the  wave  as  in  the  case  of  the  synchronoua 
commutator.  The  contacts  are  all  made  of  platinum,  the  cam  is  hardened 
steel  and  the  lever  I  is  kept  in  contact  with  the  cam  at  all  times  by  means  of 
a  spring.  The  roller  r  is  necessary  to  insure  contact  at  the  low  portion  of 
the  cam. 

*  Sharp,  C.  H.  and  Crawford,  W.  W.    "Some  Recent  Developments  in 
Exact  Alternating-current  Measurements;"  IVans.  A.  I.  E.  E.,   1910,  Vol. 


XXIX,  p.  1618. 
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M.  A  bsnatar  *  is  a  bridge  arraogement  (Par.  141)  in  whioh  the  change  in 
leutanee  with  the  passage  of  current  of  a  high  temperature  coefiSdent  wire 
ii  utilised  to  measure  currents  of  telephone  magnitude  and  frequency. 

41.  A  bolometar  is  an  instrument  devised  by  Prof.  8.  P.  Langley  with 
■Uefa  extremely  small  temperature  changes  (order  of  OXWOl  deg.  fahr.) 
oiay  be  measured.  A  very  thin  strip  of  platinum  or  other  metal  is  exposed 
to  the  radiation  from  the  source  being  measured.  This  strip  forms  the 
snn  of  a  balanced  Wheatstone  bridge  and  the  change  in  resistance  cone- 
ling  to  the  change  in  temperature  is  indicated  oy  the  galvanometer 


COKTIin;OirS-K.M.F.  kxasttkbmehtb 

41.  Stemdmrda  of  •.m.t.  The  legal  unit  of  e.m.f.  in  the  United  States 
is  the  intarmtloiial  volt  sdopted  by  Act  of  Congress  in  1894:  in  practice 
the  prefix  is  generally  omitted.  This  unit  is  the  e.m.f.  which,  when  applied 
to  a  oooductor  having  a  resistance  of  one  intenuitional  ohm,  will  produce  a 
current  of  one  international  ampere.  The  Act  also  states  that  the  volt 
"is  repreaented  sufficiently  well  for  practical  use  by  1000/1434ths  of  the 
c.m.f.  Detween  the  poles  or  electrodes  of  the  voltaic  oell  known  as  Clark's  cell 
St  a  temperatoie  o«  IS  deg.  cent,  and  prepared  in  the  manner  described  in 
the  aceompanyinc  specificaUott."  The  (^rk  cell  has  since  been  superseded 
by  the  Wi»to&  oell  as  the  standard  of  e.m.f.  The  value  of  the  latter  as 
sdopted  by  the  Bureau  of  Standards,  Jan.  1,  1911  is  1.0183  at  20  deg.  cent., 
which  is  now  the  standard  of  e.m.f.  m  this  country. 

4t.  TIta  Clark  eall  was  the. first  form  of  voltaic  cell  to  meet  the  require- 
aients  of  a  reliable  standard  of  e.m.f.,  namely,  reproducibility  and  reasonable 
ixnnanenae.  The  elements  are:  positive  electrode,  metallio  meroury; 
segstive  electrode,  amalgamated  sine;  electrolyte,  saturated  solution  of  sino 
•olphate  and  mercurous  sulphate.  Its  e.m.f.  in  terms  of  fundamental  or 
egjs.  units  was  originally  t^en  as  1.434  international  volts  at  16  deg.  oent., 
the  value  having  been  made  legal  in  1894  as  stated  above.  Later  and  more 
careful  detcnninations  have  shown,  however,  that  1.4328  is  a  more  oorreot 
tgore.  The  e.in.f.  of  the  Clark  cell  changes  with  temperature  in  accordance 
mh  the  formula: 

«-1.4328[l-0.00077«°  C.-15)]  (9) 

«h«e  B~  international  volts  at  any  temperature,  t  deg.  cent. 

44.  Oblaetloiia  to  Clark  cell.  As  the  electrical  art  developed  and  mors 
VKose  workine  atandarda  became  necessary,  the  defects  in  the  Clark  cell 
«ere  noted.  The  most  conspicuous  of  these  are  large  temperature  ooefficient, 
luge  temperature  lag  and  difficulty  in  obtaining  the  temperature.  This  eell 
kss  therefore  been  superseded  by  the  Weston  cells,  which  are  practically  free 
Inm  these  objections. 

41.  Wsaton  ealla.t  There  are  two  forms  of  Weston  oells,  the  aaturatsd 
asO  and  the  nsastarktsd  call.  The  elements  are:  positive  electrode, 
metallie  mercury;  negative  electrode,  amalgamated  cadmium;  electrolyte, 
•obitioa  of  eadminm  sulphate  and  mercurous  sulphate. 

44.  Waston  monnal  call.  In  this  eell  the  electrolyte  is  saturated. 
This  form  ia  the  official  standard  because  it  is  more  permanent  and  can  be 
nnodneed  srith  greater  accuracy  than  when  the  electrolyte  is  unsaturated, 
whea  carefulty  made  according  to  the  official  specifications,  cells  will  agree 
with  each  other  within  a  few  parts  in  100.000.  The  e.m.f.  changes  slightly 
*ith  temperature  according  to  the  following  formula: 

jr-1.0183{l-0.000041«'C.-20)J  (10) 

where  X— international  volts  at  any  temperature,  (  deg.  cent. 

4T.  Th*  OBHitarated  WMton  eell,  on  the  other  hand,  has  practically 
no  tenpeistnre  coefficient  (0.00001  per  deg.  cent.).  Although  it  is  not  so 
nSaUe  as  a  fundamental  standard  as  the  Weston  normal  cell,  and  each  cell 
hss  to  be  standardised,  it  is.  nevertheless,  more  convenient  for  general  use. 
This  is  the  form  furnished  by  the  Weston  Electrical  Instrument  Co.  The 
I  recommend  that  these  oells  be  not  subjected  to  temperatures  below- 


*CV)hen  and  Shapard.  "Telephone  Transmission  Measurements,"  Jaw. 
last  B.  E.,  1907,  Vrf.  XXXIV,  p.  603. 
t  Bee  (Snular  No.  29,  Bureau  of  Standards,  1910. 
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4  deg.  cent,  or  above  40  dcg.  cent.,  and  that  no  current  greater  than  0.0001 
amp.  be  paued  through  them. 

48.  ComparUonji  of  continuous  electromotive  forces  with  a  stand- 
ard cell.  Electromotive  forces  may  be  oomparrd  with  a  standard  cell  by 
several  methods.  The  more  typical  methods  are  baaed  on  the  following 
principles. 

(a)  In  the  subititution  method,  the  current  flowing  through  a  high 
resistance  (not  less  than  15,000  ohms)  is  measured  with  a  hiah-senaibility 
galvanometer,  first  with  the  standard  cell  In  the  circuit  and  then  with  the 
unknown  e.m.f.  substituted  for  thp  standard  cell.  The  resistance  being  the 
same  in  the  two  oases,  the  deflec^ons  are  proportional  to  the  e.m.fB.  E  -•  od'/d, 
where  £*"UDknown  e.m.f.,  f  =  standard  cell  e.m.f..  d^dedecUoa  with 
standard  cell  and  d'  =  deflection  with  unknown  e.m.f. 

(b)  The  equal  deflection  method  is  a  modification  of  the  above,  in 
wmch  the  deflections  are  kept  the  same  in  the  two  cases  by  changing  the 
renstance.  Then  E  —  tr*  jr,  where  r  ■*  total  resistance  of  the  circuit,  including 
the  galvanometer,  with  the  standard  cell  in  the  circuit  and  r' » total  resitftanoe 
with  the  unknown  e.m.f.  Ttiis  method  is  better  than  (a)  because  It  ia  a 
constant  deflection  method  and  the  result  depends  on  the  known  values  of 
two  resistances,  rather  than  observed  deflections. 

(c)  In  Wheatstone's  modification  of  the  equal  deflection  method,  the 
galvanometer  resistance  does  not  have  to  be  known.  The  deflection,  rf,  is 
noted  when  the  unknown  e.m.f.,  E,  and  a  known  high  resistance  are  in  circuit. 
Additional  resistance,  r',  is  added  and  the  deflection,  rf',  again  noted.  Simi- 
larly with  the  standard  cell  of  potential  difference,  p;  the  resistance  ia 
adjusted  until  the  same  deflection,  d,  is  obtained  and  then  an  amount  of 
reustance,  r.  is  added  until  the  deflection  d*  is  again  obtained.  The  unknown 
e.m.f.  is  E^er*/r. 

(d)  In  the  condenser  discharge  method  a  condenser  is  charged,  first 
from  the  unknown  e.m.f.,  then  from  the  standard  cell,  and  discharged  in 
each  instance  through  a  ballistic  gulvanomet^ir.  The  deflections  will  be 
proportional  to  the  e.m.fn.,  hence  E^etl'/d  as  in  (a).  Obviously,  if  the  un- 
known e.m.f.  is  much  smaller  or  much  lart^r  than  the  standard  cell,  tho 
deflection  can  be  made  about  equal  to  that  of  the  standard  cell  by  using  a 
larger  or  a  smaller  condenser.  In  that  case  the  ratio  of  the  caparjties  should 
be  known,  and  then  E'^ed'C'/dC^  where  C-^  capacity  of  condenser  used  with 
the  unknown  e.m.f.  and  C  — capacity  of  condenser  u»ed  with  the  standard 
ceil.  This  method  has  the  advantage  that  practically  no  current  is  re- 
quired, which  is  advantageous  in  making  measurements  of  voltaic  cells  of 
very  small  capacity  or  rapid  polarization. 

(e)  The  principle  of  the  opposition  or  i>otentlometer  method  is  that 
of  opposing  the  e.m.f.  of  the  standard  cell  against  an  equal  difference  of 
potential  which  bears  a  known  proportion  to  the  unknown  e.m.f.  This 
method  ia  the  most  accurate  and  by  tar  the  most  generally  used,  because  it 
is  both  a  sero-deflection  and  a  sero-current  method,  the  result  depending 
only  on  the  ratio  of  two  resistances  which  can  be  very  accurately  determioad- 
Fotentiometere  are  instruments  employing  this  principle  (Par.  M). 

49.  Description  of  Leeds  and  Northrup  potentiometer,  low  raalgt- 
ance  type.  Fig.  7  shows  the  arrangements  of  the  circuits.  The  figures  for 
the  second  decimal  place  and  beyond  are  obtained  from  a  slide  wire  at  the  end 
of  the  circuit,  CB,  along  which  a  contact  moves.  A  special  dial  is  also  pro- 
vided for  the  standard  ocU  (at  the  left)  and  separate  contacts  are  provided 
for  the  standard-cell  e.m.f.  and  the  unknown  e.m.f.,  so  that  do  settings  havo 
to  be  disturbed  when  checking  the  necondary  current  in  the  Dotentiometer 
circuit.  The  essential  part  of  the  instrument  consists  of  15  nve-ohm  coUa» 
AC,  connected  in  series  with  the  extendfKl  wire,  CB,  the  resistance  of  which 
from  0  to  1,100  scale  divisions  is  5.5  ohms.  Thus  when  the  current  from 
the  battery,  B,  Is  adjusted  by  the  rheostat,  R,  to  0.02  amp.,  the  fall  of  poten- 
tial across  each  5-ohm  coil  in  ACIsO.l  volt  and  across  CB^  0.11  volt.  Sinoe 
the  latter  is  divided  into  1,100  parts,  the  e.m.f.  may  be  measured  to  O.OOOl 
volt.  At  point  5  in  ^C,  a  wire  is  permanently  attached  connecting  to  one 
point  of  the  double  switch,  U.  When  this  switch  is  thrown  to  tho  left,  the 
standard  cell  is  connected  through  the  galvanometer  to  point  5  and  tho 
sliding  contact  T  which  moves  oyer  the  dial  at  the  left  consisting  of  10  resist- 
ance coils.  Between  a  and  A  is  a  resistance  which  is  adjusted  to  such  a 
value  that  with  0.02  amp.  flowing,  the  potential  drop  between  5  and  a  is 
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1.0X75  with  0.0001  Toli  additional  drop  acrosa  each  dial  coil,  giving  a  majd- 
mum  of  1.0194.  This  range  will  include  the  uaual  difTerencea  between  dif- 
ferent Weston  standard  celTa.  To  adjust  the  current  to 0.02  amp.,  throw  the 
svitch  U  to  the  position  indicated  by  the  dotted  lines,  set  the  contact  T 
to  correspond  to  the  e.m.f. 
of  the  standard  cell  and  regu-  R 

late  ^  until  the  galvanometer        mwuv^wsvmV  ^ 

*bon    no    deflection.       The        \  _^         ' 1|4- 

uokaown  e.m.f.  is  then  meas- 
arrd  by  throwing  the  switch 
[.'  to  the  position  indicated 
by  the  full  lines  and  adjust- 
lag  the  contacts  M  and  M' 
ociit  no  deflection  is  noted. 
After  a  balance  has  been  ob- 
tained, the  current  may  bo 
rhecked  by  simply  ahifting 
I'  to  the  first  position  and 
pressing  the  contact  key. 

■0.  Paul  potantio  meter, 
low  reiittance  type.  Fig.  8 
is  the  coanection  diagram. 
It  is  similar  to  the  instru- 
ment described  in  Par.  49  in 
that  the  lower  part  of  the 
reading  is  obtained  from  an 
extended  alide-wire  on  one 
end.  snd  a  standard-cell  switch  is  provided  at  the  other  end.  The  rheostats  for 
ftdjustiog  the  batt«ry  current  are  within  the  instrument  (A  and  r).  The  slide 
wire  is  laid  straight,  with  divisions  equal  to  about  |  in.  (0.4  cm.),  which 
correspond  to  0.001  volt  divided  into  5  subdivisions.  A  special  switch, 
>S,  is  so  arranged  that  the  various  circuits  1,  2,  3,  etc.,  may  be  quickly  con- 
nected to  the  potentiometer  circuit.  The  resistance  of  the  standard  type  is 
10  ohnu  per  volt,  with  a  range  from  0.0002  volt  to  1.8  volt.  It  is  also  made 
with  raages  as  low  as  0.000004  volt  to  0.036  volt  for  thermoelectric  work. 


M 


Fia.  7. — Leeda  &  Northrup  potentiometer. 


X-\  X-2  X-8  X-4 


Fio.  8. — Paul  potentiometer. 

II.  WoU  poUntlomater,  hlch  reiiatence  type.  Fig.  9  shows  the 
diagrun  of  connections  in  the  lutest  model.  The  total  resistance  is  20,000 
ohms  and  there  is  no  slide  wire,  all  resistances  being  comprised  in  the  form 
of  5  dials,  having  steps  of  1,000,  100,  10,  1  and  0.1  ohm  respectively.  These 
tni  0  1,  0.01,  0.001,  0.0001  and  0.00001  volt  respectively.  Instead  of  ob- 
tajniDg  a  balance  by  moving  along  the  main  circuit  the  contacts  connected 
to  "X,"  as  in  the  slide  wire  form,  the  &nal  balance  is  obtained  by  adding  or 
rabtnetinc  leaiatance  in  the  main  circuit  between  these  two  contacts;  the 
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three  low  dials  are  so  arranged  that  a  correspondiDs  change  is  automaUoaUy  J 
made  in  the  external  part  of  the  main  circuit  and  the  total  resistance  ia  kepta 
constant.     A  separate  dial  is  provided  for  the  standard-cell  adjuBtment^ 
together  with  a  separate  resistance  which  can  be  altered  to  aocoRimo<iat< 
different  cells  without  affecting  the  measuring  circuits.     The  total  range  \ 
the  instrument  is  1.0  volts. 


Fia.  9. — Wolff  potentiometer. 


U.  Care  and  \1M  of  potentiometers.  The  following  notes  apply  to 
the  use  of  potentiometers  in  ordinary  work. 

(a)  The  accessories  should  be  suitable  for  the  particular  type  of  in- 
strument, that  is,  high  or  low  resistance,  and  for  the  class  of  measurement 
to  be  made.  The  galvanometer  should  be  sufficiently  sensitive  to  give  a  per- 
ceptible deflection  when  there  ia  an  unbalance  equal  to  the  smallest  ac&le 
division  in  the  potentiometer  curcuit.  A  low-resistance  galvanometer,  of 
the  order  of  100  ohms,  should  be  used  with  a  low-resistance  potentiometer, 
and  a  high-resiBtance  galvanometer  of  500  to  1,000  or  more  ohms,  witn  & 
high-resistance  potentiometer.  Similarly,  the  resistance  of  the  volt  box 
(Par.  SS)  for  low-resiatance  potentiometers  should  be  as  low  as  the  permijt- 
sible  power  loss  in  the  resistance  coils  will  permit.  This  is  usually  about 
5,000  ohms  for  150  volts.  For  high-resistance  instruments,  the  resistance  ia 
1,000  ohms  or  more  per  volt. 

(b)  The  flnt  trials  for  balance  should  always  be  made  with  a  resiatance 
in  series  with  the  galvanometer.  This  is  usually  provided  in  the  instrument, 
with  facilities  for  readily  cutting  it  out  of  circuit  when  an  accurate  balance  ia 
being  obtained.  The  resistance  protects  the  galvanometer  and  alao  the 
standard  cell  from  the  effects  of  excessive  currents. 

(c)  Trouble  is  sometimes  experienced,  especially  in  damp  weather,  due  to 
current  "laakdnc  to  ground''  from  the  potentiometer  circuits  in  a  manner 
which  produces  a  false  deflection.  This  can  be  obviated  by  providing  & 
"ffuara  circuit."  In  one  scheme  of  this  kind  all  of  the  apparatus  is  placed 
on  small,  hard-rubber  pillars  each  of  which  in  turn  rests  on  a  small  metal 
plate.  These  are  connected  together  and  to  the  poaitive  "x"  binding-poat . 
By  fine  bare  wire.  Thus  all  points  to  which  current  might  "leak**  over  the 
surface  are  kept  at  the  highest  external  potential  to  whicn  the  potentiometer 
is  connected.  When  the  surfaces  become  noticeably  moist,  couditiona  ccui 
be  improved  by  carefully  wiping  with  a  cloth  moistened  with  grain  alcohol. 

(d)  Calibration  and  checkdng.  The  essential  requirement  is  that  the 
ratio  of  the  resistance  of  each  step  to  that  resistance  between  the  standitrct 
cell  terminals  shall  be  the  same  as  the  ratio  of  the  corresponding  potentials. 
For  example,  if  the  standard  cell  e.m.f.  is  1.0183  volts  and  the  reatatance 
between  its  terminals  is  101. S3  ohms,  the  resistance  of  the  various  stepa 
should  be  adjusted  to  10  ohms  per  0.1  volt.  If  the  standard  celt  resiatance 
is  102.848  ohms  the  potentiometer  is  still  accurate  if  the  resistance  throughout 
the  circuit  is  adjusted  to  10.1  ohms  per  0.1  volt. 
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.  Talt  boana.  Wben  the  iwtentui  to  be  meanired  u  creater  than  the 
_  t  <d  the  potentiometer  (uauiuly  1.6  Tolte)  a  volt  box  ia  used.  It  oonaista 
of  a  namber  of  reetstance  coils  oonneeted  in  aeriea,  with  tape  brought  out  to 
WwHng  poata.  F1^.  10  shorn  the  diaEnunmatie  arran^ment,  in  two  forma. 
la  LI),  the  potentiometer  is  connected  to  the  poets  marked  "  +  "  and  "  l.fi." 
When  the  potential  to  be  measured  is  between  1.6  and  IS  volts,  it  is  oonneeted 
ts  the  "  +  "  and  "  16"  poets,  between  which  the  resistance  is  just  ten  timei 
tliat  between  "  + "  and  "  1.6."  Hence  only  one-tenth  of  the  unknown 
Botestial  is  anplied  to  the  potetatiometer,  the  readinffs  of  which  must  therefora 
be  Bultiphea  oy  10.  Similarly,  when  the  potential  is  between  16  and  160 
nlia,  it  IB  oonneeted  to  the  "  +  "  and  "  150"  posts,  and  the  ratio  becomes 
100.  In  (£},  Fig.  10,  the  potential  to  be  measured  is  always  connaotad  to 
eae  pair  of  poeta,  dedciiated  "  +  "  and  "  — ,"  and  the  potentiometer  eonneo- 
tiona  am  aniftea  to  obtain  the  desired  ratio.  Theoretically  the  former 
Bctfaod  is  the  better  because  the  resistance  in  parallel  with  the  potentiometer 
is  constant  and  the  sensibility  is  tliersfore  constant.  In  the  latter  ease, 
the  amaifaility  variea,  bein«  a  minimum  with  the  lowest  ratio,  or  when  the 
isaiimnm  amonnt  of  reaistanee  is  in  parallel  with  the  potentiometer.     On  the 
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Fio.  10.— Volt  boxes. 

atkcr  band,  the  nnknown  a.m.f .  is  always  connected  to  a  hich  resistance,  and 
htaoe  there  ia  no  danger  of  burning  out  the  volt  box;  this  occasionally  happens 
«ith  the  first  form, '  (.A),  due  to  accidental  connection  with  tne  wrong 
tomiaala. 

64.  Paflection  petanttometan;  Precision  measurements  obviously 
caa  be  made  only  with  veiy  steady  soureee  of  e.m.f.  If  the  e.m.f.  is  not 
•Uady,  and  a  higher  precision  than  OftA  obtainable  with  secondary  standard* 
(voilmetera)  ia  aesiied,  a  defleetion  potentiometer  may  be  employed.  In 
this  iaetnunent  the  greater  pact  of  the  e.m.f.  ia  measured  by  balancing 
•giiast  the  potentiometer  current  in  the  regular  manner,  and  the  remainder 
b  sblaioed  by  meana  of  the  average  indication  of  the  fluctuating  galvanome- 
ter, which  is  preferably  of  the  portable  type.  The  Brooka  dafleotion 
iMMttsntetar*  ia  of  this  type. 

H.  Tdtmeten  for  continuotti  e.in.ti.  Indicating  instrument* 
<aDed  voltmeters  are  used  in  ordinary  commercial  measurements.  They 
•n,  essentially,  low-*en«ibility  galvanometers  pro- 
vided with  seaka  over  which  moves  a  pointer  attached 
to  the  moving  system.  The  scale  is  calibrated  in 
•olts  by  eompatison  with  an  indicating  inatnunent  of 
Ugfaer  (eaaibilitr,  or  by  meana  of  a  potentiometer. 
Piaetieally  all  mieet'-earrent  voltmeters  employ  the 
praupie  of  D'Araonval  cmtraaometan  aa  shown  in 
nz.  11.  They  consist  essentially  of  a  light  rectan- 
tular  coil  of  fine  copper  wire  wound  upon  an  alu- 

■•Biam  frame,  pivoted  in  ieweled  beatings  and  ea-     .  

psbla  ol  rotating  in  the  annular  spsoo  between  the  soft-    meter. 
inn  eoffe  and   the  pole-pieces  of  the  permanent  mag- 

■st.  The  aluminium  frame,  being  a  doeed  secondary  circuit,  acts  as  a 
B*>Ks  or  damper  when  the  coil  is  deflected:  the  insteument  is  thus  made 
"iMd  beat.*'  The  pole-pieces  are  so  shaped  that  the  magnetic  field 
mvngth  is  uniform  throughout  the  space  in  which  the  eoU  movee.  The 
Md  strength  varies  widely  in  different  makes  of  instrument,  ranging  from 
M>to  3,000  lines  per  square  centimeter  in  the  air  gap  and  1,000  to  6,000 

*  Bocaa  of  Standard*  Bulletin;  Vol.  II,  p.  226;  Vol.  IV,  p.  276. 
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Fio.  11. — Diagram, 
Weston    d.c.     volt- 
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lines  por  square  oentimeter  in  the  steel.  A  light  tubular  pointer  attaohvd 
to  the  coil  moves  over  a  calibrated  scale.  The  current  is  Introduoec 
into  the  coil  by  two  spiral  springs  which  also  provide  the  controUini 
force.  Since  the  field  strength  and  the  gradient  of  the  controlling  foTMl 
are  uniform,  the  deflection  is  strictly  proportional  to  the  current  paoHiii 
through  the  coil,  and  the  scale  divisions  are  uniform.  A  large  amounia 
resistance  is  connected  in  series  with  the  moving  coil  in  order  to  make  tbi 
current  small.  Thus  the  same  instrument  can  be  made  suitable  for  a  «>df 
range  of  voltages  by  changing  the  amount  of  series  resistance.  This  n 
mstance  is  made  of  wire  having  a  low  temperature  coefficient  in  order  (t 
neutralise  as  much  as  possible  the  efTect  of  the  large  a>efficient  of  the  cof^a 
in  the  ooil. 

•6.  Voltmeter  characteristics  (continuous  current).  The  usna 
resistance  of  portable  voltmeters  of  this  type  varies  from  50  to  150  ohmi 
per  volt  and  the  current  sensibility  from  7  to  20  milliamperes  at  fuU-scali 
deflection.  The  resistance  of  the  moving  coils  is  about  75  ohms.  Tfai 
torque  varies  from  2  to  6  millimeter-grams  at  maximum  current,  with  i 
ratio  of  torque  to  weight  (in  grams)  of  1  to  5.  The  temjwratnn 
coefficient  is  usually  negligible,  being  of  the  order  of  0.01  to  0.02  per  cent 
per  deg.  cent,  at  full  scale. 

87.  Laboratory  standard  voltmeters  (continuous  current).  So 
called  laboratory  standard  voltmeters  are  similar  to  portable  instrument 
except  that  they  are  larger,  have  a  longer  pointer,  a  longer  and  more  opei 
scale  and  are  made  with  greater  care.  They  are  only  semi-portable  and  an 
intended  primarily  for  standardizing  purposes. 

M.  Switchboard  voltmeters  (continuous  current)  are  usually  of  tb 
D'Arsonval  type.  The  construction  is  the  same  as  that  of  portable  instni- 
inenta,  except  that  they  are  more  substantial  and  ruggea,  especially  ai 
regards  the  moving  system,  in  order  to  withstand  the  harder  conditions  o 
continuous  service  and  excessive  fluctuations.  They  are  mounted  in  iroi 
cases  to  protect  them  as  much  as  possible  from  the  normal  stray  fields  dui 
to  the  bus  bars.  * 

H.  Kffect  of  stray  fields.  The  general  effect  of  stray  fields  on  the  stand 
ard  types  of  portable  and  switchboard  instruments  is  shown  in  the  table  il 
Par.  60.  These  errors  are  usually  only  temporary  and  disappear  with  thi 
stray  field.  When  the  field  is  very  strong,  as  under  short-circuit  condition! 
in  a  neighboring  conductor,  demagnetisation  of  the  instrument  magneti 
may  result  in  a  permanent  error.  Shields  are  likely  to  be  of  little  value  undo 
such  conditions  because  the  iron  becomes  saturated. 

60.  Effect  of  Stray  Magnetic  Fields  on    Continuous-current  Volt* 
meters  and  Millivolt  meters 


stray  field, 
lines  per  sq.  cm.* 

Error  at  two-thirds  full-scale  deflection,  per  cent. 

Shielded 

Unahielded 

6 
10 
15 
20 

■' 

0.5    to  1.0 
0.75  to  1.75 
1.0    to  3.0 
1.25  to  3.25 

2 

S.Sto    5.5 
e.Oto    7.5 
7.5  to  10 

01.  The  measurement  of  very  small  continuous  potentials  may  be 

effected  by  some  of  the  methods  outlined  in  Par.  48- 

A  potentiometer  is  most  convenient,  high  resistance  for  high  resistance  soured 
such  as  small  galvanic  cells  and  low  resistance  for  low  reaistanoe  sources  such  ai 
thermocouples. 

6S.  Oround  detectors.  Those  of  the  direct-current  type  are  usually 
special  forms  of  voltmeters.  In  one  form,  there  are  two  coils,  differ  en  tlallv 
wound  on  the  moving  system.  One  end  of  each  coil  is  connected  to  ground 
and  the  two  free  euos  are  connected  respectively  to  the  two  aides  of  ths 

*  The  field  produced  at  a  distance  of  30  cm.  (12  in.)  from  a  conductor  caixy- 
ing  3,000  amp.  is  about  20  lines  per  square  centimeter. 
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Qvtera.  When  there  is  no  groand  or  fftult  on  the  system,  the  pointer  atanda 
M  th«  oentre  of  the  scale,  in  normal  equilibrium.  When  a  ground  or  fault 
ocean,  ciureDt  flows  through  the  coil  connected  to  the  ungrounded  side, 
producinc  a  deflection.  Id  another  form  of  detector  a  standard  voltmeter, 
■itbout  the  series  resistance,  vb  connected  to  the  centre  of  a  reajstanoe  shunted 
unm  the  line,  with  the  remaining  terminal  connected  -to  ground. 

ALTX&HATIHa-B.H.F.  KSASinUEMIHTS 

U.  MeuvrexaenU  of  ftlt«matlii|r  e.m.f.  In  alternating  e.  m.  fs. 
tikere  am  three  values  to  be  considered;  the  maximum,  the  average  and  the 
"root-meao-stiuare"  or  menn  effective  value  (Sec.  2).  The  last  value  is 
the  one  uauiiily  required,  being  the  value  of  the  equivalent  continuous  e.m.f. 
Knee  the  standard  of  e.m.f.  is  the  standard  cell,  the  measurement  of  altemat- 
ia«  potentials  involves,  like  continuous  potentials,  comparison  with  the  stand* 
ud  eeU.  The  comparison  may  be  more  or  less  a  direct  one,  as  in  precision 
■asorementA.  or  it  may  be  indirect  by  means  of  secondary  standards 
wlueh  in  turn  have  been  standardised  by  direct  comparison. 

M.  Prtdtlon  iiMaaiar«m«ntt  of  ftltematiiw  e.m.f.  Obviously  an 
tlteroating  e.m.f.  cannot  be  compu^  directJy  with  the  standard  cell,  the 
(.aJ.  of  which  is  unidirectional  and  constant.  The  comparison  is  made 
therefore  by  a  substitution  or  "transfer"  method,  A  galvanometer  of  the 
ciKtrodynamometer  type,  or  an  electrostatic  galvanometer,  is  connected  to 
the  alternating  potential  to  be  measured  and  the  deflection  noted.  It  is 
Acq  coonecteu  to  an  adjustable  continuous  potential  which  is  manipulated 
BBtil  exactly  the  same  deflection  is  obtained.  The  continuous  potential  is 
^m  compared  with  the  standard  cell  by  means  of  a  potentiometer,  in  the 
mU  manner.  A  double-throw  double-pole  switch  is  usually  arranged  so 
that  the  transfer  from  alternating  current  to  continuous  current  can  be 
QoicUy  made,  without  allowing  the  deflection  to  change  appreciably,  the 
coBtiaaous  potential  having  been  previously  adjusted  to  about  the  proper 
Tiiue.  Two  readings,  direct  and  reversed,  are  taken  on  continuous  current 
'  ttUwaamc  reading  as  the  altcrnatinfC  deflection;  the  average  of  these  two  is 
taken  sa  the  true  value,  thus  eliminating  the  effect  of  stray  magnetic  or 
''t^ctroFtatie  fields.  It  is  obvious  that,  on  account  of  this  indirect  method, 
1  sltenuting-e.m.f.  measurements  cannot  be  made  with  the  degree  of 
'  P«cifton  obtainable  in  measurements  of  continuous  e.m.fs. 

M.  Bteondary  ttandards.  The  dsmamometer  type  instruments  which 
Bc  wed  as  secondary  standards  of  alternating  current  are  adapted  to 
t-KLf.  measurements  oy  constructing  the  winmogs  of  a  large  number  of 
tami  of  fine  wires,  instead  of  a  few  turns  of  heavy  wires.     See  Par.  M. 

W.  CUiiiflcation  of  altamatlnff-ctirrent  Toltznetan.  The  volt- 
"let^ni  in  jrfneral  use  may  be  divided  into  five  types,  as  follows:  dyna- 
BKKaeccr,  soft-iron  vane,  induction,  hot-wire  and  electrostatic. 

IT.  I>7ii«iiiomet«r  typo  Toltmetan  (alternating  current)  depend  upon 
the  reaction  between  %  fixed  and  a  moving  coil  connected  in  series.    The 
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fto.  12— DiaKTam,  Weston 
Qynamometer  type  a.c.  volt- 

■■i^tmciil  o(  the  movable  coil  u  a  measure  of  the  current  flowing  through  the 
°^  tul  therefore  proportional  to  the  e.m.f.  impressed  at  the  terminals.  In 
<"  lora  (Wnton  model  18),  a  angle  coil  movea  within  two  parallel  fixed 


Diagram,  Kelvin  balance. 
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coils  u  ahown  in  Fig.  12,  where  F-P"  m  the  fixed  edle  and  it  ia  the  morinc 
soil,  to  whioh  a  pointer  P  ia  attached.  The  deflection  is  approximately  pro- 
portional to  the  square  of  the  ounent.  The  scale  is  compressed  at  the  umier 
end  instead  of  extended  because  the  coil  movea  beyond  the  uniform  part  of  the 
field.  The  Thomson  Inclined  Coil  TOltmeter  ia  similar,  except  that  the 
plane  of  the  fixed  coib  maliee  an  ande  of  about  45  dec.  with  the  shaft  of  the 
movins  coil  for  the  purpose  of  making  the  scale  more  uniform. 

In  the  WestlncuouM  type  Q,  the  KelTln  balanea  principle  ia  used. 
This  principle  is  shown  in  Fig.  13,  where  there  are  two  coils,  3f  Jtf',  attached 
to  onpoeite  ends  of  a  beam  which  is  supported  at  the  middle  and  free  to  move. 
Each  coil  mores  between  a  pair  of  fixed  coils,  P  P  and  P'  P',  and  all  of  tho 
coils  are  connected  in  series  in  auch  a  maniker  that  the  moments  of  all  the 
forces  on  the  movable  system,  taken  about  the  beam  axis,  are  cumulataTO, 
thus  tending  to  produce  rotation.  In  the  Kelvin  balance  the  eontroUins 
or  opposing  force  ia  a  weight  moved  along  a  graduated  scale  attached  to 
the  beam  supporting  the  movable  coils;  the  moment  of  this  weight  about 
the  beam  axis,  when  the  moving  system  is  balanced,  variee  as  the  aquAi*o 
of  the  e.m.f.  In  the  Westinghouse  instrument  the  coils  are  arranged  ver- 
tically  and  the  controlling  force  is  a  spiral  spring.  The  amount  of  oom- 
preesion  of  this  spring  necessary  to  balance  the  electromagnetic  foroea,  am 
indicated  by  a  pointer  moving  over  a  scale,  is  a  measure  of  the  e.m.f.  ffingle- 
ooU  instruments  are  direct  reading  and  hence  fluctuating  e.m.fs.  can  be  mot* 
easily  read  on  them  than  on  the  torsionhead  instruments,  but  the  latter  aio 
astatie  and  therefore  practically  independent  of  stray  fields. 

M.  Sott-Iion-Tftne  voltmetan  (alternating  current)  utilise  the  t«. 
action  between  a  temporarily  magnetised  piece  of  soft  iron  and  the  magnetis- 
ing field.    In  the  Thomson  inclined  coil  initrument  of  this  type  tho 


QP 


OooBMr  Wh 

Fia.  14. — Diagram,  Thomson  inclined 
coil  a.c.  voltmeter. 


Fio.    IS. — Diagram,     Weston 
soft-iron  type  a.c.  voltmeter. 


plane  of  the  energising  coil,  C  (flf.  14),  makea  an  angle  with  the  shaft,  S, 
which  carries  a  member,  i,  comprisiDg  a  rectangular  piece  of  vety  thin,  soft 
iron.  This  piece  of  iron  ia  so  attached  to  the  shaft  that  rotation  ia  produoed 
by  the  tendency  of  the  iron  to  become  parallel  with  the  field  estabuahed  bj 
the  coil.  In  weiton  inatrumanta  of  thia  type  (model  156),  the  resctiox 
wUoh  produces  the  deflection  takea  place  between  two  pieces  of  soft  irox 
bent  in  the  arc  of  a  circle  and  placed  oonoentrieilly,  one  of  which,  ^'  (Fig.  I S) 
is  movable,  and  the  other,  F,  is  ststionaTy.  When  the  surrounding  coU.  Jtf 
is  energised,  the  pieces  of  iron  become  magnetised  in  like  manner,  so  that  th^ 
resulting  force  is  one  of  repulsion.  The  stationary  xrieoe  P  is  made  trianipilA; 
in  shape,  with  the  pointed  end  in  the  direction  of  rotation,  for  the  purpooi 
of  making  the  scale  more  uniform.  Air  damping  ia  obtained  by  means  of  i 
light  aluminium  vane,  V,  in  an  enclosing  chamber,  C.  This  type  haa  thi 
great  advantages  of  low  price,  ruggedness,  open  scale  and  small  weight. 

•9.  Induction-type  voltmetan  (alternating  current)  utilise  tha  prin 
tiple  of  induction  watt-hour  meters  (Par.  lOt),  or  the  rotative  tendency  of  ( 
free  cup  of  thin  metal  when  placed  within  a  so-called  revolving  magneti 
field.  Actual  rotation  of  the  movable  element  is  prevented  by  an  oppooini 
spiral  spring,  so  that  the  defleotiona  become  a  measure  of  the  current  in  tb 
energismg  ooila.    The  WMtlacliOUM  type  P  voltmeter  ia  an  importaa 
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.  !  of  ttuB  type,  for  which  is  claimed  a  very  high  ratio  of  torque  to 
«a^t  of  moving  element,  nuued  and  rimple  construction,  extremely  long 
■mle  and  compactneas.*  The  ar- 
nscement  of  the  circuita  u  abown  in 
TiK.  1 6.  The  primary  winding,  P, 
mhith  a  connected  to  the  line  circuit, 
iuluoea  a  current  in  the  aecondary 
winding,  3,  opposite  in  phase  to  the 
primary  current.  The  secondary  cur- 
nat  paiea  through  two  auxiliary 
nds,  AA't  wound  in  opposite  direc- 
bms  on  the  poles.  The  field  pro- 
dsecd  by  tfacaa  coils  will  be  displ^^ed 
90  dcg.  in  time  phase  from  the  field 
podnced  by  the  primary  winding  and 
approximately  at  right  angles  thereto 
inapaee,  thus  prodncing  the  necessary 
raCatins  field  to  cause  the  cup.  C,  to 
tead  to  rotate.  Incidentally,  the  in- 
kneat  frequency  error  of  induction 
tfjft  ustruments  ia  largely  neutralised 
hj  this  eomfatned  transformer  andin- 
daetioa  motor  action,  the  effect  of  fre- 
(pKoey  changes  being  opposite  in  the 
two  cases. 

n.  Hot-wtr«  ▼oltmetant  (alter- 
kstiag-eurrent)  utilise  the  expansion 
sad  coDtraction  of  a  wire  carrying  a 
carrcnt  proportional  to  the  e.m.f.  to  be 
Masnnd.  Fig.  17  shows  the  princi- 
ps)  features   of    the    Hsftfnann    &nd  Braua  Toltmoter. 


Fiq.    16. — Diagram,    Westingbouse 
induction -type  s.o.  voltmeter. 


_____      __ The  current 

iovs  through  the  platinum-silver  alloy  wire,  AB,  which  expands  under  the 

beat  produced.  This  ex- 
pansion reduces  the  tension 
on  the  fine  phosphor- 
bronse  wire,  CF,  wnich  in 
turn  allows  the  silk  fibre, 
HE,  attached  to  the  spring, 
5,  to  be  pulled  to  the  left. 
This  fibre  passes  around  a 
small  pulley  on  the  shaft  of 
the  moving  system  and 
thus  produces  a  deflection 
of  the  pointer.  Damping 
is  effected  by  the  alu- 
minium disc,  D,  moving  be- 
tween the  poles  of  the  per- 
manent magnetj  M.  The 
hot  wire,  AB,  is  in  series 
with  a  large  non-inductive 
resistance,  H,  so  that  the 
current  is  proportional  to 
the  e.m.f. 

71.  KlectroBtatlc  volt- 
meters (altcrnftting-cur- 
rent)  are  similar  to  eler- 
trostatic  galvanometers 
(Par.  17)  or  electrometers, 
except  that  thejr  are  de- 
signed for  measuring  larger 
potentials  and  are  provided 


f>c.  17. — Diagram.   Hartmann   &  Braun   hot* 
wire  type  a.c.  voltmeter. 


*  MscGahan.  P.  "Induction  Type  Indicating  Instruments;"  Trans, 
A  1   E.  E..  1912.  Vol.  XXXI.  p.  1565. 

t  PSeree,  A.  W.  and  Tressler,  M.  E.  "Hot-wire  Instruments;'*  Trans. 
*-  L  E.  E.,  1912;  Vol.  XXXI,  p.  1691. 
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with  scales  whieh  make  them  diraet  rekdins.  TheyanmadeinatiaatTariety 
of  forms,  for  both  portable  and  switchboard  use,  but  an  used  commsnaalb 
much  more  in  Europe  than  in  this  country.  Theprincipleof  tbeiroperatioan 
shown  in  Fi^  18,  in  whichmm'  is  a  thin  aluminium  vane  suspended  or  pivotad 
between  two  pairs  of  fixed  vanes,  //'.  The  deflection  througn  moderate  xancM 
is  proportional  to  the  square  of  the  jpotentislandis  controlled  either  by  a  qjizai 
■prtng  or  by  gravity.  Damping  is  produced  magnetically,  by  air  Tanea,  or 
by  immersing  the  elements  in  oil,  For  ordinary  oommercial  voltaces  a  nuin- 
ber  of  sets  ox  vanes  are  arranged  one  above  the  other  in  a  vertical  poaitioii* 
and  oonnected  in  paralld,  thus  multiplying  the  effect  (Fig.  19}.  For  hicfaer 
Tf^taffSS,  one  set  ox  vanes  is  sufficient  and  they  are  usually  placed  in  a  vertical 
plane  wltii  the  moving  element  mounted  on  a  horisontal  shaft.  In  tba 
wastlnrbouse  alectroitatle  Toltmatar,  the  moving  system  is  not  oon- 
neoted  to  the  circuit;  Fig.  20  shows  the  arrangement  of  the  parts.  Whan 
potential  is  uipUed  to  ^and  A',  the  hollow  cylinders  C  and  C  Moome  oppo- 
sitely charged  by  induction.  The  resultant  attraction  produces  a  deflection 
because  of  the  shape  of  the  fixed  plates,  P  and  i".  The  condenseia  K  and 
K'  are  each  formea  by  two  flat  plates  and  are  connected  in  series  with  A 
and  A'  to  increase  the  range.  For  lower  ranges  these  ooodenseis  ars  short- 
eireuited,  so  that  ranges  of  30,000,  60,000  and  100,000  volts  ars  available  in 
the  same  instrument  and  on  oqe  scale.     The  elements  are  entirely  inuneiaed 


Fio.  18. —  Dia-  Tia.  19.  —  Dia-  Fia.  20. — Diagram,  Westins- 
gram>  electrostatic-  gram,  electrostatic-  house  high-tension  volt- 
type  a.c.  voltmeter.       type  a.c.  voltmeter.       meter. 


in  oil  which  permits  a  relative!]^  eompaet  construction,  increases  the  toraus 
because  of  the  greater  specific  inductive  capacity  of  the  oil  and  provioas 
damping. 

Tl.  Altemating-eurrent  switohboard  voltmstan  are  xnade  in  all  of 
the  types  described  above  (Par.  6(  to  TO),  although  in  this  country  the 
dynamometerj  soft-iron  vane  and  induction  types  are  in  most  general  uas. 
lliey  are  similar  in  general  to  the  portable  instruments,  due  regard  beuog 
given  to  the  more  severe  requirements  of  switchboard  service. 

n.  Oalibration  of  altamatlng-eurrent  Toltmatan.  The  djn*- 
momatar  type  of  voltmeter  gives  the  same  indication  on  continuous  current 
as  on  alternating  current  and  may  therefore  be  calibrated  with  continuous 
currents,  direct  and  reversed  readings  being  taken.  The  inductanoe  ia 
i  QStruments  of  commercial  ranges  is  so  small  that  the  readings  are  independent 
of  standard  frequencies. 

The  soft-iron-vane  type  of  voltmeter  should  theoretically  be  used  only 
on  alternating  current  because  hysteresis  occurs  to  some  degree  in  the  vane. 
Practically,  however,  the  hysteresis  is  so  small  that  there  is  very  little  differ- 
ence between  the  respective  indications  with  increasing  and  decreasing 
potential.  Provided  with  a  steady  source  of  e.m.f.,  under  suitable  control, 
these  instruments  may  be  calibrated  with  continuous  current  by  taking  the 
average  of  the  "up"  and  "down"  potential  readings  corresponding  to  the 
various  points.  Care  xhould  be  taken  that  the  potential  is  increased  or 
decreased  only  to  the  desired  value  and  not  beyond  it.  Theoretically,  in- 
struments of  the  soft-iron  type  are  not  independent  of  frequency  or  wave- 
form; practically,  however,  the  variation  is  not  measurable  throushout 
ooromeroial  ranges. 
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ToltmeWn  ar«  theoreticaUv  and  practically  independent  of 

_  I  in  frequency  and  wave  form,  and  can  therefore  be  calibrated  with 
ec^^inuoua  current.  They  are  eapeeially  suitable  for  high-frequency 
meaaurcioenta- 

Indaetlozi-tjM  Toltmeten  are  affected  by  changes  of  frequency. 
They  most  ther«ore  be  calibrated  on  altematinff  current  of  the  frequency 
lor  whicfa  they  have  been  adjuated,  in  comparison  with  some  secondary  stand- 
aid  which  c&Q  in  turn  be  calibrated  with  continuous  current  as  described 
sader  precision  measurements.  Errors  which  result  from  ordinary  varia- 
tJona  in  commercial  wave  forms  are  negligible. 

SI*ctro«tatic  TOltinetorB  are  indeoendent  of  changes  both  in  frequency 
sod  in  wave  form,  and  ma^  therefore  be  calibrated  with  continuous  current 
where  the  ranse  wiU  penmt. 

T4.  Tb*  all«ei  of  stnj  fields  on  altamating-currezit  Toltmeten  is 
very  marked  in  some  types  of  instruments.  The  error  will  vary  with  the 
deflection  And  with  the  direction  of  the  suiwrposed  field.  In  the  case  of 
oB^ucldcd,  siniJe-coU  dynamometer  instruments,  the  error  caused  by  a 
nagDctic  stray  fi^d  of  five  lines  per  square  centimeter  may  vary  from  25 
per  cent,  at  quarter  scale  to  5  per  cent,  or  10  per  cent,  at  three-quarters 
scale;  with  a  field  of  10  lines  per  square  centimeter  these  figiues  may  oecome 
73  per  cent,  and  25  per  cent.,  respectively.  Soft-iron-vane  instruments  are 
much  leas  affected,  a  stray  field  of  10  lines  per  square  centimeter  causing 
about  10  per  cent,  error.  Hot-wire  and  electrostatic  instruments  are  not 
sSerted.  Shielded  dynamometer  instruments  are  available  in  which  the  error 
with  stray  fields  of  20  lines  per  square  centimeter  is  only  1  or  2  per  cent. 

Tt.  Moararement  of  small  alternating  e.m.fs.  The  single-coil 
^mamometer  type  voltmeter  is  practically  the  omy  one  available  for  potentials 
01  leas  than  25  vdta.  Since  the  deflections  in  tnis  type  of  instrument  are 
proportional  to  the  square  of  the  potential,  the  lowMt  value  that  can  be 
meamrwd  with  a  7.5-volt  instrument  is  about  2.5  to  3  volts.  By  separately 
exeiriDS  the  fixed  coils  the  sensibility  will  be  greatly  increased,  because 
the  denBctiona  will  then  be  directly  proportional  to  the  potential  impressed 
on  the  moving  coil.  The  "unlplyot  dynamometer  ^pe  instrument 
CPaol)  with  separate  binding  posts  for  fixed  and  moving  eoiiR  is  intended  to 
be  Dsra  in  this  manner,  full  scale  deflection  being  obtained  with  1  volt. 

For  the  accurate  measurement  of  potentials  of  the  order  of  0.26  volt 
and  less,  dvnamometer  instruments  must  be  of  the  suspension,  reflecting  type. 
Care  sbould  be  taken  that  the  excitation  is  in  phase  with  the  potential  bemg 
Measuied  and  that  the  current  through  the  instrument  remains  proportional 
to  the  potentiaL  This  current  is  J — BJ's/B? -^lAtt^  wherein  J? •-impressed 
voltage  being  measured,  A  •>  resistance  of  instrument,  L  •■  inductance  and 
»»2rX frequency.  When  R  is  targe  the  inductance  is  negligible,  but  when 
it  ****>'*^***  small  as  in  very  low  reading  instruments,  it  may  have  to  be 
coeMdeted  in  the  measurement.  In  that  case,  the  instrument  can  be  cali- 
brated  as  an  ammeter  on  continuous  current  and  the  alternating  e.m.f. 
rocapoted  with  the  above  formula.  For  similar  reasons,  the  temperature 
eoeficient  may  beoome  significant. 

t«.  Measurament  of  large  altematlnff  e.m.fs.  Theoretically,  any 
fJTfmatiffg  potential  can  be  measured  with  any  of  the  voltmeters  described, 
if  soficaeat  eeriea  resistance  is  used.  In  a  pr&ctical  sense,  the  large  energy 
roBsamption  and  the  insulation  difficulties  nmit  their  use  to  measurements 
of  a  few  thousand  volts,  and  then  only  for  testing  purposes.  In  connection 
■Hh  eoamiercial  generation  and  transmiarion,  potentials  up  to  about  33,000 
Tclts  are  almost  universally  measured  in  this  country  by  means  of  step-down 
tfistntment  transformers  (shunt  type)  connected  to  ordinary  voltmeters. 

TlMmeasuremeDtofpotentialshigher  than  33,000  volts  is  usually  required 
oahr  in  connecrtion  with  high-voltage  tests.  The  various  methods  of  making 
Rich  measurements  are  as  follows: 

(a)  Balio  of  the  step-up  power  transformer,  in  connection  with  an 
ordiflary  voltmeter  on  the  low  tension  side.  This  method  requires  an  accu- 
rste  knowledge  of  the  transformer  ratio  under  various  conditions  of  load  and 
potential*  information  which  is  often  dilBcult  to  obtain. 

(b)  ttepHSown  Instnunent  transformers  (shunt  type)  with  an 
orfiaary  Toltmeter.  This  method  requires  an  accurate  knowledge  of  the 
tnasfonaer  ratio  at  various  potentials,  with  the  voltmeter  as  the  secondary 
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load.  The  method  is  simple,  convenient  and  accurate,  but  the  power  con- 
sumption and  the  cost  of  the  transformer  become  prohibitive  at  hisli 
potentials. 

(c)  Sl»etrottatlc   TOltmeter.     Commercial    instruments  are  available 
'  up  to  about  200,000  volts.     They  require  no  appreciable  power  and  are  quite 

satisfactory.  The  principal  objections  are  the  high  cost  of  large  sises  and  the 
lack  of  dead-beat  qualities. 

(d)  Test  coil.  Where  the  source  of  the  high  potential  to  be  measured 
is  a  testing  transformer,  an  ordinary  low-reading  voltmeter  can  be  connected 
to  a  few  turns  of  the  high  tension  uinding  brought  out  to  separate  terminals. 
These  turns  should  be  at  the  grounded  end  of  the  winoing.  The  ratio, 
under  aM  conditions,  will  be  that  of  these  turns  to  the  total  turns  in  the  hiah- 
tension  winding,  if  the  transformer  has  been  well  designed.  This  methoois 
generally  sufficiently  accurate  and  is  verv  convenient. 

(e)  Spark  (ftps.  The  sparking  distance  between  two  terminala  in 
atmospheric  air  is  a  standard  method  of  measuring  high  potentials.  The 
maximum  length  of  gap  which  a  given  potential  will  break  down  depends, 
in  this  case,  on  the  maximum  value  and  not  upon  the  virtual  or  effective 
value  which  is  the  value  obtained  in  the  other  methods.  The  manmum 
value,  however,  is  the  important  one  in  tests  of  insulators  and  insulating 
materials.        When    the    wave 

form   is  not  a  sine  curve  the  ^ 

maximum  value   may  deviate  _    (3 

materially  from  the  theoretical 
value,    which    is    the    virtual 
(voltmeter  reading)  value  mul- 
tiplied by  V^ 
77.  N»«dl6-point    and 

*^*    ^f'^    'f^'i,      '^^^'O.as^ 
needle-point    spark     has    for         ^ 

many  vears  been  the  standard 
metnoa  of  measuring  high 
voltages,  but  it  ia  unsatisfac- 
tory for  very  high  potentials 
because  of  variations  due  to 
atmospherifi  pressure,  humid- 
ity, proximity  of  surrounding 
objects  and  sharpness  of  the 
needle-points.  It  has  been 
proposed*  to  use  spheres  in- 
stead of  needle-points  and  the 
1014  A.  I.  K.  E.  Standardisa- 
tion Rules  recommend  the  use 


M^ 


i4-—i,tSA—*i 
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of  the  needle  gap  for  voltages 
from  10  kv.  to  50  kv.  sod  the 


Note: 
A  Variation  of  I  Cm.  in  Thickness  and 
Width  of  Wood  Parts  is  Permiaaible 
Fio.  21. — Sphere  sparlu  gaps. 


rohere  sap  for  voltages  above 
oO  kv.  A  gap  mth  carefully 
machined  and  polished  spheres  gives  very  reliable  and  eonsistent  results  due, 
probaUy,  to  the  fact  that  the  gap  breaks  down  before  corona  forms  and  per- 
haps also  to  the  lesser  dielectric  spark  log.f 

78.  A.  I.  K.  K.  itandard  iparUnr  diitencei  In  air,  with  needle- 
point and  tphere  caps  are  given  in  Sec.  24. 

79.  Satio  of  Ihunt-tjrpe  instrument  trangformer.  When  a  very 
accurate  measurement  (within  2  per  cent.)  of  a  high  potential  is  to  be 
made  with  an  instrument  transformer  of  the  shunt  type,  the  nominal  ratio 
cannot  be  relied  upon  as  being  sufficiently  correct  and  the  true  ratio  should 
be  determined  by  a  direct  measurement.  In  the  accurate  measurement  of 
power  and  energy  the  phase  angle  should  also  be  known  (Par.  179).  For 
the  accurate  determination  of  the  ratio  of  instrument  transformers  of  the 
shunt  type,  the  following  methods  are  typical. 

(a)  Dlreot  meaiurement  of    the  primary  and  the  secondary  voltage, 

'Farasworth,  S.  W.  and  Fortescue,  C.  L.  "The  Sphere  Spark  Gan." 
Proe.  A.  I.  E.  E.,  1913,  Vol  XXXIl,  No.  2.  p.  301.    See  Fig.  21. 

t  Minton,  J.  P.  "  Effect  of  Dielectric  Spark  Lag  on  Spark  Gap*,"  Oeneral 
*Iec<rfc  Bevitv  (1913),  Vol.  XVI,  p.  514. 
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pn^enUy  with  two  siiiiilftr  voltmetera.  Fig.  22  shows  diagrammstirally 
tte  conihBctions  for  this  method.  The  voltmeters  V'l  and  Vi  are  eimilar,  and 
the  reaistanoe  R  ia  adjusted  until  the  two  deflections  are  about  alike.  The  two 
Toltiiietera  are  then  connected  in  parallel  on  the  secondary  of  the  transformer 
sad  the  indication  of  Vx,  corresponding  to  the  previous  indication  of  Vu 
is  noted.     The  ratio  is  given  by ; 

/K+r.\Xi 

Vr.    /it 

wherein  X  — resistance  in  series  with  Vt:  r.  i*  resistance  of  voltmeter  Vt; 
Ji» first  reading  of  Vt;  Xs  — second  reading  of  Vt. 


(11) 


Flo.  23. — Connections — ratio  of 
shunt  type  transformers. 


Flo.  22. — CSonmectiona — ratio  of 
ahont  type  transformers. 

(b)  Oppodtian  method.  The  secondary  voltage  is  reversed  and  con- 
nected in  cmpoattion  to  a  part  of  the  primary  voltage,  the  ratio  being  measured 
is  terms  of  two  resistances.  Fig.^  23  shows  the  scheme.  The  resistance  r 
ii  varied  until  the  detector.  3*.  indicates  xero  or  a  minimum  deflection.  The 
imiei  ratio  is  evidently  expressed  by  {fi+r)/r. 

The  detector  may  be  either  a  telephone  receiver,  a  dynamometer  instru- 
nmit,  or  a  synchronous  reversing  key  with  direct-current  galvanometers 
(Far.  (t).    The  telephone  receiver  is  not  sensitive  at  commercial  frequencies. 


:^=b! 


V^'r 


r->!) 


OiODnd 


~?~Gcoaad 


Ma^  Phase  Detector  Xhtee  Phase  Detector 

Flo.  24. — Diagram,  Westinghouse  a.e.  grotmd  detector. 

ttd  if  bannonics  are  present  the  precise  balance  point  for  the  ftmdamental 
ueqiKney  is  difficult  to  locate.     When  using  a  dynamometer,  the  fixed  coils 
sn  eonneeted  in  series  with  A  (not  r)  and  the  moving  coil  in  place  of  T. 
'heo  a  rectifier  is  used,  it  is  connected  directly  in  place  of  T. 
(c)  ComiMxlaon  with  standard  transformer.     F.  B.  Brooks*  proposes 

'  Bnxrio,  F.  B.     Scientific  paper  No.  217,  Bureau  of  Standards,  Feb.  7. 
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n  simple  and  convonient  method  of  comparing  two  transfonnen  by  : 
of  a  wattmeter. 

80.  Alternatinff-currant  ground  detecton  are  usuallv  electro- 
■tfttlo  inatrumentfl.  Fis-  24  ahows  diagrammatlcally  the  principle  of  West- 
tnfhouM  detecton.  The  stationary  vanes  are  connected  tnroush  con- 
densers to  the  main  lines,  and  the  movable  vane  is  connected  to  srouiul. 
In  the  single-phase  detector,  a  charge  will  be  induced  on  each  end  of  the  mov- 
able vane,  opposite  in  sign  to  that  on  the  corresponding  stationary  vane, 
setting  up  forces  of  attraction.  When  the  system  is  free  from  grounda, 
these  attractive  forces  are  equal  and  opposed  to  each  other;  hence  the  mov- 
ing system  stands  at  lero.  A  ground  on  either  phase  wire  produces  an  ud- 
buanced  condition  and  a  deflection  away  from  the  grounded  conductor.  In 
the  three-phase  detector,  the  vanes  are  sectors  of  spheres,  the  movable  vane 
being  mounted  on  a  universal  bearing. 

81.  General  Klectiio  vround  detaoton  operate  on  a  principle  similar 
to  that  last  described.  Four  quadrants,  or  fixed,  flat  vanes  are  croaa-^on- 
nected  and  mounted  between  them  is  a  moving  vane  connected  to  sround. 
Opposite  sets  of  fixed  vanes  are  connected  to  the  two  sides  of  the  Itoe  circuit 
ana  the  action  is  the  same  as  described  in  Par.  80.  The  three-pbase 
detector  is  similar,  consisting  of  three  pairs  of  fixed  quadrants  mounted 
120  deg.  apart  on  a  common  base  plate,  and  a  flat  moving  vane  witli  three 
corresponding  sectors. 

GONTIMTrOUS-CnKKKNT  MKASXTBSMXKTS 

88.  Absolute  meaaurementi  of  current.  The  fundamental  unit  d 
current,  as  derived  from  the  centimeter,  gram  and  second,  is  defined  in 
terms  of  the  dimensions  of  the  conductor  and  the  strength  of  the  magnetie 
field  produced  by  the  current.  Absolute  measurements  of  current  are  thei«- 
fore  made  with  instruments  so  carefully  constructed  that  the  current  can 
be  calculated  from  their  dimensions. 

88.  Inatrumonta  for  abiolute  meaauremant  of  current.  Abeolute 
determinations  have  usually  been  made  with  two  classes  of  Instrumente.  In 
the  first,  the  deflection  of  a  magnetic  needle  at  the  centre  of  a  coil  is  measured, 
and  the  current  ia  calculated  from  the  fiimensions  of  the  coU,  the  strength  of 
the  earth's  field  and  the  torsion  of  the  suspension.  The  best  known  example 
of  this  class  is  the  tangent  galvanometer  (Par.  11).  This  method  involves, 
of  course,  any  error  in  the  determination  of  the  earth's  field.  In  the  other 
class  of  instruments,  the  needle  is  replaced  with  a  suspended  ocnl.  When  the 
length  and  the  radius  of  both  movable  and  fixed  coils  are  in  the  ratio  of 
v3  :  1,  when  the  centres  coincide  and  when  the  dimensions  of  the  fixed  cml 
are  large  compared  with  those  of  the  movable  coil,  it  has  been  shown  by 
Gray  that  the  torque  exerted  by  the  moving  system  is  expressed  by 

r-  -  ,-  i^^  (dyne-cm.)  (12) 

where  AT «  number  of  turns  in  fixed  coil,  n  •-  number  of  turns  in  movable  ocnl, 
D «"  diameter  of  fixed  coil  in  centimeters,  L  =  length  of  fixed  coll  in  centimeters, 
r^radius  of  movable  coil  in  centimeters,  and  /  —  current  (coils  in  series). 
Hence  by  measuring  the  torque  (weighing  it),  the  current  can  be  determined 
directly  in  C.G.S.  units. 

84.  Practical  unit  and  itandard  of  current.  It  would  be  quiu 
impracticable  to  make  ordinary  measurements  in  terms  of  the  fundamental 
unit,  by  the  methods  indicated  above  (Par.  88  and  88).  The  Act  of  Conaiw 
of  1894  which  legalised  certain  practical  units  of  electrical  measure  defined 
the  practical  unit  of  current,  or  the  International  ampere,  as  one-tenth 
of  the  fundamental  C.G.S.  unit.  This  Act  also  defined  the  standard  unit 
of  current  as  the  rate  of  deposition  of  silver  at  the  cathode  of  a  silver  vol(> 
ameter  (Par.  86)  constructed  and  operated  under  certain  prescribed  coiuU- 
tions,  the  ampere  being  the  current  which  will  deposit  0.001118  k-  of 
silver  per  sec.  in  a  standard  voltameter. 

88.  Methods  of  meaanrinff  conttnuoui  currents.  The  eeTeral 
methods  of  measuring  continuous  currents  may  be  classified  as  followflt 
voltameter;  potentiometer;  and  ammeters. 

88.  Voltameter  method  of  current  measurement.  When  a .  coi^ 
tlnuoiu  current  is  passed  through  an  electrolyte,  the  latter  la  decompoeed  at' 
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%  rate  which  is  proportional  to  the  oiurent  strength,  and  an  apparatus  for 
Burarinc  curreDt  by  auch  meana  is  called  a  voltameter.  In  the  lUver 
"  '  r,  the  cathode  or  negative  electrode  is  always  platinum,  the  anode 
or  positive  electrode  is  pure  sifvor,  and  the  elec- 
trolyte is  silver  nitrate.  Fig.  25  shows  the  general 
form.  The  anode  is  usually  a  silver  rod  projecting 
into  a  i^atinum  bowl,  which  rests  in  turn  on  a  cop- 
per plate.  In  cheaper  forms,  plates  of  silver  and 
platinum  are  supported  in  a  glass  jar.  The  solution 
18  usually  about  15  per  cent,  (by  weight)  silver  ni- 
trate, and  the  effective  area  of  the  anode  is  about 
50  sq.  cm.  per  ampere.  In  order  to  prevent  disin- 
tegrated silver  on  the  anode  from  dropping  on  the 
cathode,  the  anode  is  aurrounded  with  pure  filter 
paper  or  a  porous  cup  made  of  unglased  porcelain: 
m  other  cases,  merely  a  shallow  glass  dish  is  placed 
beneath  the  anode.  Recent  investigations  at  the 
Bureau  of  Standards*  have  shown,  however,  that 
the  chemical  activity  of  filter  paper  results  in  ao 
excessive  deposit  of  silver  and  that  the  porous  cup 
is  much  more  suitable.  The  average  current  in 
amperes  is  computed  from  the  formula 


Flo.  25. — Silver 
voltameter. 


(amp.) 


(13) 


O.OOlllW 

vlMre  Jf«  weight  of  silver  deposited  in   grams,  <■•  total   time  in  seconds 
sod  O.XX>n  18  — electrochemical  equivalent  of  silver   (Sec.    10). 

tr.  The  coppar  Toltazneter  is  used  to  measure  very  large  currents. 
The  anode  is  efectrolytically  pure  copper,  the  cathode  is  either  copper  or 
^atiaam,  and  the  electrolyte  is  a  solution  of  pure  copper  sulphate  in  the 
proportion  of  10  g.  of  crystals  to  40  cu.  cm.  distilled  water.  Two  anodes  may 
be  nsed  in  order  to  utilise  both  sides  of  the  cathode  (Fig.  26)  and  the  current 
capacity  may  be  further  increased  by  connecting  additional 
I^atcs  in  parallel.     The  current  density  should  not  exceed  1  amp.  ^ 

per  square  centimeter  of  cathode  area. 

n.  In  the  cai  or  water  Toltameter  the  electrodes  are  Nf^Sf^ 
two  plates  made  of  platinum,  and  the  electrolyte  is  a  10  per 
eest.  solution  of  sulphuric  acid.  In  the  electrolysis  of  this  solu- 
tkn,  hydrogen  s»"  i^  formed  at  the  cathode  and  oxygen  gas 
at  the  anode.  The  total  gas  formed  collects  above  the  liqmd, 
sad  is  measured  voluroetrically  in  a  closed  graduated  tube  form- 
iog  the  upper  part  of  the  containing  vesseL 

W.  Potentiometer  method  of  measuring  continuoui 
Wfouts*  Although  the  silver  voltameter  is  the  legal  standard 
for  Ute  meaaurement  of  current,  its  use  is  practically  limited  to 
reference  measurements  or  primary  standardisation.  It  is 
addom  used  in  conxmerdal  measurements  because  it  is  much 
nwre  convenient  to  measure  current  in  terms  of  the  volt  and  the 
ptun.  Even  in  measurements  of  the  highest  precision,  current 
■  detcnnined  from  the  fall  of  potential  across  a  standard  resist- 
SDce  (Par.  IIS),  the  potential  being  measured  with  a  potentiometer  (Par.  48 
(c),49,  M,  81).  The  potentiometer  method  is  not  only  more  convenient 
thaa  the  Toltameter  method,  but  it  is  much  more  rapid  and  at  least  equal 
la  aceoracy,  because  it  depends  only  on  the  measurements  of  a  difference  of 
potential  and  a  resistance,  both  of  which  can  be  determined  with  a  very  high 
aegree  of  precision. 

M.  Indicating  contfnuona-ctirrent  instrument!  which  indicate 
cvirent  directlv  by  the  deflection  of  a  pointer  over  a  marked  scale  are  called 
anuneten.  Modern  continuous-current  ammeters  are  almost  universally 
ample  millivolt  meters  of  the  D'Arsonval  type  connected  to  the  terminals  of 
^^c^staoce  (shunt)  which  in  turn  is  connected  in  series  with  the  main  circuit 
^y°se  current  is  to  be  measured.  The  deflections  of  the  instrument  -viiW  be 
P't'portional  to  the  f^  of  potential  across  tbe  shunt,  and  therefore  to  the  cur- 
rent flowiiig  through  it.  A  millivoltmeter  may  be  made  an  ammeter  of  any 
yrity  by  simply  changing  the  resistance  of  the  shunt.  

*Bveaa  of  Standards  BoUetin.  Vol.  IX  (1912).  No.  2. 


Fio.  26.— 
Copper 

voltameter. 
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•1.  D'ArtonYal  type  of  eontinuoixs-eiifT«nt  unmatar.  The  prin- 
ciple of  these  inBtniments  has  been  doAcribed  under  "e.m.f.  measurements" 
(Par.  66).  They  are  usually  desiRned  to  have  a  full  scale  deflection  with  60 
to  200  miUivoJts  (thouaandtns  of  a  volt)  at  the  terminals.  The  reidatauce  of 
the  moving  ooil  is  much  lower  (0.5  to  5.0  ohms)  than  that  of  Toltmetcre,  In 
order  to  make  the  millivolt  constant  high. 

92.  Continuous- current  ammeters  of  the  switchboard  tjpe  are 
intended  for  continuous  operation  and  the  shunt  loss  should  therefore  do  low. 
They  are  designed  for  50  to  75  millivolts  at  full  scale  deflection.  HiKh-grade 
portable  ammeters  are  designed  for  100  to  200  millivolts  at  full  scale  deflec- 
tion, in  order  to  permit  the  use  of  resistance  in  series  with  the  movinx  coil, 
thus  reducing  the  temperature  error,  which  is  more  important  than  the  larger 
shunt  loss. 

98.  Shunts  for  eontinuous-eiifTant  anunetort.  In  switchboard 
ammeters  and  the  lower  grade  portable  ammeters  of  26-amp.  ratings  and 
less,  the  shunt  is  within  tne  instrument  case.  Above  2&-amp.  ratings,  the 
shunt  is  usually  separate  from  the  instrument  and  means  of  connection  aro 
provided  by  special  flexible  leads,  which  are  included  in  circuit  when  ihB 
instrument  is  calibrated,  since  they  form  a  part  of  the  resistance  of  the  entire 
instrument  circuit.  Obviously,  these  leads  should  ,  never  be  altered 
without  recalibrating  the  instrument.  In  high-grade  ammeters  the  shunts 
are  separate  for  all  capacities. 

94.  Construction  of  ammeter  shunts.  Ammeter  shunts  are  so 
eonstnicted  as  to  have  a  resistance  which  will  be  constant,  as  nearly  as 
possible,  under  all  conditions.  The  resLstance  metal  has  a  low  temperature 
coefficient,  and  the  temperature  Is  kept  low  cither  by  connecting  several 
strips  in  parallel  and  making  the  current  density  low,  or  by  making  the  cur- 
rent density  high  and  using  short  lengths  of  the  resistance  metal  with  heavy 
copper  terminals  desip^ed  to  dissipate  the  heat  by  conduction  and  radiation. 
The  former  method  is  most  generally  used,  the  strips  being  silver-eoldered 
into  relatively  heavy  copper  or  brass  terminals  which  are  connected  into  the 
circuit  to  be  measured.  The  resistance  metal  should  also  have  a  low  thenno 
e.m.f.  (Sec.  2)  in  junctions  with  copper. 

96.  Seduction  of  temperature  errors  In  continuoas-cuiTont 
ammeters.  Because  of  the  large  temperature  coefficient  of  copper,  it  is 
very   undesirable    to  oon- 
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nect  the  moving  coil  of  the 
instrument  directly  to  the 
shunt.  Temperature  er- 
rors are  reduced  to  a  negli- 
gible value  by  connecting 
sufficient  resistance  having 
a  low  temperature  coeffi- 
cient (manganin  or  similar 
metal)  directly?'  in  series 
with  the  moving  coil  as 
shown  ^  in  Fig.  27,  or  by 
arranging  a  compensating 
circuit  as  shown  in  Fig.  28, 
where  C  =  moving  coil,  Rm 
*  low-coefficient  resistance 
wire,  and  ^  ^e "  copper  re- 
sistance wire. 

96.  The  calibration  of  D'Arsonval  type  ammeters  is  effected  by 
adjustment  of  the  resistance  of  the  shunt,  the  reeistance  of  the  millivolt 
meter  circuit,  or  both.  Formerly  each  instrument  and  shunt  wore  adjusted 
together,  but  it  is  becoming  customary  to  adjust  all  of  the  instruments  of 
a  given  type  to  deflect  full  scale  with  tne  same  potential  in  millivolts  at  the 
terminals.  The  shunts  for  these  instruments  are  all  similariy  adjusted  to 
give  the  same  potential  drop,  thus  making  all  shunts  and  instrumenta  of  a 
given  tj^pe  interchangeable.  The  shunts  should  be  acUusted  by  varying 
the  mom-line  resistance  between  the  potential  taps  and  not  by  adjusting 
resistance  wire  connected  in  series  with  the  instrument  leads.  In  calibrating 
switchboard  instruments  and  the  lower  ^rade  portable  instruments,  the 
potential  tenninab  are  attached  to  the  main  current  terminals  and  adjust- 


Fza.  28. — ^Temperature  compensation  in 
raiflivoltmeters. 
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ment  it  effected  by  reducing  the  croas-eection  of  tho  resistance  atrips  which 
hm  been  purposely  left  too  large.  Id  imtruments  of  higher  grade,  the  poten- 
tial termiiulB  are  connected  to  the  reaistance  strips  inside  the  main  terminals: 
k|q>roximate  adjustment  is  obt&ined  by  trial,  and  after  soldering  the  tap  wire 
to  the  resistance  atrip,  final  odjustnieut  is  obtained  by  var>'iug  the  cross- 
■ction,  or  by  cutting  back  a  tongue-shaped  piece  of  the  atrip  whose  end 
k  Mldered  to  the  tap  wire. 

ALTXXKATXXO-CVBBXNT  MXASUKEMXHTS 

tr.  M«aAar«menta  of  altamatinff  currents.  There  are,  in  the  case 
€l  •hemating  currents,  three  values  to  consider,  the  maidmum,  the  average 
sad  the  mean  effective  or  root-mean-equare;  the  last  is  the  value  usually 
dearcd.  Altematizkg  currents,  like  alternating  e.m.fa.,  can  only  be  compared 
with  the  standard  by  means  of  a  "  transfer"  instrument,  that  is,  one  in  which 
the  cfleet  produeed  bsr  a  current  is  the  same  whether  the  current  is  continuous 
fir  aherarang.  Havins  determined  the  indication  produced  by  the  alter- 
MtiBg  cumni  to  he  measured,  the  value  of  a  continuous  current  which  will 
praihiee  the  same  deflection  is  obtained  in  terms  of  the  standard. 

N.  FreefsicMt  iBMasiirements  of  alternating  current  are  made  with 
"trsnrfer"  instramenta  (Par.  M)  which  are  usually  of  the  refleeting.  suspen- 
lioa,  dectrodynamometer  class.  The  principle  of  these  instruments  is 
deeoAied  in  Par.  M  to  S4.  P.  G.  Agnew  has  developed  a  tubular  water- 
cooled  dectrodynamometer  having  a  capacity  of  &,000  amperes  and  an  accur- 
sey  of  Ol06  per  eent.* 

M.  ItroBdMy  standards  for  sltemating-oiirrent  maaiuremanta, 
idspted  for  direct  observation,  mxist  obviously  be  capable  of  calibration 
SB  omtinuoos  current.  There  are  several  instruments  which  fulfil  this 
Rmdrement. 

TW  ***"^M«T  elAetrodyn*mometer  consists  of  two  stationary  coils 
connected  in  seriee.  with  a  moving  coU  suspended  between  them  by  a  silk 
fifan.  The  deflecting  force  or  moment  is  opposed  by  a  spiral  spring,  which 
i>  twisted  by  hand  (in  the  so-called  UVftion  head)  until  the  moving  coil  is 
farovKht  back  to  the  aero  position.  The  amount  of  this  twist,  as  indicated  on 
a  Kale  over  which  moves  a  pointer  attached  to  the  torsion  head,  is  a  measuro 
o(  the  current.  The  final  relation  of  the  fixed  and  moving  coils  is  therefore 
alwsyi  the  same.  The  current  in  amperes  is  I  —  k'^L,  where !,  =  twist  of 
toraon  bead  in  degrees  and  Jb»a  constant  determined  by  calibration  on  con- 
tnuoQs  current.  The  instrument  is  sensitive  to  stray  fields,  from  both 
diRet  and  alternating  current.  The  presence  of  such  fields  can  be  detected 
by^esiing  cnrrent  through  the  moving  «>U  only;  a  deflection  under  such  con- 
dnwes  indicates  a  stray  field.  Its  effect  majr  be  reduced  to  a  negligible 
qaiBtity  by  turning  the  whole  instrument  until  no  deflection  is  noted. 

lit.  The  XeWin  balance  (Par.  67)  is  an  dectrodynamometer  type 
of  iflstnunent  which  is  astatic  and  in  which  the  forces  of  attraction  and 
Rpnbion  are  actually  weighed  as  in  an  ordinary  balance.  Kelvin  current 
buaaees  are  troublesome  to  use  unless  the  current  is  extremely  steady,  a 
eoBifitioo  which  rarely  exists  with  alternating  currents;  they  have  therefore 
heen  practically  superseded,  in  this  country  at  least,  by  other  and  more 
■duble,  convenient  instruments  of  the  dynamometer  type,  of  which  the 
Vcrtiaghouse  "preciaon"  ammeter  is  an  example. 

The  WeatlnglLonia  "precision"  anuneter  is  practically  a  Kelvin 
haknee,  of  relatively  small  dimensions,  in  a  vertical  instead  of  a  horixontal 
piu*.  The  eteetromagnetic  forces  are  opposed  by  a  helical  spring  which 
■  twislcd  by  means  of  a  torsion  head  as  In  the  Siemens  dynamometer.  The 
Mffhr  owvement  oi  the  torsion  head  necessary  to  keep  the  moving  system 
»  the  sero  position  is  a  measure  of  the  current.  The  actual  value  of  the 
cwsat  is  equal  to  tho  square  root  of  the  deflection,  multiplied  by  a  constant. 
ItL  Types  of  altamating-ctzrrent  ammeters.  The  four  principal 
tnea  of  commercial  ammeters  are  as  follows:  dynamometer,  soft-iron  vane, 
^vacfion,  and  hot  wire.  They  are  similar  to  the  voltmeters  of  the  same  types 
Crir.  C7  to  70),  except  that  the  windings  consist  of  relatively  few  turns  of 

^ "  AfBcw,  P.  O.    "A  Tubular  Eleotrodynamometcr  for  Heavy  Currents." 
«vriBi  No.  IM,  Bureau  of  Standards,  June  17,  1912. 
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coarse  wire  instead  of  a  large  number  of  turns  of  fittft  wire,  the  ftmp^re-iiimfl 
being  about  the  same  in  both  cases.  Hot-wtre  ammeters  with  ratines  of 
more  than  1  or  2  amp.  are  usually  small  current  instruments  connected  to 
non-inductive  shunts,  as  already  described  in  principle  (Par.  fO). 

iOt.  Mvftauremants  of  large  alternating  otirrents.  The  only  type 
of  ammeter  which  is  generally  used  in  the  direct  measurement  of  large 
alternating  currents  is  the  hot-wire  ammeter,  because  it  can  be  used  with 
shunts,  while  shunt?  are  made  for  capacities  of  1,000  amp.  and  over,  the 
accuracy  with  shunts  of  very  large  capacity  dei>ends  upon  the  care  jtaken 
in  the  design  to  eliminate  the  eddy-ourrent  and  BKin<«ffect  errors.  The  moat 
common  method  is  to  use  current  transformers  of  the  series  type,  to  etep 
down  the  current  to  a  small  value,  usually  5  amp.,  which  is  convenient  to 
measure  with  standard  instruments. 

103.  Seriei-type  Initrument  trantformen  (also  known  as  current 
transformers)  serve  two  purposes;  the  convenient  measurement  of  large  cur- 
rents, and  the  insulation  of  instruments  and  apparatus  from  high-voltace 
oirouits.  They  are  similar  to  so-called  power  transformers,  except  that  t£e 
latter  are  connected  in  shunt  across  the  line  and  the  secondary  potential 
remains  substantially  constant  irrespective  of  the  connected  lovd.  Series 
transformers  are  connected  in  series  with  the  primary  line,  and  the  secondary 
current  remains  substantially  constant  for  a  wide  range  of  loads.  The  load 
consists  of  instruments  or  other  devices  which  are  connected  directly  in  series 
with  the  secondary  winding. 

104.  Heaiurement  of  ratio  of  seriea  traniformen.  The  ratio 
of  series-type  instrument  trannformers  may  be  determined  b^  measuiins  the 
primarv  and  secondary  currents  directly  with  current-measuring  instruraenta, 
but     obviously    such 
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29. — Connections  for  measuring  ratio  of 
series  type  transformers. 
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method  is  much  less  ac- 
curate than  null  or  "aero'*  ^^nnnrv  .aaaa* 

methods.    The  principle   MK>00^  tVVW^ 

of  the  latter  is  the  same  f'CTgffgr 

as   that   of  the  potenti- 
ometer, A  non-inductive 
resistance  in  the  second- 
ary   circuit    is   adjusted 
until  the  potential  drop 
across  it  is  eaual  to  that       Fio. 
in    a    non-inauctive    re- 
sistance in  the   primary 
circuit.     The  ratio  of  the  two  resistances 
is  equal  to  the  ratio  of  transformation. 
The    differences    among  the  various  null 
methods  are  largely  in  the  manner  of  de- 
termining the   balance  and  in  measuring 
the  phase  angle.    Fig.  20  shows  the  scheme 
of  a  method  used  at  the  Bureau  of  Stand- 
ards, *  where  a  reflecting  dynamometer  is 
used  as  the  detecting  instrument.    R^  and 
/2'  are  the  resistances  in  the  primary  and 
secondary  circuits,  rospectivelpr.    The  fixed 
coil  of  a  dynamometer,  Di,  is  connected 
in  series  with  the  primary;  then,  with  the 

switch  S  thrown  to  the  right,  Rt  is  adjusted  until  sero  deflection  is  obtained. 
The  component  of  the  potential  drop  in  Rt,  which  is  in  phase  with  that  in 
Ri,  is  thus  equal  in  magnitude  to  the  drop  in  R'.  Since  the  phase  angle  is 
always  very  small,  the  ratio  of  Ai  toJ^i  may  be  taken  as  the  transformer 
ratio.  The  phase  angle  is  then  determined  by  measuring  the  component  of 
the  Rt  drop  which  is  90  deg.  from  the  Ri  drop,  by  means  of  another  dyna^ 
mometer,  Di,  the  fixed  coils  of  which  are  excited  by  a  current  displaced  90 
dog.  in  phase  from  the  primary  current. 

Fig.  30  sbowstho  scheme  of   a  method  used  at  the  Electrical  Testing 

and   secondary  rerastances. 


Fig.  30. — Connections  for 
measuring  ratio  of  series  type 
transformers. 


Laboratorics.f    Ri    and  Rt   are   the   primary 


*  Bureau  of  Standards  Bulletin,  Vol.  VII,  1013*  No.  3.  p.  423. 
t  Sharp,  C.  H.  and  Crawford,  W.  W.,  rrans,  A.  I.  E.  E.,  1910,  Vol.  XXIX. 
p.  1617. 
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zespeetiY^y,  and  C  i>  the  detector  which  in  this  case  is  a  aynchronoiuly  driven 
rrrcfsing  key  (Par.  M)  connected  to  a  Paul  "unipivot"  galvanometer.  The 
Koondary  of  a  mutual  inductance,  M^  is  in  the  detector  circuit  and  "the  pri- 
nary  ol  the  inductance  is  in  series  with  the  secondary  circuit  of  the  tran»- 
lorzaer.  After  the  value  of  Rt  has  been  found  which  will  make  the  "in- 
phaee"  potential  firope  balance  each  other,  the  quadrature  ~drop  in  Rt  is 
balanced  by  the  o.m.i.  in  the  secondary  of  the  variable  mutual  inductance. 
Knowing  the  value  of  this  inductance,  the  value  of  the  phase  angle  may  be 
ealcidated. 

IM.  Batlo  of  Mri«t-t7pe  instmmant  trftnsformert.  Theoretically, 
the  ratio  of  transformation  should  be  the  same  as  the  ratio  of  the  secondary 
tarns  to  the  ^rimajy  turns,  and  the  secondary  current  should  be  in  exact 
phase  oppoeition  to  the  primary  current.  Actually  neither  of  these  condi- 
tiotts  exists  because  of  the  current  required  to  excite  the  core  and  supply  the 

In  many  eommercial  measurements  these  errors  can  be  neglected,  but 
in  accurate  measurements  of  current,  power  and  energy,  the  true  ratio 
Aonid  be  known.  In  power  and  energy  measurements,  the  phase  angle 
(an^  between  the  actual  vector  position  of  the  secondary  current  and  the 
themetioid  position  which  is  180  aeg.  from  the  primary  current)  should  also 
be  known.     See  Far.  179. 

lot.  BfeMmramonts  of  small  alternating  current!.  The  methods 
desnibed  for  measuring  small  alternating  e.m.fs.  (Par.  Ti)  may  be  used 
for  rimilar  meaaurements  of  current.  Portable  ammeters  of  the  soft-iron- 
raae  type  are  made  with  ratings  as  low  as  50  or  75  ndlUamperes  at  full  scale; 
the  impedance  of  such  instruments  is  much  higher  than  that  of  dynamometer 
instnunentB.  The  dynamometer  tjrpe,  when  separately  excited,  can  be  used 
to  measure  currents  as  low  as  10  milUamperes,  with  fair  accuracy;  one  form 
made  by  Paul  has  a  maximum  range  of  20  milliamperes.  For  very  small 
eun«nta«  reflecting  dynamometers  are  the  most  suitaole. 

liT.  Maasnramenti  of  high-frequency  altematizig  currents. 
ffi^Hfrequency  currents  are  best  measured  by  methods  involving  the  beating 
effect  of  the  current.  In  the  Fleming  thermoelectric  ammeter  for  relatively 
large  cuxrentt  the  high-frequency  current 
flows  through  a  number  of  very  fine  copper  wires 
stretched  between  the  two  terminals.  These 
wires  are  separated  in  space  and  each  carries 
about  2.5  amp.,  additional  wires  being  added  up 


Fia.  31. — Diagram.  Paul  high-       Fio.  32. — Diagram,  high-frequency 
frequency  galvanometer.  ammeter. 

to  30  amp.  of  total  capacity.  At  the  middle  of  the  centre  wire  is  placed  a 
tbermoianetion  connected  to  a  sensitive  galvanometer,  whose  indications 
•m  pnportiMial  to  the  mean  effective  value  of  the  high-frequency  current. 
Tor  tfistruments  need  in  Radiotelegraphy  see  Bee.  21. 

Imatt  hSgh-firaqaanoy  ourrantt  are  sometimes  measured  with  the  ther- 
iBogslvaaoineter  described  in  Par.  M.  In  a  high-frequency  galvanometer 
■Mde  Iqr  Paul,  Hg.  31,  a  ther  mo  junction  may  be  formed  with  an  iron  wire, 
s.  and  a  eur^a  wire,  b,  looped  together  in  such  a  way  that  the  high-frequency 
mreot  traverses  the  junction  from  one  side  while  a  sensitive  galvanometer  is 
waittud  to  the  other.  Similar  instruments  in  which  the  measured  current 
COM  not  flow  through  the  joint  are  stated  to  be  superior  because  of  the  absence 
«f  the  Peltier  effect*  (Sec.  2). 

*  Douse,  C.  M.     TJU  ^(aefrteian.  London;  Aug.  10,  1910;  p.  765. 
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Another  practical  method  ofmeuuriog  Bixudl  hij|h-freque&oy  eurr«nte  i« 
indicated  in  Fig.  32,  where  a  and  a'  are  two  fine  wires  of  diCferent  material* 
stretched  between  two  terminals.  The  wires  leading  to  the  galvanometer 
are  of  the  same  materiaU,  but  so  connected  that  a' and  bare  alike,  and  a  and 
6'  are  alike.  Thus  there  are  two  themu^ 
couples  in  series.  Obviously  the  connections 
should  be  at  the  same  potential,  and  thia  is 
adjuflted  on  continuous  current  with  <lxreot 
and  reversed  readings.  In  a  bridge  method, 
the  current  is  measured  by  the  change  in  re- 
BLBtance.  of  a  carbon  lamp  (with  a  very  small 
filament)  in  one  arm  of  a  bridge.  Fig.  33 :  in- 
ductance ooiU,  a  and  a'  prevent  the  liisb- 
freauency  current  from  flowing  through  the 
bridge. 
108.  M«Miirement  of  raetUler  ourrentg. 
T^      »»      M-  I.   #  Either  of  two  valuoa  of  the  current  from  a 

Fig.  33.— High  frequency  rectifier  may  be  required,  the  average  Talue, 
current  measurements —  qj.  ^^e  root-mean-square  value.  In  eonneo- 
bridge  method.  tjon  with  storage-battery  charging,  the  average 

value  corresponds  to  the  equivalent  c.o.  value 
and  a  permanont-magnct  typo  of  measuring  instrument  should  be  used. 
On  the  other  hand,  the  power  taken  by  inoandesoent  lamps  varies  aa  the 
square  of  the  current,  and  the  equivalent  e.c.  current  should  be  measured 
with  instruments  which  indicate  tho  mean  effective  value  such  as  hot-wire  or 
dynamometer  ammeters. 

109.  Measure menti  of  telephone  curronti.  Telephone  currents  may 
be  measured  with  a  form  of  potentiometer*  or  with  a  barretter  (Par.  40)  but 
since  telephone  currents  arc  of  constantly  varying  amplitude  and  frequency* 
measurements  made  by  this  and  the  above  methods  are  usually  of  little 'value. 
Telephonic  intensities  are  usually  compared  by  ear  with  a  telephone,  usins 
artificial  standardised  cables.  Where  quantitative  measurements  are  r^ 
quired,  a  high-sensibility  oscillograph  can  be  used.t 

BS8I8TANCE  MBASITBUCEHTS 

110.  Besfst&nce  stsndards  In  general.  The  practical  unit  of  resist- 
ance, the  ohm,'  18  represented  by  a  column  of  mercury  having  certain  dimen- 
sion<4  (Sec.  1).  This  standard  is  obviously  difficult  to  construct,  maintain 
and  use;  and,  in  general,  will  be  found  only  in  the  laboratories  of  the 
national  custodians  of  the  fundamental  electrical  standards. 

Secondary  standards  are  therefore  employed  in  actual  measurements. 
These  arc  made  with  metal  of  high  specific  resistance,  in  the  form  of  wire  or 
ribbon.  Manganin  (a  copper-nickel-manganese  alloy)  is  most  used, 
because,  when  properly  treated  and  aged,  it  meets  the  necessary  requiremente. 
These  requirements  are:  permanent  electrical  and  physical  cfaaractenstiea; 
low  thermo  e.m.f.  in  junctions  with  copper;  small  temperature  coefficient  of 
resistance;  and  relatively  high  specific  resistance.  The  completed  standard 
must,  in  addition,  be  unanected  by  immersion  in  oil,  or  by  changes  in 
atmospheric  conditions. 

111.  Classes  of  reslstsncd  standards.*  In  general,  resistance  standards 
may  be  divided  into  two  classes-,  standards  of  resistance,  or  those  used 
primarily  for  the  measurement  of  resistance;  and  current  standards,  or 
those  intended  primarily  for  the  measurement  Of  current. 

lis.  Oeneral  construction  of  standards  of  reilitanee.  Standards 
of  resistance  have  very  small  current  capacity.  They  are  made  in  two  forms, 
the  Reichsanstalt  and  the  N.B.S.  (National  Bureau  of  Standards). t  The 
former  is  shown,  partially  in  section,  in  Fig.  34.  The  N.B.S.  form  is  shown  in 
Fig.  35.  The  distinctive  features  of  the  latter  form  are  that  itfs  immersed 
in  oil  and  hermrtically  sealed.     This  prevents  the  abdorptidn  of  moiature  by 

*  Drysdale.  C.  V.  "Alternating-current  Potentiometer  for  Measuring 
Telephone  Currents/*  London  Blertrician,  Aug.  1,  19t3. 

t  CJnti,  B.  Keport  of  Second  International  Conference,  European  Tele> 
phone  and  TelpRraph  Administrationa;  1910. 

%  Bureau  of  iStandards  Bulletin,  Vol.  V,  1908,  p.  413. 
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the  riwUftc  and  the  eonaequent  expannon  of  the  fine  wire  used  in  the  larier 
mintanrm  *  Both  forma  are  intended  to  be  hung  from  mercury  cups  by 
KKans  of  lucB,  and  Buepended  in  an  oil  bath  in  order  to  measure  the  tempera- 
tare  more  accurately.  The  N.B.S.  form  ia  made  only  in  sises  larger  than 
I  ohu. 


Fig.  34. — ^Standard  resistance — 
Reichsanstalt  form. 


Fio.  33. — Standard  reeiutance — 
N.B.8.  form. 


US.  Current  standards  ar«  mad*  In  two  forms,  the  Keiohsanstalt  and 

•fa'-eoolad-     The  Reichsanatalt  standards  are  made  in  two  types,  the  small 

Kttern  for  moderate  currents,  and  the  large  pattern  (in  low  resistancen) 
'  Large  currents.  The  Bmall-pattem  form  is  similar  in  appearance  to  Fig. 
34  except  that  for  1  ohm  and  less,  separate  potential  taps  are  pruvided. 
They  are  suspended  from  mercury  cups  in  an  oil  bath  for  cooling  purpoHCs. 

Tbe  current  ratings  assigned  by  Otto  Wolff  and  the  Leeds  and  Northnip 
Company  to  small-pattern,  Ileichsanstalt  form  of  standards  are  as  follows: 
When  used  for  resistance  measurements  0.3  and  1.0  watt,  for  still-air-cooling 
sad  oil-crx>Iin^  reroectivcly.  When  used  for  current  measurements  with  a 
temperature  nac*  of^lO  deg.  cent..  2.5  and  10  watts  for  still -air-cooling  and  oil- 
coohns  respectively.  Large-pattern  low-resistance  current  standards  have 
capacities  from  100  watts  to  2,500  watts  and  over. 

114.  Air-cooled  current  standards  employ  sufficient  material  to  permit 
of  UM  in  air  without  exceiwive  temperature  rise.  While  they  are  not  as 
ftccurate  or  as  reliable  as 
the  Reichsanntalt  form, 
they  are  amply  satisfactory 
for  much  commercial  work, 
espeeially  where  oil  baths 
woold  be  inconvenient. 
Fig.  36  afaowa  a  Leeds  and 
Northnip  Co.  resistance,  of 
0.00002  ohm,  and  2.000 
amp.  capacity,  for  which 
an  accuracy  of  0.04  per 
cent,  is  claimed. 

lif.  Iteasiirements  of 
conductor  resistance. 
There  is  no  sharp  disiino- 
tion  between  materials 
commonly  called  eonduct- 
oct  and  thoee  called  in- 
sulators. Reaistances  of 
the  former  class  may,  however,  be  relatively  high  or  relatively  low,  and 
eertaia  methods  of  measurement  are  especially  applicable  to  each  class. 

11%.  The  faU-oC-potentlsl  method  consists  simply  in  noting  the  voltage 
drop  with  a  known  current  flowing  through  the  renistance,  and  cntnilnting 
th*  resistance  from  <W»m*«  law,  R  —  E//.     This  methrnl  in  not  wuitiible  for 


Fia.  36. — Leeds  ft  Northrup  air-cooled  standard 
resistance. 


*BaKau  of  Standards  Bulletin.  Vol.  IV,  1907,  p.  121. 
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very  high  or  very  low  resistances  and  the  accuracy  depend*  upon  the  i 
meat  of  two  unknown  quantities  with  indicating;  instruments.  Furthermora 
the  current  required  to  give  a  readable  drop  may  cause  overheating.  The 
method  should  therefore  be  used  with  caution  and  only  where  acciu-ctcy  M 
subordinate  to  simplicity  and  convenience.  The  potential  should  be 
measured,  when  possible,  between  points  well  within  the  current  connec- 
tions, especially  when  the  rt^sistance  is  low  and  the  current  is  high.  Greater 
accuracy  can  be  obtained  by  substituting  a  standard  resistance  in  place  of 
the  ammeter,  and  noting  the  drop  across  it,  and  across  the  unknown  reaist- 
anee,  in  succession.  The  latter  is  then  equal  to  the  ratio  of  the  two  reaclinss 
multiplied  by  the  standard  resistance.  The  accuracy  will  be  greatest^  vrhen 
the  two  reaistanoea  are  nearly  equal. 

117.  Bridge  xnethods  are  the  most  accurate  for  resistance  measurementa 
because:  (a)  they  are  lero  methods;  (b)  comparison  is  made  directly  with 
standardised  resistances,  the  accuracy  of  which  can  be  made  very  high.  The 
principal  types  of  bridges  are  known  as  Wfaeatstone,  slide-wire,  Ct^rey- 
Foeter  and  Kelvin. 

118.  Wheatitone  brldffe.  The  Wheatetone  bridge  is  most  i^norally 
used  for  the  measurement  of  all  but  the  highest  and  the  lowest  reeutazioes. 
fig.  37  shows  the  theoretical  arrangement  of  a  Wheatstone  bridge  ^rhere 
r,  n,  and  n  are  accurately  known  resist- 
ances and  r«  ia  the  resistance  to  be  meas-  r-^i 
ured.  When  usin^  the  bridge,  the  variousj  i^  ' 
resistances  are  adjusted  until  the  galva- 
nometer,  G,    shows    no  current  flowing; 
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Fia.  37. 


-Diagram  of  Wheatstone 

bridge. 


Fia.  38. — Wheatstone  bridge — 
Postoffice  form. 


then,  r>—  (n/n)r.  The  battery  switch,  iSi,  should  always  be  closed  before 
the  galvanometer  switch.  Si,  in  order  to  protect  the  galvanometer  from  the 
momentary  rush  of  current.  The  galvanometer  and  the  battery  may  be 
interchanged  without  affecting  the  result  (Sec.  2,  Par.  SO). 

119.  Fonni  of  Wheatitons  bridffsi.  These  bridges  are  made  in  a 
variety  of  forms.  In  most  forms  the  resistances,  r,  n  and  rs,  consist  of  a 
number  of  resistance  coils  or  units  carefully  adjusted  to  various  multiples 
of  10  and  so  arranged  that  they  can  be  conveniently  connected  in  and  out  of 
the  circuit  by  means  of  plugs  or  switches.  The  resistancea,  n  and  n  (Fig.  37) 
are  commonly  called  the  ratio  arms  and  r  the  rheostat  arm.  A  very  early 
form,  which  is  still  in  use  in  small  portable  sets,  is  the  Foitoffloe  pattern, 
shown  diagrammatically  in  Fig.  38.  Coils  are  cut  out  by  short-circuiting 
them  with  plugs,  so  that  there  may  be  several  plug-contact  resistances  of  an 
unknown  and  variable  amount  in  a  given  arm.  In  the  Anthony  form^  anown 
diagrammatically  in  Fig.  39,  this  objection  is  overcome  by  arranging  the 
coils  of  the  rheostat  arm  on  the  "decade"  plan  in  which  there  are  nine  l-ohm 
coils  in  the  "units"  division,  nine  10-ohm  coils  in  the  "tens"  division,  etc. 
Any  number  of  coils  in  a  given  division  can  be  connected  in  circuit  by 
changing  only  one  plus.  In  many  later  types,  the  ratio-arm  coils  are  alao 
connected  on  the  decade  plan,  which  in  addition  to  eliminating  plug-contact 
resistance  errors,  permits  interchecking  the  coils.  Furthermore,  the  decade 
arrangement  permits  the  use  of  slidiQg-brush  or  dial  construction  instead 
of  plugs. 
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IM.  Vm  tt  Whaatatoiu  BrldfM.  Such  bridcea  are  best  miit«d  for 
J  raistanoea  of  the  order  of  about  1  ohm  to  100,000  ohms.  Accor- 
I  of  the  order  of  O.OS  per  eent.  are  obtainable  with  a  Srat-claas  bridge 
if  the  nnknown  remstanee  is  intermediate  in  value  between  the  limits  last 
named.  The  maiitniim  precision  is  obtained  when  the  four  arms  are 
•qssl;  hence  this  condition  should 
always  be  approached  as  nearly  as  pos- 
■hie  by  keepinc  n/n  amall,  and  n  and 
n  ss  nearly  equal  to  r  as  convenient. 
A  catvanometer  with  lOO  ohms  to  600 
ohms  resistance  will  be  satisfactory  for 
seaily  all  rlnswn  of  work.  The  resist- 
SBCe  coils  will  diaaipste  about  1  watt 
vithont  OTcrhemtiiis,  but  care  should  be 
tskstt  that  the  emrant  does  not  become 
««saiT«  when  the  ratio  becomes  larce. 

in.  TIw  ■Ud*-'Wlre  bride*  is  one 
of  the  cariiest  forma  of  the  Wheatstone 
llridce.  It  is  convenient  and  rapid 
where  many  similar  measurements  are 
to  be  made.  It  di£fera  from  the  stand- 
ard Wheatstone  bridge  in  the  respect 
tlaat  balance  is  obtained  by  varying  the 
ntio  Tt/n,  instead  of  the  resistance  r 
(Hi.  37).  Thia  is  accomplished  by 
neriac  the  contact.  6,  Fig.  40,  alone  s 
«ire,  a<^wfaich  forma  the  resbtance  n 
+rx.  This  wire  should  be  uniform  in 
onss  srrtion  and  homogeneous,  so  that 
the  resistance  per  unit  length  will  be 
coHtsnt.  At  exact  balance,  the  ratio 
<<  the  Irngtba  bc/ah  —  n/n;  and  r.- 
trt/n)r,  as  oefore.  The  precision  is  a 
siaiinnim  when  the  sliding  contact  is 
at  the  centre.  When  the  slide  wire  is 
ifacrt,  the  precision  decreases  rapidly 
with  settiB^  toward  either  end.  The 
itsfth  may  be  increased,  in  effect,  by 
UMtrtiag  equal  resistances  at  n,  n  , 
vUdi  iaereaaea  the  sensibility,  but  also 
decreases  the  permissible  difference  bo. 
twten  r  and  t,. 
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Flo.  39. — ^Wheatstone  bridge — 
Anthony  "decade"  form. 


US.  Tha  Oaraj-Tostar  bridga  is  particularly  adapted  to  the  compari- 
OB  of  low  leaistaneea.  The  distinctive  feature  is  the  elimination  of  the 
eoataet  Teaistanoe  and  other  unknown  resistancee,  in  the  arrangement  shown 
in  Fig.  40,  by  taking  two  readings.  The  bridge  is  first  balanced  with  the 
eoatact  at  x.  The  resistances  r  and  fx  are  next  interchanged  and  a  balance 
sbuined  at  zi.     If  the  resistance  of  the  slide  wire  per  unit  length  is  p,  then 

rs— r— p(2i  — z).  This  method 
is  especially  aidtable  for  com- 
parison of  standard  resistances 
with  each  other  and  for  tempera- 
ture coefficient  determinations. 

111.  Tha  XslTin  doubla- 
bridfa  is  espedally  suitable  for 
measurementa  of  low  resistances. 
It  ia  the  most  generally  used 
form,  even  in  the  most  precise 
work,  because  of  its  accuracy 
and  convenience.  The  principle 
is  shown  in  Fig.  41.     The  resist- 


Fio.  40. — Carey-Fcater  bridge. 


■ass  of  the  connection  between  r  and  ra  is  made  nejdigibly  small  and  the 
Hidgs  sssames  the  form  of  the  Wheatstone  bridge  (Fig.  37)  with  the  addi- 
lioa  ai  aa  extra  pair  of  ratio  arms,  a  and  fi.    When  a  balance  b  obtained: 


i^.'i^i  /_l_\  /:?_i\ 


(W) 
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In  practice,  n/rt  is  kept  equal  to  a/p  and  the  resistance  d  Is  made  nexlisibly 
small.    Then  Tm^fv/r\,  as  in  the  Wheatstone  bridge. 

In  the  Wolff  bridge,  Fig.  42,  the  ratios  n/n  and  a/0  are  aatomaticslly 
adjusted  rimultaneouBly,  by  sliding  contacts  on  the  four  dials.  In  the  i^toc^km 
and  Northrop  bridge,  Fi«.  43,  both  r  and  the  ratio  n/n  an  adjusted. 


■o- 


l" 


Fig.  41. — Diagram  of  Kelvin  double  bridge. 


Specimen 


Fia.  42. — Kelvin  double  bridge — Wolff  form. 

IM.  Oonduetivity  maaiuramanta.  The  specific  conductance  or 
conductivity  of  a  material  is  the  reciprocal  of  the  specific  reaistanoe  or 
resistivity.  The  relative  conductivity  is  the  ratio,  expressed  in  per  cent^  of 
the  specific  conductance  of  the  sample  to  that  of  a  standard  material.  The 
relative  conductivity  may  be  based  on  equal  masses  or  equal  volumes.  The 
former  is  in  most  common  use  because  conductor  metals  are  usually  sold  on 
a  weight  baais  (see  See.  4). 
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IH.  ConduetiTlty  stendarda.  The  present  official  standftrd  of  the 
A.  I.  E.  £.  ia  the  Intanukttonal  Annaalsd  Coppar  Btendard,*  defined  u 
(oUovb; 

Maaa-rMistlTitr  at  20  deg.  cent. : 

0.1532^  ohm  (meter,  gram) 
875 .  20  ohma  (mile,  pound) 
Volnzn»-TasUtlTlty  at  20  deg.  cent,  and  8.89  decidty: 
1.7241  microbma  (cm.*) 
0.67879  microhma  fin.n 
10.371  ohma  (mil,  (oot) 
For  earlier  standards  of  copper  rcaistiTity,  see  Sec.  4. 


K5 
Ba. 
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Qa. 


Pi<i.  4-3. — Kelvin  double  bridge — Leeds  &  Northrup  form. 

US.  Method*  of  maaaurinc  eonduotlTitr.  Conductivity  may  be 
determined  by  calculation  from  the  measured  rcBistance  or  Dy  dveet 
eompariM^a  with  standards  of  conductivity.  When  the  conductivity  is 
to  be  calculated  from  the  resistance,  the  spaoimen  must  have  a  uniform 
eroai-eeciion.  The  resistance  of  a  definite  length  is  carefully  determined, 
tbe  temperature  being  noted.  Then  the  resistance  of  a  piece  of  copper  having 
100  per  sent,  conductivity  and  the  same  weight  and  length  as  the  specimen 
(or,  for  volame  basis,  the  same  cross  section  and  length)  is  calculated  from 
the  stated  definition  of  the  standards.  The  ratio  of  uiese  two  resistances  is 
the  conductivity  of  the  spedmen.  The  direct  comrarison  methods  employ 
conductivity  bridges  which  are  adaptations  of  the  Kelvin  bridge.  They  are 
intended  for  eommerdal  work,  where  speed  combined  with  moderate  accuracy 
ifl  important. 

Scale  H 


rig.  43a.- 


Scale/ 
-Diagram,  £oope's  conductivity  bridge. 


in.  In  the  Boopa'i  oondaetivltgr  brldM,t  the  conductivity  of  a  speci- 
men of  wire  is  read  oirectly  from  a  graduated  scale.  The  principle  is  shown 
ia  F%.  43a  where  r,  is  the  specimen  to  be  measured,  r  a  standardised  wire  and 

ri  Tta,0,  are  the  double  ratio  coil.    All  four  of  the  latter  are  made  equal, 
*  Standardiaation  Rules,  A.  I.  K.  E.,  Dec.  1914  and  Bureau  of  standards 

CSrealar  No.  31.  CopP«  Vr\ie  Tables;  2d  edition,  1913. 

tHoopea,  Wm.    '"A  New  Apparatus  for  Making  Direct  Measurements 

of  Elee^l  Conductivity,"  BUetrieal  World  and  gnginttr,  Nov.  14, 1903. 
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about  300  ohms  each,  in  order  to  eliminate  the  effect  of  contact 
at  a  6,  c  and  d.  When  the  bridge  ia  balanced,  the  nnutanee  between  c 
and  d  on  r,  ia  equal  to  that  between  a  and  b  on  r.  The  ui^own  specimen 
r.  is  cut  to  a  certain  definite  length  and  carefully  weighed.  The  contact, 
b  on  the  standard  is  then  set  at  the  point  indicated  on  the  carefully  crsdiuted 
scale  H,  which  corresponds  to  this  weight.  Then  the  resistance,  oi,  la  equal 
to  that  of  a  piece  of  wire  having  100  per  cent,  conductivity,  a  length  equal  to 
100  parts  in  the  scale  I  and  the  same  weight  per  unit  length  as  r,.  Contact 
d  is  shifted  until  a  balance  is  obtained  and  the  conductivity  is  read  direetljr 
from  scale  I,  100  scale  divisions  corresponding  to  100  per  cent.  eonduoUvity. 
One  standard  is  provided  for  every  three  aires  of  wire  in  the  Amenoan 
(B.  *  S.)  gage.  The  standards  are  usually  of  the  same  material  as  that  beinc 
tested,  so  that  the  temperature  does  not  have  to  be  observed. 

US.  BeiUtance  ol  r»U  Jolnta.  The  testing  of  rail  bonds  oonaiata 
in  determining,  either,  (a)  the  ratio  of  the  resistance  of  a  given  lepg:th  of  rail, 
including  a  bonded  joint,  to  that  of  the  same  length  of  continuous  rail; 
or  (b)  the  length  of  solid  rail  which  has  the  same  reaisUnce  as  the  joint. 
The  resistance  of  rail  bonds  is  usually  expressed  in  the  Istter  manner,  whether 
measured  in  that  way  or  by  the  former  method.  Three  methods  are  em- 
ployed: millivoltmcter,  bridge,  and  opposition. 

1S9.  MilliToltmatsr  method  of  maaiurlnc  rail  bond*.  In  the  milU- 
voltmeter  method,  simultaneous  readings  are  taken  with  2  millivoltmeters. 
one  connected  across  the  bond  and  the  other  across  a  defimte  length  of  rail. 
If  the  current  fluctuations  are  not  too  rapid,  only  one  instrument  is  noees- 
sary,  provided  there  is  a  suitable  arrangement  of  keys  to  change  the  con- 
nections in  quick  auoceeaion. 

130  In  th«  BoUsr  bond  testar  the  principle  of  the  slide  iriro  form  at 
Whoktlton*  bridge  is  employed  (Kg.  *4).     Balance  is  obtained  by  movinc 

the  contact  B  back  and  forth  _ 
At  balance,  ab/be— (ri  +  m'i/ 
(ri+n);  where  at  ••  resistance 
of  bond  and  be  — resi8tan«)e  of 
the  standard  length  of  rail. 
The  resistances  n  and  n  Have 
the  effect  of  extending  the  slide 
wire  and  pravi<ting  greater 
accuracy  (see  Par.  ISl).  In 
the  actual  instrument,  the  alide 
wire  takes  the  form  of  ■  <arcle 
and  the  scale  is  grsduat^d  to 
give  the  resistance  directly  in 
terms  of  the  number  of  feet  of 
the  solid  rail  being  tested. 

ISl.  The  Conant  bond 
tester  is  an  example  of  the 
class  in  which  the  drop  across  the  joint  is  opposed  to  that  aerosa  a  length  of 
solid  rail  the  outer  contact  on  the  latter  (c.  Fig.  44)  being  moved  alons  until 
the  two  potentials  are  just  equal  and  opposite.  The  detector  is  a  telephone 
receiver  in  series  with  a  make  and  break  device  operated  by  a  clock. 

ISt.  Iniulatlon  resistance.  The  resistance  of  insulating  materials 
is  usually  measured  by  deflection  methods.  In  the  ease  of  resistances 
of  the  order  of  1  megohm  and  less,  a  Wheatstone  bndp  may  be  used,  bat 
the  accuracy   will   be  low  becauso  of  the  extreme  ratio  required  (Par.  lai) 

and  the  low  insulation  resistance  of  the  bridge.  j   o      ^. 

Two  leneral  classes  of  deflection  methods  are  used:  (1)  direct  deBection 
and  (21  leakage  The  direct-deflection  methods  involve  a  simple  application 
of  Ohm's  law"  the  current  bring  measured  with  a  voltmeter  used  as  an  am- 
meter or  with  a  galvanometer. 

MS  Dir«ct-deaection  method  (Insulation  reilatanoe).  When 
the  resistance  is  of  the  order  of  1  megohm  an  ordinary  voltmeter 
irill  ^o  results  which  are  sufficiently  accurate  for  most  Purposes  Two 
readings  ore  taken,  one  with  the  voltmeter  directly  across  the  battery  or 
geMrator.  and  the  other  with  the  resistance  to  be  measured  connected  in 
wries  with  the  voltmeter.    The  rewstanoe  is  R-r.  (d-dO/di;   whera  r.» 
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Diagram,  Roller  bond  tester. 
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of  voltnwtor  ({ha  creater  the  naiatance  per  toH,  the  bighor  tb« 
preoaon^,  ^w  deflection  of  roltmeter  in  first  reading,  di  >  deflection  in  gec- 
ond  readme.  Obvioualy  a  portable  galvanometer  with  series  resistance  may 
be  oasd  as  a  voltmeter. 

Wlian  tha  rMUtene*  U  modar^taly  Uch,  a  higb-resistance  reflecting 
IVAnonTal  nlvanometer  is  employed.  Fig.  46  sbows  tbe  diagrammatic 
•irangement  lor  measuring  tbe  inaiuation  of  a  cable.  The  measurement 
is  made  as  follows:  after  the  galvanometer  shunt,  i,  is  set  at  the  highest 
nlue  (Par.  19  and  BO)  and  r,  is  short-circuited,  the  main  circuit  is  closed. 
The  shunt  is  then  decreased  until  tbe  largest  readable  deflection  is  obtained. 
A  reading  is  taken  after  1  min.  This  procedure  is  then  repeated  with  tbe 
standard  resistance  r,  (usually  0.1  or  1  megohm)  in  circuit  and  the  specimen 
skort-drenited.  The  resistance  of  tbe  specimen  in  megohms  is:  R^G/di»; 
wheie  di—  first  reading,  s—  multiplier  corresponding  to  the  shunt  setting 


i' 


Fio.  M. — Diagram,  insulation  resistance  of  cable. 

(that  is,  1,  10,  100,  1,000  or  10,000)  and(7>  galvanometer  megohm-constant 
'Par.  M)  as  obtained  from  the  second  measurement.  Tbe  constant  is 
^r«^,;  where  d'  deflection,  s*  shunt  multiplier,  r«M  standard  resistance 
IB  megohms. 

U*.  TiMlraf  mathod  of  inaainrinx  InsuUtion  rasistenea.  Very 
Ugh  reaistancea  snch  ss  the  resistance  of  porcelain  and  glass,  and  surface 
leakage  reeistanea  of  Una  inaulators,  are  best  measured  by  the  method 
a<  leakage,  also  known  as  the  losa-of-cbargs  method.  This  method  is  based 
oa  the  theory  that  if  the  insulation  resistance  of  a  condenser  is  infinite,  it 
•31  retain  a  charge  indeSnitaly;  whereas  if  the  resistance  between  tbe  con- 
denser terminala  (either  the  uitemal  resistance  or  a  resistance  connected 
eXcmaily)  ia  finite,  the  rata  of  loas  of  the  charge  (or  leakage)  will  be  a  meas- 
■te  of  that  reaiatanoe.  The  principle  of  this  method  ia  shown  in  Fig.  46 
where  the  reaiatanoe  to  be  measurea,  r,  ia  connected  in  parallel  with  a  con- 
denser C.  Kejr  a  is  dosed  and  immedutely  opened,  thus  charging  tbe  con- 
4eaaer.  Key  h  ia  olossd  immediately  after  a  is  opened  and  the  deflection, 
A,  of  tbe  ballistie  ^Uvanometar  noted.  The  process  is  repeated,  a  being 
left  open  a  definite  tune,  t  seconds,  before  b  is  closed  and  a  second  deflection 
A  obaemd.     The  waistance  in  megohms  is  then: 

r  — ' j^  (megohms)  (13) 

2.303CL 


nog..(D 


"here  C  is  tbe  capacity  of  the  condenapr  in  micro-farads. 

The  insnlation  reawtanee  of  the  condenser  is  usually  not  infinite. 
Conection  should  be  made  by  measuring  the  resistance  of  tne  condenser  in 
aamilar  aminer,  r  being  disconnected.  If  n  is  the  resistance  of  the  condenser 
aad  n  the  resistance  obtained  above  in  Eq,  15,  the  corrected  value  is 

r'- — — —  (megohms)  (16) 

Uf.  ItMMiraBMnt  of  spaeiflo  reci<tuie«  (roalatlTity)  of  loUd 
niiilatliiy  mstoriate.  This  is  obtained  by  calculation  from  the  resist- 
•aee  between  two  similar  metallic  electrodes  of  known  area  in  intimate  con- 
tjwt  with  tbe  opposite  and  parallel  faces  of  a  specimen  of  the  material. 
n»-f«0  maka*  convenient  and  satiafaetory  electrodes  if  backed  with 
testliag  paper  aad  sufficient  weight  to  insure  good  contact. 

Ut.  Tha  gpMlfle  raalstene*  of  liqnid  Inaulatinf  matarlala  may  be 
■Pfnusiantely  determined  by  pouring  a  specimen  into  a  round  glass  cylinder 
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Fia.  46.— Leakage 
method  of  meaauring 
insulation  resietance. 


or  graduate  in  which  two  circular,  cloeety  6tting  diec  electrodes  are  supported. 
One  of  the  eleetrodes  should  be  movable  so  that  the  resistance  of  columns 
of  several  different  lengths  can  be  measured.  The  first  measutement  should 
be  takpQ  as  the  zero  or  base  reading  and  the  results  checked  by  cjilculation 
of  the  increase  in  resistance  and  the  corresponding  increase  in  the  spacing 
of  the  electrodes  at  different  settings. 

187.  Precautioni  lif  meaatuinff  Inaulation  rsaUtanca.  In  the  meaa- 
uremcnt  of  the  insulation  resistance  of  apocimens  having  electrostatic  capac- 
ity, sufficient  time  should  be  allowed  for  the  specimen  to  become  charged, 
that  ia,  until  the  deflection  becomes  constant,  at  a 
minimum  value.  This  usually  takes  place  vitnln  1 
min.,  except  in  long  lengths  of  cable.  In  order  to 
eliminftte  uncertainties  in  this  oonnection,  it  is 
customary  to  specify  1-minute  "electrification."' 

As  the  apparent  insulation  resistance  varies  with 
the  testing  potential,  one  hundred  volts  is  usually 
prescribed  as  the  mixiimum  pressure  that  should  be 
used. 

Leakage  over  the  surface  of  wire  or  other  speci- 
mens may  be  a  source  of  much  trouble  in  damp 
weather.  In  wires  and  cables,  the  lead  or  braid 
should  be  removed  for  2  or  3  in.  from  the  ends  and 
the  exposed  insulation  coated^  with  hot,  clean 
paraffine;  or,  just  before  measuring,  these  prepared 
ends  may  be  carcfullv  dried  with  an  alcohol,  Bunsen 
or  other  flame  free  from  carbon.  As  a  further  pre- 
caution, a  "guard**  circuit  may  be  arranged  as  shown  by  the  dotted  lines  in 
Fig.  45.  This  consists  of  a  few  turns  of  fine  copper  -wire  twisted  around 
the  insulation  close  to  the  copper  conductor  and  conncct>ed  to  the  battery 
side  of  the  galvanometor.  In  the  case  of  solid  specimens,  the  twisted  wire 
is  replaced  with  a  ring  of  tin-foit  as  shown  in  Fig.  07. 

BpsetniMia  haTlnc  •lootrostatie  emprndty  should  be  put  in  a  neutral 
oondition  by  rapidly  reversing  the  current  a  number  of  times,  beginning  at 
a  low  rate  of  reversals  and  gradually  increasing.  Where  the  capacity  is 
high  it  may  be  advisable  groidually  to  decrease  the  applied  voltage  at  the 
same  time. 

The  side  of  the  circuit  which  contains  the  galvanometer  should  be  well 
insulated  throughout.  The  battery  also  should  bo  insulated  as  thor- 
oughly as  piMwibTe:  this  is  a  relatively  easy  matter  when  dry  cells  am  used. 
The  important  point  is  to  insure  that  all  current  passing  through  the  speci- 
men, and  only  that  current,  passes  also  through  the  galvanometer. 

The  galvanometer  should,  preferably,  have  a  high  resistance  (order 
of  1,000  ohms)  and  a  megohm  sensibility  (Par.  IS  and  S4)  of  several  hundred 
megohms.  The  temperature 
should  always  be  noted,  be- 
cause of  the  large  coefficient 
which  most  insulating  mate* 
rials  have. 

1S8.  Msaturinc  the  insu- 
lation retistanee  of  circuits. 
The  insulation  resistance  of  a 
"dead"  circuit  is  conveniently 
made  by  the  voltmeter  method. 
When  there  is  no  source  of 
e.m.f,  available,  various  port- 
able instruments  described  be- 
low are  especially  applicable  and  convenient.     (Also  see  Sec.  21.) 

When  the  circuit  is  "alive"  the  following  method  may  be  used.*  Fig. 
47  represents  diagram maticaliy  a  system  with  lamps  and  motors  connected. 
The  resistances  .Vi  and  Xt  represent  the  insnlation  resistance  from  the  posi- 
tive and  negative  sides  respectively  to  ground. 

Xi» —  .—     —       t  andAt« ;  (ohm»>        (17) 

at  at 


Bi 


fx, 


Fio.  47- 


-Iniiulation  resistance  of  ' 
circuits. 


live" 


*  Northrup,    K.    F.     "Methods 
McGraw-Hill  Book  Co.  Ino.  p.  910. 
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Fia.  48. — Evenbed  Megger. 


when  S^raaistanod  of  Tcdtmeter;  i>*  deflection  (scale  diviaioiifl)  corre- 
Rxmdisg  to  circuit  voltage*  R'»  <Ji ^ deflection  corresponding  to  Vi:  di^d^ 
Hctua  eorTesponding  to  Vt. 

Should  the  aystem  be  continuous  current,  a  D'Arsonval-type  volt- 
iwter  IB  preferable;  if  it' be  alternating  current,  an  electrodynamcmeter- 
t]rpe  instmrnent  ahould  be  used.  This  method  in  general  will  measure  1 
la^Dhm  with  lufficient  acciiracy  to  check  specificationa.  If  the  resiatmnee 
n  onr  1  megohm  a  galvanometer  method  is  more  accurate. 

119.  Foitable  iikstrumenti  for  the  direct  maaniremant  of  Intnla- 
ti«i  rMlatanc*  are  elaaeed  either  as  testing  sets  or  ohmmetera.  Tasting 
Mti  range  from  a  simple  Wheatatone 
badge  with  aelf-eontained  galvanometer 
sad  battery,  to  elaborate  cable-testing  seta 
which  include  a  small  Wheatatone  brid^, 
tikaadard  0.1  megohm  reaivtance  for  lo- 
nlation  testa  by  the  aeriea  galvanometer 
aetfaod,  and  a  standard  condenser  for 
ofiacity  measarementa. 

OhmmatavB  indicate  the  re^iatanee 
diieetly.  In  inatrumenta  of  the  Saga 
tfV^,  the  prineii^e  of  the  alide-wire  bridge 
ia  cnployed.  A  ecale  beneath  the  rilde 
ebe  ia  calibrated  directly  in  ohma,  ao  that 
afcn  bahuee  ia  obtainted,  the  resiatanoe 
i>  read  off  directly.  The  range  can  be  extended  bv  means  of  a  number  of 
Cerent  ratio  arma,  a  aeparate  scale  bein^  provided  for  each.  Where  alter- 
nating current  ia  neceaaary,  aa  in  meaaunng  electrolytes,  an  induction  roil 
ii  introduced  in  the  battery  circuit  and  a  telephone  replaces  the  usual  galva- 
Mmeter.     This  type  ia  not  auitable  for  measuring  high  resistances. 

Tht  Kvarshad  "Maggar"  ia  an  obznmeter  wbirh  indiratea  the 
migtanoe  by  the  movement  of  a  pointer  over  a  calibrated  scale.  *  The 
principle  employed  ia  indicated  in  Fig.  48,  where  ii  ia  a  coil  in  aeries  with  the 
Kaitance  to  be  meaaurcd  and  B,  Bt  are  coils,  which,  with  the  resistance  R, 
are  connected  to  a  hand-driven  generator  D.  All  three  coils  are  rigidly 
coupled  together  and  are  connected  to  the  circuit  b^  fine  copper  stripe 
vbicb  exert  no  controlling  force.  When  the  generator  la  actuated  a  current 
3o«t  tbrou|rh  coils  B,  Bi  proportional  to  the  e.m.f.  generated.  If  the  ex- 
ternal circuit  ia  open,  B  and  Bi  arc  deflected  to  the  position  where  the  Icaat 
flux  from  the  permanent  magneta  M  Mi  will  inter- 
sect them,  that  is,  opposite  the  gap  in  the  C-ahaped 
iron  piece  about  winch  the  coils  A  and  Bi  move. 
The  pointer  then  stands  at  "infinity"  on  the  scale. 
If  now  a  finite  resistance  ia  connected  across  the 
terminals,  the  current  flowing  in  A  ^ill  produce  a 
deflecting  torque  toward  the  position  shown  in  the 
figure,  and,  as  the  system  moves,  the  coils  B  and  Bi 
exert  an  opposing  torque  of  constantly  increasing 
magnitude.  Hence  the  system  cornea  to  rest  at  a 
point  where  the  two  forces  are  balanced,  the  position 
depending  upon  the  amount  of  the  external  resist- 
ance. 

140.  Kaaiurament  of  tb«  rtaUtanea  of  elae- 
trolTtas.  Electrolyte  reuatancea  are  more  difficult 
to  measure  than  metallic  resistances  because  of  the 
counter  e.m.f,  of  polarization.  The  several  nii»thoda 
in  use  are  baaed  on  the  method  first  proposed  by 
Kohlrausch,  that  ia,  a  simple  bridge  arrangement  in 
which  alternating  current  ia  employed  instead  of 
direct  current. 
A  atandard  Wheats!  one  bridge  may  be  used,  jjut 
&iUda-vln  ^pe  is  found  more  convenient,  especially  if  the  slide  wire  Is  a 
^(a>f  one  wound  apiraUy  on  a  marble  cylinder.  When  such  slide-wire  resist- 
*A«  ia  a  aeparate  pieoo  of  apparatus,  a  bridge  may  be  eiurily  made  up  and 
wed  as  mdicated  in  Fig.  49  where  B  is  a  non-inductive  resist ince  box  and  r, 

'Biddle  J.  G.     Circular  No.  740;  Philadelphia,  Pa..  1910. 


Fig,  49.— Resistance 
,  of  electrolytee — Bridge 
method. 
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the  eleciroly t«.     If  the  sUde-wira  scale  is  divided  into  1 ,000  parte,  the  ] 
aaoe  of  the  electrolyte  ia,  at  balance. 

If  the  flouroe    ie  alternatinK-ourrent  power  of  oommeroial  frequencies 

an  alternating -current  galvanometer  (reflecting  electrodynamometer)  may 
be  used,  the  fixed  coils  being  connected  in  aeriee  between  the  source.  S.  mjui 
the  bridge  and  the  moving  coil  in  place  of  D  (Fig.  49).  A  Vrsel&iul  mcUIa- 
tor  (Par.  SM)  is  very  satisfactory  as  a  source  of  energy  becauee  the  w»y« 
form  ia  a  pure  sine  curve  and  the  frequency  ia 
sufficiently  nigh  to  make  the  telephone  sensitive. 
141.  Bpeolflc  retUt&nce  of  electrolyses. 
Where  the  apeoific  resistance  or  renstivity  is  re- 
quired, a  column  of  the  liquid  of  known  dinsen- 
Bions  must  be  isolated.  Fig.  50  shows  a  sstisfao- 
tory  method.*  The  glaaa  tube  ia  about  20  cm. 
long.  1  cm.  internal  diameter  and  open  at  both 
encu.  The  electrodes  are  of  gold  or  platinum.,  the 
lower  one  being  fixed  in  position  and  performted* 
while  the  upper  one  ia  adjustable.  The  average 
cros»-section  must  be  carefully  determined,  prefer- 
ably by  volumetric  meaaurement  with  mercury. 
The  temperature  ia  readily  kept  constant  by 
stirring  the  liquid  in  the  containing  vessel. 

141.  internal  reaUtance  of  batteries.      This 
measurement  involves  difBcultiea  because  of  polar- 
isation.    One    simple    direct-current    method    is 
Fio.  50. — Specific  resist-  aa  follows.      The  e.m.f.  of  the  cell  or  battery  is 
ance  of  electrolytes.       first  measured  on  open  circuit.      The  circuit    is 
then  closed  through  a  known  resistance  and  the 
e.m.f.  measured  again  quickly  before  polariiation  begina.    The  roslstance  is 


B, 


■voltage  before  and  after  cloaiiic 


where  R. known  reaiatance,  E  and  Bi' 
oircuit,  reapectively. 

This  method  assumea  that  the  internal  reaiatance  will  remain  oooatant 
under  all  oonditione,  which  la  not  alwaya  the  oaae,  eapeoially  in  dry  oella. 
In  a  modification  of  this  method,  both  readinaa  are  taken  with  the  circuit 
cloaed,  but  with  two  slightly  different  values  of  R.     Then 

(Ei-Ej)RiRi  ,  ,       ,  

'-EJii-BJi,-  <'"™'>  t20) 

where  Ri  and  Ei  are  the  first  reaiatance  and  e.m.f.,  respectively,  aad   Jts 
and  Et  are  the  corresponding  values  with  the  second  resistance. 

In  general,  euch  direct-current  methods  should  be  used  only  with  primary 
batteries  of  very  low  resistance  and  with  secondary  or  storage  batteries. 
Alternating-current  methoda  are  more  reliable. 

148.  Alternatlnff-ciirrent  method  of  maaiurinff  internal  resiat&no* 
of  batteriaa.  The  Kohlraunch  bridge  shown  in  Fig.  49  can  be  uaed  in  this 
method,  by  inserting  the  cell  or  battery  in  place  of  the  electrolyte  cell. 
Without  resistance  R'  connected,  the  resistance  of  the  cell  will  be 

If  the  resistance  R*  ia  oonnectod,  the  resiatance  of  the  cell  with  a  current 

corresponding  to  R'  flowing,  will  be 

IM.  BffeetiT*  reaiatance  of  altemating-ourrentoiroutti.  Thepaasace 
of  alternating  current  through  a  circuit  is  opposed  by  the  ohmic  resiatance, 

*  Northrup,  E.  F.  "Methoda  of  Measuring  Eleetrical  Reaiatanoe," 
McGraw-Hill  Book  Co.  Inc.,  p.  241. 
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kbo  by  Uir  rMiBtance-equivalaat  of  all  the  enaroy  loaaea  exeapt  the  Ion 
due  to  ohmio  reaiatanee,  and  by  the  reaetanoe.  The  *'ohmio  reaulanee" 
ii  the  resistanoe  to  the  paeaage  of  continuoua  current  and  is  therefore 
xaeaauied  with  continuous  current  by  the  methods  previously  described. 

IW.  Tha  efleetlTe  or  altcnuttlnc-euzrant  rstUtanoa  is  that  value  ' 
of  resiatance  which  repraaonts  the  total  energy  Loaa.  It  includes  in  addition 
to  the  ohmic  resistance^  the  effect  of  any  other  source  of  loet  energy,  such  as 
iroD  loaaea  in  a  zna^etio  circuit,  dielectric  losses,  and  induced  currents  in 
a  Detghboring  circuit.  This  effective  resistance  produces  a  potential  drop 
which  is  in  phase  with  the  current.  The  simplest  method  of  determining 
it  ia  from  the  relation :  W  ->  VR,  where  W  —  watts  measured  with  a  wattmeter, 
/^earrent  (amperes)  and  i2 -> alternating-current  resistance  (ohms). 

14>.  Kaasurement  of  iflactlTa  rsalatanes.  When  the  power  is  small 
and  the  power-factor  is  low,  two-circuit  electrodynamometora  (Par.  M) 
■ay  be  used.  The  exciting  current  must  be  in  phase  with  the  current 
tknogh  the  reaistanca  to  be  measured,  in  order  to  insure  that  the  reading 
obtained  when  the  moving  coil  is  connected  across  the  resistance  ia  the  oom- 
pceent  in  phase  with  the  current,  that  is,  the  alternating-current  resiatanoe. 
This  condition  can  be  eatablished  in  several  ways:  (a)  By  connecting  the 
fixtd  e^la  aeroes  a  non-inductive  resistance  which  is  in  series  with  the  reaiat- 
tnee  to  be  measured;  (b)  by  connecting  the  fixed  coils  to  a  phase  shifter 
jPar.  nS)  which  is  first  aidjuated^  the  moving  coil  being  connected  to  a  non- 
ladnetive  reeiatance  in  aenea  with  the  resistance  to  be  measured,  until  a 
naximum  deflection  is  obtained.  A  more  sensitive  method  is  to  connect  a 
coadenaer  in  eerie*  with  the  fixed  coils  and  adjust  the  phase  ahifter  tor  sero 
dtSeetioo.  The  dynamometer  can  be  calibrated  on  a  non-inductive  reoist- 
aaea  or  on  eontinuous  current. 

MT.  mMAtatone-brtdn  methoda  of  maMurinc  aSestlTa  rail»t»naa 
Bay  also  be  uaed  by  providing  facilitisa  for  obtaining  a  balance  for  both  re- 
■mnce  and  inductance.  The  two  "ratio"  arms  should  be  non-inductive, 
sad  the  "rheostat"  arm  should  contain  both  a  variable  resistanoe  and  a 
Tiiiable  inductance,  so  that  complete  balance  may  be  obtained.  The 
detector  must  indicate  both  atatea  of  balance  and  should  be  a  two-circuit 
ckctrodynaznometer  or  a  synchronously  driven  reversing  key  fPar.  t9). 
When  using  the  former  instrument,  a  resistance  balance  is  obtained  with  the 
Exed  coils  excited  from  the  same  circuit,  that  is,  in  series  with  the  bridge 
or  aeroaa  a  ahunt.  Inductance  balance  ia  obtained  with  the  fixed  coua 
tscited  from  a  areuit  90  deg.  from  the  first,  the  moving  ooUa  being  connected 
•cross  the  bridge  in  the  usual  manner. 

1«.  Tha  measurement  of  reaetwioe  and  Impedance  of  an  alter- 
Bating-enrrent  circuit  may  be  effected  very  simply  with  an  ammeter,  a  volt- 
■eter  and  a  wattmeter,  as  indicated  by  the  following  relations,  where  Z  — 
ifflpedanee  in  ohms,  X  —  reactance  in  ohms,  R  —  alternating-current  resist- 
aoee  in  ohms,  IF  ••power  in  watta,  J  — current  in  amperes,  £  — total  potan- 
ul-drop  in  volts,  cos  f  — power-factor—  W/Bl. 

(a)  Z-j,  (6)  Z—^J~^^,  (c)  X-j^  tan».  (d)  X-Z  sin  »       (23) 

POWXS  MXABTrSnmfTB 

M>.  Oenaral  eonridarationa.  When  a  quantity  of  electricity,  g,  is 
piMpri  throiigh  a  circuit  against  a  difference  of  potential,  e,  the  work  oone, 
thst  is,  the  amount  of  energy  expended,  is  qe.  Power  is  the  rate  of  expend- 
iag  ener^  and  at  any  instant  is  tBq/dt  —  ie,  because  dq/dl  —  i,  where  i  and 
•  aie  the  instantaneous  values  of  current  and  potential,  respectively.  Power 
iimsiij  in  watts  is  the  energy  expended  per  second,  or,  W  —  QB/t,  where 
(^—qaaatity  in  coulombs,  £— potential  in  volts  and  t  —  time  in  seconds. 

1(0.  CoBtinaotu-eiirTant  iiowar.  In  a  circuit  supplied  by  a  battery 
or  a  eoBtinnoas-current  generator,  energy  is  expended  at  a  uniform  rate; 
•eaee.  tin/at^QB/t-IB,  where  Q-quantity  in  coulombs,  E-eA.t  in 
wfcs.  t»t»nie  in  seconds  and  J  — current  in  amperes.  The  power  in  such 
oxeoita  is  usually  determined  by  measurins  the  current  and  the  potential, 
^roaltanfoasly.  Wattmeters  may  be  used,  but  they  are  leas  sccurate^than 
permaaeat-masnet  instruments,  principally  because  of  the  non-uniform 
fale.  giasler  temperature  etrora  and  greater  aensitiveneas  to  stray  magnetic 
Mda 
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151.  Pulflftting  pow«r.  Where  there  are  instantaneous  ▼arwtiocu 
in  the  current  and  the  potential,  the  power  varies  from  instant  to  inatanl. 
The  averase  power  will  be  the  average  of  the  products  of  correapondia£  instan- 
taneoua  vahiea  of  current  and  potential  and  it  can  be  measurea  with  Mriet  ae- 
.  curacy  only  with  watt-meters  of  the  dynamometer  type.  In  rectifier  circuits, 
the  power  consumption  of  a  storage  battery  or  a  motor  can  be  appro xiiiuitelsr 
measured  with  a  voltmeter  and  an  ammeter  of  the  permanent  magnet  type. 
Such  instruments  would  give  a  more  nearly  correct  result  than  dynamoizketer 
instruments.  On  the  other  hand,  the  reverse  will  be  the  case  with  a  load  of  in- 
candescent lamps  or  heating  devices.  The  error  will  de|>eDd  upon  the  "wmve 
shape  and  the  character  of  the  load.  The  safe  method  is  to  use  a  dyna- 
mometer-type wattmeter. 

IM.  Altematinf-current  power.     The  power  in  an  altematins-oui^ 
rent  clrowt,  at  any  instant,  is  the  product  of  the  current  and  potential  at 
that  instant.     When  the  load  consists  only  of 
resistance,  the  ourrent  wave,  /,  and  thepotei^ 
iiaX  wave,  E,  are  in  phase  as  shown  in  fls-  51, 
and  the  power-factor  is  100  per  cent,  or  unity. 
If  the  products  of  the  instantaneous  vaJnee  <rf 
current  and  potential  are  plotted,  the  curv«  J* 
is  obtained.     The  average  value  of  this  curve 
is  the  power  equivalent  of  a  continuous  cur- 
FiG.  61. — Relation  of  cur-    rent  producing  the  same  effect.    Also,    W^ 
rent,   e.m^.f.    and   power  in    EI,     where     IF  — average     watts,     J?>-mean 
a.c.  circuit.  effective  volts  and  /  *  mean  effective  aiup>cre«. 

These  values  of  potential  and  current  are  in- 
dicated by  instruments  in  which  the  deflections  arc  proportional  to  the 
square  of  the  current. 

168.  When  the  power-factor  it  less  than  unity,  due  to  the  fact  t4iat 
the  circuit  contains  inductance  or  capacity  (or  tho  equivalent),  the  current 
and  the  potential  will  not  be  in  phase.  In  the  case  of  an  inductive  load.,  t^he 
current  will  lag  behind  the  potential,  as  shown  in  Fig.  52.  The  powrer 
curve  then  will  not  be  all  on  one  side  of  the  axis,  but  a  part  will  be  negative. 
If  the  current  lags  sufficiently,  Fig.  53,  the  power  curve  will  be  positive  balf 
of  the  time  and  negative  the  other  half;  the  average  power  will  then  be  aero 
(or  lero  power-factor).  This  difference  in  phase,  or  time  relation  between 
the  current  and  the  potential,  iS  called  the  phase  angle  and  is  usually  ex* 
pressed  in  degrees,  an  entire  cycle  being  300  deg.     If  the  current  and  the 


A    A"  A 


Fio.  52.  FiQ.  53. 

Figs.  52  and  53. — Relation  of  current,  e.m.f.  and  power  in  a.c.  circuit. 

voltage  are  sinusoidal,  the  average  value  of  the  power  is  W^BI  oos  0, 
where  ^  is  the  phase  angle.  Therefore  if  the  current  and  the  potential  are 
not  in  phase,  it  is  necessary  to  know  the  value  of  the  phase  angle  if  the  poorer 
is  to  be  determined  from  the  current  and  the  potential.  Fortunately, 
instruments  called  wattmeters  are  available,  which  not  only  automatioalTy 
integrate  the  power  curve,  but  take  into  account  the  factor,  cos  9. 

164.  Precision  measurements  of  power  must  be  made  with  an  instru- 
ment which  is  equally  accurate  on  continuous  and  alternating  currenta,  in 
order  that  it  may  be  calibrated  on  continuous  current.  Such  meaaurementa 
are  most  accurately  made  with  reflecting  eleotrodynamometers  ix^ 
which  deflections  are  measured  by  means  of  a  mirror,  with  a  lamp  and  scale 
(See  Par.  8S,  64  and  97.)  The  nied  coils  are  often  divided  into  several  sec* 
tions,  which  may  be  connected  in  various  series  and  parallel  combinatioiiA 
to  give  large  deflections  over  a  wide  range  of  power  intensities.  Instrumentci 
of  this  typo  made  by  the  General  Electric  Company  have  current  capa.c-> 
ities  from  5  amp.  to   125  amp.  and  above,  with  corresponding  sensibiUtioa 
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of  10  and  200  watta  respectively  at  full  scale  deSection,    icith  a  SO-cm. 
(U.7  in.)  geale  at  100  cm.  (39.4  in.)  distance. 

IH.  Tha  Weatlnclioiiw  '"precision"  wattmeter  ia  similar  to  the  cor- 
mponding  ammeter  (Par.  99).  except  that  the  moving  coils  are  wound 
«ith  fine  wire  and  are  coonected  across  the  lino  instead  of  in  series  with  the 
fixed  coil.  There  are  usually  two  or  three  current  ranges,  and  the  series 
lOBitanco  for  the  moving  coil  is  mounted  in  a  separate  box.  It  therefore 
can  be  used  with  a  wide  range  of  voltages,  from  10  volts  up.  Although  con- 
aderaUe  metal  is  used  in  the  construrtion  of  this  instrument,  it  is  so  arranged 
that  the  eddy-current  error  ia  not  appreciable  at  commercial  frequencies. 

IM.  The  Duddall-Mathar  type  of  wattmeter  as  made  by  Paul  ia  a 
earefully  constructed,  aemi-portable,  secondar^r  standard  in  which  the  current 
dement  eomprises  four  fixed  coils  connected  in  scriee,  and  the  potential  or 
voving  element  consists  of  four  coils  connected  in  series,  all  astatically 
tizaiiced.  The  moving  element  is  suspended  by  a  ailk  fibre  and  a  spiral 
•priag  fomiahea  the  controlling  force.  It  is  a  torrion-head  instrument  like 
the  WsMinshoiue  wattmeter. 

UT.  ComiiMrelal  indloaUnc  wattmctan  are  made  in  two  general 
fflrms,  the  eieeirodynamometer  type  and  the  induction  type. 

UB.  The  Warton  inodel-16  and  the  Qencral  Blectric  type  Pi  Initru- 
menti  are  well-known  examples  of  the  electrodynamometer  clau.  Fig. 
M  sbowv  the  general  arrangement.  The  current  or  series  element  con- 
■bts  of  two  fixed  coila  wound  with  heavy  wire  or  strip,  which  are  connected 
ia  aeries  with  each  other  and  with  the  main  circuit.  The  potential  or 
ihant  element  ia  a  moving  coil  mounted  on  a  shaft  supported  between 
Mvel  bearings  and  placed  between  the  two  fixed  coils.  This  coil  consists  of  a 
luve  number  of  turns  of  fine  wire,  as  in  voltmetera;  it  is  connected  in  series 

with  a  relatively  large  amount  of 
non-inductive  resistance,  across  the 
main  circuit.  The  oontroUing  fore* 
eompriaes  one  or  more  spiral  spring 


^Flzed  Oolle 
_    .  (carrent) 
McnlBsCoU  ^ 

(potential) 

Fie.  54. — Diagram,  eleotrodsrnamom- 
eter  type  wattmeter. 


Fio.  55. — Diagram,  Westinghouse 
induction  type  wattmeter. 


m.  The  inclined-coil  type  of  wattmeter  (General  Eleotrio  Company) 
■aaailar  io  principle  (Par.  IH),  but  the  ceatie  lines  of  the  fixed  coiu  and 
the  moving  coil  make  an  angle  of  about  45  deg.  with  each  other,  instead 
<f  90  deg..  the  object  being  to  make  the  scale  more  open,  or  more 
■aifonnly  graduated. 

Ut.  The  WeetinKhoase  portable  wattmeter  is  the  most  important 
cxsmple  of  induction-type  wattmeters.  The  principle  is  exactly  the  same 
>s  thn  of  the  induction  watthour  meter  (Par.  SOI) :  but  instead  of  allowing 
the  moving  element  to  rotate,  the  torque  is  opposed  by  a  spiral  spring  ana 
heaee  tlie  deflection  is  proi>ortional  to  the  power.  Fig,  55  shows  the  sche- 
■*•><  arrangement,  where  AA'  are  the  current  or  scries  coils,  PP'  the  po- 
"•••"l  or  ahaot  crals  and  SS'  the  compen,<!ation  coila  by  moans  of  which, 
■•ither  with  the  adjustable  resistance,  R,  the  exact  quadrature  relation  is 
*<«i«*d  lain  watt-hour  meters.  This  type  is  also  made  in  polyphase  form 
Vhavint  two  leta  of  current  and  potential  elements  actinc  on  a  oommoD 
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moving  diac,  or  drum,  aa  in  the  polyphase  watt-hour  meter.  It  is  obvioua 
that  instruments  of  this  type  are  Umited  to  the  frequency  for  which  they  are 
designed. 

161.  The  WhiUiey  wattmeter  operates  on  the  dynamometer  principle 
(Par.  lUj  except  that  it  la  a  torsion-head  instrument,  the  moving  clement 
being  kept  in  a  fixed  position  by  twisting  the  torsion  head  to  which  the 
control  spring  is  attached.  The  pointer  attached  to  this  head  moves  over 
the  scale.  This  method  permits  using  a  very  long  scale,  extending  around  a 
full  circle. 

16S.  W&ttmetera  for  switchboard  use  employ  both  the  electrodvnamio 
and  the  induction  principles.  Weston  instruments  are  simitar  to  the  por- 
table electrodynamometer  instrument  (Par.  158).  The  General  Electric 
edgewise  type  "H"  instruments  are  dynamometer  types  while  type  I 
is  of  the  induction  type.  Westinghouse  switchboard  instrumenta  are 
also  induction  type. 

163.  The  oftlibration  of  wattmeters  of  ^he  dynamometer  type 
should  be  done  with  continuous  current.  It  is  customary  to  make  such  tests 
at  a  fixed  potential,  usually  100  or  200  volts  and  to  vary  the  current  to  give 
iho  required  watts.  The  potential  is  held  constant  at  the  desired  value  by 
means  of  one  standard  (standard  voltmeter  or  potentiometer)  and  the 
current  is  read  on  another  standard  (standard  ammeter,  or  potentiometer 
with  standard  realBtance).  It  is  more  convenient  to  obtain  the  potential 
and  the  current  from  separate  souroea,  because  the  process  of  adjustment  of 
one  circuit  will  not  affect  the  other.  In  the  case  of  instrumente-  of  laive 
capacity  this  method  economises  energy,  because  only  three  or  four  volte 
are  necessary  for  the  current  circuit. 

164.  Calibration  of  Induotion-tsrpe  wattmeters.  These  instruments 
must  be  checked  on  alternating  current  of  the  frequency  for  which  they  are 
designed.  This  check  is  made  by  comparison  with  a  secondary  standard, 
which  in  turn  ia  checked  on  continuous  current.  Polyphase  instru- 
ments may  ^  be  checked  as  single-phase  instruments  by  connecting  the 
current  circuits  in  series  and  the  potential  circuits  in  parallel.  In  the  case 
of  induction- type  instruments  stray  magnetic  flux  from  one  element  may 
affect  the  other,  in  which  case  the  calibration  should  be  made  on  a  polyphase 
circuit 

165.  The  induetance  error  in  wattmeters  may,  under  certain  condi- 
tions, become  very  important.  While  the  theory  of  the  electrodynaznometer 
type  of  wattmeter  assumes  that  the  potential  circuit  is  non-inductive,  this 
is  not  strictly  true  in  the  actual  instrument  because  of  the  inherent  Induct- 
ance of  the  moving  coil.  Ordinarily,  however,  the  non-inductive  series  re- 
sistance is  sufficiently  large  to  make  the  effect  of  this  inductance  neKligible 
At  ordinary  frequencies  and  power-factors.  But  with  low  power-factora, 
the  lag  angle  in  the  potential  circuit  may  have  to  be  considerea.  The  power 
in  an  aJtemating-current  circuit  is  W^EI  cos  9,  where  W  —  power,  /  —  current, 
K  — e.m.f.  and  cos  tf  =  power-factor  of  circuit.  When  the  power-factor  ia 
unity,  I  and  E  are  in  phase,  but  the  potential-circuit  current  lags  slifcfatly 
behind  E,  thus  producing  the  effect  of  a  small  power-factor.  If.  for  example, 
the  lag-angle,  0,  is  2  dcg.,  cos  tfn  0.9994  and  the  error  is  ordinarily  negli- 
gible. If  the  power-factor  is  50  per  cent.,  the  lag  angle  in  the  wattmeter 
is  (00-2)  -  58  deg.  The  cosine  of  00  deg.  is  0.50  while  the  cosine  of  58  deg. 
is  0.53,  thus  introducing  an  error  of  6  per  cent. 

166.  The  stray-field  error  in  unshielded,  non-astatio,  eleotrody^ia. 
mometor  wattmeters  may  be  anything  from  sero  to  25  per  cent,  tvith 
an  alternating  magnetic  field  of  5  lines  per  square  oeatimeter,  and  from  soro  to 
75  per  cent,  at  10  lines,  depending  upon  the  direction  of  the  field  and 
the  coil  deflection.  A  shield,  properly  made  and  placed,  is  extreziMily 
efficient,  reducing  the  effect  of  a  field  of  20  lines  per  Hquare  centimeter  to 
practically   Bcro,  without  introducing  eddy  current  or  other  errors. 

Wattmeters  of  the  Kelvin  balance  tjp^,  in  which  the  coils  are  a^ta- 
tically  arranged,  are  practically  immune  from  these  troubles  except  Ixk  aa 
intense  field  which  is  not  uniform  throughout  the  space  occupied  by  the 
moving  system;  such  a  condition  may  arieie,  for  example,  when  the  watt- 
meter is  clcMBe  to  a  conductor  carrying  a  very  large  current.  Induction- 
typo  instruments  employ  much  stronger  field  strengths  and  are  not  appreci- 
ably affected  e^oept  oy  very  strong  fields 
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Vtt.  Wattnuter  oonnaetioiu  to  line.  Care  shoold  be  taken  m  to 
cooaect  a  wattmeter  into  the  main  cireuit  that  the  moving-coil  end  of  the 
potential  drruit  and  the  current  coil  are  on  the  same  lide  of  the  circuit 
Miiix  measured.  Otherwiae  there  may  be  sufficient  electroatatic  attraction 
between  the  two  windinicB  to  produce  an  error;  or,  if  the  potential  is  sufficiently 
Ucb,  the  ineulation  between  the  windings  ma^  be  broken  down.  The 
Utter  may  be  guarded  against  by  connecting  the  bincUng  post  at  the  moving- 
eoil  end  of  the  potential  circuit  to  the  proper  current  post  with  fine  fuse  wire. 

in.  Ourreetlon  for  wattmeter  Iomoi  or  ancrc7  eoniiunptloii. 
Vfacxe  small  quantities  of  power  are  being  measured,  the  losses  in  tne  cir- 
niu  of  the  instrument  itself  should  be  taken  into  account.  It  will  be  noted 
is  Fie-  56  that  the  instrument  is  measuring  ite  own  current  circuit  loss,  or 
Mries  I'B  lo«L     If  the  instrument  loss  cannot  be  neglected,  it  is  better  to 


,  Fto.  M. — Power  measurenaenta  Fia.  57. — Electrodynamometer  arrange- 
ii  ihigie  phase  circuits  with  watt-  ment  for  measuring  small  amounts  of 
Bcter.  power. 

eonnect  the  potential  drenit  to  the  load  side  (6  instead  of  a)  and  include  the 
potential  dreuit  loss  in  the  measurement  instead  of  the  current  drcuit  loss, 
DKsose  the  former  not  only  remains  constant  but  is  more  easily  calculated. 
Wattmeters  are  often  arranged  to  correct  or  compensate  automatically  for 
tUiliias  by  means  of  a  few  turns  on  the  fixed  coil,  connected  in  series  with  the 
potential  circuit  and  in  opposition  to  the  fixed  coil.  This  arrangement  can- 
aoi  he  used  with  shunt-type  instrument  transformers  nor  when  checking  the 
nitmeter  with  separate  sources  of  e.m.f.  and  current.  A  separate  connee- 
tioa  ii  usually  provided,  however,  for  this  purpose.  In  general  it  is  safer 
livays  to  use  this  "independent"  eonnection,  m^lring  allowance  for  the 
potential  loss,  when  necessary,  by  calculation. 

M.  lleaatirenuiit  of  vary  unall  amounta  of  power.  Where  the 
Pover  is  extremely  small,  only  a  few  watts,  reflecting  electrodynamometers 
us  nest  accurate.     This  is  espedally  true  when  the  power-factor  is  low,  the 


no.  S8. — Power  in  single-phase 
ORint,  three-voltmeter  method. 


Fio.  69.— Power  in  single-phase 
drcuit,  three-ammeter  method. 


pstastial  high  and  the  current  low,  or  mc«  verm,  as  for  example  the  losses 
**^ttniating-cnrrent  conductors,  in  dielectrics,  instrument  drcuits  and  mag- 
yjs  circssts.  The  fixed  coils  may  be  connected  directly  in  series  with  the 
■n  dremt  or  to  a  non-indvctive  shunt  in  the  drcuit.  At  low  potentials, 
I*  series  resistance  in  the  moving-coil  circuit  may  not  be  suffident  to  elimi- 
■■ti  the  efleet  of  inductance  but  this  can  be  aocompUshed  by  shunting  the 
"■tsaee  witli  a  o<»denaar  as  shown  in  Fig.  57.  when  the  potential  dr- 
?*issbart-dnniitcd  at  a,  6,  the  capadty  C  orreaisUnce  Rtis  adjusted  until 
ItiK  ii  so  deflection  with  fall  currant  in  the  fixed  coll.  CaUbration  is  of 
*•>■  made  with  eontiitaoiia  cmtent. 
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170.  Keaiurvmant  of  power  In  &  lingle-phaie  eSrcuit.  One  watt- 
meter oonncoted  as  shown  in  Fig.  56  vfiM  read  true  watts.  The  power  may 
also  be  measured  without  the  use  of  a  wattmeter,  by  three  voltmetarB  or 
three  ammeters. 

In  the  "three-TOltm«ter"  method,  a  known  non-inductive  rewstmnce, 
R,  is  connected  in  series  with  the  load  as  shown  in  Fig.  58,  where  £.  Sg  and 
Et  are  points  where  voltmeter  readings  are  to  be  taken.  The  power  in 
watts  10 

Similarly,  in  the  "thrM-ammatar" method.  Fig.  59,  the  power  in  waits  is 

circuit.     Two  wattmeters,  connected   i 
these  conditions  being  equivalent  to   tm 
flinsle-phase  circuits.      The  total    power 

:_    -vS 1..    *i._  -_:«i.         ■-       .  -    .. 


(watts) 


<25) 


171.  Two-phaae.  four-wire 

shown  in  Fig.  60,  are  sufficient, 


is  obviously  the  arithmetical  sum  <^  the 
readings  of  the  two  instrumento. 

17S.  Two-phase,  three-wire  ctreuit. 
— Two  wattmeters  should  be  connected 
as  shown  in  Fig.  61,  the  total  power  bcinc 
the  algebraic  sum  of  the  two  readinn. 
This  connection  is  correct  for  all  condi- 
tions of  load,  balance  and  power-factor. 
One  wattmeter  may  be  used  as  in  Tig.  62, 
provided  there  is  no  load  across  the  outer  conductors  and  the  phaaes  are 
ixUaneed  as  to  load  and  power-factor, 

178.  Two-phaae,   four-wire,   interconnected  circuit.     Three    watt- 
meters can  be  used,  connected  as  in  fig.  63,  the  total  power  being  the  al^f^^ 


FiQ.  60. — Power  in  two-phase, 
four-wire  circuit. 


Fig.  61. — Power  in  two-phase, 
three-wire  circuit. 


F I Q  .  6  2.  — Power  in  two- 
phase,  three-wire  circuit. 


hraic  sum  of  the  three  readings.  This  connection  is  correct  under  all  con- 
ditions of  load,  balance  and  power-factor.  Two  wattmeters,  one  in  each 
phase,  will  give  the  true  power  only  when  the  load  is  balanced. 

174.  Three-phase,  tlvee-wire  circuits.     Two  wattmeters  may  be  used, 
connected  as  in  Fig.  64,  the  total  power  being  the  algfbraic  sum  of  the  two 


F I  o .  6  3  -  —Power   in   two-phase, 
four-wire  interconnected  circuit. 


F I  a .  6  4  . — Power  in  three-phase,, 
three-wire  circuit,  two  wattmeters. 


readings.  At  unity  power-factor,  each  instrument  will  indicate  half  the  total 
power  and  at  50  per  cent,  pownr-factor  one  instrument  will  indicate  the  total 
power,  the  other  inntrument  reading  aero.  At  less  than  50  per  cent,  powers 
factor,  one  instrument  will  read  negative.  (See  Par.  S09  for  mewod  <d 
verifying  power-factor.) 
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ITi.  Three-pb&se,  thre«-wlra  circuits,  bftlaneed  load.  When  th« 
load  u  baiatuxd  the  power  may  be  measured  with  one  wmttmeter  by  the  follow- 
ing methods. 


(ft)  With  "itar"  box  or  arti- 
fidal  neutral  as  shown  in  Fig.  65. 
The  total  power  is  three  times 
the  reading  of  the  wattmeter. 
The  nsist&nce  in  each  leg  of  the 
»tar  box  should  be  non-inductive 
sad  small  compared  with  that 
of  the  potential  circuit  of  the 
vsttmeter,  so  that  the  cur- 
rent taken  by  the  latter  will  not 
disturb  the  potential  at  the  neu- 
tisl  point. 

(D)  With  *'T"  box  as  shown 
Ib  Fig.  66.      The  total  power  is  three  times  the  wattmeter  reading. 


^I 


Fig.  65. — Power  in  three-phase,  three- 
wire  circuit,  one-wattmeter,  with 
"star"  box. 


p^r 


The 
arrangement  is  mmilar 
to  (a),  one  leg  of  the 
star  box  being  replaced 
with  the  potential  cir- 
ouit  of  the  wattmeter 
itself.  The  other  two 
legs  have  the  same  im- 
pedance as  the  poten- 
-»  tial  drcuit  of  the  watt- 


Fw.  66. — Power  in  three-phase,  three-wire  oircuit,    ""f^f'u-..      ,,— „ 

ace  wattmeter,  with  "Y"  box.  W  With  a  "T"  re- 

actance cou  as  shown 
in  Fig.  67.      The  total  power  is  twice  the  wattmeter  reading.     The  im- 
ot  ih»  reactance 


ad  anct  bo  small  com- 
pared witli  that  of  the  p<^ 
tcatial  circuit  of  the  watt- 
Brter,  so  that  the  current 
iskea  by  the  potential  eir- 
nit  will  Bot  disturb  the 
potential  at  0. 

in.  Threc-phaie, 
ikar-wlracireiiita.  Three 
wittmeters    are     used     as 

ta2j^--,  u*;*.- ^rfJw^  P'O-  67.— Power  in  three-phase,  three-wire 
iSf  rtto  £.S^SdtSSf  "««'••  one^ttmeter,  ,-ilh  •4"  reactance  coil. 
TUi    method    is    correct 

an  conditions  of  load,  balanee,  and  power^factor.      A  three-phase, 

"star"  system  with  a  grounded 
neutral  is  virtually  a  four- wire  sys- 
tem and  the  power  should  be  meet- 
urod  with  three  wattmeters.  Ob- 
viously, if  the  load  is  balanced. 
one  wattmeter  can  be  used,  the 
total  power  being  the  Indication  of 
the  wattmeter  multiplied  by  three. 
The  current  coil  should  be  con- 
nected in  series  with  one  conductor 
or  phase  wire  and  the  potentitd 
coil  between  that  conductor  and 
the  neutral. 

177.  «N" -phase  drcttit.  In 
any  system  whatsoever,  of  **n** 
phases,  the  true  power  may  be 
measured  by  connecting  a  watt- 
meter in  eaeh  phase,  the  current 
eoU  being  in  seriee  with  the  line 
•Bd  the  potential    coil   connected  between  that  line  and  any  common 


Fio.eS. — Power  in  three-phase, 
four-wire  circuit. 
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pcHnt  P  of  the  system,  which  may  or  may  not  be  the  neutral.  The  total 
power  is  the  algebraio  sum  of  the  readings  of  all  of  the  wattmeters  so 
connected.  * 

ITS.  Power  maaiurenieziU  o&  high-Toitftga  cireulti  should  preferably 
be  made  with  aeriea-type  and  ahunt-ty^pe  instrument  transformers.  If  thm 
instrument  wattmeter  is  connected  directly  to  the  circuit  with  series  re- 
sistance in  the  potential  circuit,  the  circuit  should  be  pounded  at  the 
instrument  in  order  to  avoid  errors  of  electrostatic  attraction,  and  also  poa- 
Bible  injury  to  the  instrument  or  the  observer.  The  current-capaaty  limit 
of  commercial  wattmeters  is  about  200  amp.  beyond  which  series  trana- 
formera   with   5-amp.    instruments   are   used,  irrespective   of  potentiml. 

179.  Gorreettona  where  inatnimant  traiiaforman  arauMd  in  aoeu- 
rate  powar  meASUrementi.    In  every  case  the  true  ratio  and  phaie  aji^o 

should  be  known  (Par.  TV  and  Par.  10^  lOS).  The  general  effect  of  the  phaae 
changes  in  the  instrument  transformers  is  to  make  the  angle  between  the 
current  and  the  potential  in  the  wattmeter  larger  or  smaller  than  that  be- 
tiffeen  the  current  and  the  e.m.f.  of  the  circuit  being  measured. 

If  cos  $  'true  power-factor  and  cos  0iv apparent  power-factor  (i.e.,  powrer- 
factor  in  the  wattmeter  obtained  from  the  ratio  of  the  watts  and  volt-aznperea 
in  the  wattmeter),  true  watts » (cos  0/cos  fc)X  wattmeter  reading.      The 
apparent  power-factor,  cos  0i  — cos  {6±a±0±y)j  where 
9 "■phase  angle  in  main  circuit, 
a  ■«  equivalent  phase  angle  in  wattmeter, 
0  — equivalent  phase  angle  in  current  transformers, 
y  ^equivalent  phase  angle  in  voltage  transformers. 
I'he  angles  a,  fi  and  y  are  given  positive  (  +  )  signs  when  they  tend  to  de- 
crease and  negative  (  — )  signs  when  they  tend  to  increase  the  phaae  angle 
between  the  current  and  voltage  in  the  instrument-t 

180.  Power-f aetor.  The  power-factor  of  a  circuit  is  the  ratio  of  the  t^e 
power  in  watts,  as  measured  with  a  wattmeter,  to  the  apparent  power  ob- 
tained, from  the  product  of  the  current  and  the  potential,  in  amperes  and 
volts  respectively.  In  the  ordinary  continuous-current  circuits,  the  power- 
factor  is  obviously  unit^  but  in  rectifier  circuits,  for  example,  it  may  be 
slightly  less  than  unity.  In  alternating-currrnt  circuits,  the  power- 
factor  ia  usually  less  than  unity  because  the  current  and  t^  potential  are 
not  in  phase.  When  the  wave  form  is  sinus<Hdal,  the  power-factor  ia  eQual 
to  the  cosine  of  the  angle  of  lag. 

ISi.  The  power-factor  of  tinffle-phase  drouita  is  obtained  from 
wattmeter,  voltmeter  and  ammeter  readings,  by  the  relation  W/BI^^eam 
$  where  W  — watts,  £*  volts  and  /  —  amperes. 

181.  The  power-factor  of  polyphase  circuits  which  are  balaneed  ia 
the  same  as  that  of  the  individual  phases.  When  the  phases  are  not 
balanced,  the  true  power-factor  is  indeterminate.  For  all  practical 
purposes,  however,  it  is  sufficiently  correct  to  assume  the  power-factor  to  be 
that  obtained  by  methods  which  give  the  average  of  the  power-factors  of  the 
separate  phases.  In  the  wattmeter-TOltmstsr-ainineter  method,  the 
power-factor  is,  for  a  two-phase,  three-wire  circuit  W/'v2  (.BT),  (J  In 
middle  wire,  B  between  outer  wires)  and  for  a  three-phase,  three-wire  circuit 
the  power-factor  is  W/Vs  iSI),  wherein  ^  — watts,  £  — volts  and  /■■ 
amperes.  In  the  two-wattmstsr  method,  the  poweMactor  of  a  two-phase, 
three-wire  circuit  is  obtained  from  the  relation  Wi/FTi— tan  0,  where  Wi  is 
the  reading  of  a  wattmeter  connected  in  one  phase  in  the  same  mannrr  as  a 
single-phase  circuit,  and  Wt  is  the  reading  of  a  wattmeter  connected  with  its 
current  coil  in  the  first  phase,  in  series  with  the  first  wattmeter,  and  the 
potential  coil  across  the  sooond  phase.  Obviously,  if  the  load  is  steady,  one 
wattmeter  is  sufficient.  If  the  phases  are  not  balanced,  the  readings  should 
be  repeated  with  the  instruments  in  the  second  phase,  the  true  power-factor 
being  taken  as  the  average  of  the  two  results.  In  a  thrss-phase,  three- 
wire  circuit,  the  power-factor  can  be  calculated  from  the  readings  of  two' 

*  Bedell,  F.  "Direct  and  Alternating-current  Testing."  D.  Van  Nostraad 
Company  (1912),  p.  228. 

t  Robinson,  h.  T.  "Electrical  Measurements  in  Circuits  Requiring  Current 
and  Potential  Transformers."   Tran^.  A.  I.  E.  £.,  1909,  Vot  XXVtll.  p.  lOOi. 
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Fig.  69. — Dugram,  Weston  singla-pbase 
powar-factor  meter. 


■mttmeteiB  eonneoted  in  the  standard  method  for  measuring  powor,  as  follows: 
\{Wi-Wt)/(Wi  +  Wtyiy/3-tiMS,vrbeif>  Wi  u  the'larger  reading,  which  is 
atwKfn  {KMBtive,  and  Wt  a  the  smaller  reading  which  may  be  either  positive 
orBagative. 

in.  Powar-faetor  maton  are  instrument*  which  indicate  directly  the 
powcMaetoi  of  the  circuit.  Commercially  there  are  two  general  classes,  those 
lanlTia^  the  principle  of  electrodynamometer  wattmeters  and  those  based 
on  the  pnneiple  of  induction  wattmeters.  The  essential  features  of  a  Weston 
■ngle-phaae  pow«r-f actor  meter  of  the  first  class  are  shown  in  Fig.  69. 
It  will  be  noted  that  the  ar-. 

nnaement  is  similar  to  that  in  jfi^  h 

wattmeters,  except  that  there  /^.v^ 

■R  two  eoila.  M.  Jf>,  in  the 
■orinf  system  instead  of  one. 
One  e<al.  V.  is  connected  across 
the  line  and  in  aeries  with  a  re- 
•Manre  Jt,  while  the  other  coil, 
Jfij  is  connected  in  series  with 
•a  indoctanee  L.  The  current 
ia  the  coil,  lf>,  will  therefore 
be  sboat  90  deg-  out  of  phase 
with  that  in  e<^  M.  When  the 
Vawrr^betor  is  uni^,  the  re- 
action between  the  fixed  coils, 
^,  V^t  and  the  moving  coil  M 
wlU  be  a  maximum  while  that  between  TF^  and  M^  will  be  a  minimum.  The 
Win^  exerted  on  M  will  cause  the  moving  system  to  take  the  position  of 
■imimim  torque,  that  is,  where  the  plane  of  Af  will  be  parallel  to  that  of  FFi; 
the  eorrespondins  mark  on  the  scale  will  therefore  be  100.  Similarly,  at 
■era  power-factor,  coil  if  will  exert  all  of  the  torque  and  cause  the  moving 
•fMem  to  take  a  position  where  the  plane  of  if'  will  be  parallel  to  that 
M  Wf'  the  corresponding  indication  is  therefore  lero.  Theoretically,  the 
■Mfieations  will  be  aSaetMl  b7  Um  frsquenoy^  because  the  current  in  h 
depcnia  upon  the  frequency,  but  by  proper  design  of  the  reactor,  Z>,  the 
•fleet  of  moderate  vaiiatioos  in  frequenoy  can  be  eliminated. 
Ia  the  pelTphaaa  metar.  Fig.  70,  the  inductance  h  is  not  required  and 

the  instrument  is  therefore  entirely 
independent  of  the  frequency. 
There  are  three  coils  in  the  moving 
system,  one  connected  across  each 
phase.  The  principle  of  operation  is 
exactly  the  same  as  in  the  nngle- 
phase  instrument,  the  moving  sys- 
tem taking  up  a  position  where  the 
resultant  of  the  three  torques  will  be 
a  minimum,  which  position  will  vary 
with  the  average  power-factor  of  the 
circuit. 

IM.  In  WaitinchouM  iiower- 
factor  msten,  the  dynamometer 
prindpla  deseribed  in  Par.  IBS  is 

Fio.  70.— EHagram,  Weston  polyphase  ."TT*!?  "*"S  *'^-  •   '"  o'!'*"' th" 
Donr«r-faLctar  metS-  induction  principle  is  employed  in 

power-factor  meter.  ^^  ^^^  manner  that  is  applied  in 

•raehraseopea  (Par.  IM-Ml). 

Ui.  Oaaaral  Hactrle  ppwar-fkotor  matan  employ  the  electrodyna- 
wcoeter  principle  (Par.  lit)  in  polyphase  instruments.  No  single-phase 
iMtrameals  are  made  by  this  company. 

WKtajXT  MKASITSnmiTB 

Ut.  Tha  praetleal  unit  of  alaetrioal  anargr  is  the  watt-hour,  which 
■  the  energy  expended  in  1  hr.  when  the  power  or  rate  of  exiienditure 
Hi  vau 

UT.  bargy  ia  nsaalljr  maaiurad  in  watt-houri,  with  wktt-hour 
■Man  (often  incorrectly  called  integrating  or  recording  meters).  All 
■Mt'kou  matan  an,  ia  reality,  small  motors  in  which  the  speed  is  proper- 
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Fia.  71. — Diagram,  commutator- 
type  watt-hour  meter. 


tional  to  the  power  and  the  revolving  element  operates  a  reentering  meehi 
anism  on  which  the  energy  consumption  is  recorded.  Meters  for  ooB' 
tinuoufl  current  are  uaualTy  of  the  type  which  utilise  the  electrodynsmii 
principle  of  direct-current  motors,  while  those  for  alternating  curren' 
utilise  the  principle  of  induction  motors. 

188.  ConttnuouB-curr«nt  watt-hour  metan.  Continuous-ourrenl 
meters  may  be  divided  into  two  classes,  the  eommatator  typ*  and  tin 
mercury  motor  tjpe. 

189.  Commutator-tjpe  metan  are  similar  in  principle  to  shunt  moton 
The  essential  features  are  shown  in  Fig.  71.     The  moving  element  constat 

of  an  armature,  a,  a  commutator,  e,  am 
a  light  metal  disc,  d,  all  mounted  on  ] 
steel  shaft  which  rotates  in  a  jewe 
bearing.  The  armature  is  connectec 
to  the  external  circuit  by  means  of  ver^ 
light  silver-tipped  brushes.  Ini  acria 
with  the  armature  is  a  light-load  com 
pensation  ooU,  «,  and  a  resistance,  r 
The  field  coils  are  indicated  at/,  /. 

190.  Ch»r&ctoristlci  of  commii- 
tator-type  maters.  The  eaaentia 
differences  between  this  type  of  '«r»tt 
hour  meter  and  a  two-pole  shunt  moto 
are  as  follows:  (a)  entire  absence  o 
iron  in  the  magnetic  circuits;  (b)  tb 
armsture  element  is  connected  mcrtm 
the  circuit  and  carries  a  very  sma] 
current,  while  the  field  element  is  ii 
series  with  the  circuit  and  carries  th* 
main  current;  (c)  the  speed  increasie 
as  the  field  strength  increases  which  i 
opposite  to  the  effect  in  a  shunt  motof 
191.  Tha  principle  of  oparatlon  «t  oonunutator-typa  metars  i 
as  follows.  The  torque  is  proportional  to  the  current  in  the  armature  coil 
and  to  the  field  strength.  Since  there  is  no  iron  in  the  magnetic  rirouit.  th< 
latter  is  always  proportional  to  the  field  current,  hence  the  torque  ia  pro 
portional  to  the  two  currents  (as  in  a  dynamometer  wattmeter).  The  cur 
rent  in  the  armature  being  proportional  to  the  line  potenti^,  and  the  fieli 
current  equal  or  proportionsi  to  the  line  current,  the  torque  is  proportions 
to  the  power.  In  order  to  make  the  speed  proi>ortlonal  to  the  poirer,  i 
mechanical  load  must  bo  provided,  in  which  the  counter-torque  wiu  be  pro 
portional  to  the  speed.  This  load  usually  takes  the  form  of  a  circular  disc 
d  (Fig.  71)  of  thin  copper  or  aluminum  which  revolves  between  the  pole 
of  one  or  more  permanent  horseshoe  magnets,  with  poles  very  close  togethei 
The  eddy  currents  induced  in  the  disc  react  with  the  pcrmanent-xnagne 
field,  producing  a  counter-torque  which  will  always  be  proportional  to  th 
speed.  As  the  load  current  increases,  the  torque  of  the  motor  element  in 
creases  and  the  speed  increases,  becmuae  there  is  practically  no  countc 
e.m.f.  in  the  armature,  t.  But  as  the  speed  increases,  thd  counter-torqn 
of  the  disc  or  generator  element  also  increases  and  a  speed  is  finally  resLchei 
where  the  two  torques  balance  each  other  and  the  speed  remains  constanl 
Thus,  theoretically,  the  speed  will  always  be  proportional  to  the  power  in  th 
rircuit.  Kacb  revolution  represents  a  dffinite  amount  of  energy,  and  b; 
connecting  the  shaft  to  a  suitable  recording  mechanism  similar  to  that  oi 
gas  and  water  meters,  the  total  energy  consumed  is  automaticatl; 
registered. 

19S.  XfTacts  of  friction  Mid    tamparatura    in  commutator- ftypi 

maters.  In  practice,  certain  conditions  prevent  the  speed  from  beini 
always  proportional  to  the  load,  the  principal  factors  Imng  frictioD  am 
temperature.  Bearing  friction  is  reduced  to  a  minimum  by  using  polishes 
sapphire  or  diamond  jewels,  with  either  a  polished  cone-shape  snaft-^iu 
or  a  8tcel  ball.  Thus  the  contact  surface  is  reduced  practically  to  a  poini 
The  weight  is  reduced  by  using  hollow  shafts  and  very  light  alumlnunn  o 
non-metallic  frames  for  the  armature  windings.  Commutator  fHc^oi 
is  reduced  to  a  minimum  by  making  tha  commutator  diameter  small,  am 
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nine  nnmd  bnishea  so  that  eontact  is  mode  practically  at  a  point.  The 
lean  in  the  resisteiing  mechanism  are  made  as  light  as  poeaible.  The  effect 
of  friction  is  sznaUer  an  the  torque  is  increased;  hence  the  ratio  of  torque  to 
v«lf  ht  is  made  as  large  as  possible  by  making  the  armature  spherical,  which 
gives  the  maiimum  torque  for  the  minimum  amount  of  wire  (weight). 

IM.  Compensfttion  for  friction  in  conunutator-tTpo  maton. 
Friction  cannot  be  entirely  eliminated  and  its  effect  is  marked  at  light  load, 
Deceasitating  the  use  of  a  compenaatlnff  darlco.  This  usuallv  consists 
of  a  few  tunu  of  fine  wire  on  the  field  coil,  which  are  connected  in  series 
with  the  poteatial  circuit.  These  turns  are  wound  in  a  separate  coil  and  the 
amount  of  compensation  can  be  adjusted  for  each  meter  individually  cither 
by  kltering  the  position  of  the  coil  with  respect  to  the  field  coils,  as  in  General 
Electric  and  Westinghousc  meters,  or  by  changing  the  number  of  turns  as 
ia  Columbia  and  Duncan  meters. 

IM.  Compensation  for  tamparatura  In  eonunutator-tTpa  matari. 
Temperature  affects  the  performance  of  meters  by:  (a)  changing  the  resist- 
SBce  of  potential  cirruit;  (b)  changing  the  resistance  of  the  drag  disc;  and 
it)  changing  the  strength  of  the  permanent  magnets.  These  changes  pro- 
ouM  a  rombioed  or  resultant  effect,  which  ia  compensated  for  by  using  for 
the  series  resistance  in  the  potential  circuit,  one  or  more  materials  so  com- 
bined that  the  final  temperature  coefficient  of  resistance  counteracts  the  other 
effects  when  the  air  temperature  changes. 

IM.  Th«  mercury-motor-type  meter  is  most  prominently  represented 
by  the  direct-current  meter  made  by  the  Sangamo  Electric  and  Manu- 
(aetoring  Co.  Fig.  72  shows  diagrammatically  the  oircuita  and  scheme  ol 
operation.  />  is  a  solid  copper  disc  floating 
ia  mercury,  F  a  float  which  supports  the 
ihait  and  eliminates  a  jewel  bearing:  ff  is  a 
laminated  iron  core  and  C  is  a  chamber 
Wed  with  mercury.  The  flux  produced  in 
the  core,  H,  by  the  shunt  coil,  traverses 
the  disc  at  ttro  points  which  are  diametri- 
eally  opposite.  The  line  current  passes 
fram  L  to  L\  through  the  mercury  and  dia- 
netrirally  through  the  disc.  This  disc 
being  cut  by  flux,  a  torque  is  produced 
vhicn  19  proportional  to  the  current  and 
the  em  J. 

IM.  Compansation  for  friction  in 
—  I  ui  J  -motor-type  meter.  The  fric- 
tion doe  to  the  disc  rotating  in  the  mercury 
»  eompraaatad  in  two  wa^.  One 
■wthod  IS  shown  in  Fig.  72.  A  high  resist- 
saee.  r,  is  connected  in  shunt  with  the 
•nnatore,  D,  and  the  e.ro.f.  circuit  is  com- 
pfeted  by  the  sliding  eontact,  P.  When 
the  did^  is  at  b,  practically  all  of  the  shunt  ouirent  will  pass  through  D 
beeanae  of  the  resistance,  r,  thus  adding  to  the  torque.  When  the  slider 
ii  st  a,  practically  none  of  the  e.m.f.-coil  current  will  traverse  the  arma- 
tare.  tn  the  second  method,  a  circuit  cbnsisting  of  two  wires  of  dis- 
■milsr  metals,  which  form  a  thermocouple,  is  connected  in  parallel  with 
tb*  mercury  chamber  terminals,  L,  L\.  This  couple  is  surrounded  with  a 
b*aiing  roil  connected  in  series  with  ^h.e  potential  circuit.  The  e.m.f. 
prodund  by  the  couple  causes  current  to  flow  through  the  disc  thus  producing 
the  neccflsary  torque  to  overcome  the  effect  of  friction  at  light  load.  The 
tMreaaed  mercury  friction  at  high  ipeed  is  compensated  by  a  series 
t«ra  (or  half  a  turn),  /,  on  the  core  H.  The  drag  or  counter- torque  is 
obUiEtfd  with  a  separate  disc  and  permanent  magnets  (not  shown)  in  the 
asQftl  manner. 

Uf.  Ipeed  adjustmente.     The  speed    at   all  loads  is  equally  affected 

fay  shiftiay  the  drag  magnets  diametrically  with  respect  to  the  meter  shaft. 

vas  altcnng  the  retarding  torque.     This  torque  is  a  minimum  with  the  mag- 

I   *Bts  dose  to  the  shaft  and  a  maximum  with  magnets  near  the  edjte  of  the 

>    «e-    The  speed  at  light  load  is  adjusted  independently  as  indicated  in 

!   J^lM. 
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Fio.  72. — Diagram,  Sangamo 
mercury-motor-type  watt-hour 
meter. 
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IM.  Typical  Data  Applytnc  to  Modem   110-Tolt,  <-unp. 
amp.,  Dirtet-eurrant  Watthour  lletan  * 


10- 


to  a. 

H6i 


•|!a 


a  a 

« 


Speed,  full  load,  r.p.m 

Torque,  full  load,  rom.-grin 

Weight,  moving  element,  grm 

Ratio,  torque  to  weight 

Drop,  current  circuit,   volts   at  rated 

current. 
Loss,    current   circuit,  watta   at   rated 

current. 
Loss,   potential  circuit,   watts  at   110 

volts. 

Resistance,  armature,  ohms 

Resistance,  compensating  coil,  ohma. . . 

Resistance,  series  resistance,  ohms 

Resistance,  potential  circuit,  total  ohms 

Ampere-turns,  field j 

Ampere-turns,  armature : . ,. 


46 
170 

97 
1.75 
1.15 

5.75 

5.1 

825 

66 

1,640 

2,430 

300 

800 


41.7 
140 
80 

1.75 
1.0 

5.0 

4.5 

1,185 
315 
800 

2,300 
600 

1,500 


25 
55 

n 

18 
0.03 

0.3 

5.0 

1,8501 


36.7 
180 
130 

1.39 


5.0 


450 
2,300 


910 


30 

go 

90 

1.0 

0.54 

.    5.6 

2.0 

2,600 

4fi0 

3.000 

6.1 10| 

700 
2.100 


IM.  Thraa-wlr*  eireuitf  are  metered  with  two,  two- wire  meters  ol 
the  kind  described  (Par.  ISS  to  Par.  198),  or  a  three-wire  meter.  The 
latter  which  is  usually  made  in  the  commutator  type,  is  the  same  as  the 
two-wire  meter  except  that  the  two  field  coils  (which  should  be  alike)  %re 
separated  electrically,  and  one  is  connected  in  each  outer  wire  in  such  a  manner 
that  their  fields  are  cumulative  as  before.  When  the  load  is  exactly  balancsed, 
the  conditions  are  obviously  the  same  as  in  a  two-wire  meter,  and  irhen 
unbalanced  the  two  field  strengths  add  together  so  that  the  speed  is  pro- 
portional to  the  total  current.! 

100.  The  metering  of  heary-current  drenite  by  means  of  standard 
meters  becomes  troublesome  because  of  the  large  conductors  required  in  the 
fields.  While  such  meters  have  been  made  in  capacities  upto  20,000  amp., 
they  are  very  costly  and  not  satisfactory  at  light  loads.  Watthour  meters 
have  been  developed  by  some  manufacturers,  along  standard  lines,  for  opei^ 
ation  with  shunts.  In  order  to  develop  sufficient  torque  without  an  ezcee- 
aive  shunt  loss,  it  is  neeessary  to  employ  shunts  having  smalt  drop,  large  field 
coils  on  the  meters  and  relatively  large  leads  from  meter  to  shunt,  ^^here 
the  meter  has  to  be  some  distance  from  the  shunt^  the  leads  may  have  to  be 
nearly  as  large  as  the  wires  in  the  main  circuit,  in  order  to  keep  down  the 
resistance. 

.\nother  way  _  to  avoid  the  use  of  large  meters  is  to  connect  "so veral 
smaller  meters  in  parallel.  Care  should  be  taken  to  make  the  resistance 
of  the  several  branches  equal,  if  the  meters  are  of  the  same  capacity;  or,  if 
the  meters  are  of  different  capacities,  inversely  proportional  to  the  capaci- 
ties of  the  meters.     This  will  insure  that  none  of  the  meters  are  overloaded. 

SOI.  Altematliiff-cuirent  watt-honr  meten.  Altemating-ourrent 
energy  is  almost  always  measured  with  induction  typo  meters.  Com- 
mutator meters  are  seldom  used  on  alternating-current  circuits  for  the  very 
practical  reason  that  induction  meters  are  not  only  more  accurate,  but 
much  leu  expensive  in  first  cost  and  in  maintenance. 

*  From  Electrical  Meterman's  Handbook,  N.  E.  L.  A.,  1912,  to  vrhich 
readers  are  referred  for  further  data.  See  also  Fitch,  T.  T.  and  Huber,  C.  J. 
*'A  Comparative  Study  of  American  Direct-current  Watthour  Meters," 
Bureau  of  Standards  Bulletin,  191S,  Vol.  X,  p.  161.     (Reprint  No.   207.) 

t  The  Sangamo  Co.  has  recently  developed  a  three-wire  mercury  meter  (see 
Par.  199). 
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Fio.  73. — Diagram,  induction-type  watt-hour 
meter. 


Mi.  Indnctton-^M  wstt-honr  maters  operate  on  the  principle  of  the 
rotaUng  magnetic  field  of  the  induction  motor.  The  essential  features  of 
the  t^incipal  makes  of  watt-hour  meters  are  shown  in  the  diagrammatio 
ifcetcfa.  Fig.  73.  P  iM  the  potential  coil;  S  the  series  coil,  and  C  a  compenaat- 
ihk  rail.  A  metallic  disc  is  free  to  revolve  between  the  poles.  The  alter- 
uting  magnetic  fluxes  from  these  poles  will  establish  currents  in  the  diao 
about  as  indicated  by  the  arrows  in  the  sketch  at  the  right,  which  shows 
■  portion  of  the  disc  and  the  poles.  The  potential  wincUn^.  Pt  has  many 
turns  and  is  therefore  highly  inductive,  while  the  scries  wintling,  S,  is  piai^ 
tically  non-inductive ; 
thus  the  fluxes  produced 
by  these  two  cireuits  are 
praetieaUy  90  time-de- 
prees  apart.  Each  flux 
is  io  phase  with  the  cur- 
rent which  produces  it: 
and  the  e.m.f.  ^Derated 
in  the  disc,  which  is  cut 
by  the  flux,  is  in  time 
quadrature  with  the  gen- 
ciBting  flux.  Therefore, 
if  it  is  assumed  that  the 
flans  duo  to  P  and  5, 
RSpectively,  are  in  quad- 
rstore,  the  eddy  currents 
produced  by  P  will  be  a 
BMtimnm  at  the  same  instant  that  the  flux  from  5  is  a  maximum,  and  vice 
•tr«a.  Thtts  a  torque  will  be  produced  which  is  proportional  to  the  instan- 
taoeous  product  of  the  eddy  currents  in  the  disc  and  the  flux  from  the  pole 
sader  wmeh  the  current  is  flowing.  This  toroue  is  nroportional  to  the  power 
wed  in  the  load  circuit  providing  the  time-phase  difference  of  the  currents 
in  eolls  P  and  S  is  exactly  00  deg.  at  unity  power-factor.  The  necessary 
ntardtng  aetion  or  oounter>torque  is  obtained  with  i>ermanent  magnets  on 
this  same  disc  as  described  under  direct-current  meters  (Par.  191). 

W.  Coinp«xisatia|^  coil  on  induction-type  meters.  If  the  phase 
qoadratore  is  not  exact  ^Par.  SOS),  the  meter  will  obviously  not  register 
correctiy  under  any  condition.  In  consequence  of  the  ohmic  resistance  of 
Ue  potential  circuit,  the  current  is  never  exactly  00  dog.  behind  the  impressed 
f-m-f.  At  any  instant,  the  flux  Ef  (Fig.  74)  from  the  potential  pole, 
iMtnd  of  bans  in  phase  with  the  eddy  currents,  /«,  due  to  the  line  current, 
b  di^tly  behind,  as  indicated.  The  torque  is  therefore  proportional  to 
tbe  imduct  /•  and  oo,  instead  of  J*  and  E//,  The  meter  will  therefore  run 
dew,  but  as  a  practical  matter  the  error  is  so  small  that  at  unity  power' 
beter  it  is  insignificant.  The  error  rapidly  becomes  large,  however,  as  the 
power-factor  decreases.  As  practically  all  alter- 
.  E      7     nsting-current  circuits  have  a  power-factor  less 

-  '       than  unity,  a  oompensfttinc  coll  is  used  to  elimi- 
nate the  error.     This  coil  is  a  short-circuited  coil 
.     placed  on  the  potential  pole  (see  Fig.  73)  and  in 
1    which   a  current  is  induced  90  deg.  behind  the 
'    generating  (potential)  flux.     Its  flux,  Sr,  will  be  in 

Bhase  wiu  that  (induced)  current  and  therefore 
[)  deg.  from  Bt*  with  which  it  will  combine.  By 
adjusting  the  vsJue  of  the  resistance  (lag  adjust- 
ment) r  (.Fig.  73)  the  resultant  flux  can  be  brought 
into  exact  phase  with  /«  and  the  meter  will  then 

piQ     7* Theorv      of    '*8i«ter  correctly  on  all  power-fnctora.     It  is  evi- 

1m   sdjus^ment.     mduo-    dent  that  «ith  lagging  ^wer-factor  in  the  circuit, 
tiui  n«(-k«.<-  r^*4.M>  *  meter  will  be  slow  ii     under-lagged     and  fast  if 

Mwwaiwiour  mexer.  -ovei-lagged."     The  oppomte  results  wiU  occur 

with  a  leading  power-factor. 
M.  Friction  compensation.  The  friction  in  an  induction-type  meter 
M  much  leas  than  in  a  commutator-type  meter  because  of  the  absence  of  a 
CMsmotaior  and  an  armature.  On  the  other  hand,  the  torque  is  less  (com- 
FKt  tables  of  characteristic  data.  Par.  IM  and  Par.  S06)  and  the  effect  of 
"ie^  at  light  load  has  to  be  compensated.     The  principle  employed  in 
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practically  all  meters  is  that  in  which  a  flux  is  produced  at  the  potential 

Kle  face,  sUcjhtly  out  of  phase  with  the  main  flux.  Thus  eddy  currents  wiS 
produced  in  the  disc  which  will  be  in  phase  with  a  small  com|>onent  of  the 
main  flux«  giving  rise  to  a  slight  torque  which  can  be  made  sufficient  to  over- 
come the  friction  torque.  This  "  out-of-phase  "  flux  is  produced  in  varioui 
ways  in  different  meters.  A  common  method  is  to  place  a  short-circuited 
copper  circuit  or  thin  copper  punching  ("shading  strip")  in  the  potential- 
pole  air-gap,  in  an  unsymraetrical  position,  so  that  the  aeaire<l  unbalanced 
flux  will  be  obtained.  In  the  Columbia  meter,  the  effect  is  accompli^ed 
by  unbalancing  the  flux  of  the  two  potential  poles  by  means  of  macnetic 
shunts. 

MS.  Adlnitmcnta  of  induetlon-^p«  meton.  Facilitie*  are  usualb 
provided  for  conveniently  adjusting  the  meter  accuracy  at  light  and  full  load. 
The  position  of  the  light-load  compensation  coil  can  be  changed  witli 
conveniently  located  screws,  and  the  light-load  speed  thus  altered.  Speed 
adjustment  at  all  loads  ia  obtained  by  shifting  the  drag  magnets  witji 
respect  to  the  axis,  as  in  direct-current  meters,  or  by  shunting  the  flui 
by  means  of  a  movable  soft-iron  keeper  bridging  the  air  gap.  Th< 
power-factor  or  lag  adjustment  is  made  at  the  factory  and  if  properly  doM 
should  never  require  readjustment. 

106.  Typical  Data  Applying  to  Modem  110-TOlt  Slnfla-pluwo  M- 
eyela,  5-ainp.  induction-type  Watt-hour  Meton* 


load, 
load, 


Speed,     full 
r.  p.  m 

Torque,     full 
mm. -grams 

Weight,  moving  eel- 
ment,  grams 

Ratio  torque  to 
weight 

Drop,  current  circidt 
volts  at  5  amp. . . . 

Loss,  current  circuit 
watts  at  6  amp. . . 

Loss,  potential  cir- 
cuit, watts  at  110 
volts  

Power-factor,  poten- 
tial    circuit,     per 

■  cent 


G.E. 
Co. 
I-IO 


36 
46.6 
26.3 
1.77 


0.98 


2.5 


Westing- 
house 
0-A 


26 

36 

15 

2.32 
0.3 
0.75 

1.6 

18 


Fort 

Wayne 

K-4 


36.7 

45 

21 
2.14 
0.12 
0.59 

1.75 

17 


San- 

gamo 

H 


40 

40 

15.6 
2.5 
0.1 
0.5 

1.85 

35 


Duncan 
M 


Colum- 
bia C 


36.7 
115 
46 
2.5 


1.25 


lOT.  Measurement  of  energy  In  alternating-currant  drooita 
The  energy  consumption  in  alternating-current  circuits  is  measured  wiU 
watt-hour  meters  connected  in  exactly  the  same  manner  as  are  wattmeten 
for  the  measurement  of  power.  (See  Figs.  00  to  68.)  In  three-wiro,  two- 
phase  or  three-phaie  syatenu,  polyphase  meten  may  be  used.  SucI 
meters  comprise  merely  two  single-phase  meters  in  one  case,  with  a  commoi 
shaft,  and  connected  to  the  mam  circuit  in  the  same  manner  as  two  mngle 
phase   meters. 

Vour-wire  aystema,  unless  balanced,  require  three  linclo-plimai 
meters.  A  three-phas*  lyitem  with  a  grounded  neutral  should  b 
considered  a  four-wire  system  requiring  three  meters,  unless  it  is  completely 
balanced. 

tOS.  Tho  total  anorgy  in  a  three-phasa  oirouit  is  the  algebraic  sun 
of  the  indications  of  two  single-phase  meters,  just  as  the  total  power  i 
the  algebraic  sum  of  the  readings  of  two  wattmeters  (Par.  174).  If  i 
polyphase  meter  is  used,  the  summation  is  automatically  performed,  an< 

*  From  "Electrical  Meterman's  Handbook,"  N.  E.  L.  A.,  1912,  to  whioh  th< 
reader  is  referred  for  further  data. 


164 


y  Google 


MEASVniNO  APPARATUS 


Sec.  3-209 


vbnt  oDe  alement  tends  to  run  baokward  (power-factor  loss  than  50  per 
CBBt.),  it  simpiy  reduces  the  torque  of  the  other  one,  so  that  the  actual  speed 
»  still  proportional  to  the  net  power  in  the  circuit. 

m.  Polyphmse  znet«r  oonnsctlozu.  Obviously  it  is  extremely  impor- 
ttBt  that  the  various  circuits  of  a  iwlyphase  meter  are  properly  connected. 
lU  for  example,  the  current-coil  connectioDs  are  interchanged  and  the 
foe  power^aetor  is  50  per  cent.,  the  meter  will  run  at  the  normal  100  per  cent. 
pover-faetor  speed,  thus  givins  an  error  of  100  per  cent. 

A  tmX  for  corr«ct  ooniMcaoiw  is  as  follows:  If  the  line  power-factor  is 
vver  50  |>er  cent.,  rotation  will  alwaj^  be  forward  when  the  potential  or  the 
evrent  circuit  of  either  element  is  disconnected,  but  in  one  case  the  speed 
■i&  be  leas  than  In  the  other.  If  the  power-factor  is  less  than  50  per  cent. 
the  rotation  in  one  case  will  be  backward. 

When  it  is  not  known  whether  the  poweMactor  is  less  or  greater  than  50 
per  cent.,  this  may  be  determined  by  disconnecting  one  element  and  noting 
Uw  speed.  Then  change  the  potential  connection  from  the  middle  wire  to 
the  other  outade  wire  and  again  note  the  speed.  If  the  power^factor  is 
over  50  per  cent.,  the  speed  will  be  different  in  the  two  eases,  out  in  the  same 
Erection.  If  the  power-factor  is  less  than  50  per  cent.,  the  rotation  will  be 
is  opposite  directions  in  the  two  cases. 

lit.  Vam  of  Inatrumsnt  traxufoniMn  with  watt-hour  materi. 
When  the  capacity  of  the  circuit  is  over  200  amp.  series-type  instrument 
trsDsformers  are  generally  used  to  step-down  the  current  to  5  amp.  If  the 
potential  is  over  440  volts,  series  transformers  are  almost  invariably  used, 
RRSpecttve  of  the  nuignitude  of  current,  in  order  to  insulate  the  meter  from 
the  Une;  in  such  cases,  shunt-type  transformers  are  also  used  to  reduce  the 
railage  to  110  volts.  The  ratio  and  phaso-aogle  errors  of  these  trans- 
focvers  (Par.  79  and  Par.  104)  should  be  taken  into  account  where  high  accur- 
sey  is  important,  as  in  the  case  of  a  large  installation.  These  errors  can  be 
Isi^y  compensated  for  by  adjusting  the  meter  speed.  The  per  cent,  error 
cttrssponding  to  various  phase  angles  is  given  in  Par.  179. 

til.  The  acourAcy  of  a  watt-honr  meter  is  the  percentage  of  the  total 
csergy  passed  throau  a  meter  which  is  registered  by  the  dials.  The  watt- 
boors  indicated  by  the  meter  In  a  given  time  are  noted,  while  the  actual 
■^ts  are  simultaneously  measured  with  standard  instruments.  On  ao- 
WSBtof  the  time  reqmred  to  get  an  accurate  reading  from  the  register, 
it  is  cvstomary  to  count  revolutions  of  the  rotating  element  instead  of  the 
Kfister.  The  accuracy  of  the  gear  ratio  between  tne  rotating  element  and 
the  fint  dial  ot  the  register  can  be  determined  by  count.  Since  the  energy 
Rpmented  Inr  one  revolution,  or  the  watt-hour  COUtUltt  has  been  assigned 
by  the  manufacturer  and  marked 


the  meter,  the  indicated 
vstt-hours  will  be  KkXR,  where 
Kk »  vati-hour  constant  and  R  * 
the  nnmber  of  revolutions.  (See 
Terting  Formulse,  Par.  StS.) 
,  <19.  Laboratory  tests.  Ob- 
vioasly  the  source  of  energy  for 
iseter  testing  should  be  as  steady 
as  possible.  Storage  batteries 
ate  Urgiriy  used  for  direct-current 
Bcters;  and  special  alternators, 
*hose  speed  can  be  controlled, 
are  ssea  for  alternating-current 
BctCTs.  Tbe  testing  load  may 
be  banks  of  lamps,  to  which  the 


Watt- 

hour 
meter 


Amperes^ 

.Uzi. 


Tolta 


Sa/ww — I 


Fia.  7fi.— Connections  for  testini(  watt- 
hour  raetexv — Bej>arate  circuits. 


Bcter  sod  standard  instruments  are  connected. 

A  bettw  mattaod  is  to  asparate  the  current  and  the  potential  circuits 
sad  onnncrt  them  to  in^pendent  sources,  the  former  being  a  relatively 
Ismeiuisut.  low-TOltace  source  and  the  latter  a  hi^b-voltage,  low-current 
•sane.  Conditions  are  more  easily  adjusted  by  this  method  and  in  large 
asters  a  sarinf  of  energy  is  effected. 

^^here  separate  sources  are  used  for  the  current  and  the  potential  coils, 
<srt>oa  rbeoststs  are  convenient  for  adjuatiiig  the  current,  and  high-resistance 
fkanuts  connected  "potentiometer     style  are  convenient  for    controlling 
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Fio.  70. — Power-f ac- 
tor variation — tran»- 
former  method. 


Fia.  77. — Power-^c- 

tor      variation—    ' 

former  method. 


the  voltage,  as  indicated  in  Fig.  76.  Resistance  in  the  potential  osrcuit  of 
alternating-current  meters  will  alter  the  quadrature  phase  relation,  and  there- 
fore voltaKc  regulation  should  be  obtaiaed  with  a  variable  ratio  mut<^tcmii»* 
former,  an  induction  regulator  or  by  field  control. 

SIS.  Power->fftctor  Taiiation,  in  znetor  t«itlnff,  can  be  obtained  by 
several  methuds.  In  the  two-alternator  methodf,  two  generators  ar« 
mounted  on  a  common  banc,  with  a  common  nhaft.  The  stationary  meznl>ers 
(armature  or  field)  are  made  movable  about  the  shaft  with  respect  to  the  baiae 
and  to  each  other.  Thus  with  the  potential  coil  of  the  meter  connc^cted  to 
one  machine,  and  the  current  coil  to  the  other,  any  phase  relation  can  be 
obtained  by  ndjusting  one  movable  member  with  respect  to  the  other. 

In  the  transformer  method,  a  transformer  with  a  large  number  of  atepe, 
or  a  variable-ratio  auto-transformer,  is  connected  acron  one  phase  ofa 
polyphase  circuit  and  the  potential  coil  of  the  meter  is  connected  in  auch  a 
maniwr  that  any  phase  relation  can  be  obtained.     Thus,  referring  to  Fic-  76* 

the  current  coil. of  the  meter 

is  connected  in  series  with 

conductor  a  of  a  three- 
phase  circuit,  and  the  po- 
tential coil  is  connected  to 

o  and  to  c,  the  latter  being 

a  tap  on  a  transformer  con* 

nected  across  phase  be.     It 

is  apparent  that  any  phase 

angle  between  the  current 

and  the  potential  can  be 

obtaiaed  in  a  range  from  0 

deg.  to  60  deg.  by  moving 

the     connection     point     c 

alon^       the       transformer 

windmg.  Angles  from  60 
deg.  to  00  deg..  lead  or  lag,  can  be  obtained  by  changing  the  transformer  to 
either  of  the  other  two  phases  and  the  meter  connection  from  o  to  x  or  y. 
These  changes  can  be  instantly  made  with  suitable  switching  arrangexnenta 
A  similar  arrangement  can  be  made  for  a  two-phase  circuit.  Fig.  77.  It 
is  also  convenient  to  introduce  such  a  transformer  between  the  taps  o,  c  and 
the  meter,  for  the  purpose  of  compensating  for  the  variations  in  the  voltage 
between  o  and  r,  and  keeping  the  voltage  constant  at  the  meter.  Two 
variable-ratio  auto-transformers  arranged  in  this  manner  make  a  convenient 
phMO  ihlfter. 

In  the  raactanoe-ooll  method,  a  reactance  coil  is  introduced  in  the 
current  circuit,  the  reactance  being  varied  by  moWng  an  iron  core  in  and 
out  of  the  coil.  It  is  difficult  to  obtain  low  power-factors  with  thia  method 
unless  a  separate  low-potential  current  circuit  is  used,  and  then  there  ia 
danger  of  waTe-form  distortion. 

tl4.  MeMuremant  of  metar  torque.  The  torque  is  measured  under 
normal  conditions  at  full  load  by  measuring  the  force  in  grams  exerted  at  tbe 
edge  of  the  disc,  or  ut  the  end  of  an  arm  attached  to  the  shaft.  This  force 
may  be  measured  by  means  of  weights,  a  calibrated  watch  spring,  or  by 
utilising  the  principle  of  the  pendulum.*  By  measuring  the  radius  of  the 
disc  or  the  arm  in  millimeters,  the  torque  is  obtained  in  miUimetcr-grama, 
the  usual  unit. 

515.  UeMurement  of  watt-hour  meter  losses.  The  losses  in  the  wind- 
ings of  c.c.  meters  are  calculated  from  the  resistances,  as  determined  with  con- 
tinuous current  by  standard  methods.  The  losses  in  alternating-current 
meters  arc  measured  directly  with  wattmeters,  but  great  care  is  required 
because  of  the  very  small  amount  of  power  and  the  small  power-factor. 

516.  The  standards  for  direct-current  meter  tests  may  be  ammetera 
and  voltmeters,  in  portable  or  special  laboratory  types,  or  ^otentiomotora; 
in  alternating-current  meter  testa,  use  is  made  of  indicating  wattmetora! 
The  time  in  measuring  the  meter  speed  is  usually  determined  with  atop-^ 
watches,   reading  to  tenths  of  seconds.     Where   a  large  number  of  tnetera 


*Agnew,  P.  G.     Buroau  of  SUndards  Bulletin,  1911,  Vol.  VII,   No.    i 
(Reprint  No.  145.) 


100 


yGoogle 


MEASURING  APPABATUS 


Sec.  8-217 


ftn  banc  xljufited,  it  ia  customAry  to  use  Btandardiied  ot  master  watt- 
bour  meters  and  tbua  eliminate  the  meMurement  of  time  and  watte. 

tlT.  Serrico  tests  of  watt-hour  meten.  There  are  two  general  methoda 
of  making  teats  on  meters  where  they  are  Inatalled;  (a)  with  indicating 
iMtrumenta  and  a  atop-wateh  and  (b)  with  atandard  watt-hour  meters 
(Par.  118}. 

Id  the  indirmttng-lnatrument  methCMl,  the  time  of  a  given  number  of 
rerolutiona  at  a  known  load  ia  dul}'  noted.  The  load  on  direot-current 
metera  is  measured  with  an  ammeter  and  a  voltmeter.  In  a  modified 
form  of  this  method,  the  load  'm  an  accurately  standardised  resistance  and 
oaUy  a  voltmeter  ia  required,  the  watts  being  W=^B*/R,  where  TT^^watts, 
K^voH  and  R » ohms  resistance  of  load.  In  the  case  of  altornating- 
ewrent  metera,  the  load  is  preferably  measured  with  a  wattmeter. 

SIS.  Th«  rotfttlnc-itftiidard  method  of  w»tt-hour  meter  teitlnff 

ia  the  most  used,  because  only  one  observer  ia  required  and  it  ia  more  accurate 
with  flactuatins  loads.  Kotatinff  itajidarda  are  watt-hour  metera  similar 
to  ftandard  house-type  service  metera,  except  that  they  are  made  with  extra 
care,  are  usually  provided  with  more  than  one  current  and  one  potential 
range,  and  are  more  portable.  A  pointer,  attached  directly  to  the  shaft* 
mores  over  a  dial  divided  into  100  parts,  so  that  fractions  of  a  revolution  are 
eaaily  read.  This  atandard  meter  la  used  by  connecting  it  in  series  with  the 
meter  to  be  tested;  the  accuracy  of  the  latter  is  determined  by  the  "switch** 
method  or  the  "eye-and-ear"  method. 

In  the  "switcn"  method  the  regiater  only  (in  direct-current  atandarda). 
or  the  entire  moving  element  (in  alternating-current  atandarda),  is  atarted 
at  the  beginning  of  a  revolution  of  the  meter  under  test,  by  means  of  a 
saitabte  switch,  smd  stopped  at  the  end  of  a  ^ven  number  of  revolutions. 
The  accuracy  ia  determined  by  direct  comparison  of  the  number  of  whole 
revolutions  of  the  meter  un- 
der test  with  the  whole  revo-     '      ^  '     f     "   -        '  '  > 

Intwna,  and  a  fraction*  of  the 
atandard. 

In  the  "eye  and  ear" 
method,  the  number  of 
whole  revolutions  of  ^  the 
standard  is  compared  with  a 
whole  number  of  revolutions, 
asd  a  fraction,  of  the  meter 
sader  test.  The  revolutions 
of  the  standard  are  counted 
hf  ear  by  means  of  a  tele- 
pbooe  recerver  and  an  elec- 
trical contact  on  the  shaft, 
efaile  UuMe  of  the  test  meter 
««  obserred  by  eye. 

tl».  ▲  Whoatttone- 
Mdffe  metbod  for  testing 
bipe    watt^lioor     metera 

vfa^  cannot  be  conven- 
iently cut  out  of  service,  and 
are  on  a  load  which  fluctuate  a 
exeeasively.  such  as  a  railway 
kiad,  hae  been  developed  by 
Mcaars.  Incalla  and  Cowlea  * 
The  coanectione  are  shown 
ia  Fig.  78,  where  o  and  6  are  two  fixed  standard  real  stancea  or  shunts,  f orminff 
two  anas  of  the  bridge.  The  third  arm  is  ahown  at  c.  A  rotating  standard 
*>th  aa  adjoetable  fixed  resistance  d  and  a  carbon  rheoetat  e  constitute  the 
leerth  arm.  When  «  is  adjusted  until  the  portable  galvanometer  shows  aero 
the  ratio  of  watts  passing  through  the  two  meters  ia  a/ia  +  b). 


Fig.  78. — Connections  for  testing  large  watt- 
hour  meters — Wheatstone  bridge  method. 


*  logalla,  C.  H.  and  Cowlea.  J 
Method  of  Teeting  Large-capaci^ 
Ita  VoL  XXXI.  p.  1061. 


W.   "Wheatstone-bridge  Rotating- atandard 
ity   Watthour  Meters"  Trons.    A.  I.  K.  K.. 
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tlO.  Oenoral  prtcauUona  to  be  obaerred  in  testing  watt-hour  m#t«n 

are  as  follows:  (a)  The  t«8t  period  should  always  be  suffioienily  Ions  aiuj 
a  sufficiently  large  number  of  iade^ndent  readings  should  be  taken  tt 
insure  the  desired  accuracy.  In  service  teats,  the  period  preferably  shoulc 
be  not  less  than  30  sec.  and  the  number  of  readings  not  less  than  three.  Xx 
laboratory  teats,  100-sec.  periods  and  five  readings  are  preferable.  (b] 
Capacity  of  the  standards  should  bo  bo  chosen  that  readings  will  be  taken  ml 
reasonably  high  percentages  of  their  capacity,  in  order  toinake  observationm 
or  scale  errors  as  small  as  possible,  (c)  Where  indicating  instruments  an 
used  on  a  fluctuating  load,  their  average  doflectionj  should  be  estimated  ii 
such  a  manner  as  to  include  the  time  of  duration  of  each  deflection,  as  well  ai 
the  magnitude,  (d)  In-itruments  should  be  so  connected  that  neither  tht 
standards  nor  the  meter  being  tested  are  measuring  the  potential-circuit  losa 
of  the  other,  that  the  same  potential  is  impressed  on  both,  and  that  the  sani< 
load  current  passes  through  both,  (c)  When  the  meter  under  test  haa  not 
been  previously  in  circuit,  sufflcient  time  should  be  allowed  for  the  tempera 
ture  of  the  potential  circuit  to  become  constant,  preferably  not  less  than  1( 
min.;  this  is  important  with  direct-current  meters,  especiall)^  in  the  oane  o 
rotating  standards.  In  some  types  of  the  tatter,  special  i>rovi8ion  is  nuule  fot 
rapid  heating,  (f)  Ouard  against  the  effect  of  stray  nelds  by  loeatinc  tbt 
standards  and  arranging  the  temporary  test  wiring  in  a  judicious  manner. 

Ml.  Meter  constantt.  The  following  definitions  of  varioas  xneten 
constants  are  taken  from  "Code  for  Electricity  Meters."* 

Keffiat«r  constMlt  is  the  number  by  which  the  register  readinoB  must  bt 
multiplied  to  obtain  the  registration.  They  are  ordinarily  used  only  oi 
largo-capacity  meters  and  are  marked  on  the  register. 

Gear  ratio  la  number  of  revolutions  of  the  rotating  element  per  revolu 
Uon  of  the  first  dial  hand. 

Watt-hour  constant  is  the  registration  reduced  to  watt-hours  per  revolu 
tion  of  the  rotating  clement.  It  has  a  definite  value  for  each  type  and  ratec 
capacity  of  meter. 

Watt-aecond  constant  is  the  registration  reduced  to  watt  aeoondi 
per  revolution  of  the  rotating  element.  It  is  equal  to  watt-hour  constani 
multiplied  by  3.600. 

Teit  constant  is  the  constant  assigned  by  the  manufacturer  for  uaeii 
the  test  formula  for  his  meter. 

Sn.  Testtnf  f<vinulas.  The  accuracy  of  a  watt-hour  meter  is  the  per 
centage  of  the  total  energy  passed  throiigh  a  meter  which  is  registered  on  thi 
dials.  Accuracy  in  percent.  =»  meter  watt-hours  X  100/true  watt-hours.  Thi 
value  of  one  revolution  having  been  assigned  by  the  manufacturer,  the  metea 
watt-hours —  KfcXR,  where  Xa  —  watt-hours  per  revolution  or  watt-hour  oon 
stant  and  A  =■  revolutions  in  S  seconds.  The  corresponding  power  in  'watt 
is /'""(S.dOOXAX/irAX/'S-* meter  watts  and  lOOXmeter  watts/actual  watts «i 
per  cent,  accuracy.     This  is  the  standard  formula  for  watt-hour  metera. 

lis.  Manufacturers'  formulas  tor  meter  watts.  When  the  tern 
constant  K  differs  from  the  watt-hour  constant,  Kk,  the  formula  is  ch&ngec 
accordingly  as  follows: 


Manufacturer 


Columbia 

Duncan 

Fort  Wayne 

General  £lectric. 

Sangamo 

Westinghousc 


K  in  terms  of  Kk 


K^- 3,600  A'*. 
K-  60  Kk. 
K"  30  Aa. 
A-  Kk. 

X- 3,600  Kk. 
A -3.600  Kk. 


Manufacturers*  formula 
for  meter  watts 


W^RXK/S 
W-60XRXAAS 

iy«100XfiXAAS 
IF- 3.600  X/JXiCVS 
W^RXK/S 
W'RXK/S 


A*- watt-hour  constant.  A  — test  constant   (marked  on  meter,  usuidly  oi 
disc),  72  — number  of  revolutions  in  S  seconds,  ^  — meter  watts. 

SM.  Average   accuracy  of   watt-hour    meters.     The  aecuraoy    of  a 
meter  varies  with  the  load,  but  it  is  often  desirable  to  assign  a  value  for  th< 

•  "Code  for  Electricity  Meters."     A.  £.  I.  C.  and  N.  £.  L.  A..'  1912~^ 
pp.  95  and  96. 
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sTcnM  accaracy  for  all  loads.  Such  a  value  obviously  must  be  based  od  " 
as  anitrary  nile.  The  "Code  for  Electricity  Meters"  recommends  the 
fdlowisc:*  When  feasible;  test  the  meter  at  10  ^r  cent,  and  100  per  cent, 
oparity  of  meter  and  at  the  normal  load.  Multiply  the  accuracy  at  normal 
load  by  three,  add  (to  this)  the  accuracies  found  at  each  of  the  other  two 
loads  ind  divide  the  sum  by  five.  This  result  is  to  be  taken  as  the  average 
moracy.  The  "normal  load"  shall  be  taken  as  the  percentage  of  the  total 
iitiiic  <j  the  connected  load  indicated  in  the  table  in  Far.  lit. 

m.  Tabla  of  Homial  Loadi  of  Watt-hour  Metanf 
Pn  cent,  of  connected  load  which  is  equal  to  the  "normal  load"  in  calcula* 
tion  of  average  accuracy  (Par.  114) 

Retidence  and  apartment  lighting 2S  per  cent. 

Elevator  service 40  per  cent. 

Factories  (individual  drive)  ehurches  and  offices. ...     45  per  cent. 

Factories  (shaft  drive)   theatres,  ^clubs,  entrances, 
baUways  and  general  store  lighting 60  per  cent. 

Saloons,  restaurants,  pumps,  air  compressors,  ice 
machines  and  movinc  picture  theatres 70  per  cent. 

Sign  and  window  lighting  and  blowers 100  per  cent. 

IM.  Watt-hoar  mater  ipoelflektioiig.  Probably  the  most  extensive 
•ad  satboritative  q)eeifioations  for  the  performance,  installation,  testing  and 
naiatenanoe  of  watt-hour  meters  in  the  United  States  are  those  included  in 
tte  "Cod*  for  Beetrletty  Meton"  prepared  by  the  Electrical  Testing 
laboiatories  ondertfae  joint  direction  of  the  Meter  Committees  of  the  A.  £. 
L  (^.'s  and  the  M.  E.  L.  A.  It  ia  the  basis  of  the  rules  issued  by  most  of  those 
Hate  public  utility  commissions  which  have  adopted  regulations  covering 
At  fubMct  of  electricity  meters.  While  scientific  accuracy  and  correct 
tKhueaJ  principles  are  the  basis  of  the  code,  the  commercial  phase  of  meter 
pnetice  is  not  neglected.  It  covers  the  entire  field  of  representative  Amer- 
Kaa  meter  practice  including  definitions,  standards,  specincatioDS  for  meters 
•ad  aoxiliaiy  apparatus,  installation  tests  and  maintenance. 

W.  Asiporo-hoor  laeteri  measure  only  quantity,  that  is,  coulombs 
or  ampere-hours,  and  therefore  where  they  are  used  in  the  measurement  of 
deetrieal  energy,  the  iK>tential  is  assumed  to  remain  constant  at  a  "declared" 
nine,  and  the  meter  is  calibrated  or  adjusted  accordingly.  Meters  of  this 
live  may  be  divided  into  two  general  classes:  .electrochemical  (Par.  SM) 
•ad  electromotor  (Par.  111). 

Ml.  BUetrochomleal  ampors-hour  nuten  are  essentially  vol- 
tameters, becaoae  the  quantity  is  measured  by  the  amount  of  chemical 
daeompomtion  of  a  substance  caused  by  the  passage  of  all  or  a  part  of  the 
(•ad  eomnt.  In  the  Kdtson  chanileal  meter,  now  obaolete,  two  sine 
lilatn  were  immersed  in  a  jar  containing  a  sine  sulphate  solution  and  con- 
•Med  ia  parallel  with  a  shunt  which  in  turn  was  in  series  with  the  load. 
The  energy  consumption  was  obtained  by  measuring  the  decrease  in  weight 
•f  the  anode  (positive)  plate;  1.224  grams  represented  one  ampere-hour. 

pt.  Ilodanx  tn>o*  <rf  aleetrochomleal  uupwe-honr  meton.  The 
PjUopal  modem  tyi>es  utilise  the  electrolyais  of  either  water  or  mercury. 
rhe  Isstlaii  mirtitr  is  an  example  of  the  former  in  which  the  change  of  the 
ksglh  of  a  eolamn  of  water,  as  it  is  decomposed,  is  a  measure  of  the  quantity 
<<  eleetrieity.  A  little  caustic  soda  is  added  to  decrease  the  resistance  and 
■  lartroC  oU  is  floated  on  top  of  the  water  to  prevent  evaporation  and  faeili- 
*sie  Rading.  A  scale  at  the  side  of  the  tube  is  calibrated  to  read  kilowatt- 
Inui  acconlinc  to  s  "dedared"  voltage. 

The  Wright  motor  is  the  principal  example  of  the  maroury  type.  - 
n*taUie  roerenry  is  earned  into  a  mercurous  nitrate  solution  from  s  platinum 
fsp  aaode  and  deposited  in  a  platinum  cui>  cathode,  from  which  it  flows 
mio  a  fine  tube.  The  height  of  this  column  is  a  measure  of  the  energy  con- 
■mplian,  a  graduated  scale  being  placed  at  the  side  of  the  tube.  The 
'"etrndei  are  connected  in  parallel  with  a  shunt,  so  that  only  a  small  portion 
"^  the  load  current  passes  through  the  solution.     Provision  is  made  for 

'  Pige  99,  I»I2  Edition. 
.  t  "Voit  for  Eleetrieity  Meters;"  A.  E.  I.  C.  and  N.  E.  L.  A.;  1912  ed.,  p. 

m. 
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easily  emptving  the  mercury  from  the  tube  into  the  anode  receptacle  wlieil 
the  former  becomes  filled.  This  type  of  meter  has  been  highly  developed 
and  inherent  errors  due  to  variation  in  temperature,  concentration  of  ttkfl 
solution,  level  of  mercury,  effect  of  vibration,  etc.,  are  largely  elimiiuited 
in  the  latest  forms. 

550.  The  principal  adYantagei  of  •leetrol7tio-t7p«  unp«r«-bour 
liutruxnenta  are  tncir  low  first  cost  and  their  simplicity,  which  results  in 
low  maintenance  cost.  These  are  important  items  to  power  compnoiefl 
serving  very  small  customers,  especially  where  the  rates  are  low;  and  may 
outweigh  the  disadvantages,  the  principal  among  which  are  eliminatioo  oi 
the  potential  element  ana  relatively  low  accuracy. 

551.  ■lectroznotor  ampere-hour  zneten  are  similar  to  watt-hour 
meters,  except  that  the  field  is  produced  by  permanent  magnets  instead  of 
electromagnets.  The  rotating  element  is  geared  to  a  register  which  is  cali- 
brated in  watt-hours  for  a  given  assumed  voltage.  There  are  two  general 
types,  the  electromagnetic  and  the  mercury  flotation.  The  former  im 
not  made  or  used  very  much  in  this  country. 

The  Chamberlain  and  Hookum  meter  is  an  example  of  the  elcctromas-i 
netic  type.  ^  It  employs  a  flat  (pan-cake)  armature  winding  mounted  on  an 
aluminum  disc  which  also  serves  as  the  drag  element.  Connection  Is  made  to 
the  circuit  through  a  commutator  and  brushes  in  the  usual  manner.  The 
armature  is  connected  to  a  tow-resistance  shunt  which  is  in  series  with  the 
load. 

The  mercury  type  meter  is  well  represented  by  the  Sanffamo  motor 
which  is  practically  the  same  as  the  Sangamo  direct-current  watt-hour  meter 
(Par.  IM),  the  electromagnet  being  replaced  by  permanent  magneta. 

tSS.  Maximum  demand  meters.  Many  methods  of  selling  energy 
involve  the  maximum  amount  which  is  taken  by  the  customer  in  any  period 
of  a  prescribed  length,  that  is,  the  maximum  demaDd. 
Meters  for  measuring  this  demand  variously  utilise  the 
expansion  of  air,  the  torquo  of  a  watt-hour  meter,  or  a 
special  recording  device  in  connection  with  a  standard 
watt-hour  meter. 

The  Wright  demand  meter  is  a  thermal  inatrn- 
mont.     It  consists  of  a  hermetically  sealed     U-shaped 

f;lass  tube  (Fig.  79),  partly  filled  with  a  liquid.  One 
eg  A  ifl  connected  near  the  top  to  a  smaller  graduated 
tuoe  T.  Around  the  top  of  the  tube,  B,  is  wound  a  re- 
sistance wire  through  which  the  current  flows.  Th« 
resultant  heating  of  the  air  forces  the  liquid  up  the  tube 
R  and,  if  sufficient,  over  into  the  graduated  tube.  The 
air  heats  up  gradually  and  the  necesaary  time  l%g  ia 
thus  obtainea.  According  to  the  makers,  if  the  over- 
load continues  5  min.,  80  per  cent,  of  the  load  will  be 
indicated;  10  min.,  95  per  cent.;  and  30  min.  100  per 
cent 

111.  The  Oeneral  lleotric  denujid  metor  utiliios 
the  principle  of  the  induction  watt-hour  meter.       The 


torque  of  the  moving  element  is  opposed  by  three  long 
spiral  springs,  in  series,   and  a  powerful   drag    on  the 


Fia,  79. — Dia- 
gram, Wright  de- 
mand meter. 

drag  disc.  This  arrangement  provides  the  necessary 
time  lag.  Two  sweep-hands  are  provided  on  a  dial.  One  is  geared  to  tfao ! 
moving  element,  while  the  other  is  moved  by  the  first  one  and  left  at  tfaO; 
last  position  reached  by  it.  This  second  pointer  indicates  therefore  thfj 
maximum  energy,  until  it  is  reset.  The  drag  magnets  and  spiral  sprinf^l 
being  adjustable,  the  time  lag  can  be  adjusted  through  a  considerable  rang&^ 
In  this  t^pe  of  instrument,  the  demand  is  indicated  at  all  times,  as  well  aM; 
the  maximum  demand  since  the  last  setting. 

tS4.  Recordinff  maximum-demand  meters.  In  the  MinorallaO 
■leotric  Co.'s  "Printometer"  the  kilo  watt- hours  indicated  on  a  watt-hour 
meter  are  printed  on  a  paper  tape  at  intervals  of  any  desired  length.  ThS^ 
hourly  intervals  are  also  indicated.  It  is  separately  mounted  and  can  b# 
electrically  connected  to  any  standard  make  of  watt-hour  meter.  Thil 
device,  while  it  indicates  the  time  of  maximum  demand,  is  not  an  indicatin| 
instrument  and  considerable  labor  is  involved  in  determining  the  maximuil 
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The    "Mulcator"    (Minerallac   Co.).  indioat«s   tha   raazimuiii 
with    a    flwfiep-haad.     The    "Oraphomotcr/'    (Minerallao  Co.)i 
prtxlucM  a  graphic  record  of  the  demand. 

CintTI-DEAWIKO  ZHSTKXrMKNTS 

SM.  OoTTA-dnkwinff  or  roeordinc  ixutrumenti  are  nsentially  indi- 
cating injitrutneoU  ao  arranged  that  a  permanent,  rontinuoiu  record  of  the 
indieataoD  is  made  on  a  chart.  They  are  made  for  recording  all  electrical 
qvantitiea  that  can  be  meaaured  with  indicating  instrumpnta:  current^  poten- 
tial, power,  frequency  and  power-factor.  Here  the  fundamental  pnnciplea 
are,  la  ^nerai,  those  of  standard  in<licatiog  instruments,  with  the  addition 
of  a  nutable  reoordina  mechanism.  The  two  general  classes  are  those  in 
which  the  record  or  chart  is  made  directly  bv  the  moving  element  and 
Ukmk  in  which  it  is  made  by  a  separate  mochanism.  In  all  typen  the  chart 
ia  driven  by  a  clock  mochanism  which  is  entirely  separate  from  the 
instrument  proper. 

IM.  XMrect  roconliiur  typs.  Examples  of  this  class  are  Bristol,  Gen- 
eral Electric  and  E^terline  meters.  The  distinguishing  feature  of  the 
Brist<d  instrument  is  the  use  of  a  circular  chart.  The  direct-current  am- 
meters and  voltmeters  employ  a  stationary  coil  or  solenoid,  the  moving  ele- 
ment being  a  soft-iron  armature  working  against  flat  springs.  The  iilternat- 
ing-cnrrent  instruments  employ  the  electrodyDamcmeter  principle,  with 
one  movable  coil  and  one  stationary  coil.  Suitable  provision  is  made  for 
mnltiplyinf  the  armature  movement,  and  damping  is  obtained  with  a  vann 
iauncTsed  in  oil.  These  instruments  are  extremely  simple  and  relatively 
inexpensve.  The  sensi- 
tiveoeaa  is  aeriously  af- 
fected by  pen  friction  and 
wbere  lugh  sensibility  is 
flBMntial,  a  smoked  chart 
with  a  very  light  pointer 
is  used  instead  of  the  usual 
paper  chart  with  pen  and 
ink. 

The  principle  of  General 
EHectric  alternating  am- 
■keters  is  shown  in  Fig.  80, 
where  AA  are  fixed  coils 
foonected  in  series,  and  B 
is  a  soft-iron  armature 
spon  which  the  field  acta 
and  produces  a  torque,  and 
shicn  carries  the  pen.  The 
chart  is  a  continuous 
■traight  one,  moving  from 
1  in.  to  12  in.  per  hoar,  as 
desired.  The  record  is 
made  in  the  form  of  a 
ttraight  line  on  rectangular 
coordinates.  The  pen  in 
tUa  instrument  carries  an 
ittk-weli  and  ia  self-inking. 


i 


Fio.  80. — Diagram,  G.  E.  alternating  graphio 
ammeters. 


_       Magnetic  damping  ia  employed.      The  volt- 

Btetera  and  wattmeters  are  similar  except  that  they  utilise  the  electro- 
dynamometer  principle,  with  fixed  and  moving  coils.  The  greater  friction 
mad  eom^eation  necessary  to  get  the  straight-line  record  necessitates  a 
U^  torque  and  therefore  a  larger  and  more  expensive  construction. 

Gaterhne  direct-current  instruments  are  of  the  D'Arsonval  moving-coil 
type.  The  ammeters  are  50-miIlivolt  voltmeters  connected  to  shunts. 
Tbe  ahemating-current  instruments  are  of  the  movioR-coil  or  electrody- 
aamometer  type.  The  record  is  a  straight-line  one,  made  with  a  pen  inked 
by  siphon  action  from  a  stationary  well.  These  instruments  are  made  in 
portable  as  well  as  in  switchboard  form. 

Sit.  Where  pen  friction  ii  particularly  objectionable,  aa  in  low- 
nading  millivoltmetera,  the  indicator  is  so  arranged  that  it  is  in  contact  with 
^  chart  for  only  an  instant  at  a  time.  In  one  form  of  Bristol  instru- 
OMita,  a  lever  presses  the  end  of  the  pointer  against  a  amoked  chart  once 
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a  minute,  the  pointer  being  perfectly  free  in  the  interim.     The  record  is 
therefore  a  suoccaaion  of  dots.     In  other  types  of  instruments,  an  inked. 
thread  or  ribbon  is  interposed  between  the  pointer  and  the  paper  ehart. 
1S8.  The   Weitinffhouae  recordlnff  ixutrumenta   are   the  princiiMl 

example,  in  American  practice,  of 
the  claes  where  the  reeordinic 
mechanism  is  separate  from  the 
instrument  proper.  The  moving 
element,  by  means  of  contacts, 
operates  a  relay  which  in  turn 
operates  the  recording  mechan- 
ism. Thus  the  moving  element 
does  not  have  to  produce  a  larce 
toroue,  while  ample  power  can  Be 
appliea  to  the  recoroing  tncchaji- 
ism,  and  hence  friction  does  not 
affect  the  sensitiveness  of  the 
instrument.  The  direct-current 
Instruments  employ  the  D'Araon- 

F.o.81.-piagramW«,tinghou.e graphic  ^IJe/iSilPeU^^"^^^^^^^^^ 

voiimeier.  rjx^^    alternating-current     instru- 

ments use  the    principle    of    the 
Kelvin  balance.     Fig.  81  shows  the  scheme  as  employed  in  a  voltmeter. 

tS9.  The  Callender  recorder  made  by  the  Cambridge  Scientific  Tnatru- 
ment  Co.  employe  the  princi- 
ple of  a  slide-wire  bridge  (Fig. 
82)  in  which  the  resistance  of 
one  arm,  X,  varies  with  the 
current,  potential  or  power  to 
be  measured.  As  soon  as  the 
bridge  is  unbalanced,  a  D'Ar- 
sonval  galvanometer  operates 
a  relay,  r  or  r',  which  moves  a 
contact,  c,  along theslidewire«, 
until  balance  is  restored,  when 
the  relay  circuit  opens.  This 
contact  also  carries  the  record- 
ing pen,  which  leaves  an  ink 
record  on  a  rectilinear  chart. 


? 


Fio 


Diagram^,  Callender  recorder. 
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MO.  Oeiural.  Th«  lelf -inductance,  or  coafflolent  of  ■elf-induc- 
tion, of  a  circuit  is  the  constant  by  which  the  time-rate  of  change  of  the 
current  in  the  cii^uit  must  be  multiplied,  to  give  the  self-induced  counter 
e.m.f.  Similarly,  the  mutual  induct&nca  between  two  circuits  ia  the 
constant  by  which  the  time-rate  of  change  of  current  in  cither  circuit  must 
be  multiplied  to  give  the  e.m.f.  thereby  induced  in  the  other  circuit.  Self- 
inductance  and  mutual  inductance  depend  upon  the  shape  and  dimenaiona 
of  the  circuits,  the  number  of  turns  and  the  nature  of  the  surrounding  medium. 

S41.  Standardi  ni  inductance  are  usually  simple  colla  of  copper  wire 
suitably  mounted  on  a  non-conducting,  non-magnetic  frame.  The  turns 
are  held  rigidly  in  place  by  shellac,  paraffine  or  other  insulating  medium. 
Inductance  standards  are  made  in  single  units  like  standard  resistanoea,  or 
in  combinations,  with  plug  connections,  like  a  subdivided  condenser  or  a 
resistance  box.  In  the  Ayrton-Perry  variable  standard  there  are  two  con- 
centric coils,  one  fixed  and  the  other  movable.  When  connected  in  aeries 
these  coils  form  a  variable  inductance,  the  value  of  which  at  any  relative 
position  is  read  from  a  circular  scale  at  the  top.  Additional  ranee  is  secured 
by  connecting  sections  of  the  two  coils  in  series-parallel  combinationa  by 
means  of  plugs. 

lil.  Methods.  The  most  commonly  employed  methods  of  measuring 
inductance  are  (a)  Wheatstone-bridgo  methods,  where  the  inductance  is 
determined  by  comparison  with  a  known  inductance  or  known  capacity; 
and  (b)  impedance  methods  where  the  inductance  is  determined  by  calcula- 
tion  from  meaaurements  made  with  alternating  current. 
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MS.  la  mM«trton»-brid(a  mathodi  a  rarying  current  mtut  ba  em- 
planed. The  twtential  drops,  with  etesdy  current,  are  proportional  to  the 
reastancee,  whereas  with  a  varying  current  the  drdpa  are  proportional  to 
the  inductance,  because  fLdi/dU  where  L-i  inductance  and  e^e.m.f. 
iaduoed  by  the  current  varying  at  the  rate  di/dt. 

MA.  Wban  the  detaetor  ii  an  ordinary  D'Anonval  nlTanomator 
the  current  may  be  varied  by  simply  opening  and  closing  the  battery  circuit, 
tbe  galvanometer  circuit  being  left  cloeed;  or  a  Meohmineter  may  be 
employed  which  rapidly  reverses  the  current  going  into  the  bridge  and 
■mnltaneonsly  rectifies  the  galvanometer  current,  so  that  the  latteru  used 
M  in  ordinary  bridge  measurements.  The  current  may  also  be  rapidly 
iDtennpted  with  an  inductionnioil  interrupter 
with  a  telephone   receiver  as  the  detector. 

Ml.  A  mathod  in  which  a  itandard  In- 
doctance  la  lUad  is  shown  in  Fig.  83.  If  a  con- 
tinooua  current  is  used,  the  bridge  is  first  balanced 
with  a  steady  current  by  adjusting  n  and  r<,  and 
again  balanced  with  transient  currents  (battery 
wif  opened  and  eloaed)  by  adjusting  n  and  n;  the 
bridge  is  then  rebalanoed  with  t^e»ay  current,  and 
again  for  transient  eunents,  the  process  being  re- 
peated   until    the   bridge   is    perfectly  balanced 

under    both    conditions.      At  complete  balance       Y\a      83 Inductance 

L -tft/n:  where i -inductance  being  measured,    measurements  with 
and  X,,- standard  inductance.     Z,  will  be  in  the     standard  inductance, 
same  unite  as  L*. 

MS.  Usa  of  Trednnd  OfcUlAtor.  Small  inductances,  as  well  a*  large 
ooM,  may  be  measured  with  special  convenience,  accuracy  and  rapidity  by 
tUs  method  (Far.  MS)  if  a  source  of  high-frequency,  sine-wave  alternating 
earrent  is  available.  A  verv  satisfactory  apparatus  for  this  purpose  is  a 
Tieeland  oseiUator,  *  which  aelivera  an  absolutely  pure  sine-wave  having  a 
frequency  which  can  be  varied  from  a  few  hundred  to  about  2,000  cycles 
per  SFeond.  _  It  is  operated  from  continuous  current  and  is  entireljr  static, 
the  alternating  current  being  derived  from  a  circuit  in  which  oscillations  are 
set  up  by  the  rapid  shifting  of  a  mercury  arc  back  and  forth  between  two 
anodes.  A  telephone  can  be  used  as  tog  detector,  with  a  high  degree  of 
ability. 


Fio.  84. — Inductance  measure- 
ments with  a  condenser. 


Flo.  85. — Inductance  measure- 
ments with  a  condenser. 


MT.  A  mathod  tulM  »■  known  oapaeity  is  shown  in  Fig.  84.  It  is  a 
aiodified  form  of  BlaswaU'l  method  in  which  the  condenser  is  connected  in 
parallel  with  i?,  and  two  adjustments  have  to  be  made  which  are  not  inde- 
pendent of  each  other,  one  with  steady  currents  and  the  other  with  transient 
rarrrats.  The  two  adjustments  have  to  be  repeated  until  complete  balance 
is  obtained.  In  fig.  84,  the  bridge  is  balanced  with  steady  current  by 
adjoMing  R,  and  then  with  transient  currents  by  varying  r  without  changing 
the  first  adjustment.     At  balance. 


..^'10- 


(henrys) 


(26) 
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^ 


where  £•>  induotonoe  of  Zin  henrys,r— ofanis  in  parallel  with  C.C' cspseity 
of  condenser  in  micro-farada,  R  i>  total  ohnu  of  bridge  arm  to  which  oondenaer 
is  connected  and  i2x~%hni8  of  Z. 

I<8.  A  limllar  method  (Par.  MT)  ia  indicated  in  Fig.  8S  in  which  the 
adjuatmenta  are  independent  of  each  other,  the  bridge  being  first  balanced 
with  a  steady  current  and  then  with  a  transient  current  by  adiusting  r  aa 
in  Fig.  81.     At  balance, 

L-CrnO-«  (henrys)  (27) 

where  L  — inductance  of  Z  in  henryn,  C~  capacity  of  the  condenser  in  micro- 
farads and  r  »  ohms  in  parallel  with  C. 


Fio.  86. — Inductance  measure- 
ments— connections  for  three-volt- 
meter method. 


Flo.  87. — Inductance  measure- 
ments— vector  diagram  for  throe- 
volt-meter  method. 


SM.  ImMdanee  method!  of  maMurtnc  inductance  are  baaed  on  the 
law  of  the  impedance  of  a  circuit  carrying  sine-wave  alternating  current  and 
containing  only  inductance  and  resistance,  that  is, 


E 
']  ' 


''    >/l 


I'R' 


Vfi»+(t2r/)»ori-    -tl  \2w/T)'      <''«"y»J     <28) 


where  L  =  inductance  in  henrys,  £<«drop  in  volts,  f  ^current  in  amperes* 
A «  resistance  in  ohms,  and  /■=  frequency  in  cycles  per  sec.  Obviously, 
due  allowance  should  be  made  for  the  voltmeter  current  where  ita  magnitude 
is  sufficiently  important. 

ISO.  In  the  three-voltmeter  method,  the  inductance  to  lie  meaaured  is 
connected  in  neries  with  a  non-inductive  resistance  as   shown  in  Fig.  86. 


-^^-%J 


Fio.  88. — Inductance  measure- 
ments— connections  for  three-am- 
meter method. 


Fia.  89. — Inductance  measure- 
ments— vector  diagram  for  three-am- 
meter method. 


The  current,  /,  is  measured,  also  the  total  volts,  and  the  volts  across  the 
inductance  Z  and  the  resistance  R.  From  these  readings  a  triangle  is  con- 
structed. Fig.  87.  If  R  is  known,  the  quantity  2ir/L7  can  be  calculated  from 
the  triangle.  If  R  is  unknown,  2t/L/  can  be  obtained  by  graphical  construc- 
tion.    /  and  /  being  known,  L  is  obtained  by  calculation. 

Ml.  The  three-ammeter  method  is  similar.  The  connections  are 
shown  in  Fig  88,  and  from  the  three  currents.  Fig.  80  is  constructed.  The 
o.m.f.,  By  can  be  measured  directly  or,  if  R  is  known,  by  calculation  from 
the  relation  E^RIt.     Hence  L  can  be  obtained  from  the  quantity  B/2w/L. 

ISt.  In  drouiti  containing  iron  the  inductance  varies  with  the 
frequency  and  with  the  current ;  hence  ulternating  current  of  known 
frequency  and  intensity  must  be  used.  In  such  cases  a  bridge  method 
with  a  standard  inductance  is  convenient.     A  vibration  galvanometer,  a 
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synehrono<u  eonteetor  or  a  aepnrately  excited  electrodynamometer  oaD  b« 
■9ed  em  the  detector.  The  bndge  ia  first  balanced  for  reoistance  (that  is, 
balanced  for  bridiee-arni  drops  in  phase  with  the  supply  current)  and  then 
lor  inductance  (bridge-arm  drops  90  deg.,  from  the  phase  of  the  supply 
current). 

MS.  Tbe    mntoal    inductance,   M,  betwe.en  two    colli    may  be 
maaatzred  by  aoTeral  methodi,  as  follows: 


JL—^ff^^ 


LR 


V^^H 


Fio.  90. — Mutual  inductance 
Baeaaurements  with  inductance  of 
one  coil  known. 


Fio.  01. — Mutual  inductaDce 
measurements  with  known  seU 
induetanoe. 


(ft)  Wli«n  th«  Iziduetanee,  L,  of  on*  eoU  U  known.  The  connections 
an  afaown  in  Fig.  90.  The  bridge  is  balaaoed  as  in  inductance  measurements 
{or  both  sC«ady  and  transient  currents.     Then 

M  and  L  are  in  Muna  unita,  n  and  n  in  ohms. 

(b)  By  Gompariaon  with  a  known  aelf-induetane*.  Connect  as  in 
Fig.  01.  First  balance  for  steady  currents;  then  balance  for  transient 
comnta  by  adjuating  ri.     Then 


11- -V 


nir.+r) 


(30) 


V—i — r«n 

/  l! a  @ 

-=L  *»         r.. 


Fio.  92. — Mutual  in- 
ductance measurements 
with  known  capacity. 


^R+rO' 
where  r^reaistance  of  secondary  or  mutual,  in- 
duetance  Jf,  and  i2 » resistance   of   self-induct- 
ance, L.     M  is  in  same  units  as  L. 

(e)  By  comjMUtlMnt  with  a  known  capacity. 
CoBaeeted  as  in  Fig.  92.     Balance  as  before  for 
steady  and  transient  currents  by  adjusting  n 
sad  n. 
Then 

U-CnnlO->  (henrys)  (31) 
where  Jf.>  mutual  inductance  in  henrys,  C— 
capacity  in  microfarads. 

(d)  By  conoactint  tha  aaemidafy  In  tariai  with  a  baUiitie  calva- 
iMtiWittw  and  noting  the  quantity,  ^  in  coulombs,  discharged  into  the  gal- 
Tsaonteter  when  the  primary  circuit  is  closed  through  a  known  resistance, 
olR  ohms,  the  steady  value  of  the  current  being  /  amperes.  Then  M  —  QR/I 
in  henrys.  The  quantity  is  determined  from  the  galvanometer  constant,  or 
anre  direetly,  by  eaiibrating  the  galvanometer  with  a  standard  condenser. 

CAFAOITT  MBASVHBinim 
SM.  Ocnaral.     The  electrostatic  capacity  of  two  conductors  separated 
by  a  dielectric  depends  upon  the  surface  area  of  the  conductors,  the  distance 
between  them,  the  character  of  the  dielectric,  the  temperature  and  the 


are  groups  of  conductors  separated  by  insulation  and 
<s|iccially  constructed  to  have  a  known  capacity.  Commercial  forms  are 
■noally  nude  of  sheets  of  tin  foil  separated  by  mica  or  paraffined  paper, 
•hnaate  layers  of  tin  foil  being  connected  to  the  same  terminal.  One  box 
■ay  contain  one  or  more  of  these  groups,  with  plug  or  other  arrangements 
for  coaaeetfav  tbem  in  Tatious  series  or  parallel  oombinationa. 
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tM.  TIw  oapadtj  of  a  group  of  condenMn  in  uaiin  U: 


2. 

C" 


When  connected  In  parkllol, 

C-Ci+C.  +  C.+ c. 

SIT. 


(32) 
(33) 


In  talvh-crade  itandard  condanMrt,  the  aim  is  to  reduce  tha 
abaorptioD,  the  ffielectric  hysteresis  and  the  ohtnio  losses  to  a  minimum. 
Commaretal  itandardi  are  made  with  tin-foil  and  high-grade  mica. 
bound  together  under  high  pressure.  Primary  ttandardl,  however, 
are  made  with  air  as  the  dielectric,  in  which  absorption  and  leakage  are  nil. 

SU.  Mathoda.  Electrostatic  capacity  measurements  are  made  by  bridse 
methods  (Par.  lit),  with  a  ballistic  galvanometer  (Par.  SM),  by  loss  of 
charge  (Par.  tCt),  and  by  impedance  methods  (Par.  S6S). 

tM.  A  bride*  mathod  of  measuring  capacity  is  shown  in  Fig.  93.  Tha 
ratio,  n/n,  or  the  standard  condenser  (if  adjustable),  is  adjusted  until  tlie 
bridge  is  balanced;  with  an  ordinary  D'Anonval  galvanometer  this  condition 
is  iaoieated  when  there  is  no  "  kick ' '  as  the  reversing  switch  is  changed  from 
one  position  to  the  oUier.  If  interrupted  currents  or  high-frequency  alter- 
nating currents  are  used,  with  a  telephone  receiver,  balance  is  indicated  by 
silenoe  in  the  receiver.  Then  Ct  — Ciri/n.  The  resistance  should  be  non- 
inductive,  anti-capacity  and  relatively  large — several  hundred  ohms.  Ob- 
viously, maximum  sensibility  ia  obtained  when  Ct  and  Ci  are  about  equal. 
By  employing  a  Vreeland  oscillator  (Par.  S4f)  and  an  adjustable  air  or  oil 
condenser,  small  capacities  can  be  very  accurately  measured  by  this  method. 


r*  1 

-tltJ'I'l^ 

Fia.  03. — (Capacity  measurements, 
bridge  method. 


Fio.  04. — Capacity  measurements, 
method  of  mixtures. 


SM.  In  tha  balliitio  (slTanomatar  method,  the  deflection  is  noted 
when  the  unknown  capacity  is  discharged  through  it,  Immediately  after 
having  been  charged  at  some  known  potential.  A  reading  is  then  obtained 
with  a  standard  condenser,  the  deflection  being  made  about  the  same  as 
before,  by  varying  the  capacity  or  the  ohamng  potential.  The  capadty 
ean  tiien  be  computed  from  the  relation  <f/di""C£/Ci£i;  where  d,di,  C,  Ci,  and 
£,  Bi  are  the  respective  deflections,  capacities  and  potentials.  Thia  method 
is  belt  suited  to  relatively  large  capacities,  such  as  lead-covered,  paper- 
insulated  cables,  etc. 

Ml.  Tha  Thomion  method  of  mJxturaa  is  shown  in  Fig.  94,  where  n 
is  a  cable,  transmission  line  or  other  capacity  to  be  measured,  and  ct  is  a 
standard  condenser.  First  the  switches  are  closed  at  1,  1,  and  the  condensers 
ebarged  to  potentials  corresponding  to  ri  and  n  respectively.  After  complete 
charge  (a  cable  may  require  several  minutes),  the  switches  are  shiftea  to 
2,  2  and  the  charges  equalised.  If,  then,  the  switch  at  3  is  closed,  the  deflec- 
tion of  the  galvanometer  will  be  proportional  to  the  difference  of  the  charges. 
This  operation  is  repeated  with  various  ratios  n/n  until  there  is  no  deflection. 
Then  n  —  cin/n. 

lU.  In  the  loai  of  oharga  method.  Fig.  06,  the  condenser  to  be 
measured  is  first  completely  charged  by  moving  switch  b  to  a,  and  then  imme- 
diately discharged  through  a  ballistic  galvanometer  by  moving  b  to  c.  The 
oondenser  is  again  charged  and  allowed  to  discharge  through  a  known  high 
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J  Rt  h,  ^ven  number  of  seoonda,  t,  before  being  connected  to  the 
l»iTWU>iaster  a  aeoond  tizae.     The  capacity  in  miorofarade  is 

(microfarads)       (34) 


R  log  lodi/di  2.303 

whien  dio  first  deflection,  dt  — eecond  deflection  and  £»  resistance  in  meg- 
vhxam.  This  method  is  applicable  only  where  the  resistance  of  the  condenser 
being  measured  is  very  high,  such  as  porcelain  insulators. 


^ 


IK  '  e 


Hl|«l» 


-at 


Fic.  95. — Capacity  measurements, 
loas  of  charge  method. 


Fjq.  96. — Capacity  measurements, 
impeoance  method. 


MS.  In  ilM  imp«danee  metliod,  the  capacity  is  computed  from  the 
reactaooe  as  measured  with  an  ammeter  and  a  voltmeter,  with  alternating 
rarreat  of  known  frequency  as  shown  in  Fig.  9G.     Then 

C-2;^(10«)  (microfarads)  (35) 

wfaete  C— capacity  in  microfarads,  £  — volts,  J  — amperes,  and  /—frequency 
ia  cycles  per  second.  Unless  the  voltmeter  is  an  electrostatic  instrument  it 
dioaid  be  disconnected  when  taking  current  readings.  With  small  capacities, 
where  /  is  small,  care  should  be  taken  that  the  high  inductance  of  a  low 
reading  ammeter  does  not  introduce  an  error.  The  capacity  given  by  this 
EDethod  depends  upon  the  wave  form.  Therefore  the  teat  should  be  made 
Iron  the  circuits  to  which  the  apparatus  being  measured  will  be  connected 
ia  service. 

Mt.  Tb«  ipeelfle  indaetlTa  eapadty  of  materials  is  the  ratio  of  the 
c^Muity  of  a  condenser  with  the  given  material  as  a  dielectric  to  that  of  the 
ama  eoDdenser  with  air  as  a  dielectric.  In  the  case  of  solids  in  the  form  of 
■heets  or  plates,  a  condenaer  ia  readily  made  b^r  attaching  similar  square  or 
circular  pieces  of  tin-foil  of  known  area  to  opposite  sides  of  the  specimen  and 
measuring  the  capacity  by  one  of  the  methods  described.  Care  should  be 
Ukeo  that  there  is  no  deflection  when  the  condenser  has  no  charge.  Certain 
matoials  in  thin,  sheet  form  may  show  a  deflection,  due  to  the  galvanic 
I  td  the  paste  used  to  apply  the  tin-foil. 


C2^ 

' — •  I 


fr^ 


Tia.  97. — Guard  ring  in  specific  induction  capacity  measurements. 

Ul.  Th*  "trlngs  illect"  (electrostatic  field  in  the  dielectric  extending 
beyood  the  area  corresponding  to  the  electrodes)  may  be  eliminated  by  using 
a  guard  ring,  a,  a,  of^tixi*fou  as^  shown  i  n  Fig.  97.  It  ia  very  close  to  the 
ctectrade  b  and  ia  so  connected  in  the  circuit  that  only  the  charge  on  b  is 


IM.  The  evad^  of  an  air  condenser  is  C-il/4TeX9X10>,,  where 
t^— capacity  in  miorofarads,  A  •*  area  in  square  centimeters  and,  ( *  tliickness 
•f  layer  of  air  in  eantimetera. 


M 
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WAVX-rOSM  BUASUBIMKNTB 

SC7.  Metbods.  Tho  instantaneouB  variationa  of  current  and  potentiml 
in  a  oircuit  are  measurable  by  step-b^-step  mothodjs  (Far.  268)^  and  with  ^e 
oacUIograph,  (Par.  171.)  Tbo  former  is  applicable  only  where  the  current  and 
the  potential  are  strictly  periodic  and  recurrent,  as  in  a  normal  alt«rnatins- 
curront  circuit.  The  oscillograph  can  be  used  under  all  conditions,  but  ia  es- 
pecially applicable  to  measuremcntB  of  iransiont  phenomena  (Par.  lU),  such 
aa  those  which  occur  during  switching  operations  on  direct-current  and  al- 
ternating-current circuits.  Where  the  wave  form  is  to  be  analysed,  tho  former 
is  the  more  convenient  and  accurate. 

IfS.  A  oonTenlent  "step-by-itop"  &rranffement  is  ahown  in  Fig.  98. 
The  contact  device  consista  of  two  slip-rings  and  a  four-part  commutator. 
One  slip-ring  is  connected  to  one  terminal  of  the  source,  the  other  to  a  volt- 
meter, and  the  commutator  to  a  condenser.  By  means  of  this  arrangement, 
the  condenser  after  being  charged  is  immediately  discharged  through  the 
voltmeter.  These  impulses  follow  each  other  so  rapidly  that  a  steady  de- 
flection is  obtained,  and  by  suitable  adjustment  of  R  and  r  nn  continuous 
ourrent,  the  voltmeter  may  be  made  direct  reading.  The  instantaneous 
values  at  any  point  on  the  wave  are  obtained  by  shifting  the  brushes  around 
the  shaft.  The  switch  is  closed  at  1  for  volt^e  measurements  and  at  2  for 
current  measurements.  * 

The  General  Electric  w&ve  meter  operates  on  'this  principle.  The 
driving  motor  is  an  eight-pole  synchronous  motor  connected  to  the  source 
being  measured  and  there  are  eight  segments  (one  per  pole),  instead  of  only 
one.  Suitable  provision  ia  made  for  tracing  the  wave  form  on  a  photographia 
plate. 


Fxo.  98. — ^Wave-form  measurements, 
**Step-by-8tep**  method. 


Fig. 


99. — Wave-form  measure- 
ments, aero  method. 


169.  In  the  sero  method  shown  in  Fig.  09,  the  e.m.f.  of  a  battery  B  is 
opposed  to  the  potential  across  c  and  tf,  which  are  connected  to  the  contact 
devices  described  above.  The  contact  point,  b,  ia  adjusted  until  O  shows  no 
deflection;  then  the  length  6a  is  a  measure  of  the  e.m.f.  G^  may  be  a  portable 
galvanometer,  or  a  telephone  in  conjunction  with  a  slide  wire  and  a  contact 
stylus  as  used  in  the  Sage  ohmmeter  -(Par.  189). 

170.  The  wave  fonu  of  a  hiffh-tension  wave  may  be  obtained  by  uaing 
the  device  shown  in  Fig.  102  and  described  in  Par.  277.  The  indication  of 
the  electrostatic  voltmeter  is  obtained  at  different  angular  positioua  of  the 
brushes  on  the  synchronous  commutator,  from  which  the  wave  form  may 
be  plotted. 

171.  The  oeciUograph  is  a  form  of  galvanometer  in  which  the  natxxral 
period  of  the  moving  system  is  ao  small  that  the  deflections  will  alwavs  be 
proportional  to  the  instantaneous  value  of  the  ourrent  flowing  through  the 
coil.  The  indicator  ia  a  beam  of  light  from  an  arc  lamp,  reflected  from  an 
extremely  small  mirror  attached  to  the  moving  system.  The  path  of  the 
beam  is  determined  visualty  or  photographically.  Recurrent  or  periodic 
waves  may  be  rendered  stationary  and  therefore  visible  by  suitable  optical 
systems  as  indicated  below.  Transient  phenomena  must  be  photographed 
by  an  instantaneous  process. 

171.  In  the   movinff-iron  type   of  oaclUograph,   first  propoeed  by 

•See  also  Frederick  Bedell.  "Condenser  Current  Method  for  the  Deter- 
mination of  Alternating  Wave  Form,"  Electrical  Worldt  1918,  Vol.  LXII.p.  378. 
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«  *  a  veiy  amaU  piece  of  soft  iron  is  suspended  in  ft  strong  macnetio 
StkL,  thofl  foroung  a  polarued  magnet.  Near  this  strip  are  plaoed  two 
■naU  coila,  which  carry  the  onrrent  to  be  inrestii^ted.  Because  of  its  very 
nail  period,  this  znagnet  will  follow  every  variation  in  the  current. 

lis.  Tha  moTln^-coil  t^pe  of  oieilloffraph  developed  by  DuddoU 
eoDssts  of  a  sin^e-turn  coil  formed  by  passing  a  phosphor-bronse  strip 
Qwtr  s  puUey  suspended  by  a  spring,  and  between  the  ^ 

potea  of  a  powerful  electromagnet  as  shown  in  Fig.  100.  S 

It  hss  a  much  lower  inductance  than  the   moving-iron  % 

type  and  therefore  a  wider  ran(^  of  application.  This 
4i)e  is  now  in  most  general  use  and  m  this  counti^  is 
proninently  represented  by  the  General  Electric  oscUlo- 
snph,  a  Tery  simple,  rugged  and  practical  instrument. 
Thrre  elemeots  or  vibrators  are  usually  provided  in  the 
latter,  and  three  waves  may  be  taken  simultaneously. 
The  dectromagnets  are  wound  for  110  volts,  at  which 
excitation  the  sensibility  of  the  vibrators  is  of  the  order 
of  0.005  amp.  per  millimeter  deflection.  The  moving . 
fTsCem  is  immcraed  in  a  well,  with  a  glass  front,  and  filled 
with  oil  to  dampen  the  ospillations.  The  natural  fre- 
quency is  of  the  order  of  5,000  vibrations  per  second. 

04.  Varloiu  roceMiMr  derieei  are  used  to  render 

tlis  wave  visible  to  the  eye.      One  scheme  employs  a 

ntatiag  mirror  driven   by  a  synchronous  motor   oon- 

sKted  to  the   circuit  being  tested.     In  the  General 

Beeteie  oscillo^vph  the  beam  of  light  from  the  arc,  n, 

Rg.  101,  is  concentrated  by  a  lens,  6,  upon  the  mirror, 

I.  erf  the  vibrator,  which  is  oscillating  about  an  axis  per- 

peodjcolar  to  the  beam.      The  mirror,  m,  is  driven  by 

s  cam,  d,  which  gives  a  comparatively  slow  forward 

fUoke  and  a  quick  backward  stroke.    When  this  mirror  is  stationary  the 

unage  of  the  reflected  beam  at  c  is  a  straight  line  the  length  of  which  is 
,  piOfWTtional  to  twice  the  angular  deflection  of  the  vibrator.  If  the  mirror 
i  IB  rotated  forward*  the  image  at  «  is  spread  out  thus  tracing  a  wave.  TIw 
'  VBTe  is  made  to  appear  stationary  by  automatically  cutting  off  the  light  on 

t^  return  stroke  of  m  by  means  of  the  shutter  e. 


i 


=3t 

Fio.  100. — Ele- 
ment of  movins 
ooil  type  of  oecUlo- 
graph. 


namtOMillograph  record*  may  be  mode  by  tradna  the  ware 

,  referred  to  above 


^^■^-  _      U :s-!    in    th 


in.  p« _   _ 

08  toansparent  paper  or  tracing  cloth  placed  en  the  screen. .  .  _  

(Par.  174).    For  making  pho- 
tograph records,  or  oscillo- 
IP'am.4,  the  visual  attachment 
V  I  IS  replaced  by  a  light-proof 

cylinder  containing  the  fflm 
1  fitting  over  an  opening 
the     oscillograph     case 
through  which  the  beam  of 
t  passes  to  the  film.    The 
is  unrolled  from  one  spool 
on  to  another  and  past  the 
Fio.  101. — Visual  attachment,  G.  E.  opening  by    a  motor-driven 

oeciUograph.  mechanism;  its  speed  is  ad- 

justed to  suit  the  condl- 
tioas.  In  the  case  of  transient  phenomena  it  is  often  found  necessary 
to  srnuige  special  devices  to  start  the  film  automatically  at  the  proper  time 
is  order  to  get  the  phenomena  on  the  film.  A  record  of  elapsed  time  in  di- 
v^et-current  phenomena  can  be  obtained  by  connecting  one  oithe  elements  to 
ssooree  oi  alternating  current  of  known  frequency,  or  by  means  of  an  electric- 
sBy  driven  tuning-fork  of  known  frequency.  A  small  mirror  mounted  on 
the  end  of  one  prong  and  so  plaoed  that  it  will  reflect  a  part  of  the  beam, 
«iD  pre  an  excellent  time  record.  The  scalo  of  ordinates  is  obtained  by 
c^bratioD  on  continuous  current,  the  deflection  of  the  spot  of  light  oorre- 
^oik&nc  to  a  known  current,  or  voltage,  being  noted. 

tn.  Standard   wave  form.     It    is   desirable   that   commercial   alter- 
sstii^^arrent  wave  forms  be  as  near  a  sine  curve  as  possible  in  order  to 


*Bloodcl,A.E.    Cfwiptef  itMdus,  1893,  Vol.  CXVI,  p.  603. 
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^ 


reduce  iron  losecB,  excitation  currenta,  ohargiag  currents,  etc.,  to  ft  minlm«i« 
The  present  A.  I.  E.  E.  atandard  method  of  meaauring  thft  deviation  from 
a  sine  curve  is  simply  to  measure  the  greatest  difference  between  corre- 
sponding ordinates  at  any  point  along  the  axis  of  abscisse.  It  has  been  pro- 
posed* to  replace  this  method  by  another  in  which  the  increase  in  condenser 
charging-current  with  the  given  wave,  over  the  charging  current  with  a 
pure  nine-wave,  will  be  determined.  This  is  a  simple  and  sensitive  method 
of  determining  the  presence  of  harmonica,  since  the  charging  current  of  a  con- 
denser varies  with  the  square  of  the  frequency.  The  current  for  a  given  con- 
denser on  a  sine-wave  can  be  calculated  from  the  relation  /"•£CX2ir/,  where 
/■■current  in  amperes.  £  — potential  in  volts.  C* capacity  in  microfarads 
and  /» cycles  per  second. 

ST7.  In  high-Toltftffe  testinff  it  is  partioularlsr  important  that  the  value 
of  the  maximum  instantaneous  voltage  be  available,  because  the  stress 
to  which  insulation  is  subjected  depends  upon  this  value.  When  the  wave 
is  distorted,  the  maximum  value  and  the  ratio  of  the  maximum  to  meao- 
efTective  (amplitude  or  peak  factor)  have  to  be  obtained  from  a  plot  of 
the  wave.  This  may  be  taken  with  a  wave  meter  or  with  an  oscillograph, 
preferably  connecteci  to  a  t«at  coil  in  the  high-tension  winding  or  to  the 
secondary  of  a  shunt-type  instrument  transfonper  connected  to  the  hi^h- 
tension  circuit. 

A  method  which  can  be  uaed  dinetHs  on  the  hiffhMt  TOltecMt 
is  indicated  in  Fig.  102,  where  C  ia  a  series  of  condensers  connected  across 

the  high-tension  circuit.  The  end  con- 
denser Ci  is  grounded  and  connected  in 
parallel  with  a  commutator  driven  by  a 
synchronous  motor.  The  bars  on  the 
commutator  are  very  narrow  and  are 
one  ptolar  s^ace  apart,  so  that  contact  is 
practically  instantaneous.  The  brushes 
arc  shifted  untjl  the  voltmeter  indication 
is  a  maximum.  The  multiplying  ratio 
is  obtained  from  the  ratio  (C-t-Ci)/Ci. 
The  instrument  may  be  calibrated  by 
noting  the  indication  corresponding  to 
the  mean  effective  value,  which  ia  ob- 
tained with  the  motor  stationary  and 
the  lirushes  resting  on  the  bars.  This 
indication  is  compared  with  a  spark  gap 
or  other  standard.  The  method  aiH 
sumea  that  the  capacity  of  V  is  negligible 
in  comparison  with  Ci.  Obviously  the  condensers  can  be  dispensed  with  by 
connecting  directly  to  a  teat  coil  on  the  high-tension  winding. 


Fia.  102. — Wave  meter  for  high 
voltage  circuits. 


MKASXraSMKICTS 
of   an   alternating    current   is  /■■nr/3. 


■^11,,,, 
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tTS.  OmanA.  The  frequency 
where/— frequency  in  cycles  per 
second,  n  —  number  of  poles,  and 
r  — revolutions  per  second.  It 
may  therefore  be  determined  by 
measuring  the  speed  of  the  gen- 
erator supplying  the  circuit  or 
the  speed  of  a  synchronous  mo- 
tor operated  from  the  circuit. 

179.  frequency  meten  indi- 
cate the  frequency  directly.     In    Fio.  103. — Frequency  meters — Reed  type, 
the  reed  ^pe  as  made  by  Hart- 
man  and  nraun  or  Siemens  and  Halske,  there  are  numerous  steel  strips  of 
different  lengths,  each  rigidly  fastened  at  one  end  and  free  to  vibrate  at  the 
other.     The  strips  are  placed  in  the  field  of  an  electromagnet  which  ia  ener- 

•  Davis,  C.  M.  "A  Pruprweil  Wavt-shapc?  Standard;" /'r.«-.  A.  I.  F..  E, 
Feb.,  I9i;),  p.  2.15. 

t  Sharp,  C.  H.  and  Farmer,  F.  M.  "MeasuremenU  of  Ntaximuni  Values 
In  High-voltage  Testing;"  Trons.  A.  I.  E.  E.,  1912,  Vol.  XXXI,  p.  1017. 
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Died  from  the  circuit  to  be  meuured,  u  *hown  in  Fig.  103.    The  strips  tuive 

afferent  natural  periocU,  and  the  one  with  a  period  corresponding  to  the 

tltem&tions  of  the  magnetic  field  will  b«  set  in  vibration.     The  ends  are 

timed  up  and  painted  white  ao  that  the  particular  reed  in  a  row,  which  i« 

ribrating.  «rill  be  in- 

diested    by   a   white  ,ttli<>'/ 

band  or  blur.      Each  ^* 


Red  is  carefully  ad- 
ioited  to  an  exact 
period  by  aitacMng 
minute  weights. 
These  meters  are 
Bade  in  various 
nnies  and  with 
reeds  adjusted  from 
035  cycle  to  2  cycles 
spartv 

SM.  The  West- 
Infhouse  fr«- 
qiMiicj  meter  cod- 
Bote  of  two  Toltmeter 
morement«,  mechan- 
ically    so     iDtercon- 


V, 


-m 


Fio.  103a. — Circuits  in  WestingbouM  frequency 
meters. 


oected  th&t  they  tend  to  rotate  the  pointer  in  opposite  directions.  A  non- 
iDdurtive  resi^ance  B  is  connected  in  series  with  one  movement,  Vi  (Fig. 
103a)  and  sn  inductance  X  is  connected  in  scries  with  the  other  element^  V«. 
Tbe  apparent  resistance  of  the  inductive  movement  varies  with  the  fre- 
qoency  and  thus  varies  the  amount  of  current  tnken  by  it.  Therefore 
each  frequency  wilt  cause  the  pointer  to  talce  up  a  different  portion. 

161.  The  Weston  freque&oy  zneter  is 
shown  in  Fig.  104,  where  1,  1  and  2,  2  are  fixed 
ooils,  90  deg.  apart,  and  r,  c  is  the  movable 
element  constating  of  a  simple,  soft-iron  core 
mounted  on  a  shaft,  with  no  control  of  any 
kjnd.  One  coil,  2,  2,  is  connected  in  series 
with  a  non-inductive  resistance,  Rt,  and  the 
other  coil,  1,  1,  in  series  with  an  inductance, 
Xi.  A  second  non-inductive  resistance  Rt  is 
connected  in  fmrallel  with   1,   l,and  Xi.     A 


fia.  104. — Circuits  in  Weston  frequency 
meters. 


Fio.  105, — Hiph  seasibility 
frequency  mdicator. 


•eotnd  inductaace,  Xt,  is  connected  in  parallel  with  2,  2  and  Rt.  The  nof  t- 
iron  eote  takes  up  the  position  of  the  resultant  field  produced  by  the  two 
coilt.  When  the  frequency  increases,  the  current  decreav's  in  1,  1  and 
increases  in  2,  2,  thus  shifting  the  direction  of  the  resultant  field  and  the 
position  of  r,  c  to  which  the  pointer  in  attached.  The  opposite  effei-t  takes 
pUee  when  the  frequency  is  deerease<l.  Tht;  serie.**  iuductanM*,  X,  serves 
merely  to  damp  the  higher  harmonica. 
til.  A  very  tensittve  frequeney  indicator  is  shown  in  Pig.  105.  in 
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which  the  principle  of  resonance  (Sec.  2)  in  an  electrical  eirouit  is  emplosred.  * 
In  a  60-oycle  instrument,  one  main  drouit  is  adjusted  for  resonancfl 
at  about  70  cycles,  another  at  about  58  cycles  and  the  third  CTrcuit 
at  about  36  cycles.  The  latter  two  are  eonnected  in  parallel,  and  then  in 
aeries  with  coil  A;  the  first  circuit  is  in  aeries  with  coil  A^,  both  coils  b^iiK  in 
series  with  the  field  F.  With  the  centre  of  a  &-in.  (15  cm.)  scale  marked  for 
60  cycles,  half-scale  deflection  is  obtained  for  a  variation  of  only  5  cyclea 
either  way.  It  is  possible  to  adjust  the  instrument  for  a  fuU-scato  range  ai 
only  1  eycle. 

SLIP  MXASURXMKNT8 
t8>.  Oenwal.     The  aUp  of  a  rotating  altemating^urrent  machine   in 
per  cent,  is  the  difference  between  its  speed  and  the  synchronous  speed. 
divided  by  the  synchronous  speed.     It  may  be  determined  by  noting   the 

differenco  between  the  meaBurpd  speed 
of  the  machine  and  the  synchronous 
speed  as  calculated  from  the  frequency 
and    the    number    of    poles.  Thts 

method  is  obviously  not  accurate, 
because  the  result  is  a  small  difTerenco 
between  two  relatively  large  quanti- 
ties. It  is  therefore  customary  to 
measure  the  slip  directly. 

284.  Dooley'fl  method  of  zn««a- 
urine  tUp.     One  form  of  device  for 
indicating    the    slip    of    an  induction 
ia_      -.na      Of  •       J    _i       motort  is  shown  diagram  ma  tically  in 

Fio.  106.— Shp  measurmg  device,  yjg   ^^      ^  g^^^  cylinder  made   S 

conducting  material,  and  in  two  parts, 
each  insulated  from  the  other,  is  mounted  in  a  frame.  Four  small  bruahee, 
1,  2,  3,  and  4,  bear  upon  the  cylinder  as  shown.  The  brushes,  3,  4,  are 
connected  through  a  resistance,  r,  across  one  phase  of  the  supply  circuit  and 
the  brushes,  1,  2,  are  connected  to  a  low-reading  continuous-current  ammeter, 
/.  Each  time  the  brushes,  1,  2,  bridge  the  insulating  strip  as  the  cylinder 
rotates,  the  circuit  is  completed  in  alternate  directions 
through  the  ammeter.  The  cylinder  should  have  as  many 
segments  as  the  motor  has  poles.  The  ammeter  will  in- 
dicate a  constant  current  at  synchronous  speed,  and  an 
oscillating  current  for  any  speed  above  or  below  syn- 
chronism, because  the  impulses  of  current  through  the 
brushes,  1,  2,  will  occur  at  the  same  point  on  the  wave 
at  synchronous  speed,  and  at  constantly  advancing  or 
retarding  points  for  other  speeds.  Thus,  the  apimcter 
will  be  reversed  each  time  the  motor  loses  one-half  of  a 
cycle,  and  will  reach  a  maximum  positive  value  each  time 
the  motor  loses  one  complete  cycle.  If  the  motor  loses  n 
cycles  per  min.,  then  the  slip  in  per  cent.  ■•  1  O0n/(K)/, 
where  /»  frequency  of  the  system  in  cycles  per  sec. 

S85.  Strobosooplo  method.  The  device  indicated  !n 
Fig.  107  does  not  require  the  measurement  of  frequency. 
A  olack  disc  with  white  sectors,  equal  in  number  to  the    _  .  M-*-.  sh^f* 


rShaCi 


Fig.  107. — Stip 

measurements  — 
8tr oboscopio 
method. 

-slip  in  terms  ofs 


number  of  poles  of  the  induction  motor,  is  attached  with 
wax  to  the  induction-motor  shaft.  It  is  observed 
through  another  disc  having  an  equal  number  of  sector- 
shaped  slits  and  carried  on  the  shaft  of  a  small  self-start- 
ing synchronous  motor,  in  turn  fitted  with  a  revolution 
counter  which  can  be  thrown  in  and  out  of  gear  at  will.  If 
n  is  the  number  of  passages  of  the  sectors,  then  (n/nj) /fir 

where  n,  »i  the  number  of  sectors,  and  nr » the  number  of  revolutions  recorded 
by  the  counter  during  the  interval  of  observation.     For  large  values  of  slip 
the  observations  can  be  simplified  by  using  only  one  sector  (ni  — 1);  then  «■• 
the  slip  in  revolutions, 
SM.  A  direct-reading  sUp-measurlng   device  is  shown  in  Fig.  108. 

*  Pratt  W.  H.  and  Price  D.  R.  "Resonant  Circuit  Frequency  Indicator;*' 
Trans.  A.  I.  E.  E.,  1912,  Vol.  XXXI.  p.  1696. 
t  Dooley,  C.  R.     BUe.  CltA  Journal,  1904,  Vol.  I,  p.  590. 
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Fzo.  108. — Slip  meaBuring  device. 


0  is  a  earelully  turned  and  hardened  conical  drum  driven  by  the  motor  beinc 

iaited,  throofth  a  flexible  shaft,  3.     The  Long  screw,  H,  moves  a  carriage, 

C,  parallel  to  the  surface  of  D.    This  carriage  carries  a  wheel  d,  also  care- 

fidbr  tunked  and  hardened,  which  has  a  line  edge  and  is  kept  in  contact  at 

■11  tinMB  with  the  surface  of  D  by  means  of  a  light  spring.     Thus  It  revolves 

with  D.     On  the  same  shaft  is  a  disc,  sd,  with  alternate  black  and  white 

sectors  painted  on  it,  the  number  of  sectors  being  equal  to  the  poles  of  the 

Bifltor    oeinc    tested.       The 

diameter  of  d  la  made  equal 

to  that  of  the  small  end  of  D. 

At  the  eettins  corresponding 

to  the   small  end  of  Z),  the 

■cale  along  which  the  carriage 

moves  is  marked  zero.     This 

eoneqMKids   to  synchronous 

Rjccd.     As    the   speed  of  D 

wcreaaea,  it   is   necessary  to 

move    d    toward     the    large 

cad  of  D   in   order  to  keep 

the  speed  <rf  d  the  Mme  as  at 

sfnchronou*     speed.    .  This 

oistaDce  is  a  measure  of  the 

riip.    The  synchronous  speed 

of  «f  is  inoxcated  when  it  appears  to  stand  sttll,  when  illuminated  by  an 

are  lamp  connected  to  the  same  circuit  to  which  the  motor  is  connected. 

ThnB,  if  D  is  2  in.  (5.1  cm.)  in  diameter  at  the  small  end,  2.5  in.  (6.35  cm.)  at 

the  larce  end  and  5  in.  (12.7  cm.)  long,  slips  from  0  to  20  per  cent,  can  be 

neasured  with  a  precision  within  0.2  per  cent.     A  more  sensitive  detector 

eoDBsta  of  a  commutator  in  place  of  m,  connected  in  series  with  a  direct- 

eanent  voltmeter  and  the  circuit  to  which  the  motor  is  cooneoted.     The 

iwUcation  is  %  maximum  at  synchronous  speed. 

tST,  S^FnehroniBm  indioatori.  In  order  to  connect  any  svnchronous 
wtarhinw  in  parallel  with  another  machine  or  system,  the  two  voltages  must 
be  made  equal  and  the  machine  must  be  synchronised,  that  is,  the  Bi>eed 
so  adjusted  titiat  corresponding  instantaneous  values  on  the  two  waves  are 

reached  at  the  same  instant, 
when  they  will  be  in  exact 
phase.  Furthermore,  with 
polyphase  machines,  the  direc- 
tion of  nhaso  rotation  must 
assuredly  oe  the  same.  This, 
however,  is  usually  made  right 
once  for  all  when  the  machines 
are  installed,  the  phases  being 
so  connected  to  the  switches 
that  the  phase  rotation  will 
always  be  correct. 

SM.  The  lamp  method  of 
gvnohronislnc  is  the  simplest. 
Fia.  109. — Connections  Ita  synchronising    The  principle  of  lamp  svnchro- 
with  lamps.  nisers  is  shown   in  Fig.   109, 

where  a,  a\  are  the  sources  be- 
ing eonneeted  in  parallel  and  t,  t\  are  transformers,  the  secondaries  of 
wueh  are  connected  in  opposition  through  incandescent  lamps,  /,  h.  When 
Ibe  two  sources  are  in  synchronism,  the  secondary  e.m.fs.  neutralise  each 
other  and  the  lamps  will  bo  "dark."  As  the  phase  difference  increases, 
the  eorrent  through  the  lamps  will  increase,  reaching  a  maximum  at  180 
deg.  of  phase  difference.  If  the  secondary  of  one  transformer  is  reversed, 
the  lamps  will  be  brightest  at  synchronism  and  dark  at  180  deg.  of  phase 
diflerenoe.  The  former  connection  is  preferable  because  the  point  of  total 
"darkness"  is  more  easily  detected  than  the  point  of  maximum  brightness.** 
A  voltmeter  may  be  substituted  for  the  lamps  by  connecting  it  so  that 
lynehronum  is  indicated  when  the  reading  is  a  maximum.  The  disadvantage 
cf  this  method  is  that  it  does  not  indicate  which  frequency  is  the  higher. 
Srnehrootsm  iodicators  (Par.  M7)  are  instruments  which  not  only  over- 
cone  this  objecticm,  but  indicate  the  point  of  s3mchroni8m  more  accurately. 
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U9.  Th«  prtnctpl*  of  the  WattinchoUM  unchroniMr  U  Ehown  ii 
Fig.  110,  where  a  rotating  field  ia  produced  by  the  coila.  M  and  iV,  conxieotM 
to  the  buACfl  through  the  reactance  P  and  the  resiatance  Q,  respectively.  Aj 
iron  vane  A,  free  to  rotate,  is  mounted  in  tbia  rotating  field  and  xnagnetiMC 
by  the  coil  C,  which  in  turn  is  connected  acroaa 
the  incoming  machine.  As  the  vane  is  attracted 
or  repelled  by  the  rotating  field  from  Af  and  \, 
it  wiU  take  up  a  position  where  this  field  is  sero 
at  the  same  instant  that  the  field  from  C  is  zero. 
Hence  the  position  at  any  instant  indicates  the 
difference  in  phase.  When  the  two  frequencies 
arc  different,  thin  position  is  constantly  changing 
and  the  pointer  will  rotate  "fast"  or  "slow, 
coming  to  rest  at  the  sero-field  position  when  the 
frequencies  are  equal.  In  a  larger  type,  the  split- 
phase  winding  ia  placed  on  the  movable  memner, 
similar  to  the  arrangement  shown  in  Fig.  HI. 

200.  The  Bchame  of  the  Weeton  STnchro- 
scopo  is  shown  in  Fig.  112.    There  is  no  iron  in 
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111. — Circuita  in  G. 
E.  synchroscope. 


110. — Circuits  in  Westingbouse  ayn- 
phroniser. 
the  instrument  and  the  moving  element  is  not  allowed  to  rotate.  The  ele- 
ments are  practically  the  same  as  in  an  electrodynamometer  wattmeter. 
The  fixed  coils,  F,  F,  are  connected  in  series  with  the  resistance  R  and  to  the 
buses.  The  moving  coil,  M,  is  connected  in  series  with  a  condenser  C  and 
the  incoming  machine.     The  two  circuits  are  adjusted  to  exactly  90  dec. 


Fio.  112. — Circuits  in  Weston  synchroscope, 
difference  in  phase.  At  synchronism  there  is  no  torque  and  M  us  held  at  the 
sero  position  by  the  control  spring.  If  the  frequencies  are  the  same,  but 
there  is  a  phase  difference,  a  torque  will  be  exerted  and  M  will  more  to  a 
position  of  balance  at  the  right  or  left  ("fast"  or  "slow").  If  the  fre- 
quencies are  different,  the  torque  will  continually  vary  and  the  pointer  will 
oscillate  over  the  dial.  A  synchruniiing  lamp  illuminates  the  scale  simul- 
taneously and  the  direction  of  apparent  rotation  mdioatea  the  faster  machine. 
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IM.  TIm  0«iMral  Utctrie  lyii^iroMMipe  operates  on  the  ume  principle 
IS  the  WestinchouBe instrument  (Fig.  111).  The  BpUt^haae  windinff,  C,  B, 
ii  maanVed  on  the  movable  element,  E,  the  two  ooiu  being  connected  to  the 
wmr^iig  maehine  tiirough  slip-rings. 

XAaHKTIC  BUAaxmixxHTa 

MS.  OanarmL  The  (trenfth  of  a  macnatlo  field,  X,  U  meuured  in 
fiMKof  mmsnetio  force  per  aquera  centimeter,  or  in  gausses.  In  a  long 
alnici>t  satenaid  it  is  4rA//lCW,  where  /  ■-  current  in  amperes  and  N/l  —  tuma 
per  unit  lencth.  Macnatle  induetlon  or  flux  danalty,  (B,  is  measured 
■aliiica  of  macnetio  induction  per  square  centimeter,  or  in  gaussee.  When 
Ike  anfaatanee  in  which  the  field  exists  is  non-magnetio,  3  — 3C  and  the  ratio 
■/X.  cr  permeafaiJittr,  is  »  —  1.  When  the  substance  is  magnetic,  3  becomea 
nuch  greater  than  X,  due  to  the  decieaaed  mognetio  resistsnoe;  in  general  it 
nnes  with  9C. 

tM.  Tha  nonnal  induetlon  or  (B^  enrre  of  a  manietic  material  is  the 
carfc  platted  between  the  strength  of  the  magnetic  field  existing  in  tha 
■atarial.3e.  and  the  magnetic indnction.  (B,  produced  by  that  field,  when  the 
Biateiial  ia  in  a  neutral  or  normal  condition.  A  permeability  eurre  ia 
plotted  between  the  permeability  fi  and  (B,  or  between  ii  and  X. 

Bt.  Tha  hTStareaU  eurra  is  a  curve  plotted  between  (B  and  K,  for 
naooi  Taluea  of  X  from  a  maximum  Talue  in  the  poaitive  direction  to  a 
iMiimnni  -raloe  in  the  negatiTe  direction,  and  back  again,  or  through  a 
•ODpfete  eyeie  of  Talues.  The  ends  of  a  hyatereais  loop  will  Ue  in  the  normal 
iadaietson  enrre. 

m.  MayiaMe  maaaurementi  mar,ba  divided  into  two  elaiMf,  (1) 
those  in  which  the  strength  of  a  magnetic  field  ia  determined  (such  aa  the 
•srth's  field,  the  field  due  to  a  conductor  carrying  a  current,  the  field  in  the 
air  mi  of  a  iiiag;net,  etc.)  and  (2)  thoee  made  to  determine  the  projjlertiea 
of  Bsgnetie  materiaJ. 

IN.  Flald-s^oncthmeasureinanta  may  be  made  by  induction  methods, 
vith  aa  oscilUiting  bar  magnet  (Par.  n>),orwithabi8muthBpiral  (Far.tOO). 
Ia  the  induction  method  a  coil  of  known  tuma  and  area  is  so  arranged  that 
it  eta  be  made  to  eat  the  field  in  a  known  area  in  a  direction  perpendicular 
to  the  field.  The  e.jnj.  generated  in  the  coil,  and  henee  the  field  producing 
it.  ii  determined  from  the  quantity  of  electricity  discharged  throiicb  a  ballistia 
pWanometer  ooiinected  to  the  coil  terminals. 

Ia  measuring  the  field  strength  in  air  gaps,  the  coil  is  so  arranged  that  it 
on  be  moved  quickly  across  the  entire  gap,  or  through  a  definite  distance,  by 
wans  of  a  spring  or  weight  suddenly  released.  When  there  is  sufficient  space, 
a  more  accurate  and  convenient.method  is  to  rotate  the  coil  through  180  deg. 
Twy  weak  fields,  anch  aa  the  earth's  field  and  that  due  to  conductors,  may  be 
XMasured  in  this  manner  by  using  a  sufficiently  large  coil. 

W.  Vonnnla  for  Held  itranxth.  The  field  strength  in.  lines  per  square 
••alimeter  ia 

^_10Vka  (gaberts  per  cm.)  (3® 

xan 
*ben  d— deflection,  jt.>  constant  of  galvanometer  in  coulombs  per  scale 
^vision,  Aa>total  resistance  in ^Ivanometer  circuit,  n»  turns  in  coil,  a*" 
Bean  area  of  coil  in  aquare  centimeters,  x  —  linear  distance  moved  in  oenti- 
■astcn  or,  when  the  coil  ia  turned  through  180  deg.,  x  — 2. 

M.  Tha  Oranot  flnzmater  is  a  portable  instrument  with  which  mag- 
artie  lax  may  be  read  directly  on  a  scale.  It  is  essentially  a  ballistic  galva- 
peotttcrwith  the  moving  element  replaced  by  a  torsionlcss  suspension  so  that 
It  KBains  deflected.  The  inatrumpnt  is  connected  to  an  exploring  coil 
ekjch  is  placed  in  the  air  cap  to  be'  measured.  .  The  flux  is  measured  bv 
*e1iBg  the  deflection  when  tne  magnetising  circuit  is  either  opened  or  cloeea. 
,  M,  la  tha  eaeiUstlnc-macnet  method,  a  small  simple  bar  magnet 

^-  ■    *  ■ . 1-A-.J  ^11.  A1...A..        ftl.- A  : t.  J. ;l a: a1 -L 


iiW^iiiliJud  by  nntiriated  nlk  fibres.  The  magnet  is  set  to  vibrating  through 
■■  ave  of  about  6  dec.  and  the  period  of  oaeilTation  determined.  The  aver- 
W  <a  atbatt  tbrae  obaervationa  should  be  taken.     The  field  strength  is 


K-^'jf^-  (gUberU  per  cm.)  (37) 
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where  K  —  moment  of  inertia  computed  from  the  maM  and  dimenrions,  . 
macnetic    moment,  and    T"- period  of    oscillation.       M  may  be  determix; 
with  a  magnetometer,  or  by  calibration  in  a  known  field   (Helmholtr  coi| 
This  method  is  onlv  Biiitabfe  for  weak   fields,  such  as  the  earth's   field, 
mounted  in  a  wooaen  box  with  a  glass  front,  it  will  be  protected   from 
currents  and  can  be  conveniently  moved  about    when    making    magnet 
surveys. 

SOO.  Bismuth-ipiral  method.  The  resistance  of  bismuth  wire  inerea 
when  placed  in  a  magnetic  field.  This  property  is  utilized  by  noting  tM 
increase  in  resistance  of  a  flat  spiral  coil  of  bismuth  wire  when  placed  in  tU 
field  to  be  measured,  the  leading-in  wires  being  arranged  non-inductivcra 
The  device  is  oallbratad  with  known  field  strengths.  It  is  particular^ 
suitable  for  exploring  small  air  gaps  such  as  those  in  motors  and  generators.  * 

101.  HeMureznent  of  maffnotio  proportles.  The  magnetic  propertied 
of  iron  and  steel  which  are  of  most  commercial  importance  are  nornaa] 
Induction  or  jperme ability,  hystereils  loss  and  total  lotaai  with  alteiv 
nating  magnetiiing  forces  of  commercial  frequencies. 

tOS.  Normal-Induction  data.     The  various  methods  are  distinguished 

5rincipally  by  the  method  employed  to  measure  (B,  for  in  all  methods  3C.  ia 
etermined  from  the  magnetiiing  coil.    (B  can  be  measured  directly  aa  in  tho 
balliitio  methoda  or  indirectly  with  penneametars. 

SOS.  Balllitic  methodi  are  usually  employed  in  the  more  accurate  meaa- 
urements.  The  best-known  methods  are  the  rinf  method,  the  divided 
bar  or  Uopkinson,  and  the  double-bar  double-^oka  methodi.  In  all  of 
these  methods  the  flux  is  measured  with  a  ballistic  galvanometer  connected 
to  a  test  coil  which  is  cut  by  the  flux  when  the  exciting  current  is  reversed. 

504.  The  line  method,  devised  by  Rowland,  is  one  of  the  earlieat 
metbofts  of  measuring  the  permeability  and  the  hysteresis  of  iron  and  ateeL 

The  connections  are  shown  diagram- 
matically  in  Fig.  113,  where  T  is  the 
test  specimen.  The  latter  is  an  annuiar 
ring,  either  solid  or  built  up  of  punch- 
ings  of  sheet  metal,  with  a  'diameter 
preferably  8  or  10  times  the  radial 
thickness.  After  covering  with  a  thin 
layer  of  insulation,  a  teat  coil  of  very 
fine  double-silk-covered  wire  is  wound 
on  a  portion  of  the  ring.  The  mag- 
netiring  coil  is  wound  over  the  teat 
coil,  and  distributed  uniformly  over  the 
entire  ring;  it  is  usually  comprised  of 
double-cotton-covered  wire,  of  suffi- 
cient size  to  carry  the  maximum  cur- 
rent withoutraising  the  temperature  of 
the  iron  appreciably. 

505.  The  divided-bar  method  devised  by  Hopkinson  avoids  the  necee- 
nty  of  winding  each  specimen  separately,  permits  the  use  of  a  more  con- 
venient test  piece,  and  avoids  the  errors  in  ring  specimens.*  The  devioe 
eonsista  of  a  test  piece,  BC  (Fig.  114),  in  the  form  of  a  bar  about  15  in.  (38.1 
cm.)  long  and  0.5  in.  ^1.27  cm.) 
diameter,  which  is  divided  at  A 
and  inserted  in  a  massive  frame, 
F.  The  secondary  coil,  S,  is  bo  B 
arranged  that  it  will  be  thrown 
clear  of  the  yoke  by  a  spring 
when  the  part,  AB,  of  the  test 
bar  is  suddenly  withdrawn.  In 
calculating  3C,  the  length  of  the 
magnetic  circuit  is  taken  aa  that 
between  the  inside  faces  of  the 
yoke,  the  reluctance  of  the  yoke 
being  considered  negligible.  This 
introduces    an    indeterminable 


Fia.  113. 


-Permeability  tests — ring 
method. 


FlQ. 


114. — Permeability  testa — divided- 
bar  method. 


•  Lloyd,  M.G.  "Errors  in  Magnetic  Testing  with  Tting  Specimens;"  Bureau 
of  Standards,  BuUetin,  1908,  Vol.  V,  No.  3:  p.  435. 
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•Ror  and,  therefore,  tho  method  can  be  suitable  only  for  rough  meaauremonts. 
Tbe  leakage  error  due  to  flux  through  the  coil,  but  not  through  the  bar,  can 
he  deCermmed  by  preliminary  test  with  a  non-magnetic  bar.  The  formula 
far  X  aod  (B  are  JC  -  4rNI/l0t  and  (B  =  10*dkR/aTi,  where  A'  -  total  tuma  of 
Bciung  roil,  /» exciting  current  in  amperes,  /■■  length  of  magnetising  coil 
IB  cm.  (A^///  — ampere-tums  per  cm.).  d  =  deflection,  ^i- total  resistance  of 
teit  ooU  circuit,  it  *  galvaiiometer  constant,  ac^area  of  specimen  in  square 
feotimetcr  and  n  « turns  in  test  coil. 

MC.  Th«  double-bar,  double-yoke  method  is  the  one  recommended 
hf  the  Ameiieazi  Society  for  Tefltin^  MateiiaU.     It  wae  devised  by 


Fio.  115. — Permeability  tests,  double-yoke  method. 


C  W.  Burrows*  and  is  the  standard  method  used  at  the  Bureau  of  Stand- 
ards for  both  aolid  and  sheet  specimens.  Not  only  is  the  precision  high, 
bat  the  method  is  also  rapid  and  convenient  when  the  observer  is  experi- 
enced. The  esaentiai  feature  is  the  distribution  of  the  magnetising  wind- 
lag  in  sections,  w^bicb  permits  the  independent  adjustment  of  the  magnet- 
iSBg  force  in  various  parts  of  the  magnetic  circuit.  Thus  the  efFcL't  of 
noa-uniform  reluctance  at  joints,  etc.,  can  be  overcome  and  the  induction 
Bade  uniform  throughout  the  entire  magnetic  circuit.  Exploring  coils  are 
l^aecd  at  various  positions  so  that  the  uniformity  of  the  induction  can  be 
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To  PotentIoinoter(or  MllllToUoieter) 
Pig.   1 1ft. — Connection  diagram  for  double-yoke  method. 

tntcd.  The  echeme  is  shown  in  Fig.  Hi)  where  b,  &  are  two  bars  (standard 
ue.  1  em.  diameter,  35  cm.  long)  one  to  be  tested  and  the  other  an  auxiliary 
htr  (rf  amilar  material.  Y,  y  are  yokes  of  Norway  iron  about  15  cm.  long 
aad  shoot  4  or  5  cm.  diameter,  into  which  the  bare  are  clamped.  The  mag- 
■Ktomotive-force  is  applied  in  three  sections:  one  coil,  Nt,  is  placed  over  the 
*<at  ipcdmen;  another,  ^«,  over  the  auxiliary  rod;  and  the  third,  A/y, 
M  divided  into  four  parts,  one  near  each  joint.  The  corresponding  exploring 
nib  an  m.  ««  and  nf.  These  coils  all  have  the  same  number  of  turns,  that 
ii>  af>»,*  the  two  parte  of  n/  in  series.  They  are  so  connected  to  a  switch 
^atR«or  n^  may  be  connected  through  the  ballistic  galvanometer  in  oppo- 
■tion  to  Ri.  thus  providing  a  sero  method  of  determining  the  condition  of 
aaiformity  of  flux.  The  scheme  of  connections  is  shown  in  Fi^.  116.  _  The 
"^Hnetiaing  coils  are  connected  to  special  mercury-cup  reversing  switches 
K>  made  that  they  can  be  operated  simultaneously  like  the  keys  of  a  piano. 


'BttTTOwa,  C.  W.     Traiu.  A.  8.  T.  M„  1909.  Vol.  XI.  p.  81. 
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MT.  Proo«dur*  in  double-bar  doubto-foka  mathod.    The  metiuM 

of  procedure  is  as  follows:  After  demagDetUing  (Par.  Sll),  the  current  i] 
A'l  u  adjusted  to  the  value  of  X  required.  The  current  in  ail  masnetisinj 
coils  is  then  simultaneously  reversed  several  times  to  get  the  specimen  in  t 
cyclic  rendition,  the  current  in  JVa  and  N i  hcing  adjusted  during  the  proces 
until  the  Hux  is  uniform  as  indicated  by  aero  deflection  when  na  and  r^  tkn 
successively  opposed  to  nt.  The  galvanometer  is  connected  to  n  and  tlu 
deflection  noted  when  the  current  in  the  various  mognetinng  coils  ia  r« 
versed  simultaneously-     Then 

,„     4t.\V  ,  .,^     ,  ,  ,„^ 

X  -         ■  (gilberts  per  cm.)  (3g 

®  -  -iiHr  -{-A-)^  (gausses)  (39. 

The  units  are  the  same  as  in  Par.  SOS.  The  quantity  in  the  parentbeaU  fi 
the  correction  factor  for  the  space  ontween  the  nurface  of  the  bar  and  thi 
test  coil.  A  — area  of  bar  and  a  ■■area  of  test  coil.  Ordinarily  this  corree> 
tion  ia  very  small  because  the  brass  tube  is  made  very  thin  and  the  teal 
coil  is  wound  under  the  magnetising  coil. 

SOS.  Permeametars  are  commercial  instruments  for  ^e  rapid  testini 
of  iron  and  steel  for  permeability.  The  Thompson  permeameter  emiSloyi 
the  tractive  force  exerted  between  the  polo  of  h  magnetised  bar  and  a  pieo« 
of  steel  in  direct  contart  with  the  pole.  This  force  in  dynes  is/^^-Ci^/Sv. 
where  (B  <«  induction  in  bar  in  lines  per  square  centimeter  and  avarea  ot 
bar  in  square  centimeters.  Kocpsel  and  Ficout  permeameters  are  induc- 
tion-type instruments. 

SOS.  B.  P.  Thompson's  iMnneanutar  is  shown  schematically  in  Fiic. 
117,  where  AB  is  the  test  specimen  in  the  form  of  a  rod  which  passes  Uiroucli 
a  hole  in  the  top  of  a  heavy  yoke,  F.  The  surfaces  of  the  end  of  the  rod  and 
the  yoke  at  F  are  carefully  machined.  The  force  necessary  to  move  the  rod 
is  measured  with  a  spring  balance  at  H.     The  induction  is 

CB  - 156.9  \/''+5C  (gausses)  <40) 

where  (B"  induction  in  lines  per  square  centimeter  (gausses)  P  «pi^  in  grams 
and  a  i*  area  in  square  centimeters. 


Fig.  117. — Thompson  permeameter.        Fig.  118. — Koepsel  permeameter. 


SIO.  Tha  Koepsel  permeameter,  as  made  by  Siemens  Halske,  is 
shown  schematically  in  Fig.  118,  where  JJ  ia  &  massive  yoke  divided  at  the 
centre  so  as  to  admit  a  moving  coil  e  to  which  a  pointer  is  attached,  the 
arrangement  being  similar  to  standard  D'Arsonval-type  direct-current  instru- 
ments. This  pointer  moves  over  a  scale  graduated  directly  in  lines  per  square 
centimeter.  The  magnetic  circuit  is  completed  through  the  test  piece  7*. 
firmly  clamped  between  the  ends  df  the  yoke  in  the  usual  manner.  Tne  value 
of  (B  corresponding  to  various  magnetising  currents  in  C  is  indicated  directly 
by  the  deflection  with  a  known  small  current  through  c.  Separate  coils  are 
placed  on  the  yoke  pieces,  J  J,  by  means  of  which  the  reluctance  of  the  various 

taps  is  approximately  compensated.  But  even  with  these  coils,  there  is  a 
ux  leakage,  so  that  correction  or  "shearing"  curves  have  to  be  used.  These 
curves,  obtained  by  test  with  standardised  specimens,  are  furnished  with  the 
instrument,  as  are  also  standardised  test  specimens  with  which  the  device 
ean  be  checked  from  time  to  time. 
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ni.  Tb»  prtaieiMi  adTmntecM  of  tnkctioo  jMrmmunetan  ant  their 
r^ednoB  and  MipUcity,  whjch  are  important  featurea  in  shop  testing  where 
madity  m  eaaential  and  onjy  comparative  data  are  required. 

i.*^i-.ir*lTl/*f"!  PermeMaeter  is  a  double-yoke,  single-bar  instrument 
^  5?  »t_  reluctance  in  the  junction  between  test  spenimens  and  the 
S  IIB  -ZH"!  .?"r~  iK  "'"Pe'^'od  f°r;  The  scheme  is  indicated  in 
krf.»?Lr^  '■  A  '"  i''°/!'u°  y°^™-  ^?*  «l"are-bar  teat  specimen  T 
«  damped  between  the  ends  of  the  yokes  as  shown. 
The  two  aoiiliaiy  magnetiaing  coils  on  Fi,  Fi  are 
fst  eonmected  in  such  a  manner  that  their  magneto- 
•Mrtive  forces  are  in  series.  There  is  then  supposed 
tobe  no  flux  in  the  test  bar,  its  magnetising  coil 
beinzout  of  circuit.  The  two  coils  on  ?'i,  Fi  are  then 
jranoeted  in  opposition  and  the  current  in  the  test- 
Bar  eoil  adjusted  until  the  flux  in  Ft,  Fi  is  the  same 
•a  bdore.  as  indicated  by  a  balliaUc  galvanometer  , 
•r  aone  other  mitable  method.  The  conditiona  in  ' 
*■<  teat  imt  an  then  supposed  to  be  the  same  aain 
a  lens,  uniformly  magnetised  bar.  The  magneto- 
Bodye  force  of  the  test-bar  coil  simply  overcomes 
^  rdnctance  of  the  test  bar  and  3C  is  calculated 
bom  the  current  atid  the  constants  of  the  coil  as  be- 
fcre,  <S  being  measured  with  a  test  ccril  idaeed  over 
the  teat  bar. 
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Ml.  BjsteraaU  enrrai  are  obtained  by  any  of 
tte  methods  described  above,  for  permeability  tests, 
Bwfaieh  a  eoil  is  used  to  measure  the  flux.  In 
•tert-indieating  permeametera  such  as  the  Koepsel  type,  S  is  noted  for 
nnouB  values  of  X.  first  descending  from  a  positive  maximum  value  of  JC 
<o  the  negative  maximum,  and  then  ascending  in  the  opposite  direction. 

U4.  BalUatic  stap-by-itep  method  of  datermlnlng  hyitereiU. 
*«•«  Hjh  precision  is  desired  the  ballistic  "step-by-step"  method  is 
""d-.  Ttaa  method  is  earri^  out  as  follows:  The  current  in  the  magnetising 
;  enmt  J»  adjusted  to  a  valne  corresponding  to  maximum  (B.  It  is  then 
,  wversea  a  few  times  to  get  the  specimen  in  a  cyclic  state.  By  means  of 
nitable  switching  arrangements,  some  resistance  is  suddenly  cut  into  the 
""mt.  thus  reducing  SC  to  a  new  value,  which  is  carefully  noted.  The 
enresponding  ehiuge  in  (B  is  determined  with  a  ballistic  galvanometer  in 
the  usual  manner.  This  process  is  continued,  step  by  step,  until  sero  current 
B  leached,  when  the  circuit  is  reversed  and  the  resistance  cut  out,  step  by 
fm,  imtil  the  same  maximum  value  of  3C  is  reached  in  the  opposite  direction. 
Tke  whole  process  is  then  repeated  and  the  other  side  of  the  loop  obtained, 
la  tUs  method,  the  errors  wiU  be  cumulative,  but  can  be  eliminated  by  going 
Wk  each  time  to  the  original  maximum  3C;  furthermore,  it  is  then  a  simple 
attter  to  insure  that  the  conditions  remain  constant,  by  occasionally 
rhRldng  the  value  of  (B  corresponding  to  maximum  X. 

_  Knowing  the  value  of  (B  at  the  start,  the  values  corresponding  to  the  var- 
ms  steps  in  the  step-bynitep  method  are  obtained  by  adding  algebraically 
the  Tsnooa  changes  in  (B  to  this  initial  value.  The  resulting  values  of  & 
sad  £  suitably  plotted  on  eroea-section  paper  form  the  hyitweiis  loop. 

Ut.  HysUTMU  low  mMaurementa.  The  area  of  the  hysteresis  loop, 
■Mewed  in  the  units  of  the  ordinates  of  the  curve  (by  planimeter  or  other- 
•iw)  and  divided  by  *r,  gives  the  hystereaia  loss  in  ergs  per  cubic  centimeter 
W  cyde,  between  flux  deiudtiea  +(B  max.  and  -  ffi  max.  This  method  of 
■Msuring  hystereaia  loss  is  much  too  slow  and  expensive  for  commercial 
eposes,  and  several  methods  have  been  devised  by  means  of  which 
Bfsteiesis  lossee  can  be  measured  directly,   by   electrical    or    mechanical 


IK.  loUnaon'i  matliod  of  sMagmliir  b/it«raiia  lou.  An  example 
cf  in  rlectrieal  method  of  measuring  hysteresis  loss  is  one  used  by  L.  T. 
lobiasoiL*    It  was  designed  primarily  to  reduce  to  a  minimum  the  time  and 

.  'Batmson,  L.   T.     "Commercial  Testing  of  Sheet  Iron  for  Hysteresis 
I«r  fhBMu  A.  I.  E.  E.,  1911.  Vol.  XXX.  741. 
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expenae  in  preparing  the  sample,  as  well  as  the  time  spent  in  testing.  Tli 
specimen  is  a  bundle  of  strips  0.5  in.  (1.27  cm.)  X  10  m.  (26.4  cm.),  weijcl 
ing  1  lb.  (0.45  kg.).  It  is  placed  in  a  simple  straight  solenoid,  with  a  sens 
tive  wattmeter  (reflecting  electrodynamometer)  in  series  with  the  magnetii 
ing  coil.  A  separate  winding  is  provided  for  the  wattmeter  potential  cci 
thus  simplifying  the  correction  factor  for  wattmeter  loss.  The  induction  : 
determined  from  the  indication  of  a  voltmeter,  which  is  also  connected  to 
separate  winding  at  the  centre  of  the  specimen.  The  flux  which  it  indicate 
is  much  higher  than  that  at  the  ends,  but  experiment  has  shown  that  tfc 
ratio  of  the  maximum  to  the  average  is  1.3  to  1.  Due  allowance  is  therefoi 
made,  when  adjusting  the  magnctiziDg  current  to  such  a  value  that  tfa 
voltmeter  deflection  will  correspond  to  the  required  average  flux-denaitj 
Measurements  are  made  at  10  cycles,  or  less,  in  order  to  reduce  the  CKld] 
eurrent  loss  to  a  point  where  it  can  be  eliminated  by  means  of  empiriei 
eorreotiona  without  serious  error.  The  precision  obtained  is  about  ± 
per  cent. 

S17.  In  the  Bolden  and  the  Iwlxiff  hyttMresU  met«n,  the  lou  \ 
determined  mechanically.  In  the  Holden  meter  the  test  specimen, 
ring  of  laminations  about  1  cm.  X  2  cm.  (0.4X0.79  in.)  cro8»-eecUon,  an 
9  cm.  (3.55  in.)  diameter,  is  placc$d  between  the  poles  of  a  pair  of  revolvin 
magnets.  The  torque  exerted  on  the  specimen  ia  resisted  by  a  spiral  aprini 
The  deflection  of  this  spring  which  is  necessary  to  bring  the  specimen  bao 
to  the  sero  position  ia  a  measure  of  the  loss  in  ergs  per  cycle. 

The  Bwlnff  apparatus  is  operated  on  a  similar  principle,  except  that  th 
specimen  is  rotated  instead  oi  the  magnets.  The  specimen  is  a  bundle  c 
strip  I  in.  (1.6  cm.)  square  and  3  in.  (7.6  cm.)  long. 

818.  Core-lou  meaiurements.  The  total  loss  in  iron  or  steel  sut 
jected  to  an  alternating  magnetic  field  lb  most  accurately  measured  with  ; 
wattmeter.  In  making  preciBion  measurements,  the  Hopkinson  rinK-specime 
can  be  used,  but  the  Epstein  apparatus  is  more  convenient  ana  has  bee 
adopted  by  the  American  Society  for  Testing  Materials.  *  Fig.  120  shows  th 
scheme  diagrammatically. 

The  specimen  is  arranged  In  the  form  of  a  rectangle.     The  magnetiaick 

winding  is  divided  into  four  solenoidi 
^    each  being  wound  on  a  form  into  whici 
f\\/\V>/\    I   one   aide  of  the  rectangular  specimei 
'^  <     is  placed.     The  form  is  non-magneti( 

^  non-conducting  and  has  the  follo«-in 
^  dimensions:  inside  cross-section*  4  en 
c  (1.57  in.)  X  4  cm.;  thickness  of  wal 
J)  not  oyer  0.3  cm.    (0.12  in.)j|^  windini 


^^smm 


length,  42  cm.  (16.5  in.).     Each  liml 
Fio.  120. — Core-loss  measurements    of   the  specimen  consists  of  2.5  ki 
— Epstein  method.  .,   (5.5  lb.)  of  strips  3  cm.  (1.18  in.)  wid 

and  50  cm.  (10.7  in.)  long.  Two  o 
the  bundles  are  made  up  of  strips  cut  in  the  direction  of  rolling  and  two  a 
right  angles  to  the  direction  of  rolling.  The  strips  are  held  together  witl 
tape  wound  tightly  around  the  bundle.  The  bundles  form  butt  joints  a 
the  corners  with  tough  paper  0.01  cm.  (0.CX)4  in.)  thick  between.  They  er 
held  fi.rmly  in  position  by  clamps  placed  at  the  corners. 

The  magnetlxlnr  winding  on  each  solenoid  consists  of  150  turns  um 
formly  distributed  over  the  42  cm.  (16.5  in.)  winding-length,  and  has  a  resist 
ance  of  between  0.075  and  0.125  ohm.  A  secondary  winding  is  uniforml] 
wound  underneath  the  first;  it  also  contains  150  turns  in  each  solenoid.  aiM 
energises  the  poteatial  circuit  of  the  wattmeter  and  also  the  voltmeter  witl 
which  the  induction  is  measured.  The  resistance  should  not  exceed  0.21 
ohro  per  solenoid.  With  a  sine-wave  e.m.f.  impressed  on  the  magnetiiiai 
winding,  the  maximum  induction  is 

^     E  41D  10*  .  ,  ,.-, 

®"-47^rrrir       "  <«*"»***^  ^^^' 

where  5  —  volts  indicated  by  voltmeter,  I "  length  of  specimen,  D  "  specif 
gravity  (7.5  for  alloy  or  hish-reBistance  steels  and  7.7  for  standard  or  low* 

'Standard  Magnetic  TesU  of  Iron  and  Steel;  Tram.  A.  S.  T.  M.,  19U: 
Vol.  XI:  p.  110. 
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Mi*«niT  steeb).  /-form  factor  of  macnetixiiic  eleetromotiTe  force  (I. II  for 
■■  ■■ve).  iV  — total  Kcoodary  turns,  n  — eyetoa  |>er  •econd.  ilikI  ikf  — total 
BMsia  cr»izi«.  The  wattmeter  sivee  the  total  loaa  in  the  iron,  plus  tliat  in 
fie  Becondarjr  circuit.  The  latter  a  calculated  from  the  reeistanee  and  the 
i^taee,  and  deducted  from  the  wattmeter  readinc. 

SM.  For  comparatiTe  conunareial  maammnanta  of  ea>*  loaH*, 
aaaple  smple  volenoid  may  be  uoed.*    The  wattmeter  indicataona  are  atan- 
ivdiaed  irith  a  standard  sample.     The  accuracy  obtained  is  quite  aufficieat 
.  i:r  meet  factory  purposes. 

IMl  S«parmtlon  of  •ddj-enrrant  and  bTitaraaia  Igmsi  in  the  core 
,  ii  asaally  accomplished  by  takinc  adrantace  of  the  tact  that  with  a  given 
.  nloe  of  SmM,  the  hysteresis  loss  varies  directly  with  the  frequency  and  the 
eddy-current  loes  with  square  of  the  frequency.  The  specimen  is  arraaaed 
■  la  a  eore-loas  test  and  the  loss  noted  at  two  frequencies,  the  indueUoa 
b«a$  kept  the  same  in  the  two  eases.  By  means  of  two  simultaneous 
•potions,  with  two  unknown  quantities,  both  losses  can  be  calculated. 

ttl.  PracaaUona  in  macmatle  ta«Wny.  Where  the  induction  is  meas- 
««d  by  means  of  a  stationary  test  coil  surrounding  the  specimen,  the  spaca 
teveen  the  coil  and  the  test  n>ecimen  should  be  as  small  as  poesible.  This 
cia  ordinarily  be  made  ao  small  that  the  leakage  error  is  negligible. 

Before  induction  noeasurements  are  made,  the  specimen  should  be  eare- 
hily  demagnetised.  This  is  best  done  by  first  magnetising  to  a  Talua 
•tfl  above  the  maximum  at  which  measurements  will  be  made;  the  current 
it  then  gradually  reduced  to  aero,  betn^  r^ndly  rerenwd  meanwhile.  Alter- 
•sting  current  of  25-eyele  frequency  is  convenient  where  much  work  is  to 
be  (ione.t 

Is  loes  measurements,  the  temjieratnre  of  the  specimen  should  be  car» 
UI7  noted,  because  this  affects  the  eddy-current  loss.  The  exciting  winding 
^)sld  therefore  be  sufficiently  large  to  avoid  heating  of  the  specimen,  la 
precision  work,  the  apparatus  is  placed  in  an  oil  bath. 

la  tests  of  sheet  materials,  the  strips  shotild  not  be  too  narrow,  because 
cf  the  hardening  at  the  edges  due  to  cutting.  This  effect  is  negligible  with 
tvkhh  of  2  in.  (.5  cm.).  Care  should  be  taken  that  burrs  are  removed  from 
At  tt^fa  and  that  the  only  insulation  between  sheets  is  the  natural  seal* 
or  oxide.  The  test  specimen  should  be  composed  of  strips  eui  from  the  sheets 
a  both  direetions. 

The  remdjngn  of  a  baUlsUe  ratranomatar  should  be  kept  at  about  tba 
suns  magnitude  by  varying  the  resistance  in  series  with  it.  The  observe 
li<nsl  ennr  is  thus  kept  about  constant. 
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MECHANICAL  POWER  BIEASURKMENTS 

BT  r.  MALCOLM  FABMKB,  M.S. 

TOBQUl  M1A8UUIMUTT8 

SIS.  Torque  b  bait  measured  with  dynamomatan,  of  which  there  an 
two  classes,  absorption  and  transmission.*  ^  Absorption  dynamometen 
absorb  the  total  power  dplivcrcd  by  the  machine  being  tested,^  while  trans- 
mission dynamometers  absorb  only  that  part  represented  by  friction  in  ttM 
dynamometer  itself. 

S14.  Tha  Frony  brake  is  the  most  common  type  of  abiorptlon  dyna- 
mometar.  It  is  simply  a  brake  applied  to  the  surface  of  a  pulley  on  thi 
shaft  of  the  machine  being  tested,  together  with  suitable  means  for  vary- 

'  Carpenter  and  Diedrirhs.  "Experimental  Ennneering"  (Wiln 
Sons,  1012).  J.  A.  Moyer.  "Power  Plant  Testing"  (McGraw-Hill  Boot 
Co,lae.,  1»1S). 
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Idc  the  fiietion  prodneed.  The  torque  developed  by  the  maohine  to  orer- 
eooM  the  friction  ia  determined  from  the  force  required  to  prevent  rotation 
rf  the  bnJce. 

SU.  ThB  principal  fomu  of  Frony  brakaa  are  shown  Bchematically 
b  Rss-  121. 122,  123  and  124.     In  fie.  121  the  load  is  applied  by  tightening 


FiQ.  121.— Prony  brake. 

the  brake  baad  at  a,  and  the  oorreoponding  torque  is  measured  by  noting 
the  force  required  at  the  end  of  a  lever-arm  of  known  length  in  order  to  pre- 
vent rotation.  This  force  is  usually  measured  with  ordinary  weiehing 
•alee  or  a  firing  balance.  In  Figs.  122,  123  and  124,  the  brake  band  is  a 
bdt  or  rope  applied  directly  to  the  surface  of  the  pulley,  and  the  force  is 
Beasmed  at  the  pulley  surface  b^  the  various  methods  indicated.  The  1  cad 
is  apphed  by  tightening  the  brake  band  as  in  Fig. 
^::^_  124,  or  adding  weights  as  in  Figs.  122  and  123. 

y^Tp^>  <M.  A  Mlf-regolatlii^  brake  for  small  torques* 

^    ^J.\^     \^  can  be   made   by  attaching  copper  rivets  to  the 

leather  belt  in  IHg.  122,  the  rivets  per  unit  of  sur- 
face ranging  from  sero  at  one  end  of  the  working 
surface  to  a  maximum  at  the 
other  end.    For  very  small 


Flos.  122,  123, 


and  124. — Prony  brake. 


leniaa  a  roand  belt  in  a  grooved  pulley  and  with  small  steel  wire  wound 
qmUy  around  it,  sero  turns  per  inch  at  one  end  to  maximum  turns  at  the 
•tier,  makes  a  simple  and  very  satisfactory  brake. 

BT.  FtarmnUu  fw  oaletilation  of  torque  (Tom  dynamomater 
OMasiirainenta.  The  torque,  T,  in  the  various  forms  of  Prony  brakes  (Par. 
>U)  is  determined  as  follows:  In  Ilg.  121,  T—F,L,  whereF,-force  measured 
U  sad  of  brake-ann,  Z(=>  length  of  brake-arm  or  distance  from  centre  of 
Aaft  to  point  at  which  the  force  is  measured.  In  Figs.  122  and  123,  T°> 
(f.-/^£.  where  ^.—  weight  attached  to  end  of  brake-band,  F,  -  reading 
<<  4d^  balance,  L  —  brake-arm  —  radius  of  pulley  plus  one-half  the  thick- 
"■  of  belt  or  rope.  In  Fig.  124,  T-F,L,  where  F,- force  weighed  on 
«ha£-br^ce-arm»ndiua  of  pulley  plus  one-half  the  thickness  of  belt  or 


'  E  M.  Sobdbe. 
IV, ».  118. 


"A  Self-regolating  Brake.' 
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rope.    If  P  and  L  are  niMaured  in  pounda  and  feet  reapeetivety,  T  will 
in  lb.  ft. 

IIS.  Diaatpatlon  of  heat  In  frietion  brakai.  The  energy  diasipated 
the  brake  appears  in  the  form  of  heat.  In  small  brakes  natural  ooolinc 
sufficient,  but  in  large  brakes  special  provisions  have  to  be  made  to  diaaipi 
the  heat.  Water-cooling  is  the  most  common  method,  one  scheme  e: 
ploying  a  flanged  pulley.  About  100  sq.  in.  of  rubbing  surface  of  bra 
should  be  allowed  with  air  cooling,  or  about  60  sq.  in.  with  water  ooolii 
per  horse-power. 

IM.  For  Tsiy  larre  torqusi,  other  forma  of  absorption  brake*  • 
UMd.  In  the  Alden  brake,  a  rotating  oast-iron  disc  rubs  against  tij 
copper  discs  which  are  held  stationary.  The  friction  is  adjusted  by  varyi' 
the  pleasure  of  the  cooling  water  in  the  chamber  surrounding  the  eop^ 
discs.  The  tendency  of  the  copper  disc  member  to  rotate  ia  measured  wi 
a  lever  as  in  the  Prony  brake. 

The  WaiUnchouaa  turbine  brake  employs  the  principle  of  the  wa( 
turbine  and  is  capable  of  absorbing  several  thousand  horse-power  at  vei 
high  speeds. 

In  the  magnetic  brake,  a  metallic  disc  on  the  shaft  of  the  machine  beii 
tested  is  rotated  between  the  poles  of  magnets  mounted  on  a  yoke  which 
free  to  move.     The  puU  due  to  the  eddy  currents  induced  in  the  discs  ia  mea 
uied  in  the  usual  manner  by  counteracting  the  tendency  of  the  yoke 
revolve. 

IM.  The  prinelpal  forma  of  transmlnion  dynamometer*  are  tl 
lever,  the  torsion  and  the  cradle  types.     An  example  of  the  lever  type 
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Fio.  125. — Transmission  dynamometer. 


shown  in  Fig.  125.  where  P  is  the  force  applied  to  the  dynamometer,  all 
P*  is  the  force  being  delivered.  When  the  downward  force,  JT,  is  balance 
by  the  weight  W,  the  following  formula  holds, 

F_  l/2(l+>')Jrr  ^^j 

a 
where  /i*  coefficient  of  friction  determined  experimentally. 

111.  Zn  tonlon  dynamometan,  the  deflection  of  a  thaft  or  spiral  aprini 
which  mechanically  oonaecta  the  driving  and  driven  machines,  is  used  t 
measure  the  torque^  The  spring  or  shaft  can  be  calibrated  staticAlly  b, 
noting  the  angular  twist  correeponding  to  a  known  weight  at  the  end  of 
known  lever-arm  perpendicular  to  the  axis.  When  in  use  the  angle  can  b 
measured  by  various  electrical  and  optical  methods.  In  one  method  th 
angular  diqAaoement  between  two  points  on  the  shaft  is  determined  by  mean 
of  two  discs  <A  insulating  material,  in  the  periphery  of  each  of  which  is  m 
a  very  thin  piece  of  metal.  The  two  pieces  of  metal  are  connected  electric 
ally  through  the  shaft.  A  light,  thin  metal  brush  rests  on  the  pcriphet; 
*A  each  disc,  and  the  two  brushes  are  connected  together  through  a  batter 
and  an  indicator  such  as  a  bell,  or  a  telephone.  At  no  load,  one  brush  1 
moved  until  the  electrical  circuit  is  completed  onoe  every  revolution.  Tb 
angle  through  which  either  brush  has  to  be  moved  as  the  load  is  increased,  i 
order  to  keep  the  oirouit  closed,  is  then  measured. 
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Ml.  TIm  enuU*  AjaMauuattmr  is  a  oonvenient  and  aoounte  dsTica 
«ycfa  IB  extenoiTely  UMsd  for  routine  meacurementfl  of  tha  order  of  100  h.p, 
V  leM.  An  electric  generator  ia  mounted  on  a  "  cradle  "  supported  on  trun- 
MDiH  and  mechanically  connected  to  the  machine  being  trated.  The  pull 
Borted  between  the  armature  and  field  tenda  to  rotate  the  field.  ThU 
toraoe  ia  counterfoalanced  and  measured  with  weights  moved  along  an  arm 
in  the  usual  manner. 

BPKXO  mAaUUMXNTB 

ns.  BeTolntloiu  are  measured  with  speed  counters  and  tachometers. 
■paad  or  rvrolntlon  eonnters  are  attached  directly  to  the  shaft  to  be  mess- 
snd  and  record  the  total  revolutions  from  the  instant  that  the  mechanism 
is  connected.  They  usually  consist  of  an  arrangement  of  worm  and  ^ears. 
the  total  revolntiooa  being  uiown  by  a  graduated  dial  moving  under  a  pointer, 
or  by  a  cyclometer  dial  on  which  the  total  revolutions  are  indicated  numer- 
ically at  eseh  revolntion.  In  order  to  obtain  the  speed,  the  intervening  time 
mst  be  obaerved  aiiiniltaneously. 

tM.  Taefaomatan  or  ipead  Indicators  indicate  the  speed  directly  and 
thus  inelade  the  time  element.  The  principal  types  are  centrifugal,  liquid, 
reed  and  eleetfieal.  In  the  eentrifugal  type,  a  revolving;  weight  on  the  end 
of  a  lever  moves  under  the  action  of  centrifugal  force  m  proportion  to  the 
•peed,  as  in  a  fly-ball  governor.  This  movement  is  indicated  by  a  pointer 
wUeh  ramrea  over  a  graduated  scale.  In  the  portable  or  hand-type,  the 
tsebometer  shaft  ia  beta  in  contact  with  the  end  of  the  shaft  being  measured, 
sad  is  the  stationary  type,  the  instrument  is  either  geared  or  oelted.  In 
thefiaiud  tachometer  of  the  Veeder  type,  a  small  centrifugal  pump  is  driven 
by  a  belt  consisting  of  a  light  cord  or  string.  This  pump  discharges  a  col- 
ored liquid  into  a  vertical  tube,  the  height  of  the  column  being  a  measure  of 
the  speed. 

M$*d  taehonutarg  are  similar  to  reed-type  frequency  indicators  (Far. 
tn),  the  reeds  being  set  in  resonant  vibration  correaponding  to  the  speed  of 
(he  machine,  by  various  means.  The  instrument  may  be  set  on  the  bed- 
irame  of  the  machine  where  any  slight  vibration  due  to  the  unbalancing  of 
the  reciprocating  or  revolving  member  will  set  the  corresponding  reed  in 
vibration.  Some  forms  are  belted  to  the  revolving  shaft  and  the  vibrations 
imparted  by  a  mechanical  device.  Beetrieal  taohomatar*  may  be  either 
reed  imtraments  operated  electrically  from  small  alternators  geared  or  belted 
to  the  machine  being  measured,  or  ordinary  voltmeters  connected  to  small 
permaaent-macnet,  direct-current  generators  driven  by  the  machine  being 
waled. 

ttf.  Cliroao^rmpllg  are  speed-recording  instruments  in  which  agrapbieal 
record  ot  speed  is  made.  In  the  usual  forms,  the  record-paper  is  placed  on 
tke  surface  of  a  dmm  which  is  driven  at  a  certain  definite  and  exact  speed  by 
dock-work  or  weights,  combined  with  a  speed-control  device  so  that  1  in. 
en  tke  paper  represents  a  definite  time.  The  pens  which  make  the  record 
are  attached  to  the  armatures  of  electromagnets.  With  the  pens  in  con^ct 
■ith  the  paper  and  making  a  straight  line,  an  impulse  of  current  cauaes  the 
pea  to  make  a  alight  lateral  motion  and  therefore  a  sharp  indication  in  the 
lenrd.  This  impulae  can  be  sent  automatically  by  a  suitable  oontact- 
Bieekanism  on  the  shaft  oi  the  machine  or  by  a  key  operated  by  hand.  The 
tiae  per  revolution  is  then  determined  directly  from  the  distance  between 
narka 
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W,  Tamparataro  leale.     The  standard  scale  of  temperature  from  100 

seat,  to  —36  dag.  cent,  is  based  on  the  hydrogen  gas  thermometer. 

—35  deg.  c«nt.  the  scale  is  usually  referred  to  the  helium  or  hydrogen 

^nneter  while  in  the  range   100  to  1.600  deg.  cent,   the  nitrogen   the^ 

■■OBMcr  is  used.     Still  higher  temperatures  are  based  on  the  Wlen-Planek 

■Mkn-BoltBliaan   r»dl«tloii   laws.     Uttiinately    measurements    of 
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Sec  S-337  measuring  apparatus 

temperature  should  be  expressed  in  some  one  standard  soale  sueh  as  tli« 
thermodynamic  or  ideal  gas  scale.  The  hydrogen  and  nitrogen  gas  ther- 
mometers differ  from  this  scale  by  various  small  amounta.  The  scale  defined 
by  the  radiation  lawa  is  the  thermodynamic  scale,  asaumiog  these  laws  to 
have  a  sound  theoretical  basia.  For  the  past  25  years  it  has  been  possible 
to  express  temperatures  to  0.002  deg.  cent,  in  the  range  0  to  100  d^.  o^t., 
but  outside  of  this  interval  the  accuracy  is  far  from  being  what  is  desired. 
Only  recently  for  example,  has  the  certainty  of  the  suIfurboUing-point  been 
closer  than  0.5  deg.  and  of  the  gold  melting-point  5  de^.  cent.  At  the  present 
time  the  International  Bureau  and  the  several  national  laboratones  are 
interchanging  communications  vith  ^e  object  of  eetablishing  an  intemn- 
tional  temperature  scale. 

tST.  Mercurial  thermometers.  Primary  mercury  thermometers  are 
constructed  of  the  very  best  thermometrio  gfssses  such  as  verre  dur,  Jena 
IQiit,  Jena  5Qi^i,  and  the  scales  defined  by  the  differential  expansion  of  these 
glasses  and  the  mercury  have  been  compared  with  the  gas  thermometer  so 
that  their  (5orrections  are  fairly  well  established.  (See  Circular  No.  8  of 
the  Bureau  of  Standards.) 

SS8.  Laboratory  and  industrial  meroury-in-glass  thermometstv 
(range  -  S6  to  +  S60  deg.  cent.)  are  calibrated  by  direct  oompaxiaon  with 
standards.  Two  points  which  frequently  occasion  trouble  in  Uie  use  of 
mercury  thermometers  are  (a)  correction  for  emsr^eni  stem,  (b)  oorree- 
tion  for  thermometric  lair< 

S89.  Correction  for  emergent  stem.  In  general  the  calibration  cor- 
rections are  determined  for  total  immersion  of  the  thermometer.  When 
used  with  the  stem  emergent  into  space  either  hotter  or  colder  than  the  tem- 
perature of  the  bulb,  a  stem  correction  must  be  applied  to  the  observod 
reading  of  the  thermometer  in  addition  to  the  calibration  oorrection.  This 
stem-correction  may  amount  to  more  than  20  deg.  cent,  for  measurexnents 
made  with  a  mereurial  thermometer  at  400  deg.  cent.  (760  deg.  fahr.).  The 
stem  correction  may  be  computcKl  from  the  formula:  Stem  Correction « 
KXn(T^  —  (^)  where  X^faotor  for  relative  expansion  of  mercury  in  glass; 
0.00015  to  0.00016  for  centigrade  thermometers.  O.000OS3  to  0.000089  for 
fahrenheit  thermometers;  n~  number  of  degrees  emergent  from  the  bath; 
T  ■■  temperature  of  bath ;  <  —  mean  temperature  of  emergent  stem. 

faampls:  Suppose  that  the  observed  temperature  was  100  deg.  cent, 
and  the  thermometer  was  immersed  to  the  20-de^.  mark  on  the  scale,  so  that 
80  deg.  of  the  mercury  column  projected  out  into  the  ur,  and  the  mean 
temperature  of  the  emergent  column  was  found  to  be  25  deg.  cent.;  then— 
stem  cor.-0.00025XS0X(100-25)-0.9  deg.  cent.  As  the  stem  was  at  a 
lower  temperature  than  the  bulb,  the  thermometer  read  too  low,  so  that  this 
correction  must  be  added  making  the  correct  temp.  «*  100.9  d^.  cent^  Ths 
mean  temperature  of  the  emergent  stem  may  be  approximately  meaaured.  by 
a  small  auxiliary  thermometer,  bv  a  Faden  thermometer,  or  by  surroundins 
the  stem  with  a  water  jacket  and  observing  the  temperature  of  this  bath. 

S40.  Correction  for  thermometaic  lav  (Bur.  of  Standards,  Reprint 
No.  171)»  When  a  thermometer  is  immersed  in  any  medium  it  does  not  take 
up  the  temperature  of  the  medium  immediately,  but  approaches  it  asymptot- 
ically. This  effect  may  be  minimised  by  stirring  the  bath.  With  vigorous 
stirring  in  the  case  of  a  liquid  bath,  the  thermometer  reading  should  be  cor- 
rect to  within  1  per  c^nt.  of  the  original  difference  in  temperature  of  the  ther* 
mometer  and  bath  after  10  to  60  sec.  exposure.  In  absoiat^y  quiet  air  this 
degree  of  accuracy  mi|Eht  require  20  min.  Fanning  the  thermometer  nu|(ht 
reduce  the  time  to  1  nun.  With  caution,  corrections  for  lag  may  be  neglected 
in  ordinary  laboratory  work. 

141.  High-temperature  thermometerti  Although  mereury  boils  at 
357  deg.  cent,  under  atmospheric  pressure,  by  filling  the  space  above  the  mez^ 
oury  with  COi  or  Ni  under  sufficient  pressure,  certain  mereurv-in-glasa  ther- 
mometers may  be  used  at  a  maximum  temperature  of  about  500  d^. 
cent.  Glasses  used  are  Jena  16"i  to  450  deg.  cent,  Jena  59^^^  to  520  deg. 
cent.,  and  special  grades  of  combustion  tubing  to  660  deg.  cent.  Care 
must  be  exereised  that  the  thermometer  is  not  overheated.  If  the  long 
portion  of  the  stem  is  cold,  the  stem  (x>rreotion  may  amount  to  40  dog. 
oent.  and  hence  while  the  mereury  stood  at  500  deg.  cent,  the  true  temp«a- 
ture  of  the  bulb  would  be  540  deg.  cent.    A  few  moments  at  that  tempera- 
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tore  misht  ebance  the  ioe  point  20  deg.  cent,  in  the  caae  of  Jena  SS>"  or  any 
ipereui7-iD-slaaa  thermometer  except  one  constructed  of  high-grade  oombua- 
laoD  tobins- 

StS.  l«w-t*niperatiiT«  thermometen.  For  the  measurement  of 
temperatures  bdow  the  range  of  the  merciuy  thermometer  (  —  35  deg.  cent.), 
there  ar«  Available  alcohol  (—70  deg.  cent.),  toluene  (—90  deg.  cent.),  and 
peuoleuin-ether  or  pentane  (—200  deg.  cent.)  Uquid-in-glaas  tnermometen, 
eeppep-eonstantan  and  other  thermocouple*,  and  electrio  resistance  ther- 
mometers. With  these  types  of  liquid-in-glass  thermometers  the  same  pre- 
caationa  apply  as  with  mercury,  and  in  addition  apeaial  care  must  be  taken 
to  preremt  uie  liquid  from  sticking  to  the  sides  of  the  glass.  On  atcount  of 
Tiaeaaity  of  the  liquid  at  low  temperatures  the  thermometer  must  be  slowly. 
cooied  to  the  temperatore  of  the  bath,  cooling  first  the  bulb  and  tiien  the 
■tern. 

MS.  Caloriinatrle  marrary  tharmomatan  are  of  two  types,  the 
ordinary  mercurr  thermometer  with  a  total  stem  length  of  10  to  15  deg. 
cent.,  craduated  in  0.05-d«i.  to  0.03-deg.  intervals,  and  the  Baokmann 
tharinom^tar  arranged  so  that  part  of  the  mercury  may  be  removed  from 
the  bdlb  in  order  to  utilise  the  snort  scale  (5  or  6  deg.  cent,  graduated  in 
ai>l-des.  intervals)  for  differential  work  at  various  temperatures.  In  addi- 
tion to  the  stem  corrections  the  Beokmann  type  requires  a  setting 
eorrsetion  depending  upon  the  amount  of  mercury  remaining  in  the  bulb. 
Cslcrinketrie  tnermometers  may  be  in  error  by  1  per  cent,  of  the  indicated 
lamperatare  scale  differences,  and  consequently  should  be  calibrated.  Thn 
highrst  aoenracy  attainable  is  from  0.5  to  0.1  per  cent.  For  greater  preciaion, 
tbemoooaplea  or  resistanoe  thermometeia  are  available. 

■44.  AnsxmaJing  of  tliannoinatan.  Every  thermometer,  particularly 
if  intsoMied  for  use  above  100  deg.  cent.,  should  undergo  suitable  annealing. 
Thonmsh  annealing  requires  from  4  to  10  days  at  a  temperature  of  460  deg. 
cent,  or  as  mnch  higher  as  the  glass  will  safely  stand,  and  the  annealing  may 
wsD  be  followed  by  a  period  of  slow  cooling  extending  over  several  days. 
AHeraate  heating  aind  cooling  is  also  beneficisii. 

PTBOMXTBT 

Ml.  Tbamutalaetrie  pyrometiT.  In  pyrometers  of  this  type  tempera- 
tases  are  meaaured  by  the  magnitude  of  the  electromotive  forces  set  up  be* 
taeen  wires  of  different  materials  when  one  junction  is  exposed  to  the 
temperature  to  be  measured  and  the  other  junction  (or  junctions)  is  kept  at 
aoiae  known  temperature. 

MC  Katagial  of  ConpU.  The  LaOhatalier  eouple  (Ft,  90Pt-10Rh) 
isia  caneral  the  most  satufactory  couple  in  the  raure  300  to  1,500  deg.  cent.. 


aithonxh  (Pt,  90Pt-10Ir)  is  frequently  used.  For  temperatures  below 
IJOOOd^i.  cent.  (Cu.  eOCu-40Ni),  (Ni-Cu),  (Ni,  90Ni-10Cr),  and  other 
aBoys  aeite  satisfactorily  in  technical  work.     From  500  deg.  cent,  to  the 


temperatures,  eopper-conatantan  and  iron-constantan  are  materials 

frequently  uaed.  At  1,000  deg.  cent,  (cold  junction— 0  deg.  cent.)  the 
LeChatriier  couple  develops  an  e.m.f.  of  0.5  millivolts.  Many  base-metal 
I  iwnJia  will  develop  an  e.m.f.  of  several  times  this  magnitude. 

MT.  rarmnlaa    and    calibration.     (Ft,    Pt-Rh)    and    (Pt,    Pt-Ir) 
'"TpV*  have  a  temperature-e.m.f .  relation  of  the  form    . 

e-a+bt+cf  (43) 

from  300  to  1.200  deg.  cent.;  and 

«~pl+gl'  (44) 

fraa  O  te  100  deg.  cent.,  where  ( is  the  temperature  centigrade  and  a,  b,  e,  p,  q, 
m  eapoisal  eonatants.  Three  calibration  paints  serve  to  determine 
a,  t,  c  Those  moat  satisfactory  are  the  melting-  or  freesing-pointa  of 
ne  or  lead,  antimony  (Kahlbaum)  or  aluminum,  and  copper.  Ordinary 
hasi  iiM  liil  eonples  may  have  transition  jwints  in  the  temperature-e.m.(. 
civTc  so  that  in  general  a  calibration  must  be  made  at  a  larger  number  of 
tsBtperatnree,  when  the  best  curve  may  be  drawn  through  the  plotted  points. 
SM.  QalraiMniiaten  used  to  measure  the  e.m.f.  develop>ed  bv  a  couple 
shoald  preferably  have  a  resistance  high  in  comparison  with  that  of  the 
eoaplcL  Tbe  relation  between  the  true  e.m.t.  of  the  couple  B  and  that  indi- 
I  catM  by  a  olyanomater  W  is 
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where  /Z,  r,  K  are  the  reaistaoceB  of  the  galvanometer,  thermocouple  and  leadi 

respectively. 

349.  Gold-Junction  oorrectiona.  If  a  thermocouple  u  calibrated  witk 
cold  junctiona  at  0  deg.  cent,  and  used  with  cold  junctions  at  t«  deg.  cent.. 
one  must  add  to  the  e.m.f.  actually  developed,  the  value  of  the  e.m.f.  devel- 
oped when  the  hot  junction  is  at  U  deg.  cent,  and  the  cold  juncti6ns  are  0  de^ 
cent.,  to  obtain  the  correct  value  of  the  e.m.f.  corresponding  totempera.- 
tures  shown  by  the  calibration.  If  the  indicator  is  graduated  to  read  tem- 
perature directly,  instead  of  e.m.f.,  the  cold-junction  correction  has  the  form 
p  deg.  cent. —Factor Xfo.  For  the  LeChatelier  couple  this  factor  ia  about 
0.6  in  the  range  300  to  700  deg.  cent,  and  0.6  from  700  to  1,400  deg.  cent. 
B&w-metal  couples  show  factors  varying  from  0.2  to  1.2  depending  upou  th« 
particular  alloy  used. 

As  an  example,  suppose  the  indicated  temperature  , (cold  junction ««  40 
deg.  cent.;  calibration  temperature ««0  deg.  cent.)  by  the  LeChatelier  couple 
is  1,000  deg.  cent.  Then  p«0.5X40-20  deg.  True  temp. -1.000+20^ 
1,020  deg.  cent. 

300.  Certain  prvoauttons  should  be  taken  in  the  use  of  thermocioupltta. 
The  hot  junction  is  usually  formed  by  welding  the  dianmilar  metala  m  lua 
oxyhydrogen  flame.  Other  junctions  may  ne  soldered  or  thorouehly 
securad  with  binding  screws.  The  entire  couple  should  be  annealed  al;  aa 
high  a  temperature  as  it  will  safely  stand  in  order  to  render  it  as  homogeneous 
as  possible.  The  couple  must  be  protected  from  furnace  vapors  or  dii-ect 
contact  with  liquid  baths,  and  the  two  leads  must  be  insulated  from  each 
other. 

SSI.  Xlectrical  resistance  pyrometry.  This  method  of  high-temperar- 
ture  measurement  ordinarily  niakes  use  of  the  variation  in  the  eleotrical 
resistance  oH  platinum  ancf  is  capable  of  great  sensibility.  In  one  of  ita 
simplest  forms  the  pjrrometer  consists  of  a  coil  of  platinum  wire  woundl  on 
mica,  and  encased  in  a  protecting  tube  of  porcelain.  On  account  of  the  dis- 
tillation of  platinum,  high- resistance  coils  of  small  wire  are  not  used  much 
above  900  deg.  cent.  However,  coils  constructed  of  0.6-mm.  wire  may  serve 
satisfaetorily  to  1,200  deg.  cent. 

383.  Three-lead  type— Wheatatone  bridge  method.  For  the  pur- 
poee  of  eliminating  the  resistance  of  the  leads  to  the  coil«  a  third  wire  is 


Fio.  126. — Three-lead  resist- 
ance thermometw. 


Fig.  127. — Four-lead  resist- 
ance thermometer. 


frequently  introduced  as  in  Fig.  126.  The  coil  P  forms  one  arm  of  a  dial-] 
type  bridge,  of  which  the  others  are  n,  rt  and  A,  whence  from  Uie  principle' 
<n  the  bridge,  if  the  galvanometer  <7  remains  undeflected,  < 

(46) 

ri  ig  uBually  made  equal  to  rt  and  W  i*  coiMtructed  as  nearly  as  poeiibia 
identical  with  an',  ao  under  theee  circunutsncea  P  — A  regardleH  of  the  tcm- 
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pentora  or  reaiataiioe  of  ibe  lead*.     This  type  of  thermometar  may  also  be 
and  with  a  differential  galTanometer. 

MS.  ronr-Uad  type — Wheatstooa  lHld<«  nMthod.  The  compeiuat- 
ioc  leads  are  inaertea  in  one  arm  of  the  bridge  R  and  the  thermometer 
Uik  in  the  other,  aa  shown  in  fig.  127.  This  type  may  be  used  with  a  sLide- 
wire  bridse. 

IM.  Voor-Iaad  potonttal-tarminal  type  (Fig.  128).  The  resistance  of 
llw  eoil  is  mieasured  by  sending  the  same  current  from^  a  storage  battery 
throogh  the  thermometer  and  a  known  resistance  in  series,  and  measuring 
the  potential  drop  by  means  of  a  potentiometer,  first  across  the  known  resist- 
aoec  and  then  acrose  the  thermometer  coil.  Two  of  the  thermometer  ter- 
fflinala  are  current  leads  and  two  are  potential  leads.  The  current  ordinarily 
ased  is  of  the  magnitude  0.003  to  0.05  amp.,  and  should  be  the  same  as  that 
osed  daring  the  odibration  of  the  iostrament,  to  eliminate  the  errors  due  to 
the  heating  effect  of  this  eurrent. 


Fie.  I28.^Four-lead  resistance  thermometer — potential  terminal  type. 


IH.  7«rnuilag.     Tbe  relation  between  temperature  and  resistance  of  the 
platinum  coil  is  of  the  form 

Ri-Rt(.\+at-U*)  (47) 

la  ttneral  it  is  more  convenient  to  refer  to  an  arbitrary  scale  known  as  the 
platinum  temperature,  and  to  correct  this  scale  by  a  certain  difference  foT- 
■ala.  If  pt  denotes  the  platiQum  temperature  corresponding  to  a  resistance 
<,  we  have  the  relation 

100(Jt-g«) 

where i2us  and  R%  are  the  resistances  atlOO  deg.  cent,  and  0  dec.  cent,  respec- 
tiTdy.  The  relation  between  the  centigrade  temperature  (  and  the  platinum 
temperature  pC  is  as  follows: 


»-jX- 


'(t^-0 


(49) 


100 

m.  Calibrfttton.  For  the  calibration  of  a  thermometer,  the  ooil  of 
>Ucb  is  of  the  highest  purity  platinum,  resistance  measurements  are  made  at 
three  temperatures,  as  imlows:  the  ice  point,  the  steam  point  and  the  boiling 
point  of  sulphur.  Substitutiag  the  values  thus  obtained  in  formula  for 
p  (Par.  SU)  the  value  of  pt  corresponding  to  the  sulphur  point  is  known. 
Ucning  to  the  formula  for  I  (Par.  MS),  the  value  of  t  should  be  found  a 
ttiBitaat  of  the  magnitude  1.49  ±  0.01,  whence  from  the_  two  formulas  a 
tshle  of  R  and  t  may  be  computed.  Such  a  calibration  will  indicate  tempera- 
tares  in  the  range  —50  to  1,200  deg.  cent,  as  closely  as  they  are  known  in 
(•raw  of  the  gas  scale.  If  <  is  found  considerably  greater  tban  1 .49  due  to 
iBipority  of  uie  platinum,  there  is  advantage  in  using  a  fourth  calibration 
post,  nch  as  the  silver  freesing-point  as  a  check. 

ttf.  Aiiape^MHty  The  Teilstance  tharmomater  is  especially  adapted 
«>  ^  nwsuiament  of  small  temperature  changes  such  as  occur  in  oalor- 
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imetiVi  to  the  determination  of  freenoc-pointa,  etc.,  uid  to  spenal  pfayaioi 
and  tcermochemical  inveatixationa  where  an  acouracy  of  one  or  two  pmrl 
in  10,000  may  be  attained  (see  Bur.  of  Standards,  Reprint  No.  S8  and  N< 
124).  In  the  technical  industriee  thia  type  of  thermometer  with  one  of  Ul 
many  forms  of  indicators  available  ia  highly  satisfactory. 

S5S.  Badifttlon.  The  temperature  of  bodies  ma^  be  eetimated  from  th 
radiant  energy  which  they  send  out  in  the  form  of  visible  light  or  of  the  lonn 
infra-red  raya  which  may  be  detected  by  their  thermal  effects.  Since  tii 
intensity  of  radiation  increaaea  very  rapidly  with  a  riae  in  temperature,  j 
would  appear  that  a  system  of  pyrometry  baaed  on  the  intensity  of  the  li«h 
or  total  radiation  from  a  hot  body  would  be  an  ideal  and  simple  one.  How 
ever,  different  subatancea  at  the  same  temperature  show  vastly  diCTeren 
intenaitiea  at  a  given  wave  length,  or  in  other  worda,  the  ftbiorbiiif  or  amis 
llTs  powen  may  vary  with  the  aubstance,  with  the  wave  lensth.  and  ala 
with  the  temperature. 

tM.  Blkck-body  radiation.  A  aubatance  which  abaorba  all  the  radis 
tion  of  any  wave  length  falling  upon  it  is  known  aa  a  black  body.  Buch  i 
body  will  emit  the  maximum  intensity  of  radiation  for  any  given  temi^eratuit 
and  wave  length.  No  such  material  exista,  but  a  very  close  approximatioi 
ia  obtained  by  heating  the  walla  of  a  hollow  opaque  encloaure  aa  uniformly  ai 
possible  and  obaernng  the  radiation  coming  from  the  inaide  through  a  vei] 
small  opening  in  the  wall. 

>M.  Stefan-Boltsmuin  law.  The  relation  between  the  total  enern 
radiated  by  a  black  body  and  its  temperature  ia  expreeaed  by  the  equatioi 
J^v(r*—Tt'),  where  J  is  the  energy  of  all  wave  lengttia  emitted  per  squan 
centimeter  of  aurface,  T  and  Tz  the  abaolute  temperaturea  of  the  radiatoi 
and  receiver  respectively,  and  v  a  constant  of  about  the  value  5.8  X  10~>>  watti 
cm.~*  deg.'*.  In  general  Tq^  is  negligible  in  comparison  with  T*  so  that  th( 
above  relation  becomes  J  —  rT*.  Although  the  total  energy  emitted  by  anj 
substance  is  not  that  emitted  by  a  black  body  at  the  same  temperature,  it  mai 
be  considered  as  some  fractional  part  of  that  from  the  ideal  radiator,  thu 
fraction  «  being  known  as  the  total  emissivity-  If  iS  denotes  the  apparen 
absolute  temperature,  i.e.,  the  temperature  on  the  black-body  acale  corro 
spending  to  an  amount  of  energy  equivalent  to  that  emitted  by  the  non 
blaok  suDStance  at  a  true  temperature  T  deg.  absolute,  the  relation  betweei 
its  total  emissivity  c  and  the  quantities  S  and  T  is: 

Log  c  -4(log  S-log  D  .  (50) 

>U.  Badlatlon  pyrometry.  The  quantity  of  heat  a  body  receives  b] 
radiation  from  another  body  depends  upon  certain  conditiona  r^ative  t< 
each  of  the  two  bodies,  namely  (a)  temi>erature,  (b)  area  of  aurface',  (c)  d^ 
tance  apart,  (d)  emiaaive  and  abaorbing  powers.  A  pyrometer  may  be  8< 
conatructed  that  conditiona  (b)  and  (c;  compensate  one  another,  at  leas' 
within  certain  prescribed  limits,  ao  that  for  all  technical  purposes  the  radia 
tion  received  by  the  instrument  depends  only  upon  the  temperature  of  tbi 
radiating  source  and  its  emissivity.  The  p^meter  is  calibrated  by  sightin« 
upon  a  black  body,  the  temperature  of  which  may  be  obtained  by  thermo. 
couples.  Specially  oonstructed  furnaces  for  this  purpose  are  available  ia  al] 
testing  laboratories. 

Ml.  Fery  mirror  telaieope  pyrometer.  (Fig.  129.)  Radiation  of  al 
wave  lengtha  is  brought  to  a  focus  by  means  of  a  oonoave  gold  mirror  it  upoi 
the  hot  junotion  of  a  minute  ther- 
mooouple  located  at  I*.  The  cold  TO  Indicator 
iunetions  of  the  couple  are  suit- 
ably screened  from  the  direct 
radiation  of  the  hot  body.  The 
concentration  of  beat  at  the  hot 
junction  develops  an  e.m.f.  which  „E 
may  be  measured  by  a  potentio-  ^  ' 
meter  or  galvanometer.  In  prac- 
tice the  galvanometer  is  usually 

calibrated    to    road    temperature  i 15 

directly.      The  relation  between     ^       .«/»      kk  j.  ^. 

the    e.m.f.    and  the  temperature     ^'°-  129.— F«ry  radiation  pyrometer. 

may  be  expressed  by  the  equation 

B^aT*,  or  in  log  form,  loc£—t+6log  7,  where  7*  is  the  absolute  tempera- 
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tBnudaortand&ueempirioal  conrtmnU.  In  general  5  approximateB  the 
Tfthie  4,  but  znay  bxve  a  rao^  varying  from  3.5  to  4.5  depending  upon  the 
coDStmetion  of  toe  individual  inatrumeut.  The  pyrometer  should  Be  sharply 
(oeaaed  upon  the  radiating  source  and  for  this  purpose  an  ingenious  device 
ii  moonted  in  tiie  instniment  by  means  of  which  straight  lines  appear  broken 
BBtil  the  mirror  is  adjusted  by  the  thumb  screw  S  to  the  proper  position. 
Vaster  has  transformed  the  F4ry  telescope  into  a  fixed-foous  pyrometer  bjr 
phdng  the  thermocouple  and  a  small  front.dii4>hnigm  at  the  oonjugate  foci 
of  the  gold  mirror. 

•n.  Thwlnc  pfrometer.  In  the  Thwing  pyrometer  the  reflecting 
■imr  is  replaced  by  an  aluminum  cone  which  by  multiple  reflections  eon- 
esotrmtea  the  radiation  at  its  apex  on  one  or  more  small  thermoeouplea  in 
■ries  with  a  portable  galvanometer.  The  instrument  requires  no  focusing, 
the  froat  di^ihragm  acting  as  a  soxxrce.  The  object  sighted  upon  must  be 
higs  enough  to  eover.the  projection  of  the  cone  through  this  diaphragm. 

Mt.  Freeantlons  in  the  tias  of  radUtton  pyromstan.  The  mirrors 
or  reflecting  devices  must  be  kept  bright  and  free  from  dust.  In  the  case  of 
the  F6ry  p^ometer,  errors  amounting  to  100  deg.  cent,  have  been  observed* 
doc  to  ordinary  accumulation  of  dirt  upon  the  large  gold  mirror. 

Many  radiation  instruments  re<}uire  several  minutes  of  ezjKMure  to  the 
radiating  source  to  indicate  a  maximum  reading  due  to  the  slow  heating  of 
the  hot  junction,  'while  others  require  less  than  20  sec.  The  maximum  in- 
dieatioa  diould  be  accepted.  Care  must  be  taken  that  the  source  is  large 
n»mU  to  completely  ''fill"  the  aperture  of  the  pyrometer.  It  is  usually 
inipiaiUe  to  focus  upon  the  back  of  a  furnace  through  a  very  small  peep- 
bote  and  obtain  reliable  results;  in  such  cases  the  hole  must  be  enlarged  so 
that  it  does  not  eut  into  the  cone  of  rays  entering  the  instrument,  or  the 
pynmeter  may  be  focused  upon  the  hole  itself.  In  the  latter  case  the  hole 
■nat  be  large  enough  to  cover  the  thermocouple  in  the  F6ry  pyrometer  or 
tke  front  diaphragms  of  the  Thwing  and  Foster  pyrometen.  Variations  in 
leom  temperature  in  general  affect  the  hot  and  cold  junctions  nearly  alike, 
se  that  very  little  error  is  introduced  in  the  reading  of  a  radiation  instrument 
from  this  cause- 
Mi.  XmisslTttr  eoirsetloiu  for  radiation  pyrometers.  In  the  case 
fli  sighting  upon  peep-holes  in  furnaces,  kilns,  etc.,  the  total-radiation  py- 
moeters  incucato  approximately  true  temperatures.  When  sighting  upon 
efaieets  in  the  open,  certain  corrections  must  be  applied.  These  oorrectiona 
m  but  roughly  known.  The  following  table  (Par.  IM)  shows  the  true  tem- 
peiatares  corresponding  to  the  pyrometer  indications  when  sighting  upon 
■Biten  iron  (t  — 0.28),  molten  copper  (0.16^,  copper  oxide  (0.60),  u-ott 
adde  (0.86),  and  nickd  oxide.  The  data  is  obtained  from  the  work  of  Thwing, 
"*         I  ana  several  experiments  of  the  authors. 

S66.  Total  KmisslTlty  Oorreetlons 


Observed  tem- 

True  temperature,  deg.  cent. 

pcratore, 
dsg.  cent. 

Molten 
iron- 

Molten 
copper 

"i^' 

Iron 
oxide 

Nickel 
oxide 

60O 

1,130 
1,290 

720 

830 

945 

1,060 

1,170 

630 

736 

840 

945 

1,050 

1,155 

1,260 

710 

700 

800 

800 

1,200 
1,340 
1,475 
1,610 
1,7S0 

895 

MO 

985 

IMO 

1,075 

1,100 

1,165 

1,200 

1,256 

MT.  man's  law.  Wien's  laws  relate  to  the  distribution  of  the  energy 
°<  the  biaek  body  in  the  spectrum.  The  law  chiefly  concerned  in  optical 
UfiuamUj  expresses  the  relative  intensity  of  the  energy  emitted  at  any 
Pno  wave  length  X  and  temperature  in  the  following  manner:    . 
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where  J  u  the  energy  correepondinc  to  the  wave  length  X  and  the  sbaolute 
tempenture  T  of  the  radiator,  s  the  base  of  the  natural  (Napierian)  ayatem 
of  logarithmii,  and  ci  and  n  empirical  Constanta,  a  may  be  talcen  aa 
14,SCfO  when  X  is  measured  in  nucrons,  i.e.,  n  (Sec.  1).  n  depends  upon 
the  energy  units.  If  iSj^  is  the  apparent  absolute  temperature  correspondinfi  to 
the  wave  length  X  of  a  non-black  body  at  a  true  absolute  temperature  7*. 
it  follows  that 

^-i-C^og-J'-'-'^x  <*« 

where  Aj^  u  the  Absorptivity  "emisaivity  —  umty  minus  roflectinc  power  of 
the'radiator  at  the  particulaf  wave  length  X  and  temperature  T. 

168.  Optical  p^om^try.  Optical  pyrometers  are  based  upon  the 
photometric  principle  of  matching  the  intensity  of  visible  monochromatie 
radiation  emitted  by  a  substance,  with  that  of  the  same  wave  length  or 
color  from  a  standard  reproducible  source  such  as  the  amylacetate  lamp,  or 
a  oonstant  source  such  as  an  electric  lamj).  The  instruments  are  calibrated 
by  comparison  with  the  intensity  of  radiation  from  a  black  body,  the  primary 
standard  to  which  all  measurementa  are  referred. 

569.  T4tj  absorption  pTrometar.  (Fig.  130.)  The  apparatus  con- 
sists essentially  of  a  telescope  carry inf^  a  small  oil  or  gasoline  lamp  L,  The 
image  of  the  name  of  this  lamp  is  projected  on  a  silver  strip  at  M  adjusted 
to  tne  focal  point  of  the  ocular  and  objective  system.  By  means  of  the 
black-glass  absorbing  wedges  lo,  10,  the  intensity  from  the  source  may  l>e 
varied   until   a  match 

of  the  photometric 
field  (see  small  Fig.) 
is  obtained.  A  red- 
glass  screen  is  used  in 
the  ocular  so  that 
fairly  monochromatic 
light  of  this  color 
(0.65  or  0.63m)  is  com- 

Eared.  The  relation 
etween  the  thickness 
of  the  wedges  x,  read 
on  a  scale,  and  the  ab- 
solute temperature  T  is 
»+P-Q/r,  where  P 
and  Q  are  constants 
determinable  by  two 
calibration  points.  The  instrument  must  be  focused  upon  the  radiating 
source  but  no  corrections  for  distance  need  be  applied.     The  IiaChatalier 

Eyrometer,  the  first  optical  pyrometer  developed,  is  similar  in  principle 
ut  is  not  of  constant  aperture  and  important  corrections  must  be  made 
with  change  of  focus.  The  Shcnra  pyroscope  has  a  direct-reading  tem- 
perature scale  controlled  by  a  diaphragm  before  the  standard  oil  lamp. 
In  all  of  these  instruments  the  purity  of  the  gasoUne,  oil,  or  even  the 
amylacetate  used  in  the  companson  lamias  is  of  little  importance.  Con- 
siderable impurity  may  be  introduced  without  affecting  the  calibration 
perceptibly. 

570.  Wanner  pyromotar.  (Fi^.  131.)  The  comparison  light  is  a  six- 
volt  incandescent  lamp  illuminating  a  glass  matt  surface;  monochromatic 
red  light  is  produced  by  means  of  a  direct-vision  spectroscope  P  and  a  screen 
cutting  out  all  but  a  narrow  band  in  the  red  (X»0.056m)  and  the  photo- 
metric comparison  is  made  by  adjusting  to  equiU  brightness  both  halves  of 
the  photometric  field  by  means  of  a  polarising  arrangement.  The  slit  St 
is  illuminated  by  the  incandescent  lam^  while  light  from  the  furnace  enters 
Si.  After  passing  through  a  Rochon  prism  and  a  biprism,  the  light  from  the 
two  slits  polarizod  in  planes  at  90  deg.  to  each  other  reaches  the  Niool  prism 
N.  Rotation  of  this  analyzer  serves  to  extinguish  one  field  and  brighten 
the  other  simultaneously,  until  a  match  is  effected.  A  reference  angle  ia 
chcuen,  usually  about  30  deg.,  corresponding  to  the  ajiparent  temperature 
of  a  section  of  an  amylacetate  flame.  The  instrument  is  set  at  this  normal 
point  and  sighted  upon  the  ground-glass  screen  of  the  flame  gage.     The 
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brii^iiMa  of  the  elactrie  lamp  ia  then  vkried  by  alterins  the  ouneot  throuth 
it  nntU  the  h&lYee  of  the  photometric  field  are  matched.  Maintaining  thja 
current  eonitant,  the  pyrometer  is  ready  for  calibration  or  for  temperature 
mMauements.     The  instrument  follows  the  law 

log-Un,.-o+^  (S3) 

where  ^  ie  the  angtUar  reading  of  the  analyser,  T  the  absolute  temperature 
aad  a  and  b  empirical  constants.  The  relation  between  log-tan  y  and  \/T 
m  linear.  Two  calibration  points  serve  to  determine  a  ana  b,  when  a  table 
or  plot  may  be  made  of  9  vs.  I  deg.  cent.  (7^  —  273).  Frequent  adjustments 
iboQld  be  made  of  the  current  throi2^  the  electric  lamp  necessary  to  obtain 
s  match  mt  the  normal  |>oint  when  sighted  on  the  amylaeetate  lamp.  The 
■let  trie  lamp  bums  at  a  high  temperature  (about  1,800  deg.  eent.)  asd  eon- 
•cqnently  deterioratee  rapidly.  For  the  highest  aeeuraey  this  adjustment 
fhoold  be  made  before  and  after  a  series  of  temperature  readings;  in  indus- 
trial plant*  once  a  day  or  once  a  week  will  answer  depending  upon  the 
\  of  use. 
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Fio.  131. — Wanner  pyrometer. 

STL.  Ttaa  SdiBAteo  pffoaMter  is  as  Improved  form  of  the  Wanner 
(Par.  >T0).  The  delicate  optical  parts  are  encased  in  a  strong  metal  sheath, 
aad  the  addition  is  made  of  a  direct-reading  temperature  scale,  besides 
asiiiy  adjustments  for  convenience  of  operation. 

tn.  KoTM  and  Bolbom-Kurlbauxn  pyrometan.  The  filament  of  a 
•nsQ  dectric  lamp  is  placed  at  the  focal  point  of  an  objective  and  ocular 
lomuiig  an  ordinary  telescope,  which  superposes  the  image  of  the  furnace 
opoa  tne  lamp.  The  tip  of  the  filament  is  brought  to  a  photometric  match 
by  varying  tne  current.  Red  glass,  Jena  2,745,  or  preferably  F  4,512, 
mounted  at  the  ocular  furnishes  a  high  quality  of  monochromatic  light. 
Tke  relation  between  the  current  through  the  lamp  and  the  temperature 
kas  the  form 

»•-o-^M-^c«^  (64) 

Three  standardisation  points  are  necessary  to  determine  the  constants  a, 
i,  e.  The  lamps  should  not  be  used  at  temperaturee  higher  than  1,500 
di(.  cent,  (for  the  highest  accuracy  1,300  deg.  cent.)  on  account  of  deteriora- 
tacm  of  the  filament.  By  proper  care  they  may  be  used  for  hundreds  of 
hova  without  appreciably  ijtering  the  calibration.  For  temperatures 
Ugker  than  1,500  deg.  eent.  black  absorption  glasses  (Jena  F  3,815)  or 
laetor  discs  are  used  to  cut  down  the  intensity  of  -light  from  the  furnace. 
The  relation  between  the  observed  temperature  and  the  true  temperature 
follow*  from  Wien's  law: 

W(i-x,).?^M^(lJ^) 

*l>sra  ilx  >■  fM  absorption  coefficient  of  the  glass  or  sector,  a- 14,500,  log 
<»0.4343.  X  is  the  mean  wave  length  of  the  red  glass,  Ti  the  absolute 
tsnperatnre  observed  when  sighted  through  the  disc  or  glass  and  Tt  the 
sbaclate  temperature  of  the  furnace.  All  lamps  should  be  aged  before  using 
by  hsatiiw  at  1,800  deg.  cent,  for  a  period  of  20  hr. 

tn.  ImlagiTltjr  ooireetloiu  for  optical  pyromatars.  Optical  pyrom- 
gjBi  win  indicate  true  temperatures  when  sighted  upon  a  black  Dody. 
^ek-body  conditions  are  approximated  in  practice  by  a  peep-hole  in  the 
■ds  of  a  furnace  or  kiln,  or  a  closed  porcelain  tube  thrust  into  molten  metals 
or  salts.  When  sighting  upon  objects  in  the  open,  certain  corrections  must 
**  sppUed.    Tba  relation  between  the  emiarivity  (monochromatic  light) 
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(f-k^-ahre^"'"^^ 


of  a  substance  and  its  observed  and  true  temperature  follows  from  WSen's 
law: 

(56) 

where  T  ia  the  true  absolute  temperature  of  the  substanoe,  Sj^  the  apparent 
abaolute  temperature  aa  measured  by  an  optical  pyrometer  using  light  d 
wave  length  X  measured  in  microns,  and  Ax  is  the  abaorption  or  emissirxty 
at  the  wave  length  X  and  temperature  T.  The  following  table  (Par.  ST4) 
presents  the  emissivities  of  various  substances  determined  for  red  Iigh< 
U- 0.65,1). 

•T4.  Tkble  of  ImiwriTlUei  Tor  Bad  Ucht  (X-0.6Sm) 


Sttbatance 


Substanoe 


(o)  Silver 

WO""'      HkJidd:: 

Platinum 

Palladium 

(«)  Copper       ^"ilj:; 

Nickel 

(c)  Tungaten  l  jIsoo"^." 
(c)  Tantalum  |  ||Jgg  ;  ■ 
W  Carbon      {  ^Jggg  ; ; 


0.07 
0.13 
0.22 
0.33 
0.33 
0.11 
O.IS 
0.33 
0.46 
0.66 
0.60 
0.48 
0.86 
0.79 


Cuprous  oxide. 

Iron  oxide 

Porcelain 

Lime. 


(c)  Molybdenum  j  j  ^' ' 


(d)  Iron 


solid 


/ 1,100. 
\  1,600. 

liquid!  21200. 


(<)  Nickel  oxide    (iJqo; 


0.70 

0.8S 

0. 25  too. SO 

0.10to0.40 

0.44 

0.37 

0.62 

0.40 

0.10 

0.53        , 

0.06 

0.85 


(f) 


Solid 


Liquid 


(f) 


Solid       Liquid 


Cu. 
Ag. 
Au. 
Pd. 
Pt.. 
Ir.. 
Rh. 
Ni.. 
Co. 
Fe.. 
Mn. 
Ti. 
Zr.. 
Th. 
Yt. 
Er.. 
Be. 


0.10 
0.04 
0.14 
0.33 
0.33 
0.30 
0.29 
0.36 
0.36 
0.37 
O.SB 
0.63 
0.32 
0.36 
0.35 
0.55 
0.61 


0.15 
0.07 
0.22 
0.37 
0.38 


0.30 
0.37 
0.37 
0.37 
0.59 
0.65 
0.30 
0.40 
0.35 
0.38 
0.61 


Cb 

V 

Cr 

Mo 

W 

U 

NiO.... 
Co»0« . . 
FeiO«.., 
MnK)<. 
TiOi.... 
ThO.. . . 
YtiO... 
BeO.... 
CbO.. . . 
VK)t..-. 
CrjOi. . , 
UiO.... 


0.49 
0.35 
0.39 
0.43 
0.39 
0.54 
0.S9 
0.77 
0.63 


0.40 
0.32 
0.30 
0.40 


0.52 
0.67 
0.61 
0.37 
0.71 
0.69 
0.60 
0.30 


0.34 
0.88 
0.63 
0.53 
0.47 
0.51 
0.60 


0.31 


Authority  (a)  Stubbs;  (6)  Stubbs  and  Prideaux;  (c)  Mendenhall  and  For- 
aythe;  (if)  Bidwell;  («)  Burgess  and  Foote;  (/)  Burgess  and  Waltenberg. 

ITS.  Curve  of  amlulvity  correetioni.  Fig.  132  shows  the  correc- 
tions to  apply  to  the  pyrometer  readings  for  a  number  of  values  of  A,  using 
s  deg,  cent,  as  abscissas  and  (1  — a)  deg.  cent,  as  ordinates.  To  obtain  the 
true  temperature  correaponding  to  an  observed  temperature  <  deg.  cent., 
add  to  B  the  value  of  the  ordinate  at  the  particular  emissivity  A  and  abscissa 
s.  As  an  example,  let  A  » 0.30,  a  » 2,000  deg.  cent. ;  true  temperature  ■> 
2,000+320-2.320  deg.  cent. 

ST6.  Becordlng  pyrometry.  Among  the  different  methods  for  th« 
measurement  of  nign  temperatures,  several  may  be  made  continuously  i«. 
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_  Form  of  Mmjieratara  reoordiiig  appsmtiu  niitsble  for  laboratory 
iacrestisatioa  have  boon  in  existence  for  years.  Of  late  a  number  of  manu- 
faetnrers  have  prodneed  recorders  which  serve  most  satisfactorily  in  the 
^fykwM— I  industries. 

tTT.  AppUembllltjr  of  raeordinc  Byromateri.  The  foUowins  pyrom- 
eters have  been  made  recording:  (a)  constant-volume  gas  thermometer; 
(k)  thermoelectric  pyrometer;  (c)  electrical  resistance  thermometer;  (d) 
total  radiation  pyrometer;  (e)  transpiration  pyrometer.  The  optical  pyrom- 
Mer  d  the  Morse  type  could  be  made  semi-recording,  but  the  other  optical 
aad  diaoontinuons  tyvtu  of  pyrometers  oouM  be  made  recording  only  with 
Tsrj  great  difficulty. 
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OpUoal  PjiDmeter  Beadlaga  Ceat. 
BaaLlBht(A.aaB/t) 
no.  132. — Correction  curves  for  optical  pyrometera. 

tn.  TypM  of  cnzTM  vA  rMXtrdlnc  PTromtten.  The  simplest  and 
Bolt  noiveraal  q)plicatiao  of  reoordets  ia  to  obtain  the  time-temperature 
csm  U  vs.  f)  wbisre  time  and  temperature,  or  some  quantities  proportional 
tothtn,  appmr  as  the  coordinates.  This  type  of  curve  is  especially  valuable 
•B  a  coatuinoas  record  of  the  temperatures  of  a  furnace  or  kiln  during  a 
pnloBged  run.  Sometimes  it  ia  also  used  to  detect  recalesoence  points  in 
•tad,  wiiieb  appear  as  flexures  or  indentations  on  the  plot,  when  the  furnace 
■ataiainc  ^^  sample  is  uniformly  heated  or  cooled.  Oocaaionslly  the 
■•mptntare-rate  curve  (« vs.  dt/it)  is  employed  for  this  purpose,  and 
nry  eoaanCDly  in  metaUography  Uie  inverse  xate  curve  (9  vs.  dl/dt)  is 
■M.  The  inTcne-tste  curve  ia  obtained  by  noting  the  time  intervals 
.  wiiij  to  ood  (or  heat)  the  specimen  by  equal  decrements  of  temperature. 
''tk«ae  methods  accidental  variation  in  the  temperature  of  the  furnace  is 
"»rd«d.  This  is  desirable  in  case  the  chanses  m  the  temperature  of  the 
'viics  or  contenta  are  desired,  but  when  the  transformations  which  are 
iiUv  pbw  within  the  lanvla  itialf  are  being  inveatigated,  such  fluctuations 
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should    be  eUminated.     Thii  may    be  done  by  taldnc  the    diffarentU 
temperature  ourva  (t  vs.  t  —  8'),  or  recordinit  the  temperature  of  the  BKm|( 
in  terms  of  the  suooeaaive  differences  in  temperature  between  the  sample  i 
another  body  called  the  neutral,  possessing  no  transformation  points,  i 

S laced  within  the  furnace  close  to  the  sample.  The  relations  involved  in  1 
ifferential-temperature  curve  are  usually  better  interpreted  by  means  i 
the  derived-differentia]  curve,  or  the  temperature  difference  between  t] 
sample  and  the  neutral  for  equal  temperature  decrements  vs.  $,  The  foil 
of  curve  thus  obtained  is  similar  to  the  inverse  rate  curve. 

179.  Btendard  tamparaturai.  From  a  consideration  of  determinatioa 
msde  since  1900,  and  selecting  only  temperatures  in  the  location  of  whjel 
two  or  more  independent  observers  nave  participated,  and  which  are  suitabb 
for  use  as  check  points  in  physical  and  chemical  operations,  the  foUowini 
table  is  presented  (Par.  SM).  Temperatures  above  1,550  deg.  cent,  are  baaM 
on  ci»  14,500.     Boiling-points  are  given  for  a  pressure  of  760  mm.  Hg. 


SM. 


Tftbia  of  Btemdard  TamparatuTM;  Tharmodynunle  Scale 

(dag.  oant) 


Substance 


Phenomenon 


Tempera- 
ture 


Uncer- 
tainty 


Reprodu- 
cibility 


Hydrogen 

Oxygen 

Carbon  dioxide. 

Mercury 

Water 

NaiSO«-|-10HiO. 

Water 

Naphthalene. . . 

Tin 

Beniophenone. . 

Cadmium 

Lead 

Zino 

Sulphur 

Antimony 

Ag>.Cui 

NaCl 

Silver 

Gold 

Copper 

Palladium 

Platinum 

AlumiDa 

Tungsten 

Carbon  arc 

Sun 


Boiling 

Boiling 

Sublimation  in  in- 
ert liquid. 

Freesing 

Freesing 

Transformation  to 
anhyd.  salt. 

Boiling 

Boiling 

Fleeting 

Boiling 

.Freesing 

Freesing 

Freesing 

Boiling 

Freesing 

Euteetic  f reese 

Freesing 

Freesing 

Freesing 

Freesing 

Freesing 

Melting 

Melting 

Melting 

Pos.  crater 

Surface 


-262.7 
-182.9 
-78.34 

-37.7 
0 
32.383 

100 

217.96 

231.85 

305.90 

320.92 

327.4 

419.4 

444.8 

630.0 

779 

800 

960.9 

lOOS 

1083 

1549 

1755 

2050 

3000 

3600 

6000 


0.2 
0.1 
0.1 

0.1 

0 

0.002 

0 

0.02 

0.1 

0.05 

0.1 

0.1 

0.1 

0.1 

0.5 

1 

2 

1.0 

2 

2 

10 

15 

30 

100 

ISO 

500 


0.05 
0.03 
0.03 

0.05 

O.OOI 

0.001 

0.001 

0.01 

0.05 

0.02 

0.03 

0.06 

0.16 

0.03 

0.3 

1 

1 

0.6 

1 

1 

3 

6 

20 

25 

50 

100 


Oxygen  boiling-point*.. . 

Carbon  dioxide,  sublimation 
point. 

Water,  boiling-point. 

Naphthalene,  boiling-point. 

Bensophenone,  boiling- 
point. 

Sulphur,  boilinc-point 


-182.9  -1-0.013  (p-760) 
-   78.34-1-0.017  (p-760) 


-f0.037  <p-760) 
217.96+0.068  (p-76p) 


I-       100 

<  ■  .  .. 

(-       305.90  +  0.063  (p-760) 


t- 


444.6  +0.0912(p-760)- 
(p-760)« 


0.000042 


Of  the  boiling  substances,  bensophenone  and  oxygen  ate  the  only  onea  t* 
the  purity  of  which  special  attention  need  be  given,  but  the  metals  used  fo 
freesing-  or  melting-points  must  be  of  the  highest  purity. 

*  p  denotes  pressure  in  mm.  of  Hg. 
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Ml.  B««t  OondaeUTity.  Thra«  proc««M  ntot  by  mauu  of  which 
I  knt  laay  b«  tnuiaferred  from  ooe  body  to  another,  b^  radiatioD,  by  con- 
:  Metion  and  by  conduotion.  All  of  these  factors  enter  into  the  computation 
rf  the  heat  loaeea  from  a  fnmaee,  bat  frequently  the  loee  by  convection  and 
Tulimtion  may  be  made  email  or  neKlimUe  in  comparison  with  the  loee  by  eoo- 
iattkm.  The  quantity  of  heat  wHieh  flows  through  a  plate  ot  area  A  and 
thiekneea  e  in  m  time  t  la  ezpresaed, 

0-*(»i-»«).ilJ/«  (87) 

^  when  •■  and  0t  ar«  the  temi>eratures  upon  each  side  of  the  plate  (a  plate 
Ihenietir  ally  infinite  in  extent)  audi  is  known  as  the  thermal  oonduotlnty. 
kis  defbwd  by  the  quantity  of  heat  which  flows  per  unit  time  throush  unit 
■lea  ef  a  plate  of  unit  tbioknees,  harinc  unit  difference  of  temperature 
betwsen  its  faces.  Numerically  k  is  usually  expressed  as  the  quantity  of 
ksat  in  small  calories  which  is  transmitted  per  second  throush  a  pUte  1  cm. 
tUck,  per  square  centimeter  of  its  surface,  when  the  difference  in  temperature 
between  the  two  faces  is  1  deg.  cent.  Q  then  refers  to  g-cal.,  I  to  dec. 
ctatigiade,  A  to  sauare  centimeters  and  ( to  seconds,  k  fa  found  to  vary  with 
the  temperature  of  the  plate  and  is  ezpreseed  approximately  by  the  equation 
k,-k,(l+aO  (68) 

where  I  is  tha  temperature  centigrade  and  a  a  constant.  As  an  example  be 
it  lequinMl  to  find  the  quantity  of  heat  lost  iwr  hour  by  conduotion  through  a 
Mction  100  cm.  bylOO  em.  of  a  fire4>rick  furnace  wall  20  em.  thick,  the  con- 
itcimtT  being  0.00028  eal./(cm..eeo.-degree)  and  constant  with  temperature, 
the  ianae  temperature  of  the  fumaoe  bung  1,600  deg.  cent,  and  the  outside 
no  dsg.  cent. 

Q-0.OOQ28    ^^p         100X100X3.800  =  606,000  g.-cat 

BDUOOBAFBT 

m.   Balactad    list  of  referenoei  to  literature  on  thermometry,  py- 
i    leiaetry  and  heat  conductivity. 

I      '  Thtfmometry."     Circular  No.  8;  Bur.  Standards,  Washington,  D.  C. 
Pyrametiy.       Measurement  of  High  Temperatures."    Burgess  and  Le- 
CteMier,  3d  Edition,  1912,  John  Wiley  &  Sons,  N.  Y. 

"Charaeteristiea  of   Radiation    Pyrometers."     Burgess    and    Foote.    Bur. 
Staadards  Scientific  Paper  (in  preee). 
"Heat  Cosidnctivity.''    Ingeraoll  and  Zobel,  Oinn  Co.,  1013. 

FUEL  AND  GAS  AITALTSIS 

BT  r.  MALOOLH  rARKSB,  M.B. 

MS.  Tha  pmpoM  of  tbii  Motion  is  to  indicate  very  briefly  the  more 
important  featurea  in  connection  with  fuel  and  gas  analysis.  For  further 
iwormation.  the  reader  is  referred  to  the  numerous  publications  on  fuel  and 
•■  analyaia.     See  Par.  MS. 

H*.  Coal  for  ■teaminc  or  produeer  purpose*  is  uinally  inhieeted 
aaly  to  a  iirosimate  or  sncmearinc  analyds,  which  includes  the  d»- 
tennination  of  the  heating  value  and  the  percentagee  by  weight  of  moisture, 
fiasd  carbon,  volatile  matter,  sulphur  and  ash.  When  a  complete  or 
sltunate  analysis  is  made,  the  components  of  the  volatile  matter  are  also 
detemdned. 

M>.  Tb*  details  of  BMillpalation  in  eoal  analyses  have  a  marked 
tflcct  on  the  result  and  since  many  of  the  determinations  are  made  in  a  man- 
ner more  or  less  arbitrary,  care  should  be  taken  to  conform  to  standard 
netice.  The  American  Chemical  Society  and  the  American  Society  for 
Testing  Materials  are  jointly  preparing  standard  specifications,  and  until 
r  are  completed  their  interim  reports  are  the  basis  of  the  most  generally 
1  practice  in  this  country.  * 

*  The  latest  report  is  given  in  Tkt  Journal  of  Indutrial  and  gnginterittt 
Cbmatrv,  Jane,   1813,  p.    617.    The  proposed  speeificationa  are  given  in 
r  detail. 
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SBft.  The  MinpUng  of  eoftl  U  of  the  utmost  importance.  The  gr^a.teat 
care  is  neccBsary  la  order  to  obtain  a  sample  which  is  truly  repreaentatiTS 
of  all  of  tho  coal  in  the  lot  which  the  sample  ia  to  represent.  Id  gener&l,  & 
largo  sample  of  100  to  200  lb.  should  be  made  up  of  small  quantities  taken 
from  various  parts  of  the  entire  lot.  This  ia  gradually  reduced  to  m  2^b. 
sample  about  pea  mie,  by  oruahing.  mixing  and  quartering.  * 

8ST.  Heating  Talutti  of  fuels  are  determined  with  c*lorlmet«r»,   or 

instruments  in  which  the  heat  evolved  by  the  combustion  of  a  sample  of  thm 
fuel  is  absorbed  by  water,  tho  weight  and  rise  in  temperature  of  which  are 
observed.  There  are  two  general  classes,  the  non-continuous  olaaa  in 
which  only  a  small  quantity  of  the  fuel  (solid  or  liquid)  Ib  burned  at  one  time, 
and  the  continuous  class  where  the  fuel  (liquid  or  gaseous)  flows  continu- 
ously through  the  calorimeter. 

S88.  The  Bertheiot  or  bomb  tjp9  cslorlmeter  of  the  nos-eoatli&iiotig 
class  is  most  generally  used  for  hiKh-grado  commercial  work.  Vl«.  133 
shows  the  arrangement  of  parts  in  an  Atwater- Mahler  calorimeter,  whibb 
is  similar  to  the  Mahler,  Emenson,  Hempel  and  other  well-known  bomb 


oalorlmeters.  Th9  "bomb"  is  the  strong  steel  vessel, 
fitting  screw-top  and  lined  with 
platinum,  gold,  nickel,  enamel 
or  other  non-corrosive  material. 
A  valve  is  provided  at  tho  top 
for  supplying  ^  oxygen.  The 
sample  la  placed  in  the  crucible, 
C,  and  ignited  by  the  very  fine 
iron  wire,  /,  which  is  heated  to 
incandescence  by  an  electric 
current  through  W  and  W.  The 
bomb  is  placed  in  the  calorim- 
eter vessel  proper,  Q,  which  is 
filled  with  water.  Heat  insula- 
tion is  provided  by  placing  the 
calorimeter  in  two  other  vessels, 
T  and  V,  separated  by  air  spaces. 
The  water  is  agitated  by  the 
stirrer,  S,  and  its  temperature 
measured  with  a  thermometer,  t. 
The  procedure  In  operation 
is  hneny  as  follows:  About  1  g. 
of  coal  is  carefully  weighed  in 
the  crucible,  which  ia  placed  in 
the  bomb  with  the  fine  iron 
wire  carefully  arranged  in  con- 
tact with  tho  coal.  After  the 
top  ia  screwed  on  the  bomb  is 
filled  with  oxyKen  at  a  pressure 
of  300  lb.  to  4d0  Ib.  per  sq.  in., 
and  placed  in  the  calorimeter 
tank,  which  contains  a  known 
weight  of  water  After  the  ini- 
tial "  radiation  "  rate  is  obtained, 
the  specimen  is  ignited  and  the 
riso  in  temperature  of  the  water 
observed.      When    the    rate    of 


B,  with  closely 


^   A  X..J-L  .-:.XX  :■■---:  v  x.\^.x 


Fxo.  133. — Atwater-Mahler  fuel 
calorimeter. 


change  of  temperature  becomes  constant,  the  final  "radiation"  rats  is 
obtained.  The  heating  value  per  pound  is  calculated  from  the  weight  of  the 
specimen,  the  weight  of  the  water  and  tho  rise  in  temperature.  Correction 
is  mado  for  the  heat  capacity  of  the  calorimeter  ("  water  equivalent"),  the 
"radiation"  during  the  combustion  interval,  the  heat  from  the  electrie 
energy  used  in  heating  the  wire  and  the  heat  of  combustion  of  the  latter. 
The  temperature  range  is  only  a  few  degrees  centigrade  and  is  usually 

*  Excellent  detailed  instructions  are  given  in  Bulletin  No.  339,  U.  S. 
Geological  Survey,  and  in  later  bulletins  of  the  Bureau  of  Mines  on  eoal 
sampling.     Also  see  books  and  technical  articles  on  coal  specificationa. 
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■euurad  with  differential  mercury  thermometers,  read  to  O.OOl  deg.  with 
tbe  lid  of  a'microacope. 

nt.  TIm  MMntikl  detallj  of  procedure  for  »  nroilinkta  analriii 
inufoUowv:  (1)  Tlie  whole  aample  is  placed  in  a  shallow  pan  and  air-dried 
ia  >  special  oren  at  10  deg.  or  15  deg.  eent.  above  room  temperature  uotil 
tie  weight  is  pntetioally  constant  (from  2  to  4  hr.)  The  loss  in  weight  is  the 
nuliM  mouturo  or  "  air-dry"  lou.  The  sample  is  then  ground  in  a 
aoffee  mill  until  it  will  pass  through  a  20-mesh  sieve;*  it  is  next  quartered 
and  then  about  100  g.  are  ground  in  a  moHar  or  ball  tmll  to  80  or  100  mesh. 

(2)  Total  molatara  is  obtained  by  heating  1  g.  of  the  final  sample  in  an 
siMn  porcelain  or  platinum  crucible  in  an  oven  at  104  to  107  deg.  cent.,  and 
sotiag  the  loss  in  weight. 

(3)  Volatile  znattar  is  obtained  by  heating  1  g.  in  a  special,  covered 
plttianm  crucible  at  a  bright  red  heat  in  a  Bunsen  flame  for  7  min.  The 
tetsl  loss  in  weight  is  equal  to  the  volatile  matter  plus  the  moisture. 

W  Ash  is  determined  by  burning  1  g.  of  the  sample  in  an  open  crucible 
astil  the  w^ht  ia  constant  (1  to  2  hr.).  The  highest  temperature  of  the 
Baosen  flame  is  utilised.  Sometimee  a  small  stream  of  oxygen  at  low  pre»- 
■nisinieeted  into  tbe  orueible  to  hasten  combustion. 

(S)  Ilzod  oarbon  is  determined  by  calculation,  that  is,  fixed  carbon  <• 
100—  (moiatiire  +  Tolatile  matter  +  ash),  all  expressed  in  i>er  cent. 

(0  Sii^>har  ia  determioed  as  follows:  1  g.  of  the  coal  is  mixed  with  suit- 
uwdiemieaJs  (such  as  magnesium  oxide  and  sodium  carbonate)  and  burned. 
The  raadoe  is  exteacted  with  water,  filtered,  and  the  sulphur  precipitated 
frrai  the  solution  with  barium  chloride,  coming  down  as  barium  sulphate. 
■Wn  the  weight  of  Uiie  precipitate,  the  percentage  of  sulphur  in  the  original 
Msiile  is  calculated. 

•.  Th«  Jnnkor  calorimeter  is  the  best  known  example  of  the  con- 
JOn  elML    It  ia  mod  extensively  for  gaa  fuels  and  can  also  be  used  for 
ftiui  fuels.     Fig.   134  ahows  the  calorimeter  set  up  for  gas  testing.     The 
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Flo.  134.^^unker  gaa  calorimeter. 

|U  Ion  throngh  tlie  meter  li  and  a  pressure  regulator  A  to  a  special  Bunsen 
Bvner  inside  of  the  calorimeter  C  The  combustion  chamber  is  surrounded 
sr  •  chamber  throusli  which  water  flows  at  a  constant  rate.  The  heating 
™<K  ia  B.t.n.  per  cubic  foot  of  gas  is  calculated  from  the  rate  of  gas  con- 
■" — '     ,  rate  of  flow  of  the  water  and  the  difference  between  the  average 
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inlet  and  average  outlet  water  temperatureB.  For  liquid  fuels,  a  weichini; 
device  and  a  special  burner  are  provided. 

S91.  Other  typei  of  CAlorimeteri  of  the  dlMontlnuoui  elftss  differ 
eBsentially  from  tne  Berthelot  only  in  the  method  of  supplying  the  ozysen. 
la  calorimeters  of  the  Carpenter  and  the  Favre  and  Silberman  type,  oxycen 
gas  is  supplied  at  atmospheric  pressure.  In  instruments  of  the  Farr  class, 
the  oxygen  is  supplied  by  chemicals  with  which  the  sample  is  mixed. 

S9S.  Fuel  oili  are,  in  addition  to  the  foregoing,  Par.  S90,  frequently 
tested  for  flaih-pbint,  or  temperature  where  the  vapor  given  off  will  ig- 
nite but  will  not  continue  to  burn;  flre-point,  or  temperature  wlters 
combustion  will  continue  if  the  vapors  are  ignited;  TilCOtlty;  ChiU-potn^, 
or  congealing  temperature;  per  cent,  of  aaphaltum. 

595.  Report!  of  proximate  analjiei  and  heating  value  (in  B.i.u.   per 

pound)  usually  give  the  results  calculated  on  at  least  two  bases,  "as  reoei'ved" 
and  "dry."  The  former  are  of  most  interest  to  the  users  of  the  fuel,  but.  the 
results  must  be  reduced  to  the  latter  basis  when  comparisons  are  to  be  niAde. 
S94.  fuel  or  illumlnatiu  gatei  are  analysed  for  the  following  oon- 
ponenta  in  per  cent,  by  Toluzne;  carbon  dioxide  <COt)<  carbon  mon- 
oxide (CO),  oxygen  (Os),  methane  (CHO.  ethylena  (CsHi),  hydrtk^en 
(Hs)  and  nitrogen  (N).  CO,  COs,  Os  and  CfHi  are  usually  determined  by 
passing  a  known  volume  of  the  gas  through  a  series  of  reagents,  one  at  a  time, 
each  of  which  will  absorb  one,  and  only  one,  of 
the  coinponents.  The  diminution  of  the 
volume  is  noted  after  each  absorption.  Hi 
and  CH*  are  obtained  by  combustion  in  a 
glass  tube  with  a  known  volume  of  air,  the 
products  of  combustion  being  measured  by 
absorption  as  in  the  case  of  the  other  constit- 
uents, and  the  original  volume  calculated.  N  . 
is  obtained  by  difference. 

S9f.  Oriat  apparatui.  The  various 
forms  of  apparatus  which  employ  the  ab- 
sorption method  are  based  on  the  principle 
of  the  Orsat  apparatus  shown  in  Fig.  135. 
A  given  quantity  of  gas,  usually  100  c.c,  is 
drawn  into  the  measuring  tube.  T,  by  means  , 
of  the  water  bottle,  B,  and  carefully  measured. 
The  gas  is  then  forced  into  the  COt  reagent 
bottle,  d,  drawn  back  into  T  and  the  decrease 
in  volume  noted.  The  process  is  repeated 
with  each  of  the  tubes,  c,  b  and  a,  giving  the 
percentages  of  Oa,  CO,  and  Hs  respectively. 
The  usual  reagents  are  caustic  potash  solu- 
tion for  COi,  aramonjactd  cuprous  chloride 
solution  for  CO  and  alkaline  pyrogallic  acid 
solution^  tor  Ot.  Ht  being  obtained  by 
combustion. 

596.  Flue  gases  are  analysed  for  carbon  dioxide  (COi).  carbon  mon- 
oxide (CO),  oxygen  (Os),  hydrogen  (Hx)  and  nitrogen  (N).  in  the  manner 
indicated  for  fuel  or  illuminating  gas. 

997.  OOs  recorders  are  instruments  which  automatically  and  continu- 
ously remove  samples  of  flue  gas  and  indicate  with  a  pointer  or  record  on  s 
clock-driven  chart  the  percentage  of  CC)i  in  each  sample.  Various  principles 
are  employed,  among  which  are  the  variation  in  the  refraction  index  with  the 
percentage  of  COs,  the  variation  in  density  compared  with  air  as  a  standaxd. 
and  the  variation  in  the  position  of  a  float  with  the  volume  remaining  after 
the  COt  has  been  removed  ^^-ith  caustic  potash,  the  usual  reagent. 

S98.  Selected  list  of  reference  literature  on  fuel  and  gas  analysts. 

Lcwxs,  V.  B. — "Liquid  and  Gaseous  Fuels."  D.  Van  Nostrand  Co.,  New 
York. 

Gill,  A.  H. — "Gas  and  Fuel  Analysis  for  En^neers.**  John  Wiley  A  Sona. 
New  York. 

Kejishaw,  J.  B.  C— "The  Calorific  Value  of  Fuels."  D.  Van  Noetrand  Co., 
New  York. 


Fio.   135. — Orsat  apparatus. 
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SoMBamiBB.    B.    E. — "Coal,  lu  Composition,  Analynii.  Utiliiation  and 
Valuation."     McGraw-Hill  Book  Co.  Inc.,  New  York. 

MoTKS,  J.  A. — "Purchaainx  Coal  by  Specification."    Jour.    Engineering 
Soocty  of  Pennsylvania,  Aug.,  1613. 

fvH  Technolo^  Publications,  U.  S.  Bureau  of  Mines  (Formerly  U.  S. 
Grolocical  Surrey). 

Bulletin    No.    12.     Apparatus    and    Methods   for    the    Sampling   and 
Analysis  of  Furnace  Gases,  1911. 

Bulletin  No.  23.     Steaming  Tests  of  Coal,  1912. 

Bulletin  No.  63.     Sampling  Coal  Deliveries  and  Types  of  Government 
Spedficationa,  1913. 

Technical  Paper  3.    Specifications  for  Fuel  Oil  for  the  Government,  1911. 

Technical  Paper  8.     Methods  of  Analysing  Coal  and  Coke,  1912. 

Technical    Paper   26.     Methods    of    Determining    Sulphur   in    Fuels, 
Especially  Petroleum  Products,  1912. 

Technical  Paper  49.     Flash-point  of  Oils,  Methods  and  Apparatus,  1913. 
BaOetiiis.  University  of  Illinois  Experiment  Station; 

No.   15.  How  to  Bum  Illinois  Coal  without  Smoke,  1908. 

No.  31.  Fuel  TesU  with  House  Heating  Boilers,  1909. 

No.  37.   Unit  Coal  and  Composition  of  Coal  Ash,  1909. 

No.  38.  Weathering  of  Coal,  1909. 

No.  46.  Spontaneous  Combustion  of  Coal,  1911. 


WATER,  GAS,  AIR  AND  STEAM  METERS 
BT  asanrAiJ)  j.  s.  piaoTT 

WARB  MBTEBS 
ClMafflcatfon,     Water  meters  are  of  three  classes:  weighing,  volu- 
:  and  velocity. 

4M.  Water  iralch«n  are  not  affected  by  variations  in  temperature  and 
•uov,  approximately,  2  per  cent,  error.  AU  weighers  must  be  fed  with 
agravityflow.  The  various  methods  employed  by  concerns  manufacturing 
vaier  weighera  are  described  in  Par.  401    to  404. 

401.  Worthlnfton  weigher.  In  this  device  two  counterweights  are 
iBOonted  on  trunnions,  water  flowing  into  one  tank  while  the  other  empties. 
As  the  water  risee  the  centre  of  gravity  of  the  tank  and  water  is  shifted,  finally 


^a 


Fio.  138. — Wortbington  recording  liquid  weigher. 

nacUag  a  point  where  the  tank  upsets  and  empties.  This  movement  auto- 
i^ieal^  throws  the  water  deflector  over  to  fill  the  other  tank.  See  Fig.  136. 
TMs  deriee  will,  ol  course,  weigh  only  in  units  corresponding  to  the  weight 
oatained  in  one   tankful;   the  number  of  trips  of  the  tanks  being  auto- 
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matically  taken  by  a  counter  and  multiplied  by  the  tank  unit  weight.     The 
accuracy  approximates  2  per  cent.     See  Par.  400. 

40t.  The  Richardson  weigher,  Fi^.  137,  uses  a  single  weighing  taxUi 
mounted  on  knife-edged  scale  beams  directly  counterbalanced.  The  over- 
balancing of  the  weighing  tank  trips  the  feed  valve  from  the  upper  reservoii 
and  opens  the  discharge.  By  a  system 
utilising  two  toggles  and  dead-centres, 
the  upper  valve  does  not  open  till  the 
outlet  valve  is  again  entirely  closed. 
See  Par.  400. 

40S.  Th«  Wilcox  weigher  operates 
as  a  single  tank  with  a  syphon  outlet. 
The  bell  float  and  standpipe  (which  ia 
open  top  and  bottom),  arc  down  nor- 
mally, so  that  the  standpipe  seals  the 
opening  in  the  diaphragm  between  up- 
per and  lower  tanks.  Water  accumu- 
lates in  the  upper  section  until  it 
overflows  the  top  of  the  standpipe  and 
runs  down  into  the  lower  compartment, 
trapping  nir  in  the  bell  and  inner  legs  of 
the  two  siphons,  and  raising  the  Dell. 
As  the  water  rises,  the  trappeaair  is  com- 
pressed until  finally  it  breaks  through  the 
trip  seal  and  starts  the  main  siphon. 
The  release  of  air  pressure  allows  the 
bell  and  standpipe  to  drop,  and  the  cycle 
begins  again.     See  Par.  400. 

404.  Volumetric  metere  include 
measuring- tank  meters  (other  than 
weighers),  piston  meters  and  disc  meters. 
Vanations  in  temperature  affect  all 
these  types,  bo  that  they  must  be  cali- 
brated for  the  average  temperature  on 
which  they  are  to  be  used.  Accuracy 
of  piston  and  disc  meters  should  be 
marred  by  only  1.0  to  1.5  per  cent,  aver- 
age error,  provided  they  are  properly  used 
and  not  worn.  Wear  of  piston  meters 
or  disc  meters,  causing  leakage,  may  in- 
crease the  percentage  of  average  error 
to  5  or  10  per  cent.  The  various  types 
of  volumetric  meters  are  described  in  Par.  406  to  408. 

40f .  Space  occupied  bj  Bichardson  weigher. 

8IS5B8  AND  DIMENSIONS  (IN.) 


Fig.  137. — Richardson  weigher. 
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Fie.  138. — Hammond  water  meter. 
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406.  The  Hammond  meaaurinc-tank  m«t«r,  Fig.  138,  consista  of  two 
tanks,  Bi  and  Ba.  into  one  of  which  the  inflowing  water  la  directed  by  the 
baffle  G,  while  the  other  is  emptying  through  the  valve  />i.  When  the  if  ater 
level  in  Bi  rises  high  enough  to  lift  float  ii,  latch  Hi  releases,  the  weight  of 
water  on  valve  Di  throws  the  wrist  plate  over,  opening  Di  and  closing  LH,  and 
changing  the  deflector  0  to  fill  Bi.  The  action  is  very  rapid  at  the  release 
period,  preventing  Iom  of  water  during  the  change  period.  A  gage,  A^,  ia 
includea  for  accurately  setting  the  meter.  This  device,  as  witn  all  the 
volumetric  meters,  is  afTected  by  change  of  temperature.  For  variatioos  of 
approximately  50  cleg.  fahr.  (28  cie^.  cent.)  the  error  is  not  great,  the  average 
being  2  per  cent,  to  3  per  cent.     It  is  operated  on  gravity  flow. 

407.  Disc  meteri  of  the  general  type  in  Fig.  139,  operate  by  the  gyration 
of  a  disc  in  a  spherical  chamber.  The  stem  attached  to  the  disc  describea  a 
circular  path  and  operates  the  counter.  These  meters  arc  used  on  cloved 
lines  under  pressure. 


Fig,   139. — Worthington  disc  meter. 


DUc  meters  ti.  pUton  meters.  Disc  meters  are  used  chiefly  for  small 
lines,  up  to  about  3  in.  diameter.  Piston  meters  for  siies  from  2  in.  to  8  in. 
For  larger  flows,  tank,  Ventuii  or  turbine  meters  are  generally  employed. 

40S.  Piston  meters  of  the  general  type  shown  in  Fig.  140,  operate  like  a 
duplex  steam  pump,  the  movement  of  the  pistons  measuring  00"  definite 
volumes  of  water  per  stroke.  The  strokes  are  recorded  by  the  counters 
usually  in  units  of  cubic  feet.  These  meters  are  used  on  closed  lines  under 
pressure,  and  necessitate,  for  their  operation,  a  pressure  diop  of  from  2  to 
6  lb.  per  sq.  in.,  depending  on  the  flow. 

409.  The  Venturl  meter  is  widely  used,  both  for  large  and  small  flow,  on 
pumping  sexvioe  and  boiler  feed.     It  occupies  practically  no  space  outside  of 
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the  pipe  line;  has  no  moving  patts  in  the  meter  proper,  and  operates  o 
closed  pi essure  lines.  The  accuracy  is  from  1.0  to  l.o  per  cent,  if  used  o 
reasonably  steady  fiow.  If  used  on  lapidly  fluctuating  flow  it  becomes  ver 
inaccurate.  If  kept  clean,  the  accuracy  is  substantially  constant  during  tb 
life  of  the  meter. 

A  iGsht  pressure  drop,  0.25  to  3  lb.,  occurs  through  the  meter,  dependinc  I 
siie  on  the  flow.     For  theory  of  the  Venturi  tube,  see  Sec.  10. 

410.  Th*  Pitot  meter  is  not  satisfactory  for  general  aerrioe,  as  the  he* 
differences  are  much  less  than  those  developed  in  the  Venturi,  consequent! 
the  registering  apparatus  is  much  more  delicate  and  sensitive  to  leakage  in  tb 
pressure  lines  leading  from  the  main  to  the  recording  instrument.^  It  is  als 
very  sensitive  to  edaies  in  the  pipe  lines  in  which  the  Pitot  tube  is  inserte< 
For  the  theory  of  the  Pitot  tube,  see  Sec.  10. 

411.  The  turbin*  mater,  Fig.  141,  is  used  to  some  extent  for  Isise-ai 
lines  and  large  flow.     It  operates  like  a  hydraulic  turbine,  and  ae  the  met« 


SECTION  THROUGH  VERTICAL  CENTRE  UNE 
Fio.  141. — Worthington  turbine  meter. 

opposes  practically  no  friction  or  pressure  loss  to  flow,  the  speed  of  the  met) 
is  substantially  proportional  to  the  flow.  It  is  called  a  "velocity  meter,"  bi 
strictly  speaking,  this  meter  is  volumetric;  it  is  affected  in  accuracy  by  ten 
perature  changes.  The  accuracy  is  practically  the  same  aa  the  weighers  ai 
tank  meters  (Far.  400). 

411.  Weiri,  usually  of  the  V-notch  type,  are  in  considerable  use,  in  ooi 
nection  with  indicating  and  recording  mechanisms  for  water  measuremen 
(See  Sec.  10.)  In  the  Ma  type,  a  float  in  a  chamber  above  the  weir,  operat 
a  grooved  drum  in  such  a  fashion  that  the  recording  and  integrating  appar 
tus  move  over  equal  increments  of  space  for  equal  increments  of  flow. 

In  the  Hoppei  type,  a  conoidal  float  is  suspended  by  a  coil  spring,  and  ia  i 
shaped  that  the  descent  of  the  float  by  the  weight  of  water  forced  over  by  tl 
rise  of  the  weir,  is  proportioned  to  the  flow.  Very  good  accuracy  is  claim* 
for  these  weir  meters,  from  0.5  to  1<3  per  cent,  over  all  ranges  of  flo' 
Temperature  changes  are  approximately  compensated  for  in  both  types,  I 
the  behavior  of  the  float  and  the  conoidal  chamber  reepeotively. 
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4U.  Tha  matan  •Tailabla  for  (u  and  air  meaauramant  ara:  (s) 
bcDowa-trpe,  for  low  praasure  chiefly;  (b).  Thomu  electrio,  for  high  or  low 
pnarare:  (c)  Ventori-tube  and  Fitot  tube  and  types  for  high  or  Tow  pt«s- 
snraa;  (d)  wet  tyjies  for  low  preasure;  (e)  rotaries. 

414.  Tlia  ballowi  typa  "dry' '  matar  has  usually  a  pair  of  leather  bellows 
oparating  two  diaphragms,  after  the  manner  of  a  piston  in  a  reciprocating 
envne.  The  valve  operation  is  exactly  like  that  of  a  two-cylinder  double 
acting  engine  with  quartering  cranks.  The  movement  of  the  diaphragms 
neaaurea  off  volumes  of  gas.  The  pressure  and  the  temperature  must  be 
kept  reasonably  constant,  as  the  accuracy  of  the  meter  is  affected  by  both. 
The  etror  may  range  from  3  percent,  "alow"  to  2  percent,  "fast." 

4U.  Tito  wat  nMtar  is  now  used  chie6y  for  large  gaa-works  service,  and 
ila  operation  is  somewhat  like  that  of  a  rotary  en^e.  The  average  error 
is  nsnally  from  3  per  cent,  slow  to  2  per  cent.  fast.  The  obtainable  accuracy 
with  large  wet  meters  is  within  0.1  per  cent. 

4M.  The  Tbomas  elaetric  gsi  mater  consists  of  an  electrio  resistance 
heater  coil  in  the  gas  main,  a  wattmeter  and  two  screen-resistance  thermom- 
eters. An  amount  of  current  is  passed  through  the  heater  such  that  the 
tfiflerenee  of  temperature  of  the  gas  before  and  after  passing  the  heater  is  a 
definite  amount  as  measured  by  the  screen  thermometers,  which  automatic- 
ally average  the  temperature. 

The  relation  between  tite  temperature,  watts  input  and  flow  is  then 

W  -  ""'^^  (lb.  gas  per  min.)         (59) 

vliere  t  »  tempera  tore  difference,  inlet  and  outlet,  deg.  fahr.;  •  m  epecifio 
heat  at  eooatant  pressure  of  air  or  gas  measured;  B  *  watts  input.  The 
Tbomas  meter  is  used  as  a  substitute  for  the  huge  wet  meters  formerl>r  em- 
pioyed  at  gas  houses  for  the  main-flow  measurement.  Its  accuracy  is  higher 
thdJt  ^at  of  any  other  device  now  in  use  for  air  or  gas  flow,  the  error  being 
litHB  ±0.05  to  ±0.2  per  cent.  In  email  siies  it  is  too  expensive  to  compete 
with  other  types  of  meter,  but  in  large  sises  it  is  much  less  expensive  in  pro- 
porticHi,  and  luss  the  additional  advantages  of  indicating  and  recording  as  well 
as  integrating.  In  commercial  service  it  is  generally  equipped  with  an  auto- 
natie  regulator  arranged  to  keep  a  constant  temperature  difference  between 
iaiet  and  outlet;  the  electric  instnimenta  can  then  be  graduated  directly  in 
pounds  or  cubic  feet,  as  the  flow  is  directly  proportional  to  the  watts  input. 

417.  Tantari  iiMt«ra  are  in  some  use  for  large  gas-flow  measuremente: 
the  device  is  accurate,  but  the  formula  for  its  use  is  complicated  and  no  satis- 
betory  direct-reading  indicating  or  recording  device  has  yet  been  introduced. 

The  formula  for  air  and  gas  service  is 


IT-Cilt 


Ob.  gas  or  air  per  sec.)  (60) 
Where  il»npatream  area,  sq.  ft,;  Ai  — throat  area,  sq.  ft.;  P  — tt|>- 
icream  pleasure,  lb.  per  sq.  ft.;  Pi  ..throat  pressure,  lb.  per  sq.  ft.;  -r  — ratio 
wp.  beat  at  constant  pressure  to  sp.  heat  at  constant  volume;  — 1.4()8  for  air, 
—  I.2Mfor  natural  gas;  ii  —  density,  lb.  per  cu.  ft.  at  upstream  section; 
^•0.98.  coeiBcient  oifiow;  g -grsvitation  constant,  32.2. 

For  differences  of  pressure  less  than  20  in.  of  water,  the  hydraulic  formula 
■ay  be  employed  without  error  in  excess  of  1  per  cent. 

fl-l&3 -^ 1— T^/       (cu.  f  t.  per  aec.)    (61) 
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when  Q— on.  ft.  per  wo.  (,  —  W/ti);  k— differanoe  of  preMuie,  upstream  •nd 
thnwt  in  in.  of  water  [-(Pi->i)(12/02.36)l. 
418.  Th*  Pltot-tub«  {annul*  for  cm  and  air 

Q  -  218.44£<2>^^'\/^(au.  ft.  gas  or  air  per  bt.HOZ) 

where  g— flow  faetor  of  tlie  tube  exprewed  as  a  deoimal;  «f»int«nial  diam.  of 
tube  (in.);  Ta-abeoiutefahr.  temperature  of  measurement  base;  P— abso- 
lute pressure  of  measurement  base, lb.  per  aq.  in. ;  O  >  sp,  grav.  of  (u  referred 
to  air;  if  air  is  measured,  O— 1;  i>— absolute  static  preasure  of  flowing  gaa  in 
meter,  lb.  per  eq.  in.;  T— absolute  temperatura  fahr.  of  flowing  ns;  A  — 
velocity  head  of  flowing  gas  (in.  of  water) ;  Q  -  cu.  ft.  of  gas  per  hr.  at  r  and  P. 

The  Talue  of  S  is  0.8630  for  smooth  tubes,  2-in.  to  6-in.  diameter,  with  the 
Fitot  tube  placed  exactly  in  the  centre  of  the  pipe.  The  velocity  is  a  mnzi- 
mum  at  the  centre  of  a  idpe,  decreasing  to  •  minimum  at  the  i»i)e  surfsice. 
This  accounts  for  the  fact  that  B  is  less  than  unity  when  the  Fitot  tube  Is  at 
the  centre  of  the  pipe.  The  ooe£Scient  of  flow  for  the  Ventuii  meter  approxi- 
mstea  from  0.97  to  0.98  for  proiMtly  designed  meters. 

41t.  BotazT  meters  of  several  makes  are  on  the  market;  one  (ra»  is 
■l>ows  in  Fig.  142,  intended  for  comprsssed-air  service.    Air  enters  th»  «haiB> 


Fio.  142. — Krentsberg  air  meter. 

ber  at  C  and  impels  the  Sap  pistons  D  and  E  toward  ths  outlet  ride.  As  the 
pistonsA  JC,  and£,  are  cloaed  on  the  return  aide,  the  preesure  area  is  grsstest 
on  the  under  side,  causing  the  meter  to  turn. 

STKAM  UTIBS 

<M.  Steam  meters.  Most  of  the  steam-flow  meters  such  as  the  St.  John 
Sargent,  Uallwachs,  Oehre,  Eckhardt  and  General  Electric,  can  be  used  oa 
eomnressed-alr  service  if  desired.  See  Par.  419.  Steam  meters  are  di- 
vided into  area  meters  (Par.  421  and  4X2)  and  velocity  meters  (Par.  4SS  and 
424).  Preesure  and  quality  variation  affect  the  accuracy  of  all  area  and  vel- 
odty  meters,  so  that  the  meters  are  only  correct  for  the  calibration  oonditioiM 
of  pressure  sad  quality,  unices  fitted  with  compensating  devices. 

421.  '|Ar«a"  iteain  msters.  In  this  class  are  those  in  which  a  diao  or 
cup  partially  doeee  an  opening  through  which  steam  is  psselng.  The  shape 
of  the  passage  or  of  the  cup  is  so  arranged  that  as  it  rises  from  sero  position. 
the  free  area  for  passage  of  steam  is  increased.  As  demand  for  steam  is  in- 
creased, the  increase  of  pressure  drop  past  the  disc  or  cup,  causes  it  to  move 
further  up  the  passage,  enlarpng  the  area  till  the  pressure  drop  is  reduced 
and  the  mac  amin  in  equilibrium.  The  movement  of  the  disc  Is  communi- 
eated  to  an  indicator  and  chart  graduated  in  lb.  per  hr.  flow.  The  paaaage  is 
so  designed  that  the  movement  of  the  (Use  or  cup  is  directly  proportional 
to  the  flow,  giving  an  equal  increment  reading. 

422.  The  Sargent  mater  is  an  example  of  the  area  type.  It  has  a  conical 
cup  seating  over  a  conical  scat.  As  the  stream  flow  la  Increased,  the  cup 
rises,  expostni;  more  area  for  Sow  between  cup  and  tef.%.  As  the  weight  a<  the 
eup  and  stem  is  the  only  load,  the  pressure  diSerenoe  is  constant.  A  pressure 
compensator  in  ilk»  f9n>>  9(  •  Bourdon  tube  «an7in(  tb«  imUwtias  iwidle.  it 
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utached  to  the  bottom  of  the  stem,  and  the  coznbiued  rise  and  tranalation  of 
tbe  needle,  due  to  the  Bourdon  tube  and  the  cup,  is  read  off  on  a  eeriee  of 
■cigfat-fiow  curves  placed  behind  the  needle.  The  accuracy  will  be  about 
2  per  eeat.  if  very  well  adjusted.  The  pressure  compensation  is  likely 
tofedaoe  the  total  error,  which  will  average  between  ±2  and  ±3  per  cent,  in 
ttdiiiary  service. 

Its.  PTMSure  indicfttinff  derlcas  for  lue  with  Telocity  iteun  nutcrs. 
All  the  Telocity  meters,  Venturi,  Fitot  and  orifioe  types,  require  some  form 
of  Knsitive  differential  gage  which  will  accurately  measure  a  small  differ- 
«ee  between  two  high  initi&l  pressures. 

Thenmc^t  indicating  apparatus  consists  of  a  glass  water — or  mercury — 
L  tabe.     To  this  claas  belong  the  Gebhardt,  Genre  and  General  Electric 

Oi.  Th«  Gebhardt  >teun  meter,  Fie.  143  is  given  as  an  example  of  the 
fofe-flav  type  of  velocity  meter  and  reads  directly  by  a  water  column  on  a 
durt  graduated  in  lb.  per 
oifi-  or  per  hr.,  and  for  a 
mnplete  range  of  pressures. 
To  read  the  meter  correctly, 
ii  u  necessary  to  know  the 
PfMBurea  and  qualitv.  By 
Beu»  of  a  small  condensing 
cumber  this  meter  is  made 
■atable  for  uae  with  super- 
Kated  steam.  Accuracy  of 
^Gebhardt  met«r  (also  the 
G.  £.  type  TSs  and  Gehre)  is 
tl  per  cent,  on  careful  hand- 
bor.  but  more  usually  ±1.5 
to  2  per  cent,  in  ordinary  ser- 
^  without  constant  pree- 
Mire  and  quality  check. 

The    Thoma«    electric 
be   used   for 


BMuminf  steam  very  ac- 
cvUely,  but  it  cannot  be 
toounercially  employed  as 
Uie  amount  of  current  re- 
<|und  becomes  excessive  ^on 
•"count  of  the  high  specific 
fettof  steam)  and  especially 
lor  wet  steam  where  mois- 
tsre  must  be  evaporated. 

tti-  Bteam-meter  coits. 
At  the  present  time  there 
ve  arailable  at  least  two  in- 
woting  meters,  one  suitable 
|w  Roeral  toting,  and  one 
'or  the  boiler  or  engine  room 
«  permanent  instruments. 
Of  the  recording  instruments, 
ftjle  one  or  two  are  fairly 
■■Olfactory  in  oi>eration,  the 


Fio.  143. — Gebhardt  steam  meter. 


price  of  all  is  much  too  high  for  general  adoption.  There  is  notlung  about 
tW  instruments  which  should  prevent  their  manufacture  and  sale  in  the 
nine  oanner  and  at  about  the  same  price  as  high-grade  recording  gages. 

PRECISION  Of  MEAST7REHENTS 

BT  WILLIAK  J.  DRI8KO 

tM.  Clutiflestion  of  nukturementa.  For  convenience  of  treatment 
la  nauurementa  are  claaaified  aa  either  direct  or  indirect.  A  direct 
'^Miiirement  conaiste  in  determininf  the  nunurle  which  ezpreflsea  the 
■acnitude  of  the  quantity  in  terma  of  aome  arbitrary  unit.  Tbua  lengtha 
^^cnnined  by  means  of  a  graduated  acale,  time  by  a  clock,  volume  of  a  liquid 
°T*(raduated  flaak,  etc.,  are  illuatrationa. 

"•anminanta  ar«  indirect  when  the  numeric  ia  obtained  by  aome 
*^iitatu>Q  "^flr^t^g  uae  of  aome  functional  relation  ezpreaaed  by  a  formula, 
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9,g.i  the  density  of  a  sphere  expressed  by  the  reUtion  d>»3£/{^TD*),  where 
M  is  the  masa  obtoiiwd  by  means  of  an  equal-arm  balance  and  D  the  diam- 
eter measured  by  a  micrometer  cali[>er;  or  the  horse-power  of  an  engine, 
h.p.  *p.l.a.n./33,000,  where  p  is  the  racan-effeotive  pressure  found  by  inea»- 
urement,  I  the  length  of  stroke,  a  the  area  of  the  piston  found  by  measuring 
its  diameter  and  n  the  number  of  strokes  per  minute  found  by  countins 
them.    Iq  general  these  expressions  take  the  form, 

X^Fia,b,e  ...     A,  B,  C  .   .   .  ) 
where  ab,  e  .    .    .   represent  measured  quantities,  while  A,  B,  C  .    .    .  rep- 
resent conatantfl  (like  33,000  and  r  in  the  above  formuln)  and  F  repre- 
sent that  there  is  some  functional  relation  between  measurements,  eonstanta 
and  the  indirectly  measured  quantity  X. 

AST.  Etsit  m«Mur«m«nt  hai  *  deflnlta  prsoislon.  Thus  the  length 
of  a  building  might  be  reliable  to  the  nearest  quarter  inch,  the  current  in  a 
certain  circuit  to  the  nearest  tenth  of  an  ampere,  or  the  time  of  vibration  of 
a  pendulum  to  the  nearest  hundredth  of  a  second.  To  determine  this 
reliability  it  is  necessary  to  make  a  very  careful  study  of  all  the  instruments 
used,  the  care  with  which  they  are  made,  graduated,  calibrated,  adjusted 
for  change  of  temperature  or  of  position,  etc.,  etc.  It  furthermore  is  nec^ea- 
fiary  to  know  not  only  the  skill  of  the  observer,  but  also  whether  any  constant 
errors  may  be  due  to  his  "personal  equation."  If  for  instance  one  desires 
to  calibrate  a  voltmeter  at  110  volts  by  means  of  a  standard  Weston  cell, 
the  following  points  must  be  considered:  How  closely  must  the  electro- 
motive  force  at  standard  temperature  be  determined?  How  closely  must  the 
temperature  coefficient  be  determined?  If  the  temperature  of  the  cell  when 
usea  is  determined  by  means  of  a  mercury  thermometer,  how  closely  must 
the  thermometer  be  calibrated  and  read?  How  closely  must  the  resistance 
of  the  voltmeter  be  known  and  is  it  necessary  to  take  any  precautions  re- 
garding its  temperature;  and  lastly,  what  must  be  the  precision  of  the  variable 
resistance  used  for  the  balance?  After  an  examination  of  all  these  probable 
sources  of  error  the  final  question  is,  What  is  the  most  probable  value  of  the 
combined  effect  of  all  these  separate  deviations  or  errors?    (See  Par.  1-6.) 

458.  The  ff«n«ral  problam.     Given  the  functional  relation, 

jr-F(a.  6.  c  .  .  .)  (63) 

the  problem  in  general  is  as  follows:  First  case  if  a,  b,  e  .  .  .  can  be 
measured  each  with  a  definite  degree  of  precision,  what  is  the  best  repre- 
sentative value  of  the  resultant  precision  in  JC?^  Second  case:  if  it  is  de- 
sired to  determine  X  to  a  certEun  definite  precision,  how  precisely  must 
each  of  the  components  be  measured  so  that  the  combined  effect  of  all  the 
deviations  may  not  produce  a  resultant  deviation  in  X  greater  than  the 
assigned  limit? 

Unless  it  is  possible  to  assign  some  numerical  esUmate  to  the  precision 
attained  in  determining  any  measured  quantity,  X,  the  result  is  of  little 
practical  value.  Hours  of  valuable  time  are  often  wasted  in  determining 
some  unimportant  component  of  an  indirect  measurement  with  excessive 
precision,  while  at  the  other  extreme  we  often  find  final  results  absolutely 
worthless  as  the  result  of  failure  to  measure  some  imi>ortant  component 
with  the  necessary  precision. 

459.  Detormination  of  precliion  in  final  raault  with  known  pre- 
diion  In  the  msaiured  components.  Referring  to  Eq.  63,  let  So,  Si,  St 
...  be  the  numerical  deviations  or  precision  measures  of  the  direct  measure- 
ments a,  b,  c  .  ,  .  i  Aa,  Ab,  Ae  be  the  deviations  in  X  due  to  the 
deviations  in  the  separate  components,  and  A  the  combined  effect  of 
the  separate  effects  Aa.  Aft,  A«  .  .  .  .  Then  A/X  is  the  fractional  deviation  or 
precision  measure  of  X  and  8a/a,  tb/b,  Sa/c  *  •  .  are  the  fractional  de- 
viations of  the  components  a,  b,  e  .  .  .  and  100  times  the  fractional 
deviation  is  the  percentage  deviation.  We  first  find  the  separate  effect 
of  each  of  these  deviations  d«,  th,  3«  ...  on  X  and  then  find  the 
combined  effect  of  these  separate  effects.     The  change  in  X  due  to  a  alight 

■  change  in  a  (b,  e  .  .  .  remaining  constant)  is  found  oy  diff^eniiating  the 
function  with  respect  to  a,  i.e., 

aV" 

A.-^««  (64) 

and  a  similar  slight  change  in  any  component  k  would  give 
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It  can  be  ahown  that  the  moat  probable  ralue  of  the  reaultant  effect,  A,  of 
the  aBpazate  eflecta,  A«,  At,  A<  ;  .   .  ia 

A-Va.'+A4»+4,«+   .    .   .  (66) 

Xcmmple.  The  value  of  the  acceleration  due  to  gravity  is  to  be  deter- 
mined by  mrana  of  a  pendulum  wfaoee  length  and  time  of  vibration  are  to  be 
mcaaured  and  used  in  the  formula  0  «t'//<*.  Here  X  ia  g,  a  is  I,  h  ia  t  and 
via  a  Eonatant.  Measurements  gave  i='  101.42  cm.,  reliable  to  0.05  cm.  and 
—  I.0QB4  sec.,  reliable  to  0.0008  gee.  How  i>reciae  is  the  value  of  g  when 
conpated  from  this  data?  Differentiating  with  respect  to  I,  we  have,  Aii- 
fII/P  —  0.0/ 1  .OX  0.05  -  0.50  cm.  per  see.  per  sec.  Differentiating  with  respect 
to  «  we  get.  A»--T>/X2X«i/««-9.9X100X2X0.0008/1.0-1.6  cm.  per 
see.  per  see.  This  means  that  a  deviation  of  0.05  cm.  in  the  length  of 
ttie  pendulum  ^affects  g  by  only  0.5  cm.  per  sec.  per  sec.  while  a  deviation 
ef  O.0OOS  aee.  in  the  value  of  (  affects  the  value  of  g  by  1.6  cm.  per  sec,  per 
see.  The  combined  or  resultant  effect  would  be  A  ■>  VAi' + Ai»  -  v'O.S>+ l.S 
•  1.7  em.  per  see.  per  sec.  and  we  might  write  the  final  result  as  0  — 981.S 
±  1.7  cm.  per  see.  per  see.  which  means  that  the  value  of  g,  as  determined, 
■I  probably  reliable  to  the  nearest  1.7  em.  per  sec.  per  sec.  It  should  be 
BMsd  UB  UM  above  computation  for  Ai,  Ai  and  A  that  not  more  than  two 
igona  ai«  naed  in  any  of  the  quantities,  i.e.,  v'-9.9,  (-1.0,  f-100,  etc., 
the  laaaoii  being  that  deviation  measures  always  represent  doubtful  places. 
Hcaee,  ainee  more  than  two  doubtful  places  would  be  useless,  (Acre  U  no 
Mad  of  ewtr  lutpint  mart  Hum  tvo  figure*  in  taeh  quantity  enterinn  into  a  com- 
jadrntiotk  of  a  diwiaticn  measure. 

4M.  Determination  of  naeanary  pradalon  in  maamirad  eomponanta 
to  — euie  deatred  preeUion  in  final  reiult.  The  second  or  converse 
problem  ia  as  foUowa:  JT  is  to  lie  measured  to  a  certain  degree  of  leliability 
npi— ed  by  A  —  some  definite  number.  What  are  the  allowable  deviations 
*•.«••«*.  .  .in  each  of  the  measured  components  a,b,e.  .  .  such 
that  the  eombined  effeet.  A,  of  their  separate  effects,  Aa,  At,  A<  .  .  . 
shaB  not  cseeed  the  preaeribed  limit?  From  the  law  of  errors  (£q.  66)  an 
iafinite  munber  of  solutions  is  possible.  The  bett  solution  would  be  that 
oec  which,  with  the  least  effort  on  the  part  of  the  investigator,  would  give 
the  SBsigiMMl  precision.  The  eaeietl  solution  and  the  one  that  has  been  found 
aatiifaetory.  at  least  as  a  preliminaiy  adjustment  of  deviations  among  the 
varioofl  components,  is  to  assume  that  each  of  the  components  may  produce 
aa  equal  effect  on  the  final  result,  t.e,,  tolet  Aa—A»~A(—  ,  .  .A..  From 
this  and  Eq.  68  it  follows  that 

A.-A4-A,-    .    .    .A.--^  (67) 

Vn 

■here  a  rapreaenta  the  number  of  measured  components.    The  allowable 

deviation  in  any  component  can  then  be  determined  from  £)q.  65  and  Eq.  67. 

""■"■■'•.     It  is  desired  to  find  tiie  heat  developed  by  an  electric  heater. 


within  three  parts  in  a  thoosand  (0.3  per  cent.),  by  measuring  the  current 
osed,  the  voltage  at  the  terminals  and  the  time  that  the  current  u  flowing.  If 
thepraaaara  ia  about  110  volts,  the  current  about  0.8  amp.  and  the  time 


1  amp.  

10  min.,  how  precisely  must  each  oomponent  be  measured?  The  formula  is 
B^I.BJ,  when  ff  is  in  joules,  or  0-0.8X110X600  joules- 52,800  joules. 
If  17  ia  to  be  reliable  to  three  parts  per  thousand,  it  must  then  be  determined 
to  the  nearest  15^.4  joules,  or  keeping  two  figures  only,  to  the  nearest  160 
Joalea.    fibwa  then  are  three  components,  n  -  3  and  wo  have 

Ar— Aw-Ai—  — T=-— 7r--94ioules.     Differentiating,  we  get, 
V»     V3 

4,-»4-«rf/  .-.  tj.  jjg^-0.0014  amp. 
A,-*l-W«  .-.  ,j,-g^g^-0.19voIU 

*-•*-"*  ■•••-aslTIo-"'"- 

TUi  means  that  if  we  assume  equal  effects  and  wish  to  kaow  the  heat  to  the 
aasRst  160  joules,  the  current  must  be  measured  to  the  nearest  0.0014  amp., 
*ro  roliaae  to  the  nearart  0.19  volts  and  the  time  to  the  neareat  1.1  sec.     It 
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would  be  very  euy  to  reach  thu  precision  in  the  time  meMurement  if  a  good 
itop  watch  were  used;  in  fact  this  interval  oould  be  determined  to  within  0^ 
sec.  and  therefore  the  time  might  be  treated  as  a  constant,  in  which  ease  n 
would  be  two  instead  of  three  and  therefore  it  would  not  be  necessary  to 
measure  /  and  B  quite  so  accurately  as  indicated  above. 

481.  Two  dasftei  of  formulaB  in  Indirect  meMurementt.  The  two 
methoda  ihown  above  for  the  direct  (Par.  418)  and  the  indirect  (Par.  4>9) 
methods  respectively  are  perfectly  general;  consequently  by  their  use  any 
problem  may  be  solved  provided  all  deviation  or  precision  measures  are  ex- 

Sressed  as  actual  numeric^  deviations  and  not  as  fractional  or  ^rcentage 
eviations.  It  is  found  in  practice  that  nearly  all  formula  used  in  indirect 
measurements  fall  in  one  or  the  other  of  two  general  groups.  Those  of  the 
first  class  include  all  those  functions  which  contain  sums  or  differencee  of 
terms,  each  of  which  may  involve  either  measured  components,  or  con- 
stants, or  both.     The  general  form  would  be 

X-Aa'±B6«±Cc''±  .  .  .  (6S) 

where  At  B,C  .  ,  .  are  constants  and  a,  b,  e  .  .  .  are  measured  quantitie* 
entering  to  the  i'*,  m'*,  and  »■*  powers  reepectivdy.  Ezamplea  of  formula  of 
this  sort  are  the  expressions  for  the  electromotive  force  of  a  standard  Clark 
cell,  £-1.4340  [1-0.00078  ((°-15°)J,  or  the  reelstanee  of  a  etandard  10- 
ohm  coil,  A « loU +0.00388  (^-15°)]. 

Those  of  the  second  class  include  all  those  funotions  which  invcJve 
products,  quotients  or  powers  of  the  measured  components  and  conatanta 
and  do  not  involve  either  trigonometric  or  logarithmetio  functiona.  The 
general  type  would  be 

y-Ao'-5-e-  ...  (69) 

where  A,  n»  m,  and  k  are  constants  (positive,  negative,  fractional  orintMraS). 
An  ezanqjle  of  formuUe  of  this  \y^  is  the  expression  for  the  modulus  of  elas- 
ticity for  bending,  given  as  £  —  fFi*/4a  b<i*,  where  W  is  the  load  at  the 
centre,  I  is  the  length  between  supports,  a  is  the  deflection,  b  the  breadth  and 
d  the  depth  of  the  beam;  the  formula  given  above  for  density  (Par.  41$) 
is  another  example. 

4S1.  Percentafe  method  of  computing  preolaloa.  Problems  of 
the  second  class  (Par.  4S1)  may  be  solveamuch  more  easilv  by  the  fractional 
or  percentage  method  than  by  the  general  method,  as  will  appear  frem  the 


following.     T^ing  the  general  form  of  the  function  as 

JC-^.a-b-c*  .  .  .  (70) 

and  differentiating  with  respect  to  each  of  the  variables,  and  then  dividing 
each  of  theee  results  by  the  general  formula  gives, 

Aa      l&a      Ah     mib      Ac     if^e  ._  . 

X  a  X  0  X  e 
This  shows  that  a  fractional  deviation  ta/a  in  a  produces  a  fractional  devii^ 
tion  in  X  which  is  n  times  as  great,  or  in  per  cent,  it  means  that  if  a  is  un- 
reliable by  1  per  cent.,  X  will  be  unreliable  n  times  1  per  cent,  and  it  im 
to  be  noted  that  the  remaining  factors  in  the  formula  have  no  effect  whatever 
upon  tikis  relation.  This  enables  us  to  state  at  once  the  separate  effect  of 
any  percentage  deviation  of  a  given  component  and  by  using  the  relation 

^  ^(i'r+'gr^"(5^  •  •  •  •      '•"> 

or  its  equivalent, 
A 
X 

we  can  therefore  ezpreaa  the  final  resultant  effect  as  a  percentage  deviation. 
iU.  The  peroenten  method  1*  lUuitratad  by  the  toUowlnc  prob- 
lem. Meaaurementa  lor  the  modulus  of  elaatieity  uaing  the  above  fornnils 
are  a(  follows.  The  weight  is  10  kg.,  reliable  to  the  nearest  gram;  the  lencl^ 
is  1.000  mm.,  reliable  to  0.6  mm. ;  the  deflection  is  6.983  mm.,  reliable  to  0.007 
mm;  the  breadth  is  4.676  mm.,  reliable  to  0.006  mm.;  and  the  depth  is  16.000 
mm.,  reliable  to  0.008  mm.  The  problem  is  to  determine  the  reliability  of 
the  QioduluB  when  calculated  from  the  formula  5—  W-P/A  a.6.(f*.  The  fint 
step  b  to  express  all  the  deviations  in  per  oent>    Inspection  shorn  th»t  W 
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•  reliable  to  0.01  i>er  cent,  1  to  0.05  per  eent.,  a  to  0.10  per  cent.,  fc  to  0.10 
)veent.  and  d  to  0.05  per  cent,  and  by  £q.  71  we  get  100  Au/£-0.01  per 
itat;  10O/U/S»0.15  par  cent.;  100  Aa/£-0.1  per  cent;  100  Ctb/B- 
1.10  per  cent.;  aad  100Ad/£-0.15per  cent.  Substituting  theae  values  in 
■lh«r  Eg.  78  or  Eg.  73  we  get  tor  the  percentage  reliability  of  E:  100  A/£- 
V0.01'+0.15«  +  0.10>+0.10«+0.1S»-0.28  per  cent.,  i.e.,  tlie  combined  effect 
dr  an  tlie  deristiona  amounts  to  0.25  per  cent,  in  the  value  of  the  modulus. 
TVaa  X*  23,420^  56  kg.  per  equaze  millimetor. 

iM.  Tlia  eonrorM  problem  in  the  percantaca  method  would  be  aa 
isBowB.  It  ia  deaired  to  measure  the  modulus  to  1  per  cent. ;  how  precisely 
■■St  each  of  the  above  6ve  components  (Par.  488)  be  measured,  and,  aeo- 
aadly,  ean  any  of  them  be  measured  with  negligible  precision?  An  inspection 
at  tbs  aboTe  measurements,  or  a  knowledge  of  measurements,  would  show 
•feat  tlie  wvisht  might  be  measured  so  precisely  as  to  be  regarded  as  a  oon- 
stsnt,  and  henoe  n>-4;  then  we  should  have,  assuming  equal  effects,  At/B" 
A«'X-At/£-Aw/£- A/£\/4-l/100v/4- 1/200-0.5  per  cent.  Applying 
Ei|.  71  we  find  toe  percentage  deviations  to  be  as  follows:  100  iI/t—0.5/3** 
•LlTpar  eent:  100  4V<>-0.5  per  cent.;  100  <i/6-0.5per  cent.;  100  Wf** 
flLVJ  — 0.17  per  cent. 

witti  a  little  experience  one  can  write  the  result  of  either  the  direct  or  the 
aiiatgtse  problem,  by  the  percentage  method,  from  inspection*  or  at  moet 
with  a  anull  amount  of  calculation.  It  should  be  noted  that  the  equal-effect 
■athod  often  girea  only  a  first  approziniation  to  the  beat  result,  for  it  oCtea 
h  tree  that  one  or  more  components  can  be  measured  with  negligible  preci- 
doa  if  equal  effects  are  assumed,  in  which  case  a  second  solution  must  be 
■ade  treating  each  components  as  constants. 
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CONDUCTOR  MATERIALS 
OKNSBAL 

1.  Conductor!  and  non-oonduetors.     All  materials  poaseM,  in  somo 

degree,  the  property  of  electric  conductivity  and  the  question  whether  a 
given  material  shall  be  classed  as  a  conductor  or  a  non-conductor  ia  entirely 
one  of  degree.  Certain  materials  are  readily  classified  in  these  two  general 
groups;  metals,  for  iaatance,  are  easily  classed  as  conductors,  wbereaa  such 
substances  as  mica,  Elasn,  rubber  and  mineral  oil  are  classed  as  non-cozft- 
ductors.  Certain  other  materials  are  not  easily  classified,  because  their 
properties  undergo  extreme  cfaanKee  with  their  degrees  of  purity,  treatment 
and  temperature.  In  general,  all  materials  which  are  used  commercially 
for  conducting  electricity  can  be  classed  as  conductors;  and  those  materiaJa 
used  commercially  for  obstructing  the  flow  of  electricity  can  be  classed  aa 
non-conductors,  a  better  term  being  int^Uaiors  or  dielectriea.  ^ubstancea 
which  are  neither  good  conductors  nor  good  insulators  can  be  termed  semi- 
conductors. 

1.  Solid  conduction,  or  the  property  of  conduction  through  bodies  in 
the  solid  state,  is  explained  in  Sec.  2.  This  type  of  conduction  is  the 
only  one  considered  at  length  in  this  section  (Sec.  4), 

S.  Liquid  conduction,  while  it  refers  mainly  to  the  conduction  o 
slectrolytot  (Sec.  10),  also  includes  liquids  of  elements  in  the  pure  stata 
as  distinguished  from  chemical  solutions,  acid  or  basic.  The  property  of 
liauid  conduction  is  treated  at  length  in  Sec.  19.  on  " Electrochemistry*' 
(also  see  Sec.  20,  on  "Batteries"). 

4.  Oaaaont  conduction,  or  the  oonduoting  power  of  gases,  iisually 
in  a  rarefied  state,  is  also  outside  the  scope  of  Sec.  4  and  is  taken  up  in 
Sec.  19. 

5.  The  theoiy  of  conduction  is  briefly  explained  in  Sco.  2.  The 
electron  theory,  or  modern  view  of  conduction  phenomena,  is  treated  more 
fully  in  Sec.  22. 

•.  Bffect  of  temparatura.  The  resistivity  of  all  metals  becomes 
greater  aa  the  teinperature  rises.  These  materials  are  said  to  have  positiTe 
temperature  coefncienta  of  resistance.  Carbon  and  electrolytes,  on  the 
opposite  hand,  have  negative  temperature  cocflicients;  that  is,  their  resistiirity 
becomes  less  as  the  temperature  rises.  There  are  certain  alloys,  such  as 
manganin,  which  have  very  small  temperature  coefficients,  but  such 
materials  form  the  exception.  It  has  also  been  found,  in  the  esse  of  copper. 
that  the  temperature  cocflScient  of  resistance  varies  directly  as  the  percent- 
age of  conductivity  with  respect  to  the  annealed  oopper  standard  (Par.  41). 

7.  Temperature  coefficient  of  reiistaace.  The  resistance  of  any 
conduct<M*,  over  at  least  a  limited  range,  can  be  expressed  by  the  linear  equa- 
tion, 

Rt  ^  Ro(l  +  ant)  (ohms)  (1) 

where  Ri  is  the  resistance  at  any  temperature  U  R*  ia  the  resistance  at  0 
dog.  cent,  and  en  is  the  temperature  coefficient  per  deg.  from  and  at  soro  deg. 
At  some  other  reference  temperature  fi,  the  resistance  is 

A  -  Ai[l  +  m«  -  (i))  (ohms)  (2) 

where  Ri  is  the  resistance  at  fi  deg.  and  at  Is  the  coefficient  from  and  at  the 
temperature  h  deg.     These  formulas  take  no  account  of  the  change  of  dr- 
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Bcnons  with  change  of  temperature  and  therefore  apply  to  the  caae  of  con- 
duetora  of  constant  maas«  usually  met  in  engineering  work.  For  a  full 
ifitruHion  of  this  subject  see  DeUinger,  J.  U.  **  The  Temperature  Coefficient 
6t  Copper,"  Bulletin  of  the  Bureau  of  Standards,  1911,  Vol.  VII,  No.  1,  p. 
71:  and  "Copper  Wire  Tables,"  Circular  No.  31,  3rd  edition,  1914,  Bureau  of 
Standards. 

S.  Kllaet  of  eheznical  eompoiitlon.  The  resistivity  of  most  metals 
is  very  sensitive  to  slight  changes  in  chemical  composition.  Particularly  is 
this  true  of  copper;  when  alloyed,  for  example,  with  1  per  cent,  of  another 
netal,  its  inereaae  in  reaSstivity,  measured  in  per  cent.,  a  many  times  1  per 
«Bt.  See  Par.  CI  and  M.  Therefore  it  ia  very  essential  when  stating  a  value 
of  resistivity  for  a  given  subetance  to  state  also  wliat  the  substance  is  com- 
posed of.  or  if  it  be  so  nearly  pure  that  there  are  no  more  than  limaU  traces  of 
Icreign  substances,  to  state  its  percentage  of  purity. 

9.  Blaet  of  mecbailleal  taeatmant.  When  ductile  metals  are  sub- 
iectcdto  cold  rolling,  drawing,  hammering,  or  to  cold  working  of  anyldnd, 
tiicy  become  harder,  stronger  and  slightly  more  dense.  At  the  same  time 
the  resistivity  increases,  sometimes  markedly,  and  the  initial  properties  can 
oaly  be  approached  a^n  by  means  of  the  kaneallng  proeaii.  While 
tUs  proceaa  will  sometimes  restore  the  initial  properties,  at  least  for  most 
pnclieal  purposes,  it  does  not  always  do  so. 

WnUE   OAOX8 

U.  TIm  Bises  of  wlra  have  been  for  many  years  indicated  in  commercial 
praetioe  almost  entirely  by  gage  numbers,  especially  in  America  and  Eng- 
land. This  practice  is  accompanied  by  some  confusion  because  numerous 
gases  are  in  common  use.  The  most  commonly  used  gage  for  electrical 
vires,  in  America,  is  the  Americkn  wire  gags  described  fally  in  Par.  It. 
The  most  commonly  used  gage  for  steel  wires  is  the  steal  wire  Ka(e  briefly 
oentioned   in   Par.    IB. 

There  is  no  legal  standard  wire  gage  in  this  country,  although  a  gage  for 
•beets  was  adopted  by  Congress  in  1893  (see  Par.  114).  In  England  there  is  a 
legal  standara  known  as  the  standard  wire  gage,  mentioned  in  Par.  IT. 
In  Germany,  France.  Austria,  Italy  and  other  continental  countries  prac- 
tically no  wire  gsge  is  used,  but  wire  sises  are  specified  directly  in  milli- 
meters. This  system  ia  sometimes  called  the  millimeter  wire  gace  (see 
Pit.  S3).  The  wire  sixes  used  in  France,  however,  are  based  to  some  extent 
sa  the  old  Paris  gage  ("jauge  de  Paris  de  1857").  For  a  history  of  wire 
gsgcs  see  Circular  No.  31,  "Copper  Wire  Tables,"  Bureau  of  Standards, 
3rd  Edition,  Oct.   1,   1914. 

There  is  a  growing  tendency  to  abandon  gafe  number!  entirely  and 
specify  wire  sises  by^  the  diftmetarin  mill  (thousandths  of  an  inch).  This 
practice  holds  particularly  in  writing  specifications,  and  has  the  great  ad- 
vantages of  being  both  simple  and  explicit.  A  number  of  the  wire  manufac- 
toTffs  also  encourage  this  practice,  and  it  was  definitely  adopted  by  the 
I'sited  States  Navy  Dept.  in  1911. 

XL.  The  mil  is  a  term  universally  employed  in  this  country  in  connection 
vith  wire  gagea  and  is  a  unit  of  length  equal  to  one  thousandth  of  an 


U.  Tha  dreular  mil  is  another  unirersal  used  term,  being  a  unit  of 
vca  eqnal  to  the  area  of  a  circle  1  mil  in  diameter.  Such  a  circle,  however, 
has  an  area  of  0.7854  (or  t/4)  aq  mil.  Thus  a  wire  10  mils  in  diameter  has 
a  emsi  sectional  area  of  ICX)  circ.  mils  or  73.54  sq.  mils.  Hence,  1  circ.  mil 
e^usb  0.7854  sq.  mil. 


U.  Tha  Amarlesn  wire  gaga,  also  known  as  the  Brown  &  Bharpo 
Ma,  wss  devised  in  1857  by  J.  R.  Brown.  It  is  usually  abbreviated  A.  W.Q, 
Tfai  gsge  has  the  property,  in  common  with  a  number  of  other  gages. 


that  its  sises  repreeent  approximately  the  successive  steps  in  the  process  of 
vile  drawing.  Also,  like  many  other  gages,  its  numbers  are  retrogressive, 
s  larpr  number  denoting  a  smaller  wire,  corresponding  to  the  operations  of 
dimwiBg,  These  gage  numbers  are  not  arbitrarily  cho8eD,a9  in  many  gages, 
tiot  (adow  the  mathematical  law  upon  which  the  gage  is  founded.  The  gage 
ouaben  ud  aiies  are  given  in  Par.  M. 
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The  tbeoretieally  oxsct  diameten  in  this  gage,  u  giveD  in  th«  aeeond  eol- 
umn  of  Par.  SO,  contain  more  aignifioant  figures  than  there  ia  any  oommereial 
need  for,  and  hence  the  large  companies  have  atandardiied  the  sises  given  in 
the  third  column,  using  the  nearest  mil  for  large  sises  and  the  neareat 
tenth  of  a  mil  for  the  smaller  sises.  These  commercial  sises  were  adopted 
as  standutl  by  the  United  States  War  Dept.  in  1011. 

14.  Tha  baaii  of  the  Amarloan  wire  gaga  is  a  simple  mathematical 
law.  The  gage  is  formed  by  the  specification  of  two  diameters  and  the  law 
that  a  given  number  of  intermediate  diameters  are  formed  by  geometrical 
progression.  Thus,  the  diameter  of  No.  0000  is  defined  as  0.4600  in.  and  of 
No.  36  as  0.0050  in.  There  are  38  sisea  between  theee  two,  hence  the  ratio 
of  any  diameter  to  the  diameter  of  the  next  greater  numb^  ia  given  by  thia 
expression 

The  square  of  this  ratio  —  1.2610.  The  sixth  power  of  the  ratio,  <.«.^he 
ratio  of  any  diameter  to  the  diameter  of  the  sixth  greater  number  —  2.00SO. 
The  fact  that  this  ratio  is  so  nearly  2  is  the  basis  of  numerous  useful  relatioua 
or  short  cuts  in  wire  computations. 

II.  Tha  iteel  wire  gaga,  also  known  originally  as  the  Waahbum  tt 
Moem  gage  and  later  as  the  American  Bteel  A  Wire  Co.'i  gaga^  waa 
eatabliahed  by  Ichabod  Washburn  about  1830.  This  ga^e  also,  with  a 
number  of  its  sixes  rounded  off  to  thousandths  of  an  inch,  is  known  as  the 
Boabling  ^age.  It, is  used  exclusively  for  steel  wire.  The  numbers  and 
aises  are  given  in  Par.  SO. 

1(.  The  Birmlncham  wire  rage,  also  known  as  Stubs'  wire  page  and 
Stubs'  iron  wire  gage,  is  said  to  nave  been  eatabliahed  early  in  the  eighteenth 
century  in  England,  where  it  was  long  in  use.  Thia  gage  waa  uaed  to  desig- 
nate the  Stubs*  eoft  wire  aiaea  and  ahould  not  be  confuaed  with  Stubs'  steel 
wire  gage  mentioned  in  Par.  19.  The  numbera  of  the  Birmingham  gage  were 
based  upon  the  reductions  of  sixe  msde  in  practice  by  dravring  wire  from  rolled 
rod.  Thus,  a  wire  rod  was  called  No.  0,  nrat  drawing  No.  1,  and  so  on.  'The 
lO'adations  of  siae  in  this  gage  are  not  regular,  as  will  appear  from  ita  graph. 
This  gage  haa  been  used  to  a  considerable  extent  for  designating  iron  and  steel 
telegraph  wires.     Its  numbers  and  sises  are  given  in  Par.  SO. 

IT.  Tha  Standard  wire  gafe,  which  more  properly  should  be  designated 
(Brltiah)  Standard  wire  gage,  is  the  legal  atandard  of  Great  Britain  for  all 
wires,  adopted  in  1883.  It  ia  also  known  as  the  New  British  Standard 
fare,  the  Bngllih  lagal  standard  S*/f*  and  the  Imperial  wire  gace. 
It  was  constructed  by  ao  modifying  the  Birminghamgaee  that  the  differences 
between  consecutive  aises  became  more  regular.  WniTe  this  gage  is  the  one 
most  largely  uaed  in  England,  there  ia  a  tendency  there,  as  here,  to  drop  gage 
numbers  and  specify  sises  by  the  diameter  in  mils.  This  gage  has  never 
been  extensively  used  in  this  country.  Its  numbers  and  sixes  are  given  in 
Par.  SO. 

M.  Tha  Old  X2igUsh  wire  (race,  also  known  as  the  London  wire  ga(e, 
differa  very  little  from  the  Birmingham  gage.  It  waa  formerly  used  to  some 
extent  for  brass  and  copper  wires,  out  is  now  nearly  obsolete.  The  numbera 
and  sixes  are  given  in  Par.  SO. 

It.  Tha  Stubi'  Iteel  wire  mre  has  a  somewhat  limited  use  for  tool 
steel  wire  and  drill  rods.  It  ahould  not  be  confused  with  the  Birmin^am  or 
Stubs'  iron  wire  gage  mentioned  in  Par.  1(.  TYm  numbers  and  sixes  are 
given  in  Par.  SO.  In  addition  there  are  twenty-rix  larger  sixes,  Z  to  il,  and 
thirty  smaller  aisca,  No.  51  to  No.  80,  besides  those  given  in  Par.  SO  (see  tool 
catalogue  of  Brown  &  Sharps  Mfg.  Co.,  or  The  L.  S.  Starrett  Co.). 

10.  The  Trenton  Iron  Co.'a  gac*,  of  which  the  numbers  and  sisea  are- 

R'ven  in  Par.  SO,  ia  used  only  to  a  ver^  limited  extent.     It  differs  but  slightly 
om  the  steel  wire  gage  mentioned  in  Par.  li. 

11.  The  French  wire  gaga  is  an  exception  to  the  other  gages  given  in 
Par.  SO  in  the  respect  that  ita  sises  are  progreaaive,  instead  of  retrogreesive, 
as  the  numbers  advance.  The  sixes  there  given  were  taken  from  the  Ameri- 
can Steel  and  Wire  Co.'s  handbook,  "Electrical  Wires  and  Cables,"  1910. 
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SS.  Tht  Ulion  itamdard  wlrs  gr*g«  was  proposed  >omo  time  befora 
1SS7  and  was  based  upon  the  simple  principle  that  the  area  of  croeg-eeotion 
increased  proportionately  with  the  gace  aumbera.  Thus  No.  5 »  5,000  circ. 
mils.  No.  10  — 10,000  cir.  mile,  etc.     Thia  gage  never  came  into  general  use. 

is 
1 


tS.  The  MiUlmeter  wlrs  garsi  also  known  oa  the  Metric  wire  %»t*i  i 
baaed  on  ^ving  progressive  numbers  to  the  progreasive  aiaes,  calling  0. 
mm.  diameter  No.  1,  0.2  mm.  No.  2,  eto. 


St.  The  Oernuui  rare,  in  which  the  diameters  or  thickness  are  az- 
preaaed  in  millimeterB,  is  retrogroaaive  and  contains  26  sixes.  The  gage 
ramben  and  aiaee  ore  given  in  Far.  M. 

W .  Lorga  sUes  of  wire,  above  No.  0000  A.W.G.,  are  S|>eoiSed  by  the 
total  eroes-eeetion  in  circular  mils.    This  applies  in  particular  to  large 


M.  Tli«  United  States  standard  sheet  race,  for  sheet  and  plate  iron 
and  steel,  was  adopted  by  Congress  on  March  3,  1893  (see  27  Stat.  L.,  746) 
sad  established  a  uniform  legal  standard  for  the  United  States.  The  num- 
ben  and  thicknesaes  in  this  gage  are  given  in  Par.  80,  for  comparison  with 
wire  ga^es.  A  full  table  of  gage  numb^,  thickneeees  and  weights  is  given  in 
Ptt.  Sli. 

IT.  The  standard  decimal  gage  (or  sheet  metals,  designating  the 
**"'*^»f^  in  mils,  was  recommended  in  1895  by  the  Association  of  American 
Steel  Manufacturers,  the  American  Railway  Master  Mechanica'  Assooiation 
sad  the  American  Society  of  Mechanical  Kngineers.  There  are  38  sizes, 
nagiag  from  2  mils  to  250  mils.    See  Par.  >!•  for  a  full  table  of  siiee  and 


Hl  Th*  maasurementot  wire  diameters  maybe  accomplished  in  threet 
emys,  vis.,  by  means  of  a  micrometer  caliper,  by  meana  of  a  wire  gage  such  ' 
SS  tlttt  shown  in  Fig.  1.  or  by  means  of  a  V-gage.  The  most  accurate 
■saas  is  a  micrometer  caliper,  which  reads  directly  to  mils,  and.  by  eatimat- 
isg  tenths  of  the  smallest  scale  division,  to  tenths  of  a  mil.  The  most  accu- 
rate type  of  micrometer  is  one  equipped  with  a  miniature  friction  clutch,  which 
"^■~' — * 1  caused  by  gripping  the  wire  too  firmly  between  the  jaws. 


Via.  1. — Gage  for  testing  the  sises  of  wires. 


n.  Oermaii  wire  (•«• 

Diameters  in  millimeters 


No. 

Oiom. 

No. 

Diam. 

No. 

Diam. 

No. 

Diam. 

No. 

Diam. 

I     s.so  1 

6 

3.75 

11 

2..W 

16 

1.375 

21 

0.750 

2       5.00 

7 

3.50 

12 

2.25 

17 

1.250 

22 

0.625 

3       4. SO 

8 

3.25 

13 

2.00 

IR 

1.125 

23 

0.562 

4       4.25 

0 

3.00 

14 

1.76 

19 

1.000 

24 

0.500 

5      4.00 

10 

2.78 

15 

1.50 

20 

0.875 

25 

0.438 
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Sec*  4-31  PROPBRTISS  OP  MATERIALS 

COPPKE 

31.  0«neral  propertlei.  Copper,  which  is  by  far  the  most  important 
metal  in  the  electrical  industry,  is  a  highly  malleable  and  ductile  metal,  of  a 
reddish  color.  The  density  varies  slightly,  depending  on  the  physical  state, 
an  average  value  being  8.9.  Copper  melts  at  1,083  deg.  cent.*  (1,981  deg. 
fahr.),  and  in  the  molten  state  has  a  sea-green  color.  When  heated  to  a  very 
high  temperature  it  vaporiaes,  and  burns  with  a  characteristic  green  flame. 
Copper  bolls  at  2,310  deg.  cent.  (4,190  deg.  fahr.).t  Molten  copper  reaidily 
absorbs  oxygen,  hydrogen,  carbon  monozide  and  sulphur  dioxide;  on  cooling, 
the  occluded  gasee  are  Uberated,  tending  to  give  rise  to  blow  holes  and  porous 
castings.  The  presence  of  lead  in  molten  copper  tenda  to  drive  on  both 
carbon  dioxide  and  water  vapor. 

Copper  when  exposed  to  ordinary  air  becomes  oxidised,  turning  to  a 
black  color,  but  the  coating  is  protective  and  the  oxidising  process  is  not 
progressive  as  with  iron  and  steel.  When  exposed  however  to  moist  air 
containing  carbon  dioxide,  it  becomes  coated  with  green  basic  carbonate. 
It  is  also  affected  by  sulphur  dioxide.  It  resists  the  action  of  hydrochloric, 
sulphuric  and  strong  nitric  acids,  at  ordinary  temperatures,  but  is  acted 
upon  by  dilute  nitric  acid. 

The  electrical  conductivity  of  copper  depends  most  critically  on  its  degree 
of  chemical  purity  (see  Par.  CS)  and  alao,  in  much  less  degree,  upon  the 
physical  state,  being  reduced  slightly  (from  2  per  cent,  to  4  per  cent.)  by 
cold  rolling  and  drawing.  The  tensile  properties  depend  greatly  upon  the 
physical  state,  being  much  improved  by  cold  rolling  and  drawing. 

The  alloys  of  copper  are  exceedingly  numerous,  both  for  electrical  and 
mechanical  purposes.  Among  the  most  important  for  electrical  purpoees 
are  German  or  nickel  silver,  bronse  and  brass.  Cojjper  solders  readily  with 
ordinary  low- temperature  solders;  solder  alloys  witn  copper  at  about  238 
deg.  cent.  (430  deg.  fahr.). 

n.  Cozmnerelal  gradei  of  copper.  In  the  copper  trade  there  are 
three  recognixed  grades  of  copper  known  as  electrolTtic,  Lake,  and  cast- 
ing.t  The  first,  electrolytic,  is  that  refined  bvthe  electrolytic  method  and 
is  highly  pure  (see  Par.  S4).  The  second.  Lake,  is  also  highly  pure,  in  its 
natural  or  mineral  state,  and  requires  simpler  to  be  melted  down  to  bars, 
for  convenient  handling  (see  Par.  S6).  The  third  kind  of  copper,  known  as 
casting  copper,  contains  more  impurities  and  consequently  runs  lower  ia 
conductivity.  It  is.  as  its  name  implies,  more  suitable  for  mechanic^  thaa 
electrical  applications  (Par.  S8). 

81.  Denaity  of  copper.  The  internationally  accepted  density  of 
annealed  copper,  S  expressed  in  grams  per  ou.  cm.  at  20  deg.  cent.,  is 
8.89;  this  of  course  is  also  the  specific  gravity  at  20  deg.  cent.,  referred  to 
water  at  4  deg.  cent.  The  American  Society  for  Testing  Materials  has 
accepted  this  value,  on  account  of  its  international  endorsement,  but  con- 
siders that  a  value  of  8.90  is  probably  nearer  the  exact  truth.  A  density  of 
8.89  at  20  deg.  cent,  corresponds  to  8.90  at  0  deg.  cent.  In  English  units 
the  international  standard  equals  0.32117  lb.  per  cu.  in.  Also  see  "Copper 
Wire  Tables,"  circular  No.  31,  Bureau  of  Standards,  Washington,  D.  C;  and 
"Smithsonian  Physical  Tables,"  Washington,  D.  C,  1910,  5th  rev.  ed.,  p.  S5. 

84.  Electrolytic'  copper.  The  electrolytic  refinement  of  copper  ]| 
(see  Sec.  19)   not  only  produces  metal  of  the  highest  purity,  but  it  is  eco> 

*  "Tables  Annuelles  de  Constantes  Et  Donn^ee.  Num£riquee,  de  Chimie, 
de  Physique  et  de  Technologic;*'  University  of  Chicago  Press,  1912;  V<^ 
I  (1910),  p.  48. 

t  Fulton,  C.  H.  "  Principles  of  Metallurgy;"  McGraw-Hill  Book  Co., 
New  York.  flni;p.  74. 

i  See  report  of  Committee  B-2,  on  Non-ferroua  Metals  and  Alloys; 
American  Society  for  Testing  Materials,  16th  annual  meeting,  June  24-28, 
1913. 

§  Ratified  at  the  meeting  of  the  International  ElectrotecfanicsJ  Commission 
held  in  Berlin,  Sept.  1  to  6,  1913;  see  Trans.  A,  I.  E.  E.,  Vol.  XXXII,  p. 
2148. 

11  Addicks.  L.  "Electrolytic  Copper;"  Journal  of  the  Franklin  Institute* 
Philadelphia,  Fa.,  Dec..  1905. 
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Bomieally  necoaary  when  precious  metals  are  present  in  the  ore.  This 
iTxle  o(  copper  should  run  higher  than  99.88  {wr  cent,  of  pure  metal.  An 
analysis  of  average  electrolytic  copper,  representing  neither  the  best  nor  the 
vorst,  vas  famished  by  Mr.  Lawrence  Addicks  and  appears  in  Par.  Zi. 
The  minute  quantities  of  impurities  there  shown  of  course  fluctuate  from 
time  to  time  in  ai^  given  refinery,  and  there  are  usually  certain  typical 
differences  among  the  refineries,  owing  to  individual  characteristics  of  the 
bullion  supply.  Wire  bars  of  electrolytic  copper  are  made  by  melting  down 
the  cathode  copper  in  a  furnace  and  casting  in  the  desirea  form  and  siae. 

H.  AT«rac«    analTaia   of   oommarolal   •leotrolytic    copper 
(L.  Addicks) 


Conductivity  100  per  cent. 

Element 

Per  cent. 

Element 

Per  cent. 

Copper 

9P.93 
0.0010 
0.004 
0.0008 
0.0018 
0.0030 
0.0002 

O.oooe 

0.0003 
0.0030 
0.0020 
0.0004 

SwDDur 

Niekel 

Lead. 

Antimony 

Silver      

BHmath 

Gold 

(1)  0.4  OS.  per  ton. 

(2)  0.005  ox.  per  ton. 


M.  L&ka  etniper  is  the  grade  of  material  whioh  oomea  from  the  northern 
Mkbigan  (U.  S.  A.)  peninsular,  being  the  only  known  variety  wluch  occutb 
in  nature  with  the  purity  of  electrolytically  refined  metal.  The  rock  ore 
containing  the  metaJ  is  crushed  in  stamp  mills,  concentrated  and  melted, 
rei}nirinc  no  further  treatment  than  "polins"  (introducing  sticks  of  green 
kardwood  Into  the  metal)  to  reduce  the  oxides  and  bring  it  to  tough  pitch. 

Some  ol  the  Lake  copper  coming  from  the  deeper  ore  deposits  nas  been 
found  to  contain  appreciable  quantities  of  arsenic,  which  is  very  injurious 
to  eleetrical  conductivity.*  Where  the  quantity  of  arsenic  is  high  enough 
to  injure  the  conductivity  appreciably,  the  metal  is  either  sold  as  araenieal 
copper  or  else  refined  electrolytically. 

tT.  8p«cific«tlozui  for  eleotrol^c  and  Lake  Copper  wire  bars  have 
been  adopted  by  the  American  Society  for  Testing  Materials,  See  the  our- 
RBt "  Year  Book  '*  of  the  society,  for  full  details. 

,  tS.  Casting  copper  ia  more  or  lees  impure  copper,  too  low  in  conduo- 
Mty  for  electrical  usee,  but  entirely  suitable  for  most  other  applications. 
There  are  three  sources  of  this  grade  of  copper:  (1)  fire-refined  copper  from 
rinpo  sources;  (2)  copper  electrolytically  produced  by  deposition  from 
impure  liquors;  (3)  and  copper  reclaimed  from  secondary  sources.  The 
copper  contents  of  the  better  Known  brands  of  casting  copper  run  in  general 
over  90  per  cent.,  but  some  will  run  less.  It  is,  as  its  name  implies,  exclusively 
a  foundry  copper. 

W.  SUodards  of  reilstiTit^.  The  table  in  Par.  M  presents  a 
^uunary  of  the  standards  of  resistivity,  temperature  coefficient  and  resis- 
^rity  which  have  been  most  in  use.  The  particular  standard  temperature 
in  each  ocrfumn  is  indicated  by  enclosure  in  parentheses  (  ),  and  the  other 
Vvoes  STP  computed  from  the  stondard  temperature.  A  full  discussion  of  these 
nJscB  viU  be  found  in  "Copper  Wire  Tables,"  Circular  No.  31,  Bureau  of 
Standards,  pp.  fi  to  10.  The  latest  accepted  value  of  resistivity  is  the 
"blOTuaoiMl  Annealed  Copper  Standard^"  given  in  column  8;  all 
lAlilescxTen  in  this  section  for  annealed  copper  wire  are  based  on  this  stand- 
ifd.  wtueb  is  eorered  more  ^;>ecificaUy  in  Par.  41. 


*Addieks,  L.     "The  Effect  of  Impurities  on  the  Electrical  Conductivity 
^Co^per-r  Trana,  A.  I.  M.  £.,  lOpd. 
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See.  4-41 


at  20  dsg.  cent. 


4t.  Tba   Intomationjtl  Anneftlad    Coppar  Btandard  is  tbe  inter- 

mtionally  accepted  value*  for  the  reaiatiTity  of  annealed  copper  of  100  per 

eeat.  eooduetivity.     This  Btandard  ia  expressed  in  terms  of  mass-resistivity 

ss  0.1IISS  ohm  (meter,  gram),  or  the  resistance  of  a  uniform  round  wire 

1  in.  lone  weighing  1  gram,  at  the  standard  temperature  of    tO^  deff.  eant. 

Equivalent  expressions  of  the  annealed  copper  standard,  in  various  units  of 

mass  resistivity  and  volume  resistivity,  are  as  follows: 

0.15328  ohm  (meter,  gram) 

875.20  ohms  (mile,  lb.) 

1 .  7241  microhm-cm. 

0.67879  microhm-in. 

10.371  ohms  (mil,  ft.) 

0.017241  ohm  (meter,  mm.>) 

It  may  be  convenient  to  note  that  a  value  of  0.017241  ohm  (meter,  mm.') 

ii  exactly  A  ohm,  so  that  the  volume  conductivity  at  20  deg.  cent,  can  be 

expreased  58  mho  (meter,  mm.*). 

It  is  important  to  observe  that  weight-measure  rather  than  volume- 
neasure  is  commercially  the  more  important  in  wire  calculations,  since 
wire  is  sold  bpr  the. pound.  Therefore  the  most  attention  should  be  given  to 
mass  rysistivity  and  mass  resistance. 

tt.  Tamperaturs  eoafflciant  of  nuis  realatanoe.  This  coefficient , 
wbiefa  applies  to  resistance  calculations  when  a  conductor  is  deSned  in  terms 
ef  its  mass,  is  the  one  commonly  employed  in  engineering  calculations;  that 
ii  to  tay,  in  common  practice,  the  mass  of  a  conductor  remains  the  same 
at  all  temperatures,  ana  changes  of  volume,  length,  or  sag  are  disregarded. 
It  is  important  to  note  that  it  does  not  apply  to  a  conductor  defined  in  terms 
<t  its  volume. 

The  temperature  coefficient  (for  constant  mass)  of  the  annealed  copper 
•taadard,  100  per  cent,  conductivity,  is  0.00393  per  deg.  cent.,  at  20  de^. 
eeat.  The  coefficient  changes  with  the  temperature  of  reference,  as  given  in 
Par.  40,  column  8. 

The  ooaffldaati  for  copper  of  lass  than  itaadard  (or  100  per  cent.) 
eondnctiTity  is  proportional  to  the  actual  conductivity,  expressed  as  a 
detima]  percentage.  Thus  if  n  is  the  percentage  conductivity  (05  per 
cent.  >"  0.05),  the  temperature  coefficient  will  be  o'l » nm,  where  oi  is  the 
eoeffident  oi  the  annealed  copper  standard. 

The  coefficients  given  in  the  table  in  Par.  4S  were  computed  from  the 
fonnola 

«' i ^ (3) 


r+((l-20) 


0(0.00393) 

The  quantity  —  T  given  in  the  last  column  (Par.  43)  is  tbe  inferred  absolute 
MTO  of  temperature,  assuming  a  linear  relationship  between  resistance  and 
temperature.  At  the  absolute  zero  of  temperature  the  reaistanoe  would  be  sen). 
41.  TiUa  of  temperatura  ooeffleianto  of  eopper  for  different  initial 
temperatorea  (canttcrada)  and  different  conductivities 


Ohms 

-T, 

(meter. 

Per  cent. 

"  Inferred 

gram)  at  20 

conductivity 

absolute 

deg.  cent. 

•ero  " 

0.16134 

95 

0.00403 

0.00373 

0.00367 

-247.8 

0.1S966 

96 

0.00408 

0.00377 

0.00370 

-245.1 

0.15802 

97 

0.00413 

0.00381 

0.00374 

-242.3 

0.15763 

97.3 

0.00414 

0.00382 

0.00375 

-241.5 

0.1SS40 

98 

0.00417 

0.00385 

0.00378 

-239.6 

0.15482 

99 

0.00422 

0.00389 

0.00382 

-237.0 

(•.inss) 

100 

0.00427 

(O.OOSM) 

0.00385 

-234.4 

0.15176 

101 

0.00431 

0.00397 

0.00389 

-231.9 

F!trentheaea  indicate  the  defined  standard  values. 

« 

*  Batified  at  the  meeting  of  the  International  Electrotechnical  Com- 
tamoB  held  in  BerHn.  Sept.  1  to  6,  1913;  See  Trant.  A.  I.  E.  E.,  Vol.  XXXII, 
^21S^ 
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44.  Boduetlon  of  obeervfttions  to  staudaird  tamperaturo.    A  tabic 

of  convenient  corrections  and  factors  for  reducing  resistiTity  and  resistance 
to  standard  temperature,  20  deg.  cent.,  will  bo  found  in  *' Copper  Wir« 
Tables,"  Circular  No.  31*  Bureau  of  Standards. 

45.  Calculation  of  per  cent.  conductlTltT.  The  per  cent,  con- 
ductivity of  a  sample  of  copper  is  calculated  by  dividing  the  resistivity 
of  the  International  Annealed  Copper  Standard  at  20  deg.  cent,  by  the 
resistivity  of  the  sample  at  20  deg.  cent.  Either  the  mass  resistivity  or 
volume  resistivity  may  be  used.  Inasmuch  as  the  temperature  coefficient 
of  copper  varies  vith  the  conductivity,  it  is  to  be  noted  that  a  different 
value  will  be  found  if  the  resistivity  at  some  other  temperature  is  usdd. 
This  difference  is  of  practical  moment  in  some  cases.  In  order  that  such 
differences  shall  not  arise,  it  is  best  always  to  use  the  20  deg.  cent,  value  ol 
resistivity  in  computing  the  per  cent,  conductivity  of  copper.  When  th« 
resistivity  of  the  sample  is  known  at  some  other  temperature,  t,  it  is  vera 
simply  reduced  to  20  deg.  cent,  by  adding  the  quantity  (20 -^O  multiplied 
by  the  ''resistivity-temperature  constant,'*  given  in  Far.  46. 

46.  KeslstiTity-temparature  constant.  The  change  of  reHstivUy  ptt 
degree  may  be  reaidily  calculated,  taking  account  of  the  expansion  of  the  meta] 
with  rise  of  temperature.  The  proportional  relation  between  temperature 
coefficient  and  conductivity  may  be  put  in  the  following  convenient  form  foi 
reducing  resistivity  from  one  temperature  to  another:  The  change  of  reaiativUi 
of  copper  per  degree  cent,  is  a  constant,  independent  of  the  temperature  of  refer' 
ence  and  of  the  sample  of  copper.  This  "resistivity-temperature  constant"  mai 
be  taken,  for  general  purposes,  as  0.00060  ohm  (meter,  gravCi,  or  0.006« 
microhm^cm.  For  further  details,  see '  *  Copper  Wire  Tables,"  Circular  No  31, 
Bureau  of  Standards,  Washington,  D.  C. 

47.  Complete  copper-wire  tables,  based  on  the  Internationa: 
Annealed  Copper  Stanciard,  are  given  in  Par.  00,  and  represent  approxi- 
mately an  average  of  the  present  commercial  conductivity  of  copper.  Foi 
annealed  wires,  the  resistivity  is  independent  of  the  sise.  These  tables  an 
reproduced  directly  from  Circular  No.  31,  3rd  Edition,  issued  by  the  Bureai 
of  Standards.  The  quantities  were  computed  to  five  significant  figures  am 
rounded  off  to  the  fourth  place,  bein^  therefore  correct  within  1  in  the  fourtl 
significant  figure.  The  volume  resistivity  at  20  deg.  cent.,  used  in  calculatinj 
these  tables,  was  0.67879  microhm-in.  and  the  density,  8.89  at  20  deg.  cent 
or  0.321,17  lb.  per  cu.  in.  The  tables  in  Circular  No.  31  contain  additiona 
columns  for  0  deg.,  15  deg.,  25  deg.  and  75  deg.  cent.  What  the  tables  ^ow  i 
the  resistance  at  various  temperatures,  of  a  wire  which  at  20  deg.  cent,  ii 
1,000  ft.  long  and  has  the  specified  diameter,  and  which  varies  in  length  an( 
diameter  at  other  temperatures. 

48.  Explanatory  notas  on  copper  wire  tables. 

Note  1. — The  fundamental  reststivity  used  in  calculating  the  tables  is  th< 
International  Annealed  Copper  Standard,  vis.,  0.15328  ohm  (meter,  gram 
at  20  deg.  cent.  The  temperature  coefficient  for  this  particular  resistivity 
is  an  «  0.00303,  or  ao  •-  0.00427.     However,  the  temperature  coefiSoient  t 

Sroportional  to  the  conductivity*  and  henoe  the  change  of  resistivity  pe 
eg.  cent,   is   a  constant,   0.000597  ohm    fmeter,   gram).     The  "oonst&n 
mass"  temperature  coefficient  of  any  sample  is 

0.000597+0.000005 

resistivity  in  ohms  (meter,  gram)  at  i  deg*  cent. 
The  density  is  8.89  g.  per  cu.  cm. 

Note  2. — The  values  given  in  the  tables  are  only  for  annealed  ooppe 
of  the  standard  resistivity.  The  user  of  the  table  must  apply  the  prope 
correction  for  copper  of  any  other  resistivity.  Hard-drawn  copper  may  b 
taken  as  about  2.7  per  cent,  higher  resistivity  than  annealed  copper. 

Note  3. — This  table  is  intended  as  an  lutimate  reference  table,  and  i 
computed  to  a  greater  precision  than  is  desired  in  practice.  The  praotioa 
user  of  a  wire  table  is  referred  to  the  "Working  Tables,"  Par.  61. 

46.  Working  copper-wire  tables,  based  on  the  Tntemational  An 
nealed  Copper  Standard,  are  given  in  Far.  il.  This  table  is  carried  onl; 
to  three  significant  figures,  and  is  more  convenient  for  most  practical  work 
The  table  itself  is  adapted  from  Circular  No.  31,  3d  edition,  issued  by  th 
Bureau  of  Standardst  and  amplified  by  the  addition  of  values  based  on  tb 
mile  unit. 
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Sec.  4-60 


Complate  irlrt  table,  itandard  anaaalad  eopp«r 

American  win  gage  (B.  &  S.)-     English  units 


Qav> 
no. 

Diame- 
ter in 
rniln   at 
30      deg. 
eent. 

Croas-section  at  20  deg. 
cent. 

Ohms  per  1,000  ft.* 

Circnlar 
mils 

Square 
inches 

20  deg.  cent. 

(-68  deg. 

fshr.) 

SO  deg.  eent. 

(-122  deg. 

fahr.) 

0000 

000 
00 

460.0 
409.6 
364.8 

211,600.0 
167,800.0 
133,100.0 

0.1662 
0.1318 
0.1045 

0.04901 
0.06180 
0.07783 

0.05479 
0.06908 
0.08712 

0 

I 

2 

324.9 
289.3 
267.6 

105,500.0 
83,690.0 
43,370.0 

0.08289 
0.06573 
0.05213 

0.09827 

0.1238 

0.1663 

0.1099 
0.1385 
0.1747 

3 

4 
5 

220.4 
204.8 
181.9 

52,640.0 
41,740.0 
33,100.0 

0.04134 
0.03278 
0.02600 

0.1970 
0.2485 
0.3133 

0.2203 
0.2778 
0.3602 

• 

7 
8 

162.0 
144.3 
128.5 

26,350.0 
20,820.0 
16,510.0 

0.02062 
0.01635 
0.01297 

0.3951 
0.4982 
0.6282 

0.4416 
0.5569 
0.7023 

9 
10 

11 

114.4 
101.9 
90.74 

13,090.0 

10,380.0 

8,234.0 

0.01028 

0.0081SS 

0.006467 

0.7821 
0.9988 
1.260 

0.8855 

1.117 

1.408 

IS 
13 
M 

80.81 
71.96 
64.08 

6,530.0 
6,178.0 
4,107.ff 

0.00S129 
0.004067 
0.003225 

1.588 
2.003 
2.525 

1.775 
2.238 
2.823 

IS 
IS 
17 

57.07 
80.82 
45.26 

8,257.0 
2.583.0 
2,048.0 

0.902558 
0.002028 
0.001609 

3.184 
4.016 
5.064 

3.560 
4.488 
5.660 

18 
1» 
30 

40.30 
35.89 
31.96 

1,624.0 
1,288.0 
1,022.0 

0.001276 
0.001012 
0.0OU8O23 

6.385 
8.051 
10.15 

7.138 
9.001 
11.36 

21 
22 
23 

28.46 
25.36 
22.57 

810.1 
642.4 
S09.5 

0.0U06363 
0.0005046 
0.0004002 

12.80 
16.14 
20.36 

14.31 
18.05 
22.76 

25 
26 

20.10 
17.90 
16.94 

404.0 
320.4 
264.1 

0.0003173 
0.0002617 
0.0001996 

25.67 
32.37 
40.81 

28.70 
36.18 
45.63 

27 
28 
23 

14.20 
12.64 
11.26 

201.5 
159.8 
126.7 

0.0001683 
0.0001255 
0.00009953 

51.47 
64.90 
81.83 

57.63 
72.55 
91.48 

30 
31 

33 

10.03 
8.928 
7.950 

100.5 
79.70 
63.21 

0.00007894 
0.00006260 
0.00004964 

103.2 
130.1 
164.1 

116.4 
146.5 
183.4 

33 
34 
33 

7.080 
6.305 
5.615 

50.13 
38.75 
31.62 

0.00003937 
0.00003122 
0.00002476 

206.8 
260.8 
328.0 

231.3 
291.7 
367.8 

3S 
37 
38 

6.000 
4.453 
3.965 

25.00 
19.83 
15.72 

0.00001964 
0.00001667 
0.00001285 

414.8 
523.1 
668.6 

463.7 
584.8 
737.4 

33 

40 

3.531 
3.146 

12.47 

9.888 

0.000009793 
0.000007766 

831.8 
1,048.0 

929.8 
1,173.0 

•  Rreiitanoe  at  the  stated  temperatures  of  a  wire  whose  Isngth  is  1,000  ft. 


•tJOdsceant. 
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80. 

□omplata  wire  table,  lUnderd  uinealed  copper. — Continued 

Case 

No. 

Diameter 

in  mils  at 

20deg. 

cent. 

Founde 
l,(^ft. 

Feet 
pound 

Feet  per  ohm* 

20  deg.   cent. 

(-68deg. 

fehr.) 

60  deg    cent. 

(-122  deg. 

fahr.) 

0000 

000 

00 

460.0 
409.6 
384.8 

640.5 
507.9 
402.8 

1.561 
1.968 
2.482 

20,400.0 
16,180.0 
12,830.0 

18,250.0 
14,470.0 
11,480.0 

0 

1 

2 

324.9 
289.3 
257.6 

319.6 
253.3 
200.9 

3.1.30 
3.947 
4.977 

10,180.0 
8.070.0 
6,400.0 

9,103.0 
7,219.0 
5.725.0 

3 
4 
5 

229.4 
204.3 
181.9 

169.3 
126.4 
100.2 

6.276 
7.914 
9.980 

5,0/5.0 
4,025.0 
3,192.0 

4,640.0 
3,600.0 
2,866.0 

6 
7 
8 

162.0 
144.3 
128.5 

79.46 
63.02 
49.98 

12.58 
16.87 
20.01 

2,631.0 
2,007.0 
1,592.0 

2,264.0 
1,796.0 
1,424.0 

9 
10 
11 

114.4 
101.9 
90.74 

39.83 
31.43 
24.92 

25.23 
31.82 
40.12 

1,262.0 

1,001.0 

794.0 

1,129.0 
895.6 
710.2 

12 
13 
14 

80.81 
71.96 
64.08 

19.77 
15.68 
12.43 

50.59 
63.80 
80.44 

629.6 
499.3 
396.0 

503.2 
446.7 
364.2 

16 
16 
17 

57.07 
50.82 
45.26 

9.858 
7.818 
6.200 

101.4 
127.9 
161.3 

314.0 
249.0 
197.5 

280.9 
222.8 
176.7 

18 
19 
20 

40.30 
35.89 
31.96 

4.917 
3.899 
3.092 

203.4 
256.8 
323.4 

156.6 
124.2 
98.50 

140.1 
111.1 
88.11 

21 
22 
23 

28.40 
25.35 
22.57 

2.452 
1.945 
1.542 

407.8 
514.2 
648.4 

78.11 
61.96 
49.13 

69.87 
65.41 
43.94 

24 
25 
26 

20.10 
17.90 
15.94 

1.223 

0.9699 

0.7692 

817.7 
1,031.0 
1,300.0 

38.96 
30.90 
24.50 

34.85 
27.64 
21.92 

27 
28 
29 

14.20 
12.64 
11.26 

0.6100 
0.4837 
0.3836 

1,639.0 
2,067.0 
2,607.0 

19.43 
16.41 
12.22 

17.38 
13.78 
10.93 

30 
31 
32 

10.03 
8.928 
7.950 

0.3042 
0.2413 
0.1913 

3,287.0 
4,145.0 
5,227.0 

9.691 
7.685 
6.095 

8.669 
6.875 
5.462 

33 
34 
3S 

7.080 
6.305 
6.615 

0.1517 
0.1203 
0.09542 

6,691.0 

8.310.0 

10.480.0 

4.833 
3.833 
3.040 

4.323 
3.429 
2.719 

36 
37 
38 

6.000 
4.453 
3.965 

0.07568 
0.06001 
0.04769 

13,210.0 
16.660.0 
21,010.0 

2.411 
1.912 
1.516 

2.168 
1.710 
1.366 

39 
40 

3.531 
3.145 

0.03774 
0.02993 

26,500.0 
33,410.0 

1.202 
0.9534 

1.076 
0.8529 

*  I.«ngth  at  20  deg  cent,  of  a  wire  whose  resistance  is  1  ohm  at  the  atatec 
temperatures. 
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U.  Befaranca  to  eopp«r-wlra  table*  in  other  >a(ee.  For  copper- 
vira  tables  in  the  British  Standard  Wire  Gage  and  in  the  Millimeter  Gage, 
bawd  on  the  International  Annealed  Copper  Standard,  aee  Bulletin  No.  31, 
Sd  edition  (Oct.  1,  1814),  issued  by  the  Bureau  of  Standards. 

a.  CondnetlTitT  of  hard-drawn  eoppar.  The  conductivity  of  hard- 
dnvn  copper,  exiireesed  as  a  percentage  of  the  conductivity  of  the  annealed 
copper  standard,  varies  with  the  aiie  of  wire,  becoming  smaller  as  the  wire 
becomea  smaller.  It  is  impracticable,  however,  to  state  any  general  rule, 
bccatiee  of  differences  in  manufacturing  practice,  as  to  the  number  of  draw* 
■DCS  between  annealings,  amount  of  reduction  to  each  drawing,  etc.  The 
Bureau  of  Standards  found  that  the  conductivity  of  No.  12.  A-W.G.  hard- 
drawn  copper  was  97.3  per  cent.  The  copper-wire  specifications  of  the 
American  Society  for  Testing  Materials,  call  for  resistivities  which  correspond 
lo  the  following  percentage  conductivities,  baaed  on  the  annealed  copper 
standard. 

Per  cent., 
conductivity 

Annealed  ooppar 08.2 

Uecfium-hard  drawn,  above  0.325  in 97.7 

Medium-hard  drawn,  below  0.325  in 96. 7 

Hard-drawn,  above  0.325  in 97.2 

BardHlrawn,  below  0.326  in 96.2 

Tte  density  of  all  these  grades  of  wire  is  taken  as  the  same,  or  8.89  at  20 
deg.  cent. 

H.  Tampantora  eoaffietant  of  expansion.  The  temperature 
coefident  of  linear  expansion  of  copper  is  approximately  0.000017  per 
dsg.  cent.  The  values  given  in  the  Tables  Annuelles  de  Constantes  et 
Donn^  Num^riques,"  for  1910,  are  as  follows  (p.  44  and  p.  45);  Between 
-  190  deg.  and  17  deg.  cent.,  0.00001418;  between  17  deg.  and  100  deg.  cent., 
0.00001636;  and  by  St^phan's  determinations  (1910). 

2(-2.fl-|-0.000016O7l-|-O.OO0OOO0O4O3(>)  (6) 

Matthiessen's  mean  coefficient*  between  0  deg.  and  100  deg.  cent.,  was 
amOOiaee  and  nzeau  found  the  value*  at  40  deg.  cent,  to  be  0.00001678. 
By  compntation  from  St^phan's  results  the  mean  coefficient  between  0 
d^  and  100  deg.  cent,  is  0.0000165.  The  mean  of  these  four  results  is 
(UX)00166  per  deg.  cent.  The  corresponding  value  in  the  fahrenheit  scale 
is  0.00000922  per  deg. 

H.  Coneantric  strand,  or  cable,  is  a  conductor  made  up  of  a  straight 
•entral  wire  (or  group  of  wires)  surrounded  b^  helical  layers  of  bare  wires 
(or  groups  of  wires),  the  alternate  layers  havmg  a  twist  m  opposite  direc- 
^mm.  The  term  "concentric-lay"  applies  when  the  strands  are  composed 
of  BOEle  bare  wires;  the  term  "rope-lay"  applies  when  the  strands  are  made 
op  of  groups  of  wires,  each  group  in  concentric  lay.  All  the  individual 
brands  are  of  the  same  sise.  If  there  are  n  layers  over  the  core  of  a  con- 
centrie-lay  cable,  not  counting  the  core  as  n  layer,  the  total  nnmbar  of 
itrands  or  wires  will  be 

>r-3n(n-f-l)-(-l  (6) 

Tha  (Hamatar  of  snch  a  cable  is  the  diameter  of  the  ofamunseriUng 
ordc,  or 

D-d(2n-H)  (7) 
wWrc  d  is  the  diameter  of  any  strand  or  individuai  wire.  In  a  rope-lay 
^ble,  aoeb  as  some  forms  of  extra  flexible  cable,  where  instead  of  individual 
na^  wires  there  are  groups  of  wires,  each  group  consisting  of  a  concentrio-Iay 
tMt,  the  total  number  of  wires  N  in  the  entire  cable  will  be  that  given 
by  Eg.  6  for  ooncentric-lay  cable  multiplied  by  the  number  of  wires 
•a  each  component  group.  Thus  a  rope-Isy  cable  comprising  1  layer, 
with  7  wires  m  each  group,. would  have  7X7^49  wires,  and  is  sometimes 
failed  s  7X7  rope.  Such  an  expression  as  a  19X7  rope  strand  means  19 
Mraodi,  each  compoeed  of  7  wires.  A  7X7  rope  strand  is  not  economical 
'«  large  conductors  and  is  usually  confined  to  sises  like  No.  4  A.W.G.  or 
•nilltr.  For  large  sises  a  19X7  or  37X7  rope  strand  ia  more  compact  and 
ge»^ts  s  smoother  exterior. 

'"SmHbWPiaoPhjnieal  Tables;"  Washington,  D.  C,  1910;  6th  rev.  ed., 
»122. 
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TIm  niunlxr  of  dreuUr  mUi  in  a  cable  comi>oa«d  of  N  vine  is 

CM.- Nit  (a 

where  d  is  the  diameter  of  each  wire  in  mils  (thousandths  of  an  inoh). 

The  equivalent  solid  eondaetor  is  one  having  the  same  number  c 

oiroular  mils,  or  its  diameter  is  

ly-Vlfd'  (0 

It  Is  n^  equal  to  the  normal  croas-eeotion  of  the  oablo;  because  in  the  las 
ease  the  stoands  are  cut  at  a  slight  angle  (due  to  their  pitch)  and  suoh  . 
section  is  therefore  larger  than  the  true  section,  equal  to  the  sum  of  the  norma 
sections  of  all  the  strands,  each  taken  normal  to  its  own  axis. 

The  ratio  of  the  diameter  of  concentric  strand  to  the  diameter   a 
equivalent  solid  conductor  is  given  by 

*>      VN        ^  3»«+3»+l 
Substitution  in  this  formula  from  n-0  to  »-8,  gives  the  following  value 
of  the  ratio. 


n 

JV 

D 
D' 

n 

N 

D 
D' 

n 

N 

D 

0 

•  1 

2 

1 
7 
19 

1.000 
1.134 
1.147 

3 

4 
5 

37 
61 
91 

1.161 
1.152 
1.153 

0 

7 
8 

127 
169 
217 

1.154 
1.154 
1.154 

Thia  shows  that  the  larger  the  number  of  strands,  for  a  given  cross-section 
the  larger  will  bo  tlie  outside  diameter,  approachinc,  however,  a  limiting  rati< 
of  1.154.  Therefore  the  sise  and  the  cost  of  a  conductor  of  given  croes-sectioi 
increase  as  the  number  of  strands  increases. 

The  Individual  wires  of  a  cable  can  sddom  be  drawn  to  anv  of  thi 
standard  ^age  numbers,  because  the  diameter  of  the  wire  is  fizca  by  th< 
rmuired  stse  of  the  cable,  and  the  number  of  wires  composing  it.  Also  aet 
"Wire  In  Electrical  Construction,"  John  A.  Roebling's  Sons  Co.,  1906;  anc 
**£leotrical  Wires  and  Cables,"  Amer.  Steel  A  Wire  Co.,  1010. 

H.  Composition  of  standmrd  oonoentiio  strands* 


Bange  of  sise 

Number  of  wires 

Standard 

concentric 

strands 

Flexible 

concentric 

strands 

2,000,000  to  1,600,000  cir.  mils 

127 
91 
61 
37 
19 
7 

160 

1,500,000  to  1,100,000  dr.  mils 

127 

1,000,000  to  550,000  cir.  mils 

91 

600,000  to  260,000  cir.  mils 

61 

No.  0000  to  No.  1  A.W.G 

No.  2  to  No.  8  A.W.Q 

37 

19         1 

IT.  Pitch  or  laj  of  coneontric  strand.  The  axial  length  of  one  com- 
plete turn  of  any  individual  strand  in  a  coo- 
centric-lay  cable,  divided  by  the  diametw  oi 
the  cable,  is  called  the  pitch  or  lay.  The 
pitch  angle  of  the  cable  is  shown  in  Fig.  2, 
where  ae  represents  the  axis  of  the  cable  and 
I  is  the  axiallength  of  one  complete  twist;  ab 
is  the  length  of  any  indi\'idual  strand,  2  +  Al, 
in  one  complete  twist*  and  the  angle  bac,  or  0, 
is  the  pitch  angle.  Tne  side  be  is  equal  to  the 
circumference  of  the  circle  circumscribing  the 
In  thia  case  the  pitch  p  is  given  by  p  >■  l/d.     There  is  no  fixed 


Fio.  2. — Pitch  angle  in  con- 
centric lay  cable. 

cable, 


*  See  Circular  "So.  37,  "Eloctric  Wire  and  Cable  TerminoloEv;"  Bureau  of 
Standards;  2nd  ed„  Jan.  1, 1015,  page  13:  A.  I.  £.  K.  Standarduatioa  I^i4^ 
1014;  also  see  latest  edition  of  Standardisation  Rules,  Sec.  24. 
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■Uadard  pitch  used  by  all  cable  manuf  acturen.     Alao  aee  "  Kleotrica]  Wins 
aad  Cables."  Amer.  Steel  t  Wire  Co.,  1910,  pp.  27  to  35. 

R.  Inereaaa  in  man  and  reilstuioe  due  to  itrandinf .    The  Bureau 
of  Standards  has  shown  in  Circular  31  (3rd  Edition,  1914,  p.   71)  that  the 


equal  to  the  per  cent,  decrease  oi  resistance  ot  a  cable  in  wnicn  each  wire 
nakss  perfeet  oontact  with  a  neighboring  wire  at  all  points  of  its  surface. 
That  is,  if  J?«  is  the  resistance  of  the  equivalent  solid  roa  or  wire,  Ri  is  the  re- 
Bvtanee  of  the  cable  with  perfectly  insulated  wires  and  22s  is  the  resistanoe  of 
the  cable  in  which  all  the  wires  make  perfect  contact  with  their  neighbors, 
theaS.  —  i(£i  +  Ki).  In  general,  fii>A.>fis.  The  resistance  of  a  cable  is 
generally  somewhat  less  than  Rt,  which  is  shown  by  the  fact  that  the  actual 
rewtance  of  a  cable  increases  slightly  with  age,  probably  due  to  the  formation 
o<  oxide  on  the  contact  surfaces. 

n.  Conwr  eabl*  tablet.  The  table  in  Par.  U  gives  the  properties  of 
bare  eoDeentri»4ay  copper  cables,  based  on  the  International  annealed 
es|)per  ■tandard  (see  Far.  41).  The  column  headed  "Diameter  of  Wiree" 
was  calculated  in  each  case  from  the  total  cross-section.  The  values  given 
for  "ohms  per  1,000  ift."  and  "lb.  per  1,000  ft."  are  2  per  cmL  grtattr 
diaD  for  a  solid  rod  of  eroes-section  equal  to  the  total  cross^ection  of  the 
aires  of  the  caUe.  This  increment  of  2  per  cent,  means  that  the  values  are 
eotrert  for  cables  having  a  pitch  of  15.7.  If  the  pitch  is  different,  the  resb^ 
saee  and  the  mass  may  be  calculated  by  multiplying  the  values  in  the  table 
by  the  factor 

/493 
f 


l^m-2)tO-> 


(U) 


Far  exami>le,  if  the  pitch  is  12,  the  resistanoe  and  the  mass  ^ven  in  the  table 
•hoold  be  increased  1.4  per  cent. ;  if  the  pitch  is  30,  the  valuee  should  be  de- 
cnssed  1.5  per  cent. 

tt.  Bemp-eantr*  eabl«i.  If  the  core  of  a  concentric  strand  is  replaced 
W  hemp,  the  characteiistios  of  the  cable  are  altered  in  several  respects.  Ths 
mmttrr  of  the  cable,  for  a^ven  croes  ncction,  is  greater  than  the  diameter 
tt  tu  all-metal  cable;  the  flexibility  is  slightly  greater,  for  the  same  sise, 
httog  more  marked  in  the  case  of  7  wires  than  a  greater  number;  and  the  skin 
eleet,  for  equal  sises,  is  slightly  diminished.  The  tensile  strength  of  a 
•emp.e«itre  cable  would  be  computed  on  the  basis  of  the  eroas^eetion  of 
a<*al,  disregarding  the  hemp.  Such  cables  are  not  in  general  manufactured 
is  standard  sises,  but  made  up  to  order.  See  article  by  D.  B.  Rushmore  in 
StatnlSUclric  Rfiew,  June,  1912,  discussiag  objections  to  cables  of  this 

vn*. 

a.  Waicht  ot  hamp-centre,  coneantrie-laj,  eoppar  eabto  * . 

Made  of  six  wires  around  a  hemp  centre 
(The  American  Brass  Co.) 


8beof 

Kxh. 

Made  of 

Sise  of 

each  wire 

(in.) 

Outside 

diameter 

(in.) 

Approximate  weight  (lb).] 

Per  1,000  ft. 

Per  mile 

No.  0000 
.No.    000 
No.     00 
No.       0 

3;:    \ 

Swires 
A      '* 

0.1879 
0.1872 
0.1489 
0.1328 
0.1181 
0.10S2 
0.0937 
0.0836 

0.664 
0.502 
0.447 
0.398 
0.354 
0.316 
0.281 
0.260 

673 
551 
418 
332 
266 
212 
167 
133 

3,553 
2,909 
2,207 
1,753 
1,404 
1,119 
882 
702 

.'The  wetghta  for  heffip.centre  cable  were  not  calculated,  but.  were  ob- 
■aiaed  by  weighing  lots  of  finiidiied  cable. 
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Sec  4-63 


PROPERTIES  OF  MATERIALS 


» 


•a.  Bttect  of  ImpuzitioB  on  the  conductivltr  of  eoppar.     It  ia   w« 

known  that  the  conductivity  of  copper  la  highly  senaitive  to  aught  impurities. 
A  swies  of  progressive  testa  on  the  eCFect  of  the  preeenoe  <A  very  small  quanti 
ties  of  foreign  elements,  with  respect  to  eleotn<»l  conductivity,  was  made  b 
Mr.  Lawrence  Addicka.  In  order  to  obtain  a  comparative  figure,  Af i 
Addicka  divided  the  percentage  decrease  of  conductivity  by  the  percent&j^  c 
impurity  added,  and  obtained  the  results  given  in  Par.  64(  which  are  stnctl; 
true  only  for  an  infinitely  small  lowering  of  conductivity.  The  factor  la  see! 
to  bear  a  general  relation  to  the  i>eriodic  arrangement,  becoming  smaller  -nri tl 
inoreasing  atomic  weight  within  any  one  ^oup,  though  there  is  no  eviden 
relation  between  one  group  and  another.  This  factor  is  of  use  when  exaTnin 
ing  the  analysis  of  a  copper  which  shows  low  conductivity,  as  a  means  o 
indicating  the  probable  cause  of  the  trouble.  Commercial  copper  w^hei 
ezaminea  under  a  microscope  reveals  a  structure  made  up  of  grains  of  purt 
oopper  enclosed  in  matrices  of  impurities,  thus  forming  a  complicated  chain  o] 
two  substances.  By  adding  certain  impurities  the  conductivity  of  th< 
impure  portion  of  the  chain  may  be  increased  without  changing  that  of  the 
oopper  itself,  thus  showing  an  increase  in  the  total  conductivity  of  the  ch&in. 

64.  BeUtion  between  percentage  Impurity  and  percentage  chaac'* 
In  oonducuTity 

(Uwrence  Addicks,  Proc.  A.  I.  M.  E.,  Vol.  XXXVI,  p.  18,  1900) 


Peri- 
odio 
group 

Element 

Fac- 
tor* 

Atomic 
weight 

Peri- 
odic 
group 

Element 

Fac- 
tor* 

Atomic 
weight 

I 
I 
II 
II 
III 
IV 
IV 
IV 

saver 

Gold 

SSno 

Cadmium.. 
Aluminium 

Silicon 

Tin 

Lead 

e 

10 
30 

9 

fiOO 

70 

67 

3 

108 

197 

65 

112 

27 

28 

119 

207 

V 
V 
V 
V 
V 
V 
V 
VII 

Phospborua** 

Araenic 

Antimony 

Biamuth 

Ozygen 

Sulpnur 

Tellurium 

3000 
720 
190 

4 

2S 

8 

4 

140 

31 

76 

120 

208 

16 

32 

128 

56 

'Factor' 


Percentage  decrease  of  conductivity 


Percentage  of  impurity  added 
**  This  value  is  probably  too  high  and  later  results  indicate  an  average 
value  of  about  600. 

W.  TansUa  atrongth.  The  mechanical  properties  of  copper  extend 
over  a  considerable  range,  depending  on  its  state  of  hardness.  The  tensile 
strength  of  annealed  copper  wire  ranges  from  about  32,000  lb.  or  34,000 
lb.  per  s^.  in.,  in  the  larger  siies,  to  as  nigh  as  40,000  lb.  per  sq.  in.  in  the 
smaller  sues;  a  very  fair  aasumption  is  34,000  lb.  as  a  representative  value. 

The  process  of  cold  drawing  increases  the  strength  quite  rapidly.  So- 
called  medium  hard,  or  half  hard,  copper  wire  has  a  tensile  strength  in  the 
larger  sises  ranging  from  40,000  lb.  to  60,000  lb.  per  sq.  in.,  and  in  the  smaller 
aisee  from  50,000  lb.  to  60,000  lb.  per  sq.  in. 

Rard-drawn  wire  has  a  tensile  strength  ranging  from  50,000  lb.  per  sq. 
in.  in  the  large  sises  to  about  65,000  lb.  per  sq.  in.  in  the  small  sises,  or  68,000 
lb.  in  the  very  small  sises. 

Fig.  3  shows  the  results  obtained  by  Addicksf  in  making  a  determination 


*  Ferrine,  F.  A.  C.  "Conductors  for  Electrical  Distribution;"  D.  Van 
Nostrand  Co.,  New  York,  1903,  pp.  8  to  10. 

Addicks,  L.  "The  Electrical  Conductivity  of  Commercial  Copper:"  Tran9, 
A.  I.  E.  B.,  Vol.  XXIIj>.  695  (1903). 

Addicks,  L.  "The  Effect  of  Impurities  on  the  Electrical  Conductivity  of 
Cooper;"  TVons.  A.  I.  M.  E.,  Vol.  XXXVI,  1906,  p.  18. 

Hoffman,  H.  O.  "Metallurgy  of  Copper;"  McGraw-Hill  Book  Co.,  New 
York,  1914. 

I  Addicks,  L.  "The  Electrical  Conductivity  of  Commercial  Copper;" 
Trans.  A.  I.  E.  E.,  Vol.  XXII  (1903),  p.  695. 
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f  tbe  rdationship  between  tensile  atrenflrth  and  conductivity  of  copper 
This  shows,  among  other  things,  that  the  properties  of  copper,  after 
been  through  a  cycle  of  hard  drawing  and  annealing,  are  not  com- 

hcdy  restored,  but    nearly 

Concantric     strand     or 

should  have  a  total 
_  equal  at  least  to  90 
cent,  of  the  strength  of 
_  eomponent  strands.  The 
Mmate  strength,  however, 
theoretically  a  function  of 
t  pitch,  and  in  addition 
c  internal  streeees  in  a 
under  load  are  \'ery 
x,  BO  that  a  factor  of 
Iper  cent,  is  approximate. 
Cast  copper  ranges  in 
strength  from  20,000 
to  30,000  lb.  per  sq.  in. 
has  a  crushing  strength 
about  40,000  lb.  per  sq.  in. 
The  tinning  proceu, 
to  copper  wir^ 
are  intended  to  re- 
any  kind  of  insulation 
ng  rubber  as  an  in- 
jnt,  removes  some  of 
temoer  of  hard-drawn 
aoa  hence  impairs  its 
strength.  Also  see 
of  tensile  strength  in 
.T.M.  apwcifications  for 
jwr  wire,  current  issue  of 
'ear  Book." 

K.  Klongation  and  fracture.     Annealed  copper  is  very  ductile  and  has 
I  oltimate  elongation  of  35  per  cent,  to  40  per  cent,  in  the  large  sizes  of  wire; 
the  smaller  liiies  the  elongation  decreases  to  a  value  of  20  per  cent,  to  25 
bv  cent.     The  elongation  of  medium  hard  and  of  hard-drawn  wire  ranges 
■MD  4  per  cent,  in  the  largest  size  to  about  1  per  cent,  in  the  smallest.     The 
r  fracture  of  cast  copper  is  gran- 

I     n  ular  and  irregular,   while  that 

■      l—~*»vl    I       I    t   I    I    I    I   I    I    I    I    !   i    I    I   I      of    forged,    rolled,    or    drawn 

copper  is  fibrous,  with  a  silky 
luster.  At  fracture  there  is 
considerable  reduction  of  area, 
with  drawn  copper,  in  the  plane 
of  rupture. 
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Fig.  3. — Relationship  between  conduc- 
tivity and  tensile  strength  in  copper  wire 
(Addick.s). 
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67.  The  effect  of  anneal- 
ing temperature  on  tensile 
properties  of  copper  is  illus- 
trated in  Fig.  4.  8pc  Hoffman, 
H.  O.  "Metallurgy  of  Cop- 
'•  loo  an  joo  400  500  000  700  &00  »*j  1000  per;"  New  York.  McGraw-Hill 
f  ,iiir f — "-i"-! — "— f--'-  Book  Co.,  Inc.,  1014,  page  5. 

Tio.  4.— Mwrhanira!  properties  of  electro-  68-  Meet  of  Impurities 
bi*  copper  as  affected  by  temperature  01  tensile  strength.  One 
tHoffmanJ.  of   the    most    common  impuri- 

'  '  ties    in    copper   is    oxygen,    in 

the  form  of  auboxid  of  copper 
^^>.     While  minute  quantities  are  not  harmful,  an  excess  is  the  cause  of 
fMmeta.     The  preeence  of  lead  makes  the  metal  "red  short,"  or  "hot 
'    The  presenre  of  bismuth  or  tellurium  makes  the  metal  both  "red 
a<ul"oQld  short," 
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t9.  Table  of  brMkUnc  loads  of  copper  win 

(Baaed  on  tensile  requirements  of  the  American  Society  for  Testing  Material! 


i 


Ga«No. 
jCV.O. 

1 

Diam. 
in  mils 

Breaking  load  (lb.) 

Annealed 

Medium  hard 

Hard  drawi 

0000 

460 

5,980 

6,980     -8.140 

8.140 

000 

410 

4,750 

5,680     -6,600 

6.730 

00 

365 

3,780 

4,620     -5,360 

5,540 

0 

325 

2,980 

3,730     -4,310 

4.520 

1 

289 

2.370 

3,020     -3,480 

3.680 

2 

268 

1,030 

2,450     -2,810 

3,000 

3 

229 

1,530 

1,980     -2.270 

2,440 

4 

204 

1,210 

1,590     -1,820 

1.970 

5 

182 

963 

1.260     -1.450 

1.590 

8 

162 

763 

I.OIO     -1.160 

1,280 

7 

144 

607 

810     -    925 

1,030 

8 

128 

481 

646    -    737 

828 

9 

114 

381 

615    -   587 

663 

10 

102 

314 

410    -   467 

52S 

11 

01 

249 

328    -   373 

423 

12 

81 

198 

262     -    298 

337 

13 

72 

157 

209    -   237 

268 

14 

64 

124 

167    -    189 

214 

IS 

67 

98.6 

131     -    151 

170 

16 

61 

78.2 

106    -    120 

13S 

17 

4S 

62.0 

84.8-      96.1 

108 

18 

40 

49.3 

87.9-      76.8 

85.8 

(English  gages) 

8  B.W.G. 

165 

792 

1.050    -1.200 

1,330 

10  B.W.G. 

134 

522 

698    -    797 

894 

12  S.W.G. 

104 

314 

427     -    487 

551 

13  8.W.G. 

92 

256 

337    -   383 

436 

14  SW.O. 

80 

194 

256    -    292 

330 

18  B.W.G. 

65 

128 

171     -    195 

320 

0         0.001     0.003      0.003    0.00< 
SloncatlOB 

Fio.  5. — Stree»«traio  curves  of  No.  9 
A.W.Q.  hard-drawn  copper  wire  (Water- 
town  Arsenal  teat). 


70.  8tr«H-itz»ln  d& 
granu.  A  typical  streea-atra 
diagram  of  hard-drawn  eopB 
wire  is  shown  in  Fig.  5.  wan 
represents  No.  9  A.w.G.  T1 
curve  a«  is  the  actual  strai 
strain  curve;  a6  represents  t! 
portion  which  oorreaponda 
true  elasticity,  or  for  wU 
Hooke*s  law  nolds  rigoroual 
ed  is  the  tangent  to  ae.  Wu 
fixes  the  Johnson  elastic  liml 
and  the  curve  qT  repreaea 
the  set,  or  permanent  oloiM 
tion  due  to  flow  of  the  naa[ 

*  The  Johnson  elastic  linoit 
that  point  on  the  stress  atn 
curve  at  which  the  natural  ta 
gent  is  equal  to  1.5  timett  ^ 
tanifent  of  the  angle  of  f 
straight  or  linear  portion  of  t 
curve,  with  rei«>ect  to  the  ■: 
of  ordinates,  or  Y  axis.  E 
Johnson,  J.  B..  "Material* 
Construction."  John  WIlav 
Sons,  New  York,  1912. 
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uder  strefls,  beins  the  difference  between  ab  ftnd  tu.  The  teet  length  wae 
id  in.  *nd  the  eloncktion  *t  rupture  wu  1.3  per  cent.  The  true  elwtio 
linit  was  27,000  lb.  per  sq.  in.  or  44  per  cent,  (rather  low,  below  averase) 
If  the  ultimate  tensile  atrencth;  Johnson  elastic  limit,  44,0001b.  per  sqTin. 
«72  per  cent,  of  the  ultimate;  ultimate  tensile  streii(tb,  61,400 Tb.  per  aq. 
ia.:  modulus  (Younc'a)  o(  elasticity,  17,500,000. 

A  seriea  of  atrase-strain  curve*  on  annealed,  half-bard,  and  hard  copper 
tirta  was  published  in  1904  by  Mr.  F,  O.  Blackwell  in  a  paper  entitled  "  Con- 
hrtors  for  Long  Spans,"  Trans.  International  Elec.  Cons.,  St.  Louia,  1004. 
W.  n,  p.  331. 

Tig.  6  shows  a  stress-strain  diagram,  from  Mr.  Blaekwell'i  paper,  for 
i*mp-centre.  hard-drawn,  concentrio-lay,  copper  cable  composea  of  six 
9.16^in.  strands.  The  curve  A  is  for  the  cable,  and  B  for  one  of  the  strands. 
Tlie  elastic  behavior  is  notably  dilTerent  from  that  of  solid  wire,  since  the 
irtnal  elongation  of  a  new  or  previously  unstressed  cable  appears  to  comprise 
two  components,  one  due  to  tightening  or  readjustment  of  the  outer  strands 
around  the  core,  sod  the  other  to  actual  stretching  of  the  material. 
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tta.  6. — Stress-strain    curve   for  hemp-centre,   ooncentrio-lay,   six-strand, 
hard-drawn  copper  cable. 

n.  Zlaitie  limit  and  ylsld  point.  The  stress-strain  eurve*  for  an- 
nealed copper  show  that  it  has  no  very  definite  elastic  limit  and  in  fact  com- 
menees  to  set  (flow  under  stress)  at  comparatively  low  stresses;  it  also  has  no 
yidd  point,  i.e.,  a  point  at  which  a  marked  increase  in  elongation  suddenly 
takes  place  with  little  or  no  increase  in  load.  Copper  of  medium  or  of  full 
hardness  behaves  differently  and  exhibits  a  fairly  definite  elastic  limit,  but 
no  yield  point. 

The  rate  of  application  of  the  load  also  playa  an  important  part  in  the  re- 

sulta.     When  given  sufficient  time,  hard  copper  takes  a  set  before  it  reaches 

the  dastic  limit.     In  the  strictest  meaning  oithe  term,  copper  probably  has 

f/    no  sbaoluteljr  definite  elastic  limit  whatever.     What  is  oroinariiy  meant  by 

'      elastic  limit  is  the  value  obtained  in  tests  made  in  a  specified  manner  and 

I    at  a  definite  rate  of  loading,  such  as  outlined  bv  the  American  Society  for 

'•    Testing  Materials.     The  stress-strain  curves  also  show  very  plainly  that 

'    the  oltimate  elastic  limit  ia  raised  by  stressing  the  material'  Deyond  the 

initial  elastic  limit,  or  giving  it  a  set. 

Since  annealed  copper  wire  receives  some  hardening  by  handling,  and  also 
,'  by  stressing  under  ordinary  safe  loads,  it  is  customary  to  assume  that  it  has 
a  f  juriy  hign  elastic  limit,  one  of  the  accepted  values  being  as  high  as  85  per 
eent.  of  the  ultimate  strength.*  Accepted  values  for  half-hard  and  full-hard 
I  copper  range  from  50  per  cent,  to  65  per  cent,  of  the  ultimate,  being  higher  for 
geiiea  which  have  had  the  most  drawing.  A  conservative  value  for  copper  of 
mil  degrees  of  hardness  is  50  per  cent,  to  55  per  cent.,  never  excesoing  60 
per  cent,  as  a  maximum  for  small  wires  which  have  had  many  reductiooa  in 
ar»«ing. 

*  Report  of  Committee  on  Overhead  Line  Construction,  N.  E.  L.  A..  181 1 ; 
p.  173  (Appendix  A). 
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n.  VatUrus  undor  load.  Under  long^ustained  loads  approaching  the 
normal  tensile  strength*  copper  has  somewhat  less  strength  tnan  the  values 
obtained  by  ordinary  test.  Mr.  F.  O.  Blackwell,  in  the  paper  referred  to  in 
Par.  TO,  found  that  a  0.168-io.  hard-drawn  wire  stressed  to  54,000  lb.  per 
sq.  in.,  stretched  continuously,  and  broke  in  7  days,  8  hours;  pieces  of  the 
same  wire  afterward  broke  at  61,000  lb.  in  the  testing  machine.  He  concluded 
that  a  hard-drawn  wire  would  stand  continuously  a  stress  of  about  80  per 
cent,  of  its  normid  tensile  strength. 

n.  Toun^'a  modulus  of  elasticity  for  annealed  and  hard  copper  is 
not  a  very  definitely  known  quantity  and  the  values  given  for  it  fluctuate 
over  a  considerable  range.  This  may  be  accounted  for,  in  the  case  of  annealed 
copper,  by  the  lack  of  any  very  definite  elastic  limit,  and  the  fact  that  the 
imtial  stress-strain  diagram  departs  at  a  very  early  stage  from  Hooke's  law; 
and  as  soon  as  a  slight  load  has  been  applied  the  properties  commence  to 
change.  The  same  difficulties  are  present,  in  less  degree,  in  the  caae  of 
hard-drawn  copper.  In  all  cases,  the  final  value  of  the  raodiilus,  after  slxesa- 
ins,  is  almost  invariably  greater  than  the  initial  modulus.  The  following 
vuues  represent  the  extreme  range,  and  a  probable  average,  drawn  from  sev- 
eral authorities,*  expressed  in  in-Ib.  measure. 


Steta 

Range 

Probable 
average 

7X10«tol7X10« 

sxio«to  lexio* 

13X10«tol9X10« 
lOXlWto  UXIO" 

12X10« 
9X10« 
16X10« 
12X10> 

Annealed  coDcentrio  strand 

Hard-drawn  wire 

Hard-drawn  oonoentrio  strand 

It.  Speeiflo  heat  of  copper  is  not  independent  of  temperature.  The  f  ol  - 
lowing  values  were  taken  from  "Tables  Annuelles  de  Constantes  et  Don- 
n£es  Num£riques  de  Chemie,  de  Physique  et  de  Technologie"  (For  1010; 
University  of  Chicago  Prees,  1912),  p.  60. 

Speoifio  heat,  at  -SO  deg.  cent 0.0S62 

Specific  heat,  at         0  deg.  cent 0.0910 

Speoifio  heat,  at  +50  deg.  cent 0.0928 

Specifio  heat,  from  2.4  to  21.6  deg.  cent 0.09165 

Specific  heat,  from   17  to  100  deg.  cent 0,0925 

The  Bureau  of  Standards  gives,  for  the  range  from  15  to  50  deg.  cent.,  the 
ezpreaaion  0.0917-1-0.000048  ((-25);  this  is  in  terms  of  water  at  20  deg. 
cent.  For  values  at  high  temperatures  see  Hoffman,  H.  O.  "Metallurgy  of 
Copper;"  p.  7. 

TS.  Thermal  eenduetlTlty  of  copper  is  a  function  of  temperature,  as 
expressed  in  the  formula  Xi  ■■  X«  (1  +  of).  The  fallowing  values  of  thermal 
conductivity,  in  g-cal.  (cm-cube)  per  sec.  per  deg.  cent,  were  determined  by 
Lorens.t 

Thermal  conductivity,  at     0  deg.  cent 0.7180 

Thermal  conductivity,  at  100  deg.  cent 0.7226 

Temperature  coefficient,  from  and  at  0  deg.  cent 0.000051 

Hoffman  states  the  thermal  conductivity  aa  0.72  g-oal.  Ccm-cube)  per  deg. 
cent.;  Langmuir  gives  0.84  g-oal.  for  commercial  copper  and  0.92  g-cal.  for 
pure  copper. 

TC.  Properttai  et  copper  at  very  high  temperaturea.  See  a  paper  by 
Carl  Hering,  "The  Proportioning  of  Electrodes  for  Furnaces,  Trans. 
A.  I.  E.  E..  Vol.  XXIX  (1910),  pp.  485  to  545.  Also  covers  carbon, 
graphite  and  iron. 

TT.  Bpeelfleatloiu  for  copper  wire,  annealed,  medium  hard  and  hard 
drawn,  have  been  adopted  by  the  American  Society  For  Testing  Materials 

'  Blackwell,  F.  O.  "Conductors  for  Long  Spans;"  Tram.  International 
Elec.  Congress,  St.  Louis,  1904;  Vol.  II,  p.  341. 

Blackwell,  F.  O.  "Long  Spans  for  Transmission  Lines;"  7fan«.  A.  I.  E. 
E.,Vol.  XXIH,  1904,  p.  511. 

"Smithsonian  Physical  Tables,"  5th  rev.  ed.,  1910,  p.  75. 

American  Steel  &  Wire  Co. ;  "Handbook  of  Electrical  Wires  and  Cables." 
1910,  p.  14. 

t  "Smitbaonian  Physical  Tables,"  1910;  p.  199. 
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ud  will  b«  foand  in  the  ciUTect  iwue  of  the  "Year  Book."     They  are  too 
Btended  for  reproduction. 

It.  Steadard  laotioiu  for  eoppar  tooUey  wire  are  prescribed  in  the 
■DKifieationa  of  the  A.  8.  T.  M.  (see  "  Year  Book ")  and  are  abown  in 
nn.  7  and  8.  Theee  sections  are  known  reepeetively  as  "grooved"  and 
"Qnre  eiKht."  Copper  trolley  wires  are  always  hard  drawn,  in  order  to 
j-dnesi 


■cure  marimnm  hard 


t  and  Btrensth. 


sciijuis.  laajoooiijuis.  lu.aoeoibMiu. 

Fis.  7. — "American  Standard"  grooved  trolley-wire  sections. 


f-^ 


CItJUJs.         UMNClrJiai. 


-.-0.100 ^ 

lW,lM01lJUlI, 


FiQ.  8. — Croes  sections  of  figure-eight  trolley  wires. 
ALUMUUH 

n.  GMisral  proper  tlsa.  Aluminum  ranks  second  to  copper  in  its 
importanoe  as  an  electrical  conductor,  and  in  some  respects  is  superior  to 
ssupu.  It  is  one  of  the  softest  and  moet  malleable  of  metals,  and  is  nearly 
wfatc,  or  silver-white,  in  color.  The  density  depends  to  some  extent  upon  the 
Vhysieal  state,  an  average  value  being  2.7.  Aluminum  melts  at  658  deg. 
cent.*  (1,216  deg.  fahr.}.  Molten  aluminum  is  very  fluid  and  care  should  be 
takes  not  to  overheat  it.  In  the  molten  state  it  readily  absorbs  gsses,  but 
spon  cooling  these  occluded  gases  are  partially  liberated,  giving  rise  to  blow 
hclea  in  '•«»t;»ip      Aluminum  boils  at  1,800  dec.  cent.  (3,272  deg.  fahr.).t 

like  copper,  aluminum  can  be  cast,  forged,  rolled  or  drawn,  and  also  be- 
eoeacs  haraened  by  working,  although  it  requires  less  annealing  than  copper 
er  brass.  By  cold  rolling  and  drawing  it  can  be  given  considerable  rigidity 
■ad  temper,  with  accompanying  increase  in  tensUe  strength.  The  general 
aSset  of  eold  or  hard  drawing  upon  aluminum  is  quite  similar  to  the  effect 
vpoD  copper. 

Alominnm  when  exposed  to  dry  air  is  not  affected,  but  in  the  presence  of 
Mosst  sir  it  tarnishes  rapidly,  the  coating  consisting  of  oxide  of  aluminum 
CAiiOi)  or  alumina.  This  coating  is  protective,  so  that  the  corrosion  is  not 
proposive;  the  oxide  is  also  very  refractory,  which  accounts  for  the  diffi- 
eol^  of  aoldering  aluminum.  Hydrochlono  acid  and  alkaline  solutions 
rcsiuly  attack  aluminum;  concentrated  sulphuric  acid,  hot  dilute  sulphuric 
acid,  and  hot  nitric  acid  affect  it  to  a  less  extent.     Sulphur  and  sulphur 

•  Circular  No.  7,  "Pyrometer  Testing  and  Heat  Measurements;"  Bureau 
c<  Standards.  1«10;  p.  4.  ,     „ 

t  Pahon,  C.  H.  ''Principles  of  Metallurgy;"  McGraw-Hill  Book  Co- 
las., New  York,  1910;  p.  74. 
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dioxide  do  not  affect  it  at  ordinary  temperatures;  it  is  not  attacked  by  sul- 
phuretted hydrogen,  or  carbonic  acid.  It  reaiata  the  action  of  sea  water 
better  than  copper,  provided  there  is  no  electrolyais,  but  it  is  a  highly  elec 
tropositive  metal.  The  presence  of  impurities  in  considerable  quantities 
lowers  the  resistance  to  corrosion  in  marked  degree.  There  is  also  dan^ser 
ifrom  electrolytic  corrosion  if  aluminum  is  alloyed  with  an  electronegative 
metal. 

The  electrical  conductivity  of  aluminuraj  like  that  of  copper,  depends  onits 
degree  of  chemical  purity.  The  conductivity  of  hard-arawn  aluminum  is 
about  2  per  cent,  less  than  that  of  soft  or  annealed  aluminum.  The  tensile 
properties,  in  like  manner,  depend  greatly  upon  the  physical  state,  being 
much  improved  by  cold  rolling  and  drawing. 

The  alloys  of  aluminum  are  very  numerous.  The  so-called  light  alloys, 
containing  but  small  percentages  of  other  metals,  are  light,  bard  and  strong, 
but  do  not  resist  corrosion  from  galvanic  action.  The  heav^  alloys,  or  alunni- 
num-bronxea,  with  but  2  per  cent,  to  10  per  cent,  of  aluminum,  and  respec- 
tively 98  per  cent,  to  90  per  cent,  of  copper,  have  high  tensile  strength  and 
strongly  resist  corrosion  in  air  or  sea  water.  A  very  small  proportion  of 
aluminum,  about  0.01  per  cent.,  added  to  iron,  steel  or  braaa  in  casting  re- 
moves the  oxide  and  prevents  blow  holes. 

The  tinning  process,  which  is  applied  to  copi>er  wires  intended  to  receive 
an  insulation  of  rubber  compound  (sulphur  being  present),. is  unnecessary 
in  the  case  of  aluminum. 

Aluminum  poBsesses  an  insulating  film  which  ordinarily  has  a  dielectric 
strength  of  about  0.5  volt,  and  by  electrolytic  action  this  value  can  be 
somewhat  increased. 

80.  Commercial  grades  of  aluminum.  The  impurities  most  com- 
monly found  in  aluminum  are  silicon  and  iron.  Silicon  in  aluminum  exists  in 
two  formSj  one  seeminsly  combined  with  aluminum  as  combined  carbon 
exists  in  pig  iron,  and  tne  other  as  an  allotropic  grapbitoidal  modification. 
Small  quantities  of  copper,  sodium,  carbon  and  occluded  gases  are  also 
found  in  aluminum.  The  Aluminum  Company  of  America  classifies  alumi- 
num commercially  in  three  grades,*  as  follows: 

Extra-pure  aluminum,  No.  1  grade  or  so-called  pure  aluminum,  and  No.  2 
frade  for  castings,  or  structural  shapCs.  The  average  composition  is  as 
ollows: 


Aluminum. 

Silicon 

Iron. 


No.  1 


No.    2 


(per  cent.)  (per  cent.) 


09.55 
0.30 
0.15 


90 
2 
2 


Pure  aluminum  (No.l  grade  or  better)  is  necessary  to  secure  high  electrical 
conductivity,  extreme  malleability,  ductility  and  maximum  resistance  to 
corrosion.  For  other  purposes  small  amounts  of  copper,  nickel,  tunesten, 
manganese,  chromium,  titanium,  sine  or  tin  may  be  aavantageously  added  to 
aluminum  to  produce  hardness,  ri^dity  and  strength.  These  metals  when 
alloyed  with  aJuminum  do  not  diminish  its  resistance  to  corrosion  so  much  as 
silicon  or  iron, 

81.     Typical  analysis.     The  following  analyses  nf  aluminum  are  t}i>ical. 


Aluminum  j 
Co.  of         Richards 
A  mer.  t     '  (per  cent.) 

(per  cent.)   I 


Aluminum . 

Silicon 

Iron 


99.57 
0.29 
0.14 


99. 2S 
0.61 
0.04 
0.02 
0.01 


pertips  of  Aluminum;"  Aluminum  Co.  of  America,  Pittsburgh,  Pa., 
-f^iveaii  of  Standard,,  Circular  No.  31,  Third  Ed.,  Oct.  I,  1914;  p.  14. 


*  "Propertica  of  Aluminum 
1909:  p 
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at.  Motfaiodi  of  worUnc  alwmtnwtn  are  described  &t  some  lenstb  in  a 
pdblirarton  issued  by  the  Aluminum  Company  of  America.*  Sections  or 
■bapea  similar  to  thoaein  which  steel  is  rolled  can  do  made  of  aluminum  and  its 
allaya;  sheets  can  be  rolled  commercially  as  thin  as  No.  40A.W.G.  Aluminum 
esa  ako  be  stamped,  drawn,  beaten,  spun,  forged^  extruded  and  machined, 
vith  suitable  methods,  tools,  dies  aiul  lubricants.  Aluminum  can  be  drawn 
into  a  ^eat  variety  of  f(tf ms;  except  for  slight  differences,  the  methods  used 
in  drawing  copper  wire  are  applicable.  Like  most  other  metals  it  is  hardened 
sadstreogthened  by  working,  and  softened  again  by  annealing.  The  anneal- 
iag  temperatures  depend  on  the  composition  of  the  metal,  but  probably  Ue 
between  the  limits  of  S43  deg.  cent.  (060  deg.  fahr.)  and  482  deg.  cent.  (000 
dcflLcent.}- 

Cleaning  or  pickling  is  done  by  dipping  first  in  bensene  and  then  in  hot 
eaaatic  alkali  (such  as  caustic  soda  or  caustic  potash),  in  nearly  saturated 
sotatioa.  UfKin  removal  the  metal  should  be  washed  in  cold  running  water 
and  next  imm  rsed  in  a  hot  solution  of  strong  nitrio  acid,  to  neutruise  the 
caudc.  Finally  it  should  be  washed  in  hot  running  water  and  then  quickly 
dried  in  hot  air;  small  articles  should  be  placed  in  sawdust. 

The  ordinarv  low- temperature  solders,  containing  lead,  are  not  suitable 
icr  sfrfderiiu;  ajuminum,  since  the  surface  oxide  will  not  disaolve  under  the 
setion  of  a  flux  or  salt  as  in  the  case  of  copper,  tin,  or  sine.  The  temperature 
at  which  solder  alloys  with  aluminum  is  approximately  340  deg.  cent.  (660 
dag.  fahr.)-  It  is  first  necessary  to  tin  the  surface  of  aluminiim  bv  heating  it 
ia  s  hot  flame  (blow-torch)  and  pour  over  it  melted  tin  or  half-and-balf  solder, 
bat  Richards  solder  is  the  best;  meanwhile  the  solder  should  be  rubbed  into 
the  surface  with  a  fine  metal  brush.  In  this  way  the  oxide  is  melted  and  the 
•older  ia  alloyed  with  the  aluminum.  After  this  tinning  operation  is  com- 
idcted,  the  usual  scrfdered  joint  may  be  made.  Joints  in  bare  line  conductors 
are  luually  made  with  sleeves  or  with  clamps  (see  Sec.  11).  Clamps  are 
abo  used  for  joining  aluminum  conductors  to  copper  or  steel  conductors; 
sweated  bushing  t  <u'c  employed,  of  swtable  metal  to  prevent  electrolytic 
corroaion  in  the  joint. 

Alaminam  rod  can  be  readilv  butt-welded  by  merely  pressing  the  ends 
tc^^ber  in  the  flame  of  a  blowuimp.  No  flux  is  necessary  for  this  process. 
It  is  also  possible  to  weld  aluminum  by  the  autogenous  process  and  this 
nethod  is  generall^jr  adopted  for  jointing  plate  or  sheet. 

It  is  easy  to  obtain  qmte  as  good  a  machined  surface  with  aluminum  as  any 
other  metal.  Lubricants  should  be  used  only  for  drilling  and  screwing  and 
then  only  paraffin.  Filing  should  be  done  with  a  single  cut  file  as  croasHJut 
fis  are  readily  clogged.  Aluminum  will  take  and  retain  a  very  high  polish, 
Iidly  equal  to  that  of  silver. 

IS.  Denxitr.  The  value  for  the  density  of  commercial  hard-drawn 
irfaBuaom,  accepted  by  the  Bureau  of  Standards,  t  is  2.70.  The  Aluminum 
Comimny  of  America  gives  2.56  for  pure  east  aluminum,  2,66  for  annealed 
vbe  and  sheets,  and  2.68  for  unannealed  wire  and  sheets.  The  British 
Alominum  Company,  Ltd..  ^ves  2.56  to  2.60  for  castings,  and  2.71  for  rolled 
or  drawn  aluminum.  The  Smithsonian  Physical  Tables  (5th  rev.  ed.,  p. 
9S\  Bve  2.56  to  2.58  for  castings  and  2.65  to  2.80  for  wrought  aluminum. 
ThcEneyclopedia  Britannica  (ed.  of  1010,  Vol.  I,  p.  771)  ipves  2.583  for  cast- 
iB0  and  2.68S  for  rolled  aluminum  at  4  deg.  cent.  Mr.  H.  W.  Buekf  gives 
2.68  for  sluminnm  wire. 

The  best  average  value  from  the  foregcang  authorities  seems  to  be  2.57  for 
eastings  and  2.60  for  sheets  or  wire.  The  utter  value  is  in  close  agreement, 
f or  ^igineering  purpoeee,  with  the  value  2.70  uaed  by  the  Bureau  of  Stan- 
*~  '        '■  ■  ■ *      '  bles " 


■  and  tsJken  as  the  basis  of  the  aluminum  wire  tables  in  this  section  (Par. 

n.)-    A  density  of  2.70  g.  per  cu.  cm.  corresponds  to  0.00755  lb.  per  ou.  in. 

14.  XeaiftlTlty.     Much  less  has  been  published  about  the  effect  of  im- 

pwitiea  on  the  conductivity  of  aluminum  than  in  the  case  of  copper,  and  such 

.    '"Methods  of  Working  Aluminum;"  Aluminum  Co. of  America,  Pitts- 
bw^  Pa..  1000. 

t  "ittitnietions  for  Installation  and  Maintenance  of  Aluminum  Electrical 
Coadanors;**  Aluminum  Company  of  America. 

iCireiilar  No.  31;  '^Copper  Wire  Tables'*;  1014;  Third  Edition,  p.  14. 
^  I  Bock,  H.  W.  "The  Use  of  Aluminum  as  an  Electrical  Conductor; 
Traaa.  lat  Elee.  Congrev,  St.  Louis.  1004;  VoL  II,  p.  313. 
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information  at  the  present  time  ia  lori^y  redded  as  among  the  secreta  of  the 
trade.  The  ordinary  peroentage  of  impunties  in  oommerciaUy  pure  ^umi- 
num.  No.  1  grade  (see  Par.  SO),  is  0.4S  per  sent.  In  terms  of  the  British 
standard  for  hard-dravn  copper  at  60  deg.  fahr.  (IS. 6  deg.  cent.)  Mr. 
Burkewood  Welbourn  stated*  that  a  (volume)  conductivity  of  60  per  cent. 
corresponds  to  0.71  per  cent,  of  impurities,  and  a  oonductivity  of  01.7  per 
cent,  corresirands  to  0.5  per  cent,  of  impurities. 

The  Aluminum  Company  of  America  stateef  that  the  electrical  (volume) 
conductivity  of  pure  (No.  1  grsde)  aluminum  is  about  62  per  cent,  in  the  Mat- 
thiessen  standard  scale.  The  British  Aluminum  Company,  Ltd.,  gives 
(June,  1914)  the  following  values  of  resistivity,  expressed  in  microhm-cm. 


^ 


Annealed 

Hard- 
drawn 

Volume  resistivity,  microhm-cm.  at  60  deg.  fahr. . . 
Volume  resistivity,  miorohm-cm.  at  32  deg.  fahr. . . 

2.770 
2.610 

2.870 
2.70 

The  Bureau  of  Standards}  gives  the  following  average  values  of  resistivity 
for  conunerdal  hard-drswn  aluminum. 

Mass  resist! vity,*ohnis  (meter,  gram),  at  20  deg.  cent 0.0704 

Mass  resistivity,  ohms  (mile,  pound) ,  at  20  deg.  cent 436 . 0 

Mass  per  cent,  conductivity 200.7 

Volume  resistivity,  microhm-cm.,  at  20  deg.  cent 2 .  828 

Volume  resistivity,  microhm— in.,  at  20  deg.  cent 1.113 

Volume  per  cent,  conductivity 61.0 

Density,  g.  per  cu.  cm 2.70 

Density,  lb.  per  cu.  in. 0.0078 

Theee  values  given  by  the  Bureau  of  Standards  are  the  basis  of  the  alumi- 
num wire  tables  in  Par,  87.  Since  aluminum  is  very  rarely  used  as  an 
electrical  conductor  in  the  softstate,  theforegoing  values  given  by  the  Bureau 
of  Standards,  for  hard-drawn  wire,  have  the  moet  commercial  significance. 
Annealed  aluminum,  however,  is  used  abroad  for  the  conductors  of  under> 
ground  cables. 

M.  TemperatiiTa  eoaflloiant  of  reiiitenM.  On  the  authority  of  the 
British  Aluminum  Company,  Ltd.,  the  temperature  coefficient  of  resistance 
of  aluminom,  for  constant  mass,  varies  from  0.0032  to  0.<X)40  per  des. 
cent,  and  from  0.0018  to  0.0022  per  deg.  fahr. 

A  determination  made  in  the  laboratory  of  the  Westinghouae  Electric  and 
Manufacturing  Company,  under  the  direction  of  Prof.  Charles  F.  Scott,  gave 
as  the  average  coefficient  between  0  deg.  and  50  deg.  coot.,  the  value  0.00388 
per  deg.  cent. ;  in  the  fahrenheit  scale  the  equivalent  of  this  value  is  0.002 16 
per  deg.  Prof  Scott's  determination  is  quoted  by  the  Aluminum  Company 
of  America. 

The  Bureau  of  Standards  gives  0.0089  per  deg.  cent,  at  20  deg.  cent, 
(circular  No.  31,  Third  Edition,  1914,  p.  14.) 

M.  Alnminnm  wire  tablaa.     The  complete  tables  for  aluminum  wire 

S'ven  in  Par.  BT  wore  taken  from  circular  No.  31,  Third  EcUtion,  issued  by 
le  Bureau  of  Standards,  and  are  based  on  a  volume  conductivity,  in  terms  of 
the  annealed  copper  standard,  equal  to  61.0  per  cent. 

Aluminum  wire  is  practically  never  used  in  single  strands  for  overhead 
oonstniotion,  but  the  tables  are  very  useful  in  computing  the  resistance  of 
concentric  strand.  In  commercial  practice  the  aluminum  delivered  under 
contract  varies  in  conductivity  from  60  per  cent,  to  62  per  cent,  of  the  former 
Matthiessen  standard,  many  contracts  being  placed  at  61  per  cent. 

*  Welbourn,  B.  "Insulated  and  Bare  Copper  and  Aluminum  Cables  for 
the  Transmission  of  Electrical  Energy,  with  Special  Reference  to  Mining 
Work;"  TVan*.  (British)  Institution  of  Mining  Engineers;  1013.  Gives 
bibliography  on  aluminum  wire. 

t  "Fropertiea  of  Aluminum;"  Aluminum  Company  of  America,  Pittsbursh, 

Pa.,  IOCWTp- 27- 

X  Ciroalar  No.  31,  "Copper  Wire  Tables;"  1914;  Third  Edition,  p,  14. 
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TaMa  of  kard-drmm  «lnmlinim   wit*  at  M  d«c-  o«ot. 

Engliah  Units:  Amerioan  Win Qage  (B.  AS.) 


d 
z 

■ 

3 

E& 
Q- 

Craw-Mction 

Ohma 

p«r  1000 

feet 

Ponndi 
per  1000 
^eet 

Pounds  per 
ohm 

Feet  per 
ohm 

Circular 

Sqnare 

3 

mib 

incbe* 

000  401. 

212000. 

0.166 

0.0804 

195. 

2420. 

12400. 

000410. 

168000. 

0.132 

0  101 

154. 

1520. 

9860. 

00  365. 

133000. 

0.109 

0.128 

122. 

957. 

7820. 

0  3». 

106000. 

0.0629 

0.161 

97.0 

602. 

6200. 

1289. 

83700. 

0.06S7 

0.203 

76.9 

379. 

4920. 

Z2S8. 

66400. 

0.0521 

0.256 

61.0 

238. 

3900. 

3229. 

52600. 

0.0413 

0.323 

48.4 

150. 

3090. 

*;f>4. 

41700. 

0.0328 

0.408 

38.4 

91.2 

2450. 

5  IS2. 

33100. 

0.0260 

0.514 

30.4 

59.2 

1960. 

e  162. 

26300. 

0.0206 

0.648 

24.1 

37.2 

1540. 

7  144. 

20800. 

0.0164 

0.817 

19.1 

23.4 

1210. 

8  128. 

16600. 

0.0130 

1.03 

16.2 

14.7 

970. 

9  114. 

I3I00. 

0.0103 

1.30 

12.0 

9.26 

770. 

loioe. 

lOMO. 

0.00815 

1.64 

9.55 

5.83 

610. 

11    91. 

8230. 

0.00647 

2.07 

7.57 

3.66 

484. 

12    81. 

6530. 

O.0OM3 

3.61 

6.00 

3.30 

384. 

13    72. 

5180. 

0.004O7 

3.29 

4.76 

1.45 

304. 

U    M. 

4110. 

0.00323 

4.14 

3.78 

0.911 

241. 

15    S7. 

3260. 

0.00256 

6.22 

2.99 

0.573 

191. 

Ifr   51. 

2580. 

0.00203 

6.59 

2.37 

0.360 

152. 

17    45. 

2060. 

0.00161 

8.31 

1.88 

0.227 

120. 

Ig    40. 

1620. 

0.00128 

10.5 

1.49 

0.143 

95.5 

19    3«. 

1290. 

O.OOIOI 

13.2 

1.18 

0.0897 

75.7 

10    32. 

1020. 

0.000802 

16.7 

0.939 

0.0564 

60.0 

21    28.5 

810. 

0.000636 

21.0 

0.745 

0.0358 

47.6 

H   25.3 

642. 

0.000505 

26.5 

0.991 

0.0223 

37.8 

23    22.« 

609. 

0.000400 

33.4 

0.468 

0.0140 

29.9 

24    20.1 

401. 

0.000317 

42.1 

0.371 

0.00882 

23.7 

25    17.9 

320. 

0.000252 

53.1 

0.295 

0.00555 

18.8 

2«    15.9 

254. 

0.000200 

67.0 

0.134 

0.00349 

14.9 

27i  14.2 

202. 

0.000168 

84.4 

0.185 

0.00219 

11.8 

28l  I2.t 

100. 

0.000126 

106. 

0.147 

0.00138 

9.39 

29    11.3 

127. 

0.0000996 

134. 

0.117 

0.000868 

7.45 

30    19.0 

101. 

0.0000789 

16. 

0.0934 

0.000646 

5.91 

31      (.9 

79.7 

0.0000636 

213. 

0.0733 

0.000343 

4.68 

32      8.0 

63.2 

0.0000496 

269. 

0.0681 

0.000216 

3.72 

33    r.i 

50.1 

0.0000394 

339. 

0.0461 

0.000136 

2.95 

S4     4.3 

39.8 

0.0000312 

428. 

0.0365 

0.0000854 

2.34 

10      S.» 

31.5 

0.0000248 

540. 

0.0290 

0.0000537 

1.85 

v\  .s.o 

25.0 

O.OO0O196 

881. 

0.0230 

0.0000338 

1.47 

37l     4.5 

19.8 

0.0000156 

858. 

0.0182 

0.0000212 

1.17 

as    *.o 

15.7 

0.0000123 

1080. 

0.0145 

0.0000134 

0.9* 

.w    J.s 

12.5 

0.00000777 

1360. 

0.0115 

0.(l<XKXI84fl 

0.73! 

1  (fl    J.I 

9.9 

1720. 

0.0091 

0.00000528 

0.581 

U.  Alomlnnm  eabi*  tables  are  vven  Id  the  foUowiog  pai-ssraph.  The 
Taluee  of  reaistance  and  weight  per  1,000  ft.  are  2  per  cent,  greater  than  for  a 
•olid  rod  equal  to  the  combinea  croae-sections  of  the  wiree  of  the  cable;*  this 
increment  correeponds  to  a  pitch  of  15.7.  The  component  wiree  are  asfrtimed 
U>  have  the  aame  valne  of  realativity  a«  the  hard-drawn  aluminum  in  Par. 
or,  temperature  differences  being  lUlowed  for.  .'■lee  Par.  SB  to  09  on  the 
general  properties  of  concentric  sUands. 
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Tabto  of  bara  ooneantrlo-Uy  eftblei  of  hard-drawn  alumlaun 

(EncUih  Unita) 


» 


Circular 

A.w.a. 

Obm*  per  1,000  ft. 

Pounda 

Conoentrie 
•tranding 

I 

O.S 

a 

mils 

No. 

26  deg.  pent. 

65  dec.  cent. 

uSxtt. 

•s 

.SJ! 

"Si 

(77  dec.  fahr.) 

(149deg.falir.) 

6 

1= 

S 

8 

1,000,000 

0.0177 

0.0204 

938. 

37 

164.4 

IISI 

900,000 

0.0197 

0.0227 

844. 

37 

156.0 

looa 

800,000 

0.0221 

0.0255 

760. 

37 

147.0 

102S 

700,000 

0.0253 

0.0291 

667. 

87 

137.6 

003 

600,000 

0.0295 

0.0340 

663. 

19 

177.7 

800 

500,000 

0.03S4 

0.0408 

469. 

19 

162.2 

810 

400,000 

0.0442 

0.0510 

375. 

19 

145.1 

72S 

300,000 

O.OS90 

0.0680 

281. 

19 

126.7 

630 

300,000 

0.0590 

0.0680 

281. 

7 

207.0 

021 

250,000 

0.0707 

0.0816 

235. 

7 

188.0 

667 

312,000 

0000 

0.0834 

0.0962 

199. 

7 

174.0 

623 

168,000 

000 

0.1063 

0.1214 

168. 

7 

154.9 

465 

133,000 

00 

0.1330 

0.1533 

126. 

7 

187.8 

414 

106,000 

0 

0.1668 

0.1924 

99.4 

7 

123.1 

369 

83,700 

1 

0.2113 

0.2436 

78.5 

7 

100.8 

327 

66,400 

2 

0.2663 

0.3071 

62.3 

7 

97.4 

292 

62,600 

3 

0.3362 

0.3876 

49.3 

7 

86.7 

260 

41,700 

4 

0.4241 

0.4890 

39.1 

7 

77.2 

232 

33,100 

5 

0.5343 

0.6160 

31.0 

7 

68.8 

206 

26,300 

6 

0.6724 

0.7753 

24.7 

7 

61.3 

184, 

N.   Balnforead    (iteel  oantra)  aluminam  eoneantrte  itraad.    A 

eoncentrio  atrand  conaiating  of  aix  hard-drawn  aluminum  wires  laid. over  a 
centre  or  core  conaiating  of  a  calvsnixed  ateel  wire  lias  been  manufactured 
to  a  very  limited  extent,  for  experimental  uae.  The  ateel  employed  had  a 
tensile  atrength  of  about  125,000  lb.  per  aa.  in.  On  account  of  the  different 
coefficients  of  expansion,  with  these  metaia,  the  diatribution  of  atreases  in  a 
suniended  cable  under  changing  temperature  conditions  ia  quite  complicated. 
in  another  instance  the  core  was  composed  of  7  strands  of  ateel  laid  into  a 
eoDoentrio  cable;  about  this  were  laid  0  atranda  of  hard-drawn  aluminum. 
The  tenaile  atrength  of  the  ateel  was  about  220|000  lb.  per  aq.  in.  and  the 
atrength  of  the  aluminum  waa  28.000  lb.  per  aq.  m.  This  type  of 'conductor 
waa  uaed  in  a  !  .000-f t.  ravine  epan.  See  BUetrieal  ATeuw,  Vol.  XXII,  p.  34; 
alao  The  Canadian  Bnoineer,  Dec.  11,  1913,  "  Transmission  Line  Work;"  by 
E.  V.  PanneU. 

tl.  Coafflelant  of  Unatz  axpaailon.  The  value  given  by  Sir  Roberts- 
Austen  for  the  linear  ooefficient  of  expansion  is  0.0000231  per  deg.  cent,  from 
0  to  100  deg.  cent.;  the  correaponding  value  per  deg.  lahr.  ia  0.0000128. 
The  value  per  deg.  cent,  given  by  the  British  Aluminum  Company  ia 
0.0000234.  The  5th  revised  edition  (1910)  of  the  "Smithsonian  Physical 
Tablea"  (Fowle,  F.  E.)  gives  the  coefficient  as  0.(X)002313  at  40  deg.  cent.; 
the  mean  value  between  0  and  100  deg.  cent,  is  0.0000222  per  dec  cent. 

t>.  Taniile  itrsnsth.  The  tensile  strength  of  aluminum  depends  upon 
its  state,  previous  working  and  beat  treatment.  The  strength  of  aluminum 
ia  increased  by  cold  working,  as  in  the  case  of  copper.  The  approximate 
range  of  tenaile  atrength  of  aluminum  in  varioua  forms  is  given  next  below, 
in  lb.  par  sq.  in.  (Aluminum  Co.  of  America). 


258 


yGoogle 


PBOPBRTIES  OF  MATERIALS 


Sec.  4-93 


12,000  to  14,000 

24,000  to  40,000 

tm 28,000  to  40,000 

Wire 25,000  to  65.000 

The  tenule  >treiictli  of  aluminum  wire,  in  the  siiee  used  commercially, 
nat«  from  14.000  to  33,000  lb.  per  aq.  in.,  depending  upon  the  size  of  the 
wire  and  upon  its  meehanical  and  neat  treatments.  Raro-drawn  aluminum 
vn,  in  the  sises  nsaally  employed  in  the  construetion  of  concentric  cables, 
laiM  from  about  23,000  to  27,000  lb.  per  sq.  in.  It  is  poaaible  to  produce 
ksrd-drawn  wire  of  greater  strength  than  this,  but  it  is  likely  to  be  short" 
■r  brittle   and  is   not  satisfactory   commercially. 

Tbe  British  Aluminum  Company.  Ltd..  civee  the  following  table  showing 
the  strength  of  progreeaire  sises  of  hard-drawn  wire,  which  is  practically 
the  same  as  the  range  stated  by  the  Aluminum  Company  of  America. 


8.W.G. 
No. 

Diam. 
(in.) 

Tensile 

strength 

(lb.  per  sq.  in.) 

8.w.a. 

No. 

Diam. 
(in.) 

Tensile 

strength 

(lb.  per  aq.  in.) 

2 

4 
« 
8 

0.500 
0.400 
0.324 
0.276 
0.232 
0.192 
0.160 

22.000 
23,000 
23,000 
23,000 
24,000 
24,000 
26,000 

10 
13 

14 
16 
18 
20 

0.128 
0.104 
0.080 
0.064 
0.048 
0.036 

25,000 
26.000 
27.000 
28.000 
29.000 
32,000 

Soft  or  annealed  aluminum  is  never  used  in  overhead  spans,  but  is  used  to 
WBe  extent  for  underground  cables. 

Coneentrie  cables  have  a  breaking  strength  somewhat  less  the  sum  of  the 
Ireakjng  strengths  of  the  strands,  not  usually  exceeding  85  to  90  per  cent. 
If  the  latter.  Theoretically  the  strength  of  conoentric-lay  cable  is  a  fu  nction 
«( the  pitch. 

n.  Waitir  limit.  Undo'  the  definition  of  Hooke's  law,  aluminum 
has  no  definite  elaatio  limit,  because  it  stretches  under  load,  if  the  load  is  held 
eeastant  for  any  appreciable  length  of  time.  See  streea-strain  diagrams  in 
Fiia-  9and  10.  Taking  as  the  definition  of  elastic  limit,  the  maximum  load 
sader  which  the  material  win  not  continue  to  stretch,  it  can  be  stated  that 

the  elaatic  limit  of  hard-drawn 
wire  will  range  from  about 
13,000  to  17,000  lb.  per  sq.  in., 
or  from  50  to  60  per  cent,  of 
the  ultimate  tensile  strength. 
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Ra.  8.    Btrtss  strain  diagram  of  hard- 
drawn  alomiaum  wire. 
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Fio.  10. — Stress  strain  diagram  of 
bard-drawn  aluminum  wire. 


H,  111  Ml  iliilii  dlagraTni  of  hard-drawn  wire  are  given  in  Figs.  9 
ud  10.  The  wire  represented  in  Ti%.  '9  was  0.162  in.  in  diameter,  eold- 
*a«n  from  a  0.376-in.  annealed  rod.  Fig.  10  shows  a  wire  of  0.2037  in. 
,  the  test  length  being  60  in.     The  figures  associated  with  the  arrows 
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Sec.  4-05  PROPXRTixs  of  materials 

indioAte  the  number  of  minutes  the  load  wee  held  at  each  of  several  points. 
This  apeoimen  broke  at  23,900  lb.  per  sq.  in.,  with  an  elongation  of  1.25  per ' 
oent, 

tS.  Xlony atlon  at  rupture.  The  total  elongation  at  rupture,  for  bard- 
drawn  wire  in  commercial  sisce,  ranges  from  about  2  to  4  per  cent. 

M.  Tonav't  modulus  of  •lutlettj  in  tension  ranges  from  8,000,000 
to  12,000,000,  with  an  average  of  S.000,000  to  10,000,000.     F.  O.  Black  well 

Sives  the  modulus  for  concentric  cables  as  7,600,000  (Trans.  Int.  Elee,  Cone., 
t.  Louis,  1004,  Vol.  II,  pp.  331-347). 

•T.  Bpaeille  haat  of  aluminum  at  0  deg.  cent,  is  0.2080  and  at  100  deg. 
oent.  is  0.3228;  the  mean  specific  heat  between  16  and  100  deg.  cent,  is  0.2122 
(5th  rev.  ed.,  "Smithsonian  Phys.  Tables,"  p.  228). 

M.  Thormal  conduotMtr  of  aluminum  at  0  deg.  cent,  is  0.344  gnun- 
calorie  (em-oube)  per  deg.  cent,  per  see.,  with  a  temperature  ooeffioient  of 
0.00054  per  deg.  oent  ("Smithsoman  Phys.  Tables,"  1910). 

M.  Altimlmim  ban  ore  used  in  power-plant  switchboard  eonaeetiona 
for  bus  bars,  and  for  carrying  very  large  currents  in  electrolytic  work.  8inc« 
bus  bars  are  generally  designed  to  have  a  stated  carrying  capacity  limited 
by  a  stated  temperature  rise,  the  comparative  cross-sections  of  aluminum 
and  oopper  are  not  required  in  praoticeto  be  in  inverse  ratio  to  the  respective 
oondttcnvities,  because  of  the  difference  in  radiating  surface. 

COPPKB-CLAD  STUL 

100.  Compound  or  bi-metalllc  wires  composed  of  copper-oovered 
iron  or  steel  have  been  manufactured  by  a  number  of  different  methods,  and 
were  first  attempted  many  years  ago.  Aluminum-covered  steel  has  alao 
been  tried,  on  an  experimental  scale.  The  general  object  sought  in  the 
manufacture  of  such  wires  is  the  combination  of  the  high  conductivity  of 
copper  or  aluminum  with  the  hi^h  strength  and  toughnees  of  iron  or  steel. 
The  resulting  conductor  is  obviously  a  compromise  between  copper  (or 
aluminum)  and  iron,  being  inferior  as  a  whole  to  the  former  and  superior  to 
the  latter. 

101.  Union  batwaon  the  metals.  In  the  early  attempts  to  produce 
bi-metallio  wires,  the  two  metals  were  not  welded,  but  merely  in  close 
physieal  contact.  Clonsequently  there  was  a  marked  tendency  toward 
electrdysis  wherever  moisture  and  air  had  access  to  the  junction  between 
the  disvmilar  metals.  No  great  sucoess  attended  the  use  of  such  wires  until 
modern  processes  were  developed  for  effecting  a  weld  or  molecular  union 
between  the  metals. 

IM.  Copper-dad  steel  wire  is  manufactured  by  two  processes,  known 
as  the  Monnot  proeeaa  (Duplex  Metals  Co.)  and  the  OrllBth  process 
(Colonial  Steel  Co.).  The  Monnot  process  consists  briefly  of  dipping  a  mild 
steel  billet  in  bath  of  molten  copper  maintained  at  high  temperature,  thus 
forming  on  the  surface  of  the  billet  an  iron-copper  alloy;  the  billet  is  then 
withdrawn  and  placed  in  a  mold,  and  a  copper  jacket  is  cast  around  it. 
The  billet  is  then  re-heated  and  hot-rolled  to  wire  rods,  and  finally  cold- 
drawn  to  wire. 

The  Griffith  process  consists  briefly  of  coating  a  mild  steel  billet  with 
copper  by  electrolytic  deposition  (Sec.  19),  then  inserting  the  copper-coated 
biuet  in  a  copper  tube,  closing  the  ends,  and  heating  the  compound  billet 
preparatory  to  rolling;  it  is  then  hot-rolled  to  rods,  and  cold-drawn  to  wire. 

IM.  Commercial  grades  of  copper-clad  steel  wire.  It  has  become 
customary  commercial  practice  to  rate  coppei^clod  steel  wire  in  terms  of  the 
ratio  of  its  volume  conductivity  to  copper.  Thus  one  manufacturer  mokes 
three  grades  of  wire,  having  respectively  30  per  cent.,  40  per  cent,  and  47 
per  cent,  conductivity  ratio  to  copper;  another  manufacturer  has  stand- 
ardised a  30-per  cent.  wire.  These  ratios  are  usually  average  ratios,  and  in 
practice  certain  tolerance  limits  must  be  recognised,  above  and  below  the 
average;  or  else  the  rated  conductivity  can  be  specified  as  the  absolute 
acceptable  minimum. 

280 

Digitized  by  VjOOQIC 


PROPERTIES  OP  MATERIALS 


Sec.  4-104 


1  I  t^ 

o  g 


a 

;s 


ntk 


••b 


E 
.a 
O 


E 
O 


Sb 


ib 


a.tS 


B 
O 


I 


C  •-'  * 


ooo     1-tM^     oio«co     ^u)t^     o>i-<^     ooeoa 


8  Oh 


ootoe4  oot*t«  oocoio  to 

oeoh>  (Hto^  cguSo  b-*-to  «o^o>  i^ioc) 

•^*4,^  C40K0  ^tO«D  00<-«-««<  t^Mt«  *0  ^  CO 

odo  odd  odd  d^^^  ^<n«  eoVw 


r»o«  iai4t<-  lOQb-                      _  _ 

C4«0  I0C4O  — fli«-i  eS-H>0  wot*  MCflO 

'Hi-m  NCO^  >0000  0090  OOC4  •-)C90 

odd  odd  GCi^  fH-HfH  cicieo  ^>od 


Ocoo     onn     t«h> 


S5S 

sss 

s;?s 

S^S 

ooo 

ooo 

oo-< 

rt-l« 

M«^ 

>oox 

iSS  S§i   §88   SS8   K8S   22S 

" t-OOO       «OM       OO^Cl       CiXO       lO'^eO 

UJ'I*^       CONN       »-*»-i.-i 


|Sn     $o1 


sSS     ONO     Son     SSoo 


^.^ 


(^   Z: 


Q 


S 


0>      t*)0^      OONi-^      eo<ou3 


w3.-i^  K>Q«o  aor*N  eowo  oora  oo^*- 
or*t^  a>«oo  ^^0*  b-«OTi"  ccnn  ^^-i 
«oveo     N«»H     ^^ 


(Ch-O 

<-<<0P0 


oaiSs 
M3;OM 

ooo 


■*««  -^NN  t*t!0 

N«00  'CN-'  gOOON 

Or«0  NOOtC  OCON 

N^M  tooo  nooo 

•o-veo  NN^  »H^ 


S3S 


ftooo  onto  '^no  oeo 

o^  ^o>r*  o^<->  N'V 

OO  N00*O  NO"  " 

^^eO  CONN  NN 


■*Oh-  XO'- 
,.  .  —  ■^^O  ON-t 
«,,«       -0§       MgJ 


OOO  ooo  ooo  ooo  ooo  ooo 


go    o»-»ff*     ^^^•o     «eh-»     oO"-!     222 


261 


,Gopgle 


Sec.  4-105 


PROPERTIES  OP  MATERIALS 


\ 


1^ 
ia 

8  o 

II 

I 


-5 
o,  , 

a' 

i 

.9 


all 


ni 
m 


Is 


2§ 


a 
8-5 

li 


a 
^1 


'I 


\^A 


•S.~ 


■«a>5 

s 

•* 

ooo 

ooo 

o 

onN 

sss 

Oi-lr1 

i-iMeo 

K3 

ooo 

ooo 

o 

sss 

sll 

3 

«» 

ooo 

ooo 

o 

%ll 

ogo 

S 

'Bl 

oiaio 

J5S2 

•^ww 

M-^»H 

r>c>4c^ 

OOiO 

«s 

lli!£S 

■*«« 

ooo 

o^o 

^ 

cooot^ 

ssS 

•4<^r. 

3S!3 

K.^^ 

QO 

ooo 

ooo 

o 

Men 

Hi 

H 

ooo 

ooo 

o 

«■•*.• 

►5— < 

>«f 

geo^     ^(or^     9^v     C40O 
oo     ooo     0^*4     cte^a 

odo    odd    odd     do 


ooc 


>t-gp     onto 
>  oo      .-t«^ 


ooo    ooo    ooo 


do 


III  ii 


gOQ      ooo      OQO 
6400     one*      o.OOCS 
^(Ot*     nc^u)     tctD-4 


3;ss 


e>  — • 


tOOSg 


900     oc 
b'^O      CIO 


ooo     ooo     OOO     oo 


8S 


.doat^     <o*o^     WfOM     ^•-« 


am 


Sooo    «<p-^    «tr>; 
o*a>    a>o*^    ^o>>A 
r*o^     coeoc9     «-<^ 


ifcaM    -^h-M    -^^^    <^a 

Ow<D       ^MN       i-tOO       ^V 

^•4^         l-t.-«.H         .-(.-(O         ©O 


OOO      OOO      OOO      OO 


sss  ss§  sss  ss 

ooftoo     t*tco     lOio^    con 
^do    do'd    ddd    oo 


—B 


262 


yGoogle 


PROPBRTIBS  OF  MATKRIAL8  SeC.  4-106 

UN.  PropertiM  of  coppar-cUd  tt«al  wira  depend  upon  the  raUttire 
•nportinuie  of  copper  and  steel,  the  constituents  of  the  latter,  the  mechanical 
hrtment  and  the  heat  treatment.  The  cold-drawins  process  hardens  the 
rtsel  core  to  an  unpermisaible  degree  and  it  becomes  necessary  at  intervals 
1l  anneal  it  before  proceeding  further  with  the  drawing  process.  The  com- 
Mrcaal  grades  are  obtainable  either  dead  soft  (annealed)  or  hard  drawn,  as 
iHcred.  The  properties  of  the  commercial  grades  of  wire  are  given  in 
Pkr.lM  and  IM,  taken  from  the  manufacturerir  tables.  In  drawing  speci6- 
CitiooB  it  is  customary  to  fix  tolerance  limits,  or  else  minimum  (or  maximum) 
faha.  For  technics  articles  dealing  with  the  properties  of  copper-clad 
Mad  wire,  see  the  following:  BUdrical  World,  Vol.  LII.  pp.  701  and  818; 
tciatific  AmfTiatn,  Vol.  XCVIII,  p.  347;  Iron  Age,  Vol.  LXXVIL  p.  62; 
imtnud  o/  InduMtriai  and  Bngintering  Chemittry,  Sept..  1909;  Electrical 
ftrld.  Dec.  22,  1910,  Dec.  29,  1910  and  Jan.  12,  1911;  Teitphme  Bmiinter, 
Act,  1910  to  July,  1911,  inclusive.  Proceedings  A.  S.  T.  M.,  Vol.  X,  pp. 
nO-2»t:  Tdeiilumt  Snginetr,  Dec.,  1911  to  Mar.,  1912,  inclusive. 

ItT.  T«inpw»tuie  eoe£ftoi*nt  of  raditknoe  of  the  40  per  cent,  grade  of 
tner-dad  steel  is  approximately  0.0045  per  deg.  cent.,  from  and  at  xero. 
Toe  coeffident  ranges  from  about  0.004  to  0.005,  aepending  apparently  upon 
Oe  eonstitaeDts  of  the  wire  and  its  physical  condition. 

IM^  PaniMablUtr  of  steal  core  is  about  70,  for  small  magnetising  foroea 
IM  SOO  cycles  per  sec;  at  power  frequencies  it  is  from  100  to  125.  Tha 
]r--'-ni-T  permeability  will  be  from  600  to  800  at  roughly  5,000  gausses. 
fAe  measured  hysteresis  loss  in  the  core  of  No.  1  A.W.O.  wire^  at  10.000 
■PBBSS  (max.),  was  15,000  ergs  per  cu.  cm.  per  cycle.  The  resistivity  of  the 
«d  will  range  from  12  to  13  nucrohm-cm.  at  20  deg.  cent.,  approximately. 
iSv  method  of  calculating  internal  inductance  see  Blectrical  Warn,  1910,  V<u. 
XVI.  p.  1521. 

IM.  CoafBdant  of  Unaar  ezpaaiion  of  the  40  per  cent,  grade  of  eopper- 
dtalatael  is  0.0000129  per  deg.  cent. 

UiL  Tba  daosttj  or  specific  gravity  of  copper-dad  steel  depends  on  the 
jtdbtrrc  proportions  of  copper  and  sted.  The  40  i>er  cent,  grade  has  a  den- 
■ty  of  8.2. 

i  UL  Taaalla  itransth  of  oopper-dad  steel  denends  in  great  measure 
iwon  the  kind  and  conmtion  of  steel  in  the  core.  The  strength  of  the  whole 
•Be  wiB  range  as  high,  as  80,000  to  1(X),0(X)  lb.  per  sq,  in.,  hard-drawn.  The 
tjpiesl  ■tiaaa-straln  diacram  is  similar  to  the  curve  for  hard-drawn  copper 
IS  Kg.  6.     The  breaking  loads  are  given  in  the  tables.  Par.  104  and  l0(. 

Ul.  Toonc'i  modulus  ranges  from  19X10'  to  21 X 10*  lb.  per  sq.  in. 
lor  ksrd-drawn  wire  and   ISXIO*  to  20X10*  for  conoentric  cable. 

lU.  SpocUcatiani  for  copper-dad  steel  wire  will  be  found  in  tha 
"HanoaT"  of  the  Railway  Sisuial  Association.  Also  see  "Handbook  of 
Orcrfacad  Line  Construction,"  N.  K.  L.  A. 

IBON  AHD  STUL 

UC  Oanaral  proparUei  of  iron  and  steel  are  covered  in  detail  in  another 
potion  of  this  section,  under  "Structural  Materials."  The  so-called  iron 
win  is  usually  steel,  containing  carbon^  manganese  and  silicon.  The  effect 
of  these  constituents  on  the  resistivity  is  discussed  in  Par.  116.  In  general, 
&ose  elements  which  increase  the  tensile  strength  of  steel  also  increase  its 
reastivity;  similarly,  the  mechanical  and  heat  treatments  which  increase 
theatrmgth.  again  increase  the  resistivity. 

lU.  BaaUUflty  of  iron.  The  researches  of  Barrett,  Brown  and  Bad- 
faM  (Scieot.  Trans.  Royal  Dublin  Soc,  VII,  Ser.  2,  part  4,  1900;  Jour. 
list  Elee.  Kag.,  31,  p.  674,  1902)  on  the  dectrical  and  magnetic  properties 
<<  inn  and  iron  alloys  are  especially  important.  They  found  that  Swedish 
cksrcoal  iron  containing  99.85  per  cent,    iron  bad  a  resistivity  of  10.2 


These  investigators  also  found  that  1  per  cent,  of  any  element  added  to 
pwe  iron  increased  its  specific  resistance  by  an  amount  approximately 
fropertJonai  to  the  specinc  heat  or  inverady  proportional  to  the  atomio 
"^^  of  the  alloying  dement.  . 

TeascB  gives  the  following  values  for  different  grades  of  annealed  iron 
(ne  BaUetm  Na  72,  Ens-  Exp.  Sta.,  Univ.  of  111.),  in  miorobm-om.  at  20  deg. 
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Sec.  4-116 


PROPBRTISS  OP  MATBRIALS 


Eleotrolytio  iron  melted  in  tsnto 9,S 

Swedish  charooal  iron  remelted  in  taeuo lO,  8 

CommeroiKl  grades: 

Swedish  charooal  iron  out  from  plate 10.  fl 

Standard  transformer  steel 11.0 

Silioon  (4  per  cent.)  steel 51 . 1 

Hopkinson  tested  and  analysed  35  different  samples  of  iron  (PhU.  Train 

?.  403,  Part  If,  188S)  and  found  resistivities  (mierohm-em.)  ranging  froi 
3.78  for  wrought  iron  to  100  for  oast  iron. 

Also  see  Bouaouard,  O.  "Electric  Resistivity  of  Special  Steels,"  IX,  6,  N< 
10,  Sixth  Congress  Int.  Assoc,  for  Testing  Materials,  New  York  Citj 
1912. 

lU.  Preeea't  tetU  on  reiUttvitr  of  annaalcd  iron  wlro 
(Munroe  and  Jameson) 


IIT.  KSecta  of  dIBaront  aUoylng  alementa  upon  the  ralitiTlty  o< 
pur*  iron  were  found  by  Barrett  to  be  as  follows:  the  values  pven  in  the 
table  represent  the  increase  in  resistivity  (microhm-cm.)  resulting  from  the 
addition  of  1  per  cent,  of  different  alloying  elements. 


2.0 
3.0 
3.5 
6.0 

5.0     ^ 

Cobalt 

8.0 
13.0 
14.0 

Nickel 

Silicon , 

US.  T6inpar*tur«  eo«fflol«nt  of  raiittanoc.  The  average  coefficient 
per  deg.  oent.,  between  0  and  100  deg.  cent.,  based  on  the  measurementa  by 
Dewar  and  Fleming,  is  0.00622.  Tbie  value  compares  with  0.00635  based  on 
recent  measurements  publishsd  by  the  Bureau  of  Standards  (Scientifio 
Paper  No.  236).  The  mean  value  between  0  and  20  deg.  cent.,  det^mined 
by  Dewar  and  Fleming,  is  0.00527  per  deg.  cent. 

Itf.  ZnfOt-iron,  described  more  fully  in  Par.  S79,  has  been  found  on 
teet  to  have  a  volume  conductivity  of  16.76  per  cent,  and  a  mass  conductivity 
of  18.06  per  oent.,  in  terms  of  the  International  annealed  copper  standarcx. 
See  BUe.  Railway  Journal,  June  6.  1914.  "Pure  Ingot  Iron  for  Third  Rails." 
Carbon  steel  rails  containing  0.73  per  cent,  carbon  and  0.34  per  cent,  man- 
ganese, have  a  volume  conductivity  equal  to  13  per  cent,  of  that  of  copper. 
(Also  see  Sec.  16.)  Ingot  iron  wire  weighs  about  4,600  lb.  per  mile-ohm  at  20 
deg.  cent,  and  has  a  tensile  strength  of  about  52,000  lb.  per  sq.  in. 
.  ItO,  BesUtlTitj  and  temperature  coefficient  of  carbon  steel.  Barue 
and  Strouhnl  found  that  the  temper  of  carbon  steel  affected  its  electrical 
properties  as  shown  below. 


Temper 


Soft 

Light  blue. . . 

Blue 

Yellow 

Light  yellow. 
Glass  bard. . . 


Rniistivity. 

Temperature 
coefficient. 

miorohm-cm. 

at  0  deg.  cent. 

per  deg.  cent. 

15.9 

0.00423 

18.4 

0.00360 

20.5 

0.00330 

28.3 

0  00280 

28.9 

0.00244 

45.7 

0.00161 

See  "Smithsonian  Physical  Tables,"  Sth  rg^,j;^.,<^9|9^«)i|^. 
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Sec.  4-121 


Ul.  BerirtlTl^  of  east  iron  and  eait  rtMl.  The  reaiativHy  of  cut 
oa  ia  about  ten  tunes  that  of  pure  iron,  owing  to  both  the  combineid  carbon 
the  sraphite;  a  value  of  74.4  microhm-cm.  for  aoft  gradea  and  97.8 
rohin-«m.  for  hard  gradea  ie  given  in  the  "Smithfionian  Physical  Tables." 
fth  r«v.  «<1.,  1910,  p.  263.  Tbia  authority  also  gives  19.1  microhm-cm.  for 
■■t  ateel.  The  chemical  composition,  mechanical  treatment  and  heat 
fetatmeat  affect  the  resistivity  in  a  pronounced  manner. 

Ut.  Ohnu  p«r  mlto-pound  of  galvanlaad  iron  wlro 
(Telephone  and  telegraph) 


Extra  Best  Best 
(E.  B.  B.) 


Beat  Best 
(B.  B.) 


Steel 


Roeblins 

Steel  A  Wire  Co.. 
Amer.  Elec.  Works 


4.700  to  5.000 

4,700  to  5.000 

4.700 


S.600  to  6.000   6.S00  to  7,000 

5,600  to  6.000    6.500  to  7.000 

5,500  6,500 


Roebling  gives  the  ultimate  strength  aa  equal  to  the  ivoduet  of  the  weight 
ialb.  per  mile  b^  the  following  factors:  3.0  for  E.  B.  B.;  3.3  for  B.  B.;  3.7  for 
Stsel.  The  ratios  used  by  the  Amer.  Steal  and  Wire  Co.  are  respectively 
i.5,  2.8  and  3.0. 

IM.  Tabl*  of  calvanlied  iron  wire 
(American  Steel  and  Wire  Co.) 


B.W.G. 

Diam- 
eter in 
mils 

Approxi- 
mate 
weight  in 
pounds 
per  mile 

Approximate  break- 
ingload  in  poonda 

Resiatanre  per  mile 

(ohms)  at  68  deg.fahr. 

or  20  deg.  cent. 

Ex. 
B.  B. 

B.  B. 

Steel 

Ex. 
B.  B. 

B.  B. 
3.38 

Steel 
3.93 

0 

340 

1,655 

4,138 

4,634 

4.965 

2.84 

1 

300 

1.289 

3.223 

3.609 

3.867 

3.65  !  4.34 

6.04 

2 

284 

1,155 

2.888 

3.234 

3.465 

4.07  ;  4.85 

5.63 

3 

259 

960 

2.400 

2.688 

2,880 

4.00 

5.83 

6.77 

4 

238 

811 

2,028 

2.271 

2.433  !  5.80 

6.01 

8.01 

S 

220 

693 

1,732 

1,940 

2,079 

6.78 

8.08 

9.38 

6 

203 

590 

1,475 

1.652 

1.770 

7.97 

9.49 

11.02 

7 

180 

463 

1,168 

1,296 

1.380  ■ 

10.15 

12.10 

14.04 

8 

165 

390 

975 

1,092 

1,170 

12.05 

14.36 

16.71 

0 

148 

314 

785 

879 

942 

14.87 

17.84 

20.70 

10 

134 

258 

645 

722 

774 

18.22 

21.71 

25.29 

11 

120 

206 

515 

577 

618 

22.82 

27.19 

31.55 

12 

109 

170 

426 

476 

510 

27.65    32.94 

38.23 

13 

95 

129 

310 

347 

372 

37.90    45.16 

52.41 

14 

83 

99 

247 

277 

2S7 

47.48    56.56 

65.66 

16 

72 

74 

185 

207 

222 

63.52  175.68 

87.84 

16 

65 

61 

163 

171 

183 

77.05    91.80 

106.55 

IM.  Table  of  nropertiai  of  iteel  troUer  vlre 
(A.  A  J.  M.  Anderson  Mfg.  Co.) 


Sise 
A.W.G. 

Weight  (lb.) 

Ultimate 

breaking  load 

(lb.) 

Reaistance;  ohms 
at  60  deg.  fshr. 

ijSoatx. 

mile 

1,000  ft. 

per 
mile 

0 

00 

000 

0000 

281 
354 
446 
562 

1481 
1870 
2357 
2066 

6600 
8300 
9900 
12600 

0.7161 
0.5678 

0.4500 
0.3574 

3.781 
2.998 

2.376 
1.888 

Made  in  standard  round  and  grooved  sections,  bare  or  galvanised. 
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PROPBHTIBS  OF  MATSRIAL8 


Its.  ?«rm«ftbUity  of  Iron  wlr«.    The  permeability  of  iron  or  eofi  i 
wire,  in  the  ordinary  oommerdal  bihs,  at  frequencies  <h  60  oyeles  or  lei 
from  100  to  125;  at  800  cydea,  it  is  about  70.    This  applies  to  small  mr' 
isingforces.  sueh  as  exist  within  the  wire  due  to  the  current  flowing  th 
it.^rheee  values  hold  for  the  steel  core  of  copper-clad  steel. 

119.  St*«l  ratll.  The  resistivity  of  common  rail  steel  varies  in  con 
degree,  depending  upon  the  chemical  composition.  Special  soft  steels  < 
for  third  rails  have  resistivities  ranging  from  7-0  to  9  times  that  of  cop, 
track  rails,  from  11  to  13  timee  that  of  copper.  In  manganese  steels 
ratio  sometimes  exceeds  30.  The  effeotive  resistanoe  of  rails  conveying  al 
natlng  currents  will  be  increased  somewhat  on  aooount  of  skin  effect  \ 
eddy-currents.  See  *'  Report  of  the  Electric  Railway  Test  Comir*-~' 
McCh»W^H||lBookOau.In0.,  New  York,  1906.    Also  see  Par.  119. 

ItT.  ]>eiUllty  of  pure  Iron  is  7.86,  whioh  is  fairly  precise  for  wrought  iit 
and  steel.  The  National  Tube  Co.  computes  the  wdght  of  steel  at  0.2833  H 
per  cu.  in.  (489.5  lb.  per  cu.  ft.)  and  iron  at  2  per  cent  less. 

US.  Tenaila  proparties  of  Iron  and  steel  wirea.     The  tensile  propcf 

ties  are  dependent  upon  the  oomposition  of  the  metal  from  which  the  wire: 

drawn,  upon  the  amount  of  worldng  the  wire  has  received  in  the  procenc 

manufacture  and  upon  the  heat  treatment.    For  information  upon  the  effei 

of  the  constituents  of  iron  and  steel  on  tli 

tensile  properties,   see   "Structural    HaK 

riak,"  in  another  portion  of  this  section. 

The  tensile  strength  ranges  from  abov 
45,000  lb.  per  sq.  in.,  for  the  purest  anneals 
wrought  iron,  up  to  extremely  high  value 
for  hard  steel,  in  the  neighborhood  < 
500,000  lb.  per  sq.  in.  Carbon,  mangami 
and  silicon  are  the  chief  constituents  whki 
impart  Btreogth  and  hardness;  they  also  ii 
crease  the  electrical  resistivity.  Both  carbo 
and  manganese  decrease  the  magneti 
permeability. 

The  elastic  limit  and  the  yield  poia 
occur  at  about  the  same  relative  values  a 
in  structural  iron  and  steel;  in  other  wordi 
the  elastic  ratio  does  not  change. 

Fig.  1 1  shows  a  typical  stress-strain  dii 

gram;    the  wire  was  0.164  in.  in  diamet* 

and  broke  at  55,100  lb.  per  sq.  in.,  while  th 

elastic  limit  was  25,000  lb.  per  sq.  in.  an 

in  60  in.     Time  was  allowed  for  thewir 

'  Trans.  Int.  Elei 


0.2  0.4  0.6 

UaafkUoQ  Per  cent 


Fio.  11. — Stress-strain  diagram 
of  galvanised  iron  wire. 


the  elongation  was  11  per  cent. 

to  set  (see  Blackwell,  F.  O.    "Conductors  for  Long  Span 


Cong..  St.  Louis,  1904,  Vol.  II.  pp.  331-347). 

Blackwell  gives  Young's  mooulus  as  24  X 10' lb.  per  sq.  in.  for  iron  win 
27X 10*  for  steel  wire,  and  22X 10*  for  iron  and  steel  concentric  cable.' 

It9.  GoeflOclent  of  azpftnaion.  Blackwell  gives  0.0000064  per  deg.  fafai 
for  iron  and  steel  wire. 

150.  Spedflc  heat  of  wrought  iron,  from  15  to  100  deg.  cent.,  is  0.112 
hard-drawn  iron,  from  0  to  18  deg.,  0.0086  and  from  20  to  100  de«.,  ail 
("Smithsonian  Phys.  Tables,"  1910). 

151.  Thermal  eondaettvi^  of  iron  in  gram-calories  (cm-cube)  pi 
deg.  cent,  is  from  0.167  to  0.207  at  0  deg.  cent.,  with  a  negative  temperator 
coefficient  of  0.00023  "(Smithsonian  Phys.  Tables,"  1010). 

BSONZK 
ISS.  Bronie  is  an  alloy  of  copper  and  tin,  with  the  addition  in  soma  esse 
of  sine  and  other  metals.     There  are  numerous  varieties  of  bronse,  som 
designated  by  a  prefix  indicating  the  special  or  distinguishing  constituent,  an 
others  known  by  trade  names. 

ISS.  Phosphor  bronaa  is  an  alloy  of  copper,  fin  and  phosphorua,  contain 
ing  from  2  to  0  per  cent,  of  tin  and  005  to  013  per  cent,  of  pnosphorus.  It 
volume  conductivity  is  not  over  35  per  cent,  of  that  of  copper.  Industrii 
bronses  carry  sine  and  lead,  and  a  larger  proportion  of  phosphOTua. 

1S4,  Silieon  bronse  is  an  alloy  of  copper,  ailiooa  and  sodium;  tinandiiD 
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Sec.  4-135 


ac  abo  added,  in  aome  caaea.  J.  Bucknall  Smith  ("  Wire,  Its  Manufacture 
aad  Uaea,"  London.  1801)  save  the  following  values  of  oonduotivity  and 
tlBailc  BtrenKtIi. 


CoEidaetivity        Tenaile  strength 
(per  oernt.)            (lb.  per  sq.  in.) 

Conductivity 
(per  cent.) 

Tensile  strength 
(lb.  per  sq.  in.) 

95                            56,000 
80                           70,000 

46 
34 

100,000 
100,000 

The  pade  of  silicon  bronse  used  for  trolley  and  span  wires  has  from  2.2  to  2.6 
times  the  resistivity  of  copper  and  is  from  35  to  70  per  cant,  stronger. 


isa. 


Phono-alaetria  wire  tftblaa 

(Bridgeport  Brass  Co.) 


8ise 
A.W.G. 

0000 

Oiam., 
mils 

Weight  per 
mile,  lb. 

Weight, 
lbs.  per 
l.OOO  ft. 

Breaking 
load, 
lb. 

Tensile 

strength, 

lb.  per 

sq.  in. 

Resistance 
per  1.000  ft. 
n  ohms,  75 
deg.  fahr. 

460.0 

3,382.0 

640.6 

11,460 

68.780 

0.12 

000 

409.6 

2,082.0 

507.9 

9.140 

69.180 

0.1518 

00 

364.8 

2.127.0 

402.9 

7,400 

70,620 

0.1929 

0 

324.9 

1,687.0 

319.5 

6,300 

75,830 

0.2423 

1 

289.3 

1,338.0 

253.4 

5,250 

70,670 

0.3077 

3 

257.6 

1,061.0 

200.9 

4,180 

80.000 

0.3868 

4 

204.3 

668.0 

126.5 

2.700 

81,150 

0.6150 

« 

162.0 

420.0 

79.5 

1,680 

81,280 

0.9771 

8 

128.5 

264.0 

50.0 

1,075 

82,700 

1.555 

10 

101.9 

166.0 

31.5 

685 

83,810 

2.472 

12 

80.81 

105.0 

19.9 

420 

83,700 

3.932 

IM.  Proixrtlea  of  bronaa  wlret 

(Perrine) 


Wire 

Per  cent. 

oonduotivity 

ratio  to 

annealed 

oopper 

TenaUe 

strength, 

lb.  per 

sq.  in. 

Per  cent, 
elongation 

97.0 
95.2 
85.0 
81.6 
80.0 
60.2 
38.8 
35.0 
30 .0 
26.0 
15.8 

64,000 

73.000 

71,000 

87,000 

79.700 

109.000 

79.000 

80,000 

105,000 

102,000 

100,000 

1 

Abo  see  Parahall  and  Hobart,  "EHeetrio  Machine  Design."  London.  1006; 
pp.  566  to  567. 

UT.  Ybono-alaetrie  wira  is  a  oopper  alloy  of  greater  tensile  strength  and 
snaller  conductivity  liian  hard-drawn  copper.  The  manufacturers  claim 
that  it  is  noa-coTToaive  and  perfectly  homogeneous  in  structure,  the  tensile 
strngth  being  uniformly  dismbuted  over  the  croes-section  normal  to  the  axia 
al  tbe  wire.  Teata  on  No.  0  and  No.  00  A.W.G.  hard-drawn  copper  and 
phoao-eleetrie  to  determine  the  fusing  currents  showed  that  the  latter  mate- 
ni  fued  at  about  75  per  oent.  of  the  current  required  to  fuse  the  former. 
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Phoiii>.deatrio  wire,  on  account  of  it*  high  tensile  propertiea,  hu  been  used  foi 
trolley  wire  and  for  long  spane  in  tranflmisaion  linee  and  in  telephone  a-nc 
telwraph  lines. 

The  tensile  strength  of  hard-drawn  wire  ranges  from  68,000  to  84,000  lb 
per  sq.  in.  The  total  elongation  at  rupture  is  about  1  per  cent,  and  Young'i 
modulua  is  about  18,100,000.  The  temperature  ooemeient  of  resistance  ii 
0.00088  per  deg.  fohr.  and  the  coefficient  of  linear  expansion  is  0.000O14( 
per  deg.  fahr. 

MI8CILLAKKOI78  HKTALS 
in.  BeiistiTity  of  Tarioui  meteU 

(Compiled  from  "amithsonlan  Phys.  Tables,"  1910) 


> 


Resistivity 


Temp.  coef. 

x.f  .  :  I  .'X"^""'"'^.  [per  deg.  cent., 

MeUI  !at  p  deg.  cent  P    ^  Ig  deg. 

(mierohm-cm.)     *"•  ^nj 


Antimony 

Arsenic 

Bismuth 

Boron 

Cadmium 

Caldum 

Cobalt 

Gold 

Indium 

Lead 


35.4  to  4S. 8 

33.3 

108.0 

8  X  10>» 

8.2to7.0 

7.6 

0  8 

2.04  to  2.09 

8.38 
18.4  to  19.6 


Lithium  8.8 

Magnesium  '  4.1    to  S.O 

Mercury  94 .  07 

Niolcel  10. 7  to  12.4 

Palladium  1 10 . 6  to  13 . 6 


Platinum 

Potassium 

Silver 

Thallium 

Tin 

Zinc 


9.0  to  IS.  .5 

25.1 
1.5    to    1.7 
17.8  to  106 
9.53  to  11.4 
5.66  to    6.04 


0.00389 


0.00354 

oiooiii' 


0.00325* 
0.00366 


Density 


0.00387 


0.00381* 
0.00072 
0.00622* 
0.00364* 

0.00367* 


0.00377 
0.00398 
0.00366 
0.00366 


6.62  to  6.69 

8.73 
9.79  to  9.90 
2.6   to  2.6 
8.54  to  8.67 

1.56 

8.71 

19.3 

7.12  to  7.42 

11.36 

0.534 
1.69  to  1.75 

13.56 
8.00  to  8.90 

11.4 

21  2    to  21.7 
O.seto    0.88 
10.4    to  10.0 
11.8  to  11.9 

7.30 
7.04  to  7.19 


Therm,  coad. 

(g-cal.per  era 

cube  per  deg. 

per  sec.) 


0.044 

oioio' 

'6.'22"" 


0.70 
6!684' 


0.37 
0.016 
0.14 
0.17 

0.16 


1.10 


0.15 
0.26 


*  Average  values,  for  range  from  0  to  100  deg.  cent. 

139.  Tungttan.*  The  tungsten  metal  of  commerce,  prior  to  the  dis- 
covery of  ductile  tungsten,  was  a  very  hard,  dark  gray  powder;  in  some 
cases  the  metal  was  heated  with  low-carbon  ateel  in  a  crucible  furnace, 
producing  the  alloy  known  as  ferro-tungatcn,  containing  80  to  86  per  cent, 
of  tungsten.  The  higher-grade  alloys  are  produced  in  the  electric  furnace. 
Cast  tungsten  is  an  extremely  hard  brittle  metal,  having  a  specific  gravity 
of  about  18.7.  In  1910  a  process  was  announced  for  the  production  of 
ductile  tungsten,  by  rolling,  swaging  or  hammering  a  heated  body  of 
coherent  tungsten  until  it  becomes  ductile  at  ordinary  temperatures 
ISUctrical  World,  Jan.  10,  1914,  pp.  77,  78).  The  melting  point  is  3,100 
±  60  deg.  cent. 

140.  Ductile  tungsten  is  a  bright,  tough,  steel-oolored  metal,  which 
can  be  drawn  into  the  finest  wire.  The  operation  of  wire-drawing  increases 
the  Htrength;  Fink  stated  that  tungsten  wire  of  0.0012  in.  diam.  had  a  tensile 
strength  from  580,000  to  610,000  lb.  per  sq.  in.,  and  the  density  inorecued 
from  1881  before  drawing,  to  19  30  after  drawing  to  0.15  in.  It  retains 
its  luster  almost  indefinitely.  Wrought  tungsten  lias  been  used  as  a  sub- 
stitute for  platinum  contarts  in  electrical  apparatus,  for  targets  or  snti- 

*  Baskerville,  C.  "  The  Chemistry  of  Tungsten  and  the  Evolution  of  the 
Tungsten  Lamp;"  Trans,  of  the  New  York  Electrical  Society;  New  Series, 
No.  li  Oct.  29,  1912. 
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athodes  for  Rfintgen  tubes  and  for  the  reeistor  in  electric  heater  elementa; 
of  course  its  most  extensive  application  is  in  the  form  of  drawn-wire  fila* 
Dents  for  incandescent  lamps  (Sec.  14).  The  processes  of  making  ductile 
tBi«itea  are  described  in  British  patent  No.  2759,  issued  in  1910;  U.  S. 
patent  No.  1,062,033  issued  Dec.  30,  1913  to  W.  D.  Coolidge.  The  resis- 
Imty  at  25  d«r.  cent,  is  5  microhm-cm.,  annealed,  and  6.2  microhm-cm., 
hard-drawn.  The  mean  temperature  coeffi- 
cietit  of  resistance  between  0  and  170  deg. 
wot.  is  O.OOSI  per  deg.  cent.  The  resist- 
uoe-temperature  corre  is  given  in  Fig.  12. 
Coefficient  of  linear  expansion,  20  to  100 
d<c.  cent.,  336X10-*. 

111.  Tkntalnm  is  a  white  lustrous 
BKtal  having  a  specific  gravity  of  10.6.  It 
is  duetila'and  workable,  and  can  be  drawn 
iato  fine  wire,  in  which  form  it  has  a  tensile 
strength  as  high  as  130,000  lb.  per  sq.  in. 
The  resistivity  at  0  deg.  cent,  is  14.6  ,mi- 
CTDhm-«m.,  and  the  temperature  coefficient 
is  0.0033  per  deg.  cent. 

141.  Wood'*  fiuiblo  allor  contains  4  parts  of  bismuth,  2  parts  of  lead, 
1  part  of  tan  and  1  part  of  caamium.     The  melting  point  is  60.5  deg.  cent. 

14S.  Bom'i  fiulbla  alloy  contains  2  parts  of  bismuth,  1  part  of  lead,  and 
1  part  of  tin.     The  melting  point  is  03.8  deg.  cent. 

144.  Compoaition  and  meltliiff  point  of  fnilbl*  aUoyt 
(Perrfne) 


/ 

/ 

<L00 

' 

1 

X 

^ 

' 

^ 

L.fiii 

^ 

^ 

'O      fiOO    40U     000    SOO    1000  lax) 
IraipM«tur<  0«iiUcT»d« 

Hg.  12. — Remstanoe-temper- 
ature  earv«  for  tung8t«D. 


Tin     . 

"4"' 
1 
8 

Composition 

Melting  point, 
deg.  cent. 

Bismuth 

1 
Lead     |  Cadmium 

Mercury 

20 
15 

2 
8 

20      t 

60 

20 

65 

08 

132 

8       1           3 

1         

12        



67 
SO 

90 

8 

33 

20 

1       • 

160 
164 
166 
200 

22       1 

' 

, 

141.  riulnc  currant*  of  diifarant  Had*  of  wDtm  were  investigated  by 
W.  H.  Preeee,  who  developed  the  formula 

/  -  <Kf'  (12) 

vfaere  I  a  the  fusing  current  in  amperes,  d  is  the  diameter  of  the  wire  in 
ia.  and  a  is  a  constant  depending  upon  the  material.  He  found  the 
foUowiag  values  for  a. 


Copper 10,244 

Afanmimm 7,585 

Platinum 6,172 

German  silver 5,230 

Iron 

Tin 

3.148 
1,642 
1,318 
1  X7a 

Alloy  (2Pb-ian) 

Fbtinoid ^       4,750 

' 

Also  see  Perrine.  F.  A.  C.     "  Conductors  for  Elpctriral  Distribution,"  New 
Vock.  1903;  Chap.  II. 

UC  l«j»litmn  is  a  non-metallio  element  chemically  resembling  sulphur 
ssd  teOunum  -  and  occurs  in  several  allotropic  forms  varying  in  specific 
irtvity  from  4.3  to  4.8.     itelenium  melts  at  217  deg.  and  boils  at  600  deg. 
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cent.  At  lero  deg.  cent,  it  has  a  reaiativity  of  approximately  60,000  ohm-om. 
The  dieleotrio  oonatant  rangee  from  6.1  to  7.4.  It  haa  the  peouliar  property 
that  ita  resistivity  decreases  upon  exposure  to  light;  the  resistivity  in  darkoeas 
may  be  anywhere  from  A  to  200  times  the  resistivity  under  exposure  to  IiKht 
Bee  paper  by  W.  J.  Hammer,  Trans.  A.  I.  E.  E.,  1903,  Vol.  XXI,  pp.  372  to 
393. 

EI8I8TOB  HATKKIALB 

MS.  Qamuui  •Ovar  is  an  aUoy  of  copper,  nickel  and  sine.  It  is  usually 
listed  commercially  in  terms  of  its  nickel  content;  thus  18  per  cent,  wire 
contains  18  per  cent,  of  nickel.  The  properties  vary  considerably  with  the 
composition.  Perrine  gave  the  following  composition  of  three  grades  of 
German  silver:  57  Cu,  12.fi  Ni,  30.5  Zn;  56  Cu,  20  Ni,  24  Zn;  SO  Cu,  30  Ni. 
20  Zn.  The  resistivities  were  respectively  in  the  ratio  1  :  1.25  :  2.S1. 
Eighteen  per  cent,  alloy  has  about  18  times  the  resistivity  of  copper,  and  30 
per  cent,  alloy  has  about  28  times  the  resistivity  of  copper.     See  Par.  14T. 

149.  Ooppar-nuuigansM  alloy  containing  either  nickel  or  aluminuna  is 
used  for  resistors,  and  has  a  very  low  temperature  coefficient.  The  alloy 
composed  of  copper,  ferro-manganese  and  nickel,  or  copper,  manganese  ana 
nickel,  is  known  as  mangMiln.  The  com- 
position of  manganin  varies  somewhat,  one 
formula  being  65  Cu,  30  Fe-Mn,  5  Ni. 

!  uol  I   I   \j('\-\\  I  I  I  I  I  *•••  Copper-nickel  alloy  is  used  exten- 

i        c. aively  for  resistor  wires.     The  alloy  of  ro|>- 

1  LOS  —  /- per  and  nickel  found  in  nature  is  known  aa 

"       I  1/1   I   I   I   1  1   M   M  I       Monel  metal  (Par.  899).     See  Par.  1*T. 

m.  Hlekal-steel  alloy  has  a  very  high 

electrical  resistivity  but  is  not  as  resistant  to 

corrosion,  for  resistor  servioD,  as  some  other 

alloys.      The    nickel-chromium  alloys   are 

superior  in  the  respect  of  having  somewhat 

larger  resistivity.    See  Par.  147, 

15S.  Mlekal-ehromittin  alloy  is  used  for  resistor  wires  where  very  high 

resistivity  is  desired.     One  alloy  of  this  kind  has  a  reaistivity  of  more  than 

700  ohms  per  mil-ft.     The  nickel-chromium  alloy  known  as  "  Nichrome  '*  has 

a  oharacteristio  resistance-temperature  curve  of  the  form  shown  in  Fig.  13. 

CARBON  AND  QRAPHITI 
111.  Torms  of  carbon.  Carbon  occurs  in  two  forms,  amorphous  and 
crystalline.  The  crystalline  forms  include  diamond  and  graphite,  the 
latter  also  being  known  as  plumbago.  The  amorphous  forms  include  char- 
coal, coke,  lamp  black,  bone  black;  coal  is  an  impure  variety  of  amorphous 
carbon.     The  densitv  of  carbon  in  the  diamond  state  is  3.47  to  3.56;  gra- 

{ihite,  2.10  to  2.32;  charcoal,  0.28  to  0.67;  coke,  1.0  to  1.7;  gas  carbon,  1.88; 
ampblack,  1.7  to  1.8. 

IM.  BesUtlTlty.  The  resistivity  of  amorphous  carbon  (petroleum  coke) 
at  ordinary  temjperature  (25  deg.  cent.)  may  be  taken  as  varying  between 
3,800  and  4,100  microhm-cm.  An  average  value  for  retort  carbon,  such 
as  used  for  electrodes  in  electric  furnaces,  at  about  3,000  deg.  cent.,  may 
be  taken  as  720  microhm-cm.     Graphite  at  3,000  deg.  cent,  has  a  resis-^ 
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Fia.  13. — Resistance- tern  {Xir- 
ature  curve  for  nichrome. 


tivity  of  apDrozimately  812  miorohm-cm.  Experiments  by  Mr.  C.  A. 
Hanson*  made  in  the  research  laboratory  of  the  General  Electno  Company 
show  that  the  resistivity  of  carbon  depends  upon  the  tem^rature  at  which 


it  is  fired.  Aa  the  temperature  of  firing  increases,  the  resistivity  decri 
approachinff  a  constant  value  which  is  approximately  the  same  as  that  of 
praphite.  If  carbon  be  heated  above  the  temperature  at  which  it  was  fired. 
Its  resistivity  is  permanently  decreased,  and  upon  cooling  it  will  not  return 
to  its  origincu  value,  but  to  a  value  corresponding  to  that  which  it  would  have 
if  fired  at  the  temperature  to  which  it  nas  been  heated.  Also  see  table  of 
brush  characteristics.  Par.  IBS,  and  electrode  carbon.  Far.  1B9. 

Experiments  made  by  Morris  Owen  show  that  graphite  possesses  mai^netic 
susceptibility,  and  under  certain  conditions .  the  electrical  resistivity  is  in- 
creased in  very  marked  degree  by  magnetisation. 

*  mfttrockem.  and  Mt.  Ind„  Vol.  VII.  p.  614  (1909). 
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IN.  BMUtanM  of  are  lunp  oarboni.  The  r«utance  of  \  in.  X  12 
in.  enoloaed  aro  oarboiu  ywi«  irom  0.012  to  0.015  ohma  per  linear  inch. 
Other  aiies  down  to  }  in.  diameter  vary  according  to  their  croae-BectionAl 
areaa.  Tli«  resistance  of  a  f-in.  diameter  projector  cartwn  varies  from 
0.009  to  0.011  ohma  per  linear  inch.  The  i-in.  and  fern,  earbona  vary 
according  to  their  cross-sectional  areaa. 

All  high-grade  forms  of  carbon,  such  as  that  used  in  the  manufacture  of 
search-light  carbons  and  also  enclosed  aro  carbons,  may  be  given  the  value  of 
about  0.002  ohms  per  cu.  in.  Flame-aro  carbon  matoial  sueh  as  is  used  in 
the  homogeneous  electrodes  varies  from  0.004  to  0.006  ohms  per  ou.  in.  All 
the  above  values  are  for  ordinary  room  temperatures. 

KT.  Temperature  eosffioient  of  retlatanee.  Carbon  exhibits  a 
decreasing  electrical  reaiativity  and  a  decreasing  thermal  reaietivity  with 
riaing  temperature.  Graphite  exhibits  but  little  change  in  electrical  re- 
aiativity,  tending  downward  with  rising  temperature,  but  its  thermal  resi*- 
tivity  increases  slightly  with  risins  temperature.  The  coefficients  vary  over 
a  conaiderable  range;  see  Landolt  and  Bornstein,  "  Phyaik^ish-Cherolache 
Tabellen,"  1012. 

1S8.  Beilatanee*  of  oarbon  oontacta  vary  with  pressure,  current  and 
time.  See  results  of  investigation  published  by  A.  L.  Clark  in  the  PkysiooZ 
RmitvB,  Jan.,  1913. 

IM.  Electrode  properties  of  carbon  and  ipraphlte  were  given  by 
Hering  in  his  i>aper,  "The  Proportioning  of  Electrodes  for  Furnaces  ' 
(Trans.  A.  I.  E.  ET,  Vol.  XXIX,  1910,  pp.  485-545),  from  experimental  de- 
terminations. The  table  below  is  abstracted  from  Table  I  in  Bering's 
paper  above  mentioned;  the  paper  itaelf  gives  elaborate  details  and  many 
curves.     Other  papers  by  Hering  on  this  general  subject  are  noted  below. ' 


Material 

Furnace 

temp.  (deg. 

cent.) 

Temp,  drop 
cent.) 

Electrical 

resistivity, 

ohm  (in-cube) 

Thermal  con- 
ductivity,   twatts 
(in-cube) 

Carbon 

20.0 
360.0 
751.0 
042.0 

0.0 
260.0  » 
651.0 
842.0 

0.00181 
166 
150 
148 

0.95 
1.32 
1.88 

Graphite 

20.0 
389.6 
546.1 
720.2 
913.9 

0.0 
289.6 
446.1 
620.2 
813.9 

0.000337 
330 
324 
316 
323 

3.60 
3.45 
3.26 
3.10 

1 1  watt  ••  0.2380  g-caL  per  sec.;  I  g-cal.  per  sec.  -  4.186  watts. 
SKIH  imCT 

IM.  SUn  effect  is  briefly  defined  in  See.  2.    Also  see  Sec.  12,  Par.  41. 

m.  ronnuUi  and  tablet  (or  lUm  effect.  If  A'  is  the  effective  re- 
sistance of  a  linear  cylindrical  conductor  to  sinusoidal  alternating  current 
of  given  frequency  and  R  is  the  true  resistance  with  continuous  current, 
then 

W'KR  (ohms)  (13) 

where  K  is  determined  from  the  table  in  Par.  l(t,  in  terms  of  x.    The 
value  of  X  is  given  by 

«-2wo\/^  (14) 

P 

*  "Laws  of  Electrode  Losses  in  Electric  Furnaces;"  Trant.  A.  E.  S.,  Vol. 
XVI,  1909. 

"Empirical  Laws  of  Furnace  Electrodes;"  Trant.  A.  E.  B.,  Vol.  XVII, 
1910. 

"The  Design  of  Furnace  Electrodes;"  Eltetrieal  World,  June  16, 1910. 
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is  ihm  radius  of  the  conduetor  in  om.,  /  is  tKe  frequenoy  in  cycles  per 
•ee-,  f  is  the  macnetic  permeability  of  the  conductor  (here  assumed  to 
be  eonstAnt)  and  p  is  the  resistivity  in  absohms  (10~*  ohm)  per  cmnsube. 

If  L'  ■■  the  effective  induetance  of  a  linear  conductor  to  sinusoidal  alter- 
nating current  of  a  given  frequency  and  L  is  the  true  inductance  with  con- 
tinaooa  eurrent,  then 

L'-Li+K'Lt  (15) 

wfam  La  b  the  external  portion  of  the  inductance,  Li  is  the  internal  portion 
(doe  to  th«  macnetic  field  within  the  conductor)  and  K'  is  determined  from 
the  table  in  Par.  IM  in  terms  of  z.  Thus  the  total  efleotiva  inductance  per 
amt  IcDCth  of  conductor  is 

L-21og.(|)  +  JC'(J)  (18) 

See  See.  2  tor  further  discussion  of  inductance  of  linear  conductors;  also  see 
See.  11.  For  details  underlyinz  the  above  formulas  see  Bulletin  of  the 
Bureau  of  Standards,  Vol.  VIIITno.  1,  op.  172  to  181;  1012.  Fig.  14  shows 
TshMB  of  X  in  terms  of  av/  for  cylindrical  copper  conductors  of  100 
per  cent,  conductivity. 

w 

u 
u 

M 

u 

u 

u 


Pia.  14. — Cnrre  showing  the  proportional  change  in  effective  resistance  of 
eyUndrical  copper  conductors  with  alternating  currents. 


■ — 

" 

^ 

~ 

- 

~ 

■ 

7 

R^XBt 

/ 

/ 

/ 

- 

K'v  a  \/r 

/ 

' 

a  -  SmIIui  of  «ln  InMnOoMlut 

/ 

^ 

^ 

/' 

^ 

/ 

^ 

, 

I 

0 

] 

* 

1 

« 

1 

i 

1 

0 

% 

\ 

4 

g 

J 

t 

M 

i-iffiJ 

•  MMStMWMIOnWlM 


n" 

IIS 

JL._  _k 

::dx  i  ii 

lb[i^      " 

-t-,  =  s3 

KA 

Tt-5 

•i  ^   1 

t-t .  i 

-  - 1*  < 

U-l-~ 

2 

it/--- 

10 

/;/=- 

-    iX±::-==: 

Fra.  15. — SUn  effect  in  copper-clad 
sted  wires  at  60  cycles. 


Fio. 


18. — Skin  effect  In  iron  wires 
at  50  cycles. 


W.  Ub  sSaet  in  oopfMr-oUd  Itaol  wir*  is  illustrated  in  Fig.  15, 
bised  oB  tests  of  the  effective  resistance  of  solid  round  wires  at  60  cycles 

Cr  see.  The  effects  at  25  cycles  are  somewhat  less.  The  effects  in 
n  coneeotrio-lay  cables  are  somewhat  greater,  and  the  increase  at  60 
tjatm  reaches  valuea  as  high  as  from  80  to  1(M)  per  cent. ;  when  the  core  is 
composed  of  solid  copper,  the  skin  effect  is  less  severe.  In  the  smaller 
*ir«  (No.  10  to  No.  12  A.W.G.)  the  skin  effect  at  800  cycles  per  sec., 
^k  enrreata  of  telephonic  strength,  range  from  3  to  6  per  cent,  (increase 
cfroistasee). 

ta.  SUn  sAaet  in  iron  win  at  SO  cycles  ia  illustrated  in  Fig.  16.  based 
OS  dau  suppHed  by  the  Felten  *  OuiUeaume  CarUwerke  (Elek.  Zeit.,   Deo. 
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10,  1914).  In  No.  12  B.W.G.  iron  wire  (B.  B.  grtde),  at  800  oyclM  per 
sec,  and  with  currents  of  telephonic  magnitude,  the  increase  in  resistance 
was  found  by  measurement  to  be  47  per  cent.     See  Par.  lOt. 

IM.  BSeet  of  TW7  hlcb  tr«qa«nct*«  on  Iron  has  been  investigated  by 
E  F.  W.  Alexanderson:  see  "Magnetic  Properties  of  Iron  at  Frequencies 
up  to  200,000  Cycles,"  Tram.  A.  LE.  E.,  Vol.  XXX,  1911,  pp.  2433-2454. 
He  concluded  that  the  permeability  is  unaffected  by  the  frequency.  In' 
applying  Bteinmeti's  formula  for  skin  effect  (see  "Transient  Eleotrio 
Phenomena  apd  OaeiUations,"  New  York,  1000),  he  reoommended  usinft 
average  constants  as  follows:  permeability,  2,2S0  and  conductivity, 
0.9  X  10»,  for  soft  bon. 

IW.  Table  of  eonitenti  for  skin-effect  fonnolat 


X 

0.0 

K 

K' 

X 

K 

K' 

X 

K 

K' 

1.00000 

l.OOOOO 

1            1           ! 

4.0  1.67787  0.68632 

12.6 

4.67993 

0.22667 

0.1 

1.00000 

1.00000 

4.1ll.71516;0.67135 

13.0 

4.86631 

0.2170.3 

0.2 

i.mnm 

1.00000 

4.21.75233  0.65677 

13.6 

5.03272 

0.2090.1 

0.3 

1.00004 

0.99908 

4.3  1.78933.0.64262 

14.0 

6.20915 

0. 20160 

0.4 

1.00013 

0.90993 

4.4  1.82614  0.62890 

14.6 

5.38660 

0. 19468 

0.5 

1.00032 

0.90984 

4. 611.862760. 61563 

16.0 

6.66208 

0.18822 

0.6 

1.00067 

0.90966 

.4.6 

1.89014  0.60281 

16.0 

6.91509 

0. 17649 

0.7 

1.00124 

0.99937 

4.7 

1.93533  0.690441 

17.0 

6.268170.166141 

0.8 

1.00212 

0.99894 

4.8 

1.97131 

0.67862 

18.0 

6.62129,0,156941 

0.9 

1.00340 

0.99830; 

4.9 

2.00710 

0.66703 

10.0 

6.97446 

0.14870 

1.0 

1.0051S 

0.90741 

6.0  2.04272 

0.66697 

20.0 

7.32767 

0.14128 

1.1 

1.00768 

0.99621 

6.2  2. 11363!0. 535061 

21.0 

7.68091 

0.13456 

1.2 

1.01071  0.99465 

6.4  2.18389 

0.51566 

22.0 

8.03418 

0.12846 

1.3 

1.01470,0.99266 

5.6  2.26303 

0.49764 

23.0 

8.38748,0.12288 

1.4 

1.01969  0.09017 

5.8  2.32380 

0.48086 

24.0 

8.74079  0.11777 

l.S 

1.02S82|0. 98711; 

6.0  2.39359  0.46621 

26.0 

9.09412  0.11307 

1.6 

1.03323  0.983421 

6.2|2.46338|0.46066 

26.0 

9.44748  0.10872 

1.7 

1.04206 

0.97904 

6.4  2.533210.43682 

28.0 

10.15422  0.10096 

1.8 

1.05240 

0.97390 

6.6  2.60313!0.42389 

30.0 

10.86101  0.00424 

1.9 

1.06440 

0.96796 

0.8 

2.67312 

0.41171 

32.0 

11.56785  0.08835 

2.0 

1.07816 

0.96113 

7.0 

2.74319 

0,40021 

34.0 

12.274710.08316 

2.1 

1.09376 

0.95343; 

7.2 

2.81334 

0.38933 

36.0 

12. 98160|0, 07854 

2.2 

1.11126 

0.94482! 

7.4 

2.88365 

0.37902 

38.0 

13.68852  0.07441 

2.3 

1.13069 

0.93527 

7.6 

2.96380 

0.36923 

40.0 

14.39545,0.07069 

2.4 

1 . 15207 

0.92482 

7.8 

3.02411 

0.36992 

42.0 

16.10240  0.06733 

2. '6 

1.17538 

0.91347 

8.0 

3.09445 

0.35107 

44.0 

15.80036,0.06427 

2.6 

1.20056 

0.90126 

8.213.16480 
8.43.23518 

0.34263 

46.0 

16.51634  0.06148 

2.7 

1.22753 

0.88825 

0.33460 

48.0 

17.223330.06892 

2.8 

1.25620 

0.87461 

8.6:3.30557 

0.32692 

50.0 

17.93032,0.05656 

2.9 

1.28644 

0.86012! 

8.83.37507 

0.31958i|  60.0 

1 

21. 4664l|0. 04713 

3.0 

1.31809 

0,845171 

B.o'3.44638 

0.31257     70,0 

25.00063 

0.04040 

3.1 

1.35102 

0.82975 

9. 2X. 61680 

0.30685  1  80.0 
0.299411    90.0 

28.53593 

0.0S636 

3.2 

1.38504 

0.81397> 

9.4I3.68723 

32.07127 

0.03142 

3.3 

1.41999 

0.79794, 

9.6:3.66766 

0.29324   100.0 

36.60666 

0.02828 

3.4 

1.46670 

0.78175 

9.8  3.72S12 

0.28731        » 

a> 

0 

3.5 

1.49202 

0.76560 

10.o'.1.798.57!o.  28162  | 

3.8 

1.62879 

0.74929 

10.3  3.9747710.26832 

3.7 

1.66587 

0.73320 

11.0,4.  l.'ilOO  0.26622, 

3.8 

1.60314 

0.71729 

11. 54.32727  0,24516 

3.9 

1.64051 

0.70165 

12. 0  4.. 50358  0.23501.1 
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IM.  BUn  aSmt  in  itMl 
c«hl«i  Bt  SO  cydes  per  sec.  is 
abova  in  Fig.  17,  baaed  on  teat 
data  from  tbe  Allgemeine  Elek- 
tricitataGeaeUacliaft(£Ict.  Zeil., 
Dee.  10,  1914). 
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17. — Skin  effect  in  ateel  cables 
at  50  cycles. 


MAGNETIC  MATERIALS 

CLABBinCATZON 

IM.  Parunaffn«tic  mataiiaU  include  all  those  materials  in  which  the 
intcDsity  of  ma«netiiation  ^Sec.  2^  is  a  positive  quantity.  The  principal 
pTamacnetic  naaterials  aic  iron,  nickpl,  cobalt,  and  certain  of  their  ailoys; 
also  certain  non-ferroua  aJlo3^,  known  as  the  Heusler  alloys.  The  only  mate- 
rials  of  great  industrial  importance  are  iron  and  its  alloys. 

ICf .  lMafnayii«tlc  matarlala  are  those  which  are  less  magaetio  than 
ether  or  air,  or  in  which  the  intensity  of  magnctiiation  is  negative.  There  is 
fto  known  material  in  which  this  effect  has  more  than  a  very  feeble  intensity. 
Bismuth  is  tbe  leading  example  of  materials  of  this  class. 

ITO.  Commercial  nuffnetlc  materials  can  be  classified  as  follows:  cast 
iron,  semi-steel,  wrought  or  puddled  iron,  soft  or  low-carbon  steel,  hi^ h-car- 
bon  steel,  and  alloy  steel.  These  arc  the  materials  whose  properties  are 
important  in  practical  engineering  work. 

ITl.  Retentive  and  non-re tentive  materials.  The  commercial  mate- 
rials are  divisible  as  a  whole  into  two  classes,  one  suitable  for  all  applications  in 
vfaieh  the  retentivity,  coercive  force  and  h>'Btereai9  should  be  as  small  as 
pDseiUe,  tbe  other  suitable  for  applications  in  which  maximum  retentivity  is 
the  moet-desired  characteristic.  The  former  class  is  useful  in.  all  types  oT 
dertromagnetic  mechanisms,  such  as  generators,  motors,  transformers, 
electromagnets,  etc.;  the  second  class  is  useful  only  in  permanent  mag- 
nets, measuring  instruments,  magnetos,  relays,  etc. 

COKFOaXTION  AND  PBOPS&TZIB 

m.  Dependence  of  propertiei  upon  composition  and  treatment. 

The  magnetic  properties  of  all  materials  depend  upon  the  chemical  compos!- 
tioo.  heat  treatment  and  mechanical  treatment.  These  factors  are  con- 
udcred  in  some  detail  in  the  succeeding  paragraphs. 

171.  Effect  of  Impurities  on  magnetic  properties  of  iron.  The  general 
effect  of  impurities  is  to  decrea.se  the  permeability  and  increase  the  iron  loss. 
Mn«t  impurities  are  as  a  whole  injurious  in  their  efTect,  but  there  are  certain 
spparent  exceptions.  The  effect  of  silicon  appears  to  be  to  decrease  the  iron 
MS  and  increeee  the  permeability  up  to  iQUuctions  from.  12,000  to  14,000 
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Ksuases,  after  which  the  permeability  decreases  below  that  of  soft  iron,  while 
the  iron  loss  begins  to  increase  rapidly.  See  also  Ruder,  W.  £..  "  The  Effect 
of  Chemical  Composition  upon  the  Magnetic  Properties  of  Steels;"  General 
BUetrie  Rmiew^  March.  1015,  pp.  197  to  203. 

174*  BBteot  of  earbon.  Carbon  increases  the  resistivity,  decreases  the 
permeability,  lowers  the  saturation  point  and  increases  the  coercive  force 
and  the  retcntivity.  Concurrently  the  hysteresis  loop  is  broadened  and  its 
area  increased.  _  These  eflfects  are  greater  in  hardened  steel  than  in  soft  or 
annealed  material.  In  slowly  cooled  iron-carbon  alloys  the  carbon  exists  as 
pearlite  up  to  the  eutectoid  point  (about  0.85  carbon) ;  above  this  point  the 
carbon  exists  as  cementite  (^eaC).  The  cementlte  carbon  dimimshes  the 
conductivity  less  than  does  the  pearlite  carbon.  At  a  Quenching  tempera- 
ture of  860  deg.  cent,  the  limit  of  dissolved  carbon  is  about  1 .4  per  cent. ; 
no  excess  of  carbon  above  1.4  is  soluble  at  this  temperature. 

ITS.  Iffeet  of  m&niT&neM.  Very  small  proportions  of  manganese  are  not 
injurious  In  any  substantial  degree,  out  it  is  customary  to  limit  the  propor- 
tion of  manganese  as  much  as  practicable.  The  true  effect  of  small  pro- 
portions of  manganese  is  difficult  to  determine  because  of  its  association  in 
most  oases  with  carbon.  See  Jew.  I.  E.  E..  April,  1911,  Vol.  XLVI,  No. 
306,  pp.  263  to  266.  When  the  manganese  content  reaches  12  per  cent,  the 
steel  oecomes  practically  non-magnetic. 

176.  Bflaota  of  tlUoon  And  aluminum.  The  researches  of  Barrett, 
Brown  and  Hadfield  (1000  and  1902}  established  the  fact  that  the  only  mag- 
netic allosrs  superior  to  the  purest  commercial  iron  are  the  allovs  of  iron  with 
silicon,  and  with  aluminum.  The  best  silicon  alloy  contained  2.5  per  cent, 
of  silicon,  and  the  best  aluminum  alloy  contained  2 .  25  per  cent,  of  aluminum. 


Maximum 
permeabil- 

(Bfor 
maximum 
permea- 
bility 

4.000 
4.000 
5.000 

Hysteresis 
losa,  ergs 

per  cu.  cm. 
per  cycle 

forACmaz) 
-9.000 

2.334 
1.549 
1.443 

Coercive 
force  for  (B 

Swedish  charcoal  iron 

2.5  per  cent,  silicon 

2 .  25  per  cent,  aluminum . . 

2,100 
5.000 
5.400 

1.10 
0.80 
0.80 

Guggenheim  has  shown  (Elek.  Kraft  U.  Bahnen,  Sept.  24.  1910).  for  iron 
oontaining  0.2  per  oent.  of  carbon,  that  silicon  in  quantities  up  to  1.8  per 
cent,  decreases  the  permeability,  but  from  1.8  to  Sj^cr  cent,  it  improves  the 
permeability  and  decreases  the  hysteresis  loss;  for  (S(max)  — 10.000  in  sheets 
0.5  mm.  thick  the  hysteresis  loss  was  2,910  ergs  per  cu.  cm.  per  cycle,  for  best 
silicon  steel,  compared  with  6,000  ergs  for  ordinary  sheet  iron. 

For  electrical  and  mechanical  effects  of  silicon  and  aluminum,  see  ^pro- 
priate  portions  of  this  section. 

117.  KSeot  of  nickel.  The  addition  of  nickel,  up  to  2  per  cent.,  causes 
little  change  in  magnetic  quality  (Burgees  and  Aston).  A  higher  nickel 
content  rapidly  decreases  the  permeability.  At  25  to  30  per  cent,  nickel, 
the  mapietio  properties  are  greatly  impaired,  but  improve  again  upon  a 
further  increase  in  nickel. 

178.  Heots  of  tunntan,  chromium  aoA  molybdenum.  These 
dements  have  the  general  property  of  increasing  the  magnetic  hardness  and 
particularly  the  coercive  force,  making  a  very  desirable  steel  for  permanent 
magnets.     See  "  Magnet  Steel,"  Par.  ISS  to  tSO. 

179.  ISeeta  of  •nenio  and  Un.  Thcae  elements  are  similar  in  their 
effects  to  silicon  and  aluminum,  increasing  the  resistivity  and  reducing  the 
hysteresis  loss.  Tin  increases  the  permeability  at  higher  inductions  and 
decreases  the  hysteresis  loss  even  more  than  silicon. 

180.  Sulphur,  phoaphoru*  and  ozygan  are  iasenwal  injurious  in  tlMir 
effeota,  erea  in  amall  pareentages. 
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Ul.  Ifteet  at  hauX  traatiiMnt.  Suitable  hakt  titatmant  during  manu- 
facture reduces  the  iron  lo«,  inoreaaes  the  permeability  and  gires  better 
phyeical  properties.  The  beet  physical  properties  and  the  permeability  are 
to  some  extent  opposed,  and  the  most  suitable  heat  treatment  as  regards 
macnetio  properties  is  not  generally  the  one  which  gives  the  highest  physical 
properties.  The  general  method  of  annealing  is  in  Doxes,  under  oorer,  with 
slow  cooling. 

US.  KBeet  at  tempenture.  Both  iron  and  steel  lose  their  magnetia 
properties  at  about  750  to  800  deg.  cent.,  and  are  non-magnetic  above  that 
temperature.  The  exact  temperature  at  which  this  transformation  occurs  is 
somewhat  variable,  and  depeiids  upon  the  chemical  compoaition  of  thametai. 

m.  Hbet  of  tempar»tur«  on  panneabllitr.  Hopkinson's  experi- 
ments (Phil.  Mag.  and  Proa.  Roy.  Soc.;  showed  that  with  weak  magnetising 
forces  the  i>ermeabiUty  increases  with  rises  of  temperature  up  to  the  critical 
point,  or  about  785  deg.  cent.,  above  which  iron  becomes  non-magnetic. 


Under  moderate  magnetising  forces  the  permeability  first  increases  sirghtlvt 
with  rise  of  temperature,  and  then  decreases  rapidly  as  the  critical  pomt  Is 
approached.  Under  strong  magnetising  forces  the  permeability  suffers  no 
change  at  first,  and  then  decreases  gradually  as  the  critical  point  is  ap- 
proached. See  Cliap.  VIII  of  Ewings  "Magnetic  Induction  in  Iron  and 
Other  Metals." 


aii,ooo 


00  ao  30  1 )  w  (jo   jo  a)  «  loo  no  lao  no  no  ipo  ii»  ITO  i»P  'i*  a  o  *io 

io         M  30     .  ^0  so  80  70         80  5i  100 

K  ita  0,G*8,  Aactromsfsatic  UalU 

Via.  18. — Normal  saturation  curves  (General  Electric  Co.). 

.  IM.  normal  gatoration  eurraa  for  castriron,  cast-steel  and  annealed- 
steel  (low-carbon)  sheets,  of  the  qualities  ordinarily  used  in  electrical  con- 
structioii,  are  given  in  Fig.  18.  Also  see  Fig.  37  (Par.  Tl)  in  8cc.  8;  Fig. 
33  (Par.  ■•)in  Bee.  7;  and  Commercial  Sheets"  in  this  section.  For  pre- 
cautions and  rules  in  extrapolating  magnetisation  curves  see  Ball,  J.  D., 
<7en<raf  EUctric  Rtvitv,  Jan.  IBIS,  pages  31  to  33. 

1U._  Indnotlon-pennaability  cuirea  for  csstiron  and  malleable  iron  are 
given  in  Fig.  19.  These  curves  are  typical  of  the  shape  of  induction-per- 
meability curvee  in  generaL 

IM.  AfUDg.  Aside  from  the  immediate  change  in  the  magnetic  quality  of 
iron  whien  results  from  heating,  it  produces  a  slow  deterioration  which  results 
in  reduced  permeability  and  increased  hysteresis.  Even  so  low  a  tempera- 
ture as  SO  deg.  cent.,  if  continued  for  some  weeks,  will  produce  an  appreciable 
effect.  The  tests  bv  S.  R.  Roget  (Ptoc.  Roy.  Soc,  Msy  12, 1898  and  Deo.  8, 
1898)  showed  that  tne  hysteresis  loss  increased  9  per  cent,  when  the  iron  was 
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heated  for  27  days  at  60  deg.  cent. ;  5Z  per  oe&t.  when  heated  for  25  days  at 
05  deg.  cent.;  89  percent,  when  heatedfor  25dayBat87dec.  cent.;  140  per 
cent,  when  heated  for  25  days  at  135  de^.  cent.  Alao  see  Mordey,  W.  M., 
Proc.  Roy.  Soc,  June,  1SQ6;  also  see  aging  tests  in  "Eleotrio  Machine  De* 
ugn,"  by  Parshall  and  Hobart;  Allen,  T.  8.,  "The  Comparative  Aging  of 
Electric  Sheet  Steels;"  Electrical  World,  1908.  Vol.  LII,  p.  579. 

18T.  Kon-&^liig  steal.  Silicon-steel,  aside  from  having  low  hystereais 
and  high  resistivity,  also  posseases  the  valuable  property  of  being  non-acing. 
That  is  to  say,  its  magnetic  properties  are  not  impaired  by  prolonged  heatins 
at  moderate  temperatures,  but  on  the  contrary  may  be  ui^tly  improved. 
While  as  much  as  3  to  4  per  cent,  of  silicon  is  present  in  aiUoon-ateel,  it  is  also 
useful,  in  much  smaller  quantities,  in  improving  the  aging  quidities  of  low- 
carbon  steel.  Parshall  and  Hobart  recommend  "'Eleotrio  Machine  Design," 
p.  36)  the  following  compoBition  for  sheet  steel  having  good  aging  qualities: 
carbon,  006;  manganese,  0-50;  silicon,  0-01;  sulphur,  0*03;  phosphorus,  COS. 
188.  Effects  of  meohaziical  stress  on  ni«ffn«tilgfttton.  Ewing  8tmt«s 
(Chap.  IX,  **  Magnetic  Induction  in  Iron  and  Other  Met^**)  that  the  i>re»- 
ence  of  any  moderate  amount  of  longitudinal  pull  increases  the  8usoeptibilit;y 
when  the  magnetism  is  weak,  but  rraucea  it 
when  the  magnetism  is  strong.  With  hard- 
ened metal  the  effects  of  stress  are  in  general 
much  greater  than  with  annealed  metal. 

189.  Paffs  sffeot  is  the  faint  metallic  sound 
resembling  a  light  blow  which  is  heard  when  a 
piece  of  iron  is  suddenly  magnetised  ordemag^ 
netised. 

IM.  Cast  iron  is  magnetically  inferior  to 
wrought  iron  or  low  steel,  but  is  used  to  a 
limited  extent  on  account  of  the  facility  with 
which  it  can  be  molded  into  complex  lorms. 
The  permeability  is  decreased  by  the  presence 
of  carbon,  the  eflfect  being  in  the  ratio  of  com- 
bined to  graphitic  carbon.  Cast  iron  of  good 
magnetic  quality  oontains  from  8  to  4-5  per 
cent,  carbon,  of  which  from  0-2  to  0.8  per  oent. 
is  in  the  combined  form,  A  normal  induction 
curve  for  castiron  is  given  In  Fig.  18.  Curve 
1  in  Fig.  19  applies  to  cast  iron^oontaininx 
0.105  combined  carbon,  3-29  graphitic  carbon, 
3.01  silicon,  0.320  manganese.  0.988  phoe- 
phoruB  and  O-OS  sulphur.  Curve  5  is  for  cast 
iron  containing  0-72  combined  carbon,  2.07 
silicon,  0-38  manganese,  0-85  phosphorus  and 
0.035  sulphur. 

Silicon  and  aluminum  in  small  pr(^>ortiona 
make  the  casting  more  homogeneous  and  tend  to  reduce  the  combined 
carbon.     Silicon  tends  also  to  counteract  sulphur. 

191.  Halle&bls  cast  iron  is  magDetically  superior  to  east  iron,  beinc 
lower  in  combined  carbon  and  improved  by  the  heat  treatment  which,  it  • 
receives.  Curve  7  in  Fi^.  19  is  for  malleable  cast  iron  (see  Parshall  and 
Hobart,  "Electric  Machine  Design")  containing  0.83  combined  carbon, 
2.201  graphitic  carbon,  0-93  silicon,  0.116  manganese,  0-039  phosphorus  and 
0.080  sulphur. 

198.  Wroufht  iron  is  among  the  beet  of  magnetic  materials  from  the 
standpoint  of  permeability,  but  has  higher  core  losses  than  silicon  steeL  See 
Par.  iOO  comparing  Sweoish  iron  with  other  materials. 

198.  Boiled  steel  of  the  low-carbon  variety  is  used  very  extensively  in 
the  form  of  electrical  sheets  and  rods.  A  normal  induction  curve  is  shown  in 
Fig.  18.  '  Commercial  sheets  are  described  in  Far.  817  to  994. 

194.  Cast  steel  is  extensively  used  for  those  portions  of  magnetic  circuits 
which  carry  uniform  or  continuous  flux  ana  need  superior  mechanical 
strength.  Parshall  and  Hobart  state  ("Electric  Machine  Design,"  p.  22) 
that  oast  steel  of  ^ood  magnetic  qualities  should  be  limited  in  its  composition 
as  follows:  combined  carbon,  0.25;   silicon,  0.20;   manganese,  0.50;  phos- 
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ikaniB,  0.08;  sulphur,  0.05.     A  normal  induction  curve  it  thowii  in  Fis< 
8. 

IM.  AUoy  itaal.  The  principal  alloy  steel  in  eztensire  use  is  silioon  steel. 
Its  prcniwrtiee  are  covered  under  "Commercial  Sheets,'*  Par.  SIT  to  M4,  and 
FlcS'^^ud26.  It  is  low  incoreloss,  non-acins,  and  high  in  permeability  ex- 
cept at  the  hisher  densities.  Tungsten  steel  and  tungiten-chrome  steel  are 
used  extensively  for  permanent  magnets;  see  "  Msgnet  Steel,"  Par.  IM  to 
no.  Mltig  Iron  is  steel  to  which  has  been  added  a  small  proportion  of 
aluminum,  ranging  from  0.06  to  0.27  per  cent.  Magnetically  it  is  a  little 
better  than  ordinary  steel  up  to  densities  of  about  100  IcUolines  per  sq.  in., 
and  inferior  at  higher  densities.  See  Parshall  and  Hobart,  "Electrio 
Machine  Design;"  published  by  Enginetrint,  London,  1906;  p.  26. 

IM.  BMt  eompoiltton  of  dynamo  ghooU;  Do  VoUr  «nd  ▼•yro*. 
Bish  carbon  and  cold  working  are  both  injurious  to  electrical  sheets.  The 
reeommended  composition  and  treatment  is  as  follows:  (1)  The  steel  should 
have  lea*  than  0.1  per  cent.  carlx>n,  from  3  to  4  per  cent,  ailicon,  lesathanO.3 
per  eeot.  manganese,  less  than  0.03  per  cent,  sulphur  and  phomhorus;  (2) 
the  sheets  after  rolling  should  be  annealed  at  750  to  800  deg.  cent,  with  slow 
eooUng;  (3)  the  rolling  should  be  finished  at  low  temperature;  (4)  after  final 
anneaUng,  no  cold  working  slionld  be  allowed  (IX  6,  No.  9,  Sixth  Congress  of 
Int.  Assoc,  for  Testing  Materials,  New  York  City,  1012). 

197.  Xlaetroljtle  Iron  moltod  in  raeno.  "Magnetic  and  Other 
Properties  of  Electrolytic  Iron  Melted  in  Vacuo  "  is  the  subject  of  a  valuable 
monogrl^>h  by  T.  D.  Vensen,  and  is  published  as  Bulletin  No.  72,  Engineer- 
ing Experiment  Station,  Univ.  of  111.,  1914;  this  monograph  is  the  source 
of  the  following  data. 

The  electrolytio  iron  was  doubly  refined  from  Swedish  charcoal  iron 
anodes,  and  contained  from  99.97  to  99.98  per  cent,  of  chemically  pure 
iron,  0006  carbon  and  0.01  silicon.  The  iron  as  deposited  was  crushed, 
cleaned  and  placed  in  a  magnesia  crucible;  then  it  was  melted  in  a  vacuum 
fnmaee  and  allowed  to  cool.  Hnally  it  was  hot  forged  to  rods  about  0.5  in. 
diameter  and  20  in.  long.  The  average  results  from  rods  annealed  st  WX) 
deg.  cent,  were  as  follows: 

Carbon  content,  per  cent 0.0125 

Maximum  permeability 12,050 

Flux  density  at  maximum  permeability 6,550 

Hysteresis  loss,  ergs  per  cu.  cm.  per  cycle: 

At  «  (maximum)  - 10,000 1,060 

At  (B  (maximum)  =  15,000 1,990 

Coercive  force,  <B  (maximum)  "  1.5,000 0. 34 

Betentivity,  (B  (maximum)  - 16,000 9,940 

Resistivity  (mierobm-cm.)  at  20  deg.  cent 9. 96 

Critical  temp.,  deg.  cent 894 

The  magnetic  quality  of  electrolytic  iron  melted  ta  Mcue  is  decidedly 
superior  to  any  grade  of  iron  thus  far  produced;  the  maximum  permeability 
obtained  was  19,000  at  a  density  of  9,500  gausses,  and  the  average  hysteresis 
loss  obtained  is  less  than  one-naif  that  found  in  the  beet  grades  of  cora- 
mereia]  transformer  iron.  Swedish  charcoal  iron  melted  in  taeuo  ap- 
proachee  electrolytic  iron  in  magnetic  quality,  due  chiefly  to  reduction  of 
carbon  content.  Low-carbon  iron  melted  >n  mcuo  will  lose  50  to  90  per  cent, 
of  its  orijsinal  carbon.  Electrolytic  iron  is  at  present  purely  a  laboratory 
or  experunental  product,  and  therefore  too  expensive  for  commercial  appli- 
cations. See  the  bibliography  appended  io  Mr.  Yensen's  monograph. 
Also  see  Proc.  A.  I.  E.  E.,  Feb.,  1916,  pp.  237-261. 

IM.  Approzlmate  saturation  valuei  of  different  magnetic  materials 
nre  given  by  Steinmcts  as  follows,  in  gausses. 


20,000 
12,000 
6,000 

1  Magnetite 

s.ooo 

4,000 

Cobalt. 

1  Manganese  allosrs  up  to 

1 

Nickel 

IM.  Xazimuni  laturatlon  Intonglty.  HadAeld  and  Hopkinson  have 
shown  that  a  great  number  of  magnetic  materials,  including  commercially 
pure  iron  ana  many  iron  alloys,  have  a  definite  saturation  intensity  of 
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macnetism  (Hadfield^  Sir  R.  A.  and  Hopkinson,  B..  "The  Macneti 
Properties  of  Iron  and  Its  AUoys  in  Intenae  Fields. "  Jour.  I.E.  E.,  Apri 
igiO,  Vol.  XLVI,  pp.  235-306).  Theintensity  of  macnetisationiB defined  a 
the  quantity  /  in  the  formula  <Bm3C+4«J,  or  the  magnetio  moment  pc 
unit  of  volume. 

Every  alloy  which  they  examined  was  found  to  have  a  definite  aaturatio 
intensity  of  magnetism,  which  they  termed  the  ipeeiflo  magnetlam 
This  iotenaity  was  reached  in  most  cases  in  a  field  of  5,000  units.  Xh 
specific  magnetism  of  comraercially  pure  iron  of  density  7.80  was  found,  t 
be  1,680  within  1  per  cent.  The  presence  of  carbon  in  annealed  iron-carbo 
steel  reduces  the  specific  magnetism  by  a  percentage  equal  tosixtimea  th 

Ssrcentage  of  carbon,  if  other  elements  are  present  only  in  small  propoi 
ons.  No  allo^  was  noted  having  a  higher  specific  magnetism  than  pure  iroi 
Quenching  an  iron-carbon  alloy  from  a  high  temperature  reduoea  its  specifi 
magnetism  by  a  large  but  uncertain  amount.^  The  addition  of  silicon  c 
aluminum  to  iron  reduces  the  specific  magnetism  roughly  io  proportion  t 
the  amount  added;  but  if  carbon  is  present,  silicon  seems  to  neutralise  i 
to  some  extent. 

too.  Comparlsoiui  of  inafn*tio  mat«riftb 
(T.  D.  Yensen.  BuUetin  No.  72.  Eng.  Exp.  Sta.,  Univ.  of  111.,  1914) 


Material 


Swedish  charcoal  iron 
out  from  plate. 


Standard  transformer 
steel. 


Four  per  cent,  silicon 
steel. 


Swedish  charnoal  iron 
ronielted  in  vacuo. 


Electrolytic  iron 
mcltea  in  vacuo. 


t 

Jib         M 


4,870 


0.163 


0.008 


0.0125 


3,8S0 


3,400 


10,350 


12,950 


'I 


6.600 


7,000 


4,300 


7,000 


6.650 


Hyatereaifl 

lofle  in  ergs 

per  cu.  cm. 

per  cycle 


n 


2,490 


3,320 


2,260 


1.290 


1.060 


e 

ii 


J5 


4,53o!o.95     8,000 


5,910  1.33 


3,030 


2,640 


1,990 


0.« 


0.48 


0.34 


9,900 


5,400 


11,200 


9,940 


•si 
•a 


i 


10.57 


11. OS 


51.15 


10.30 


».96 


Ml.  Formula  for  induotton-pannoabllltr  curra.     A.  8.  McAlliste: 

haa  shown  that  the  induction-permeability  curve  can  be  expressed  with  i 
fair  degree  of  accuracy  by  an  equation  of  the  form 

.-2.800-3.2  [<^?^,^-'']  (17 

The  constants  in  this  equation  hold  for  the  ordinary  grades  of  sheet  iron 
between  the  limits  (B  — 0  and  (B  =  15,000,  where  CB  is  the  maximum  instan- 
taneous value.  The  numerical  constants  take  different  values  for  cast  iron 
cast  steel,  silicon  steel,  etc.  See  McAllister,  "Alternating-current  Motors,* 
New  York,  1909,  p.  137. 

101.  PenneabUltr  in  woak  Held*.  Ewing  give*  the  permettbilit] 
in  very  weak  fields,  with  values  of  3C  less  than  unity,  according  to  the  fof 
lowing  formula  based  on  investigations  by  Baur. 

i<-183  +  l,3823C  (18; 

This  applies  to  soft  iron.     Lord  Rayleigh  found  for  harder  grades  of  iron 

M-81+643C  (lOJ 
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The  Utter  applies  to  hard-drsira  iron  wire;  in  another  ease  the  initial 
pmneability  was  87.  The  foref^oing  relatioosliips  are  accounted  for  by  the 
fact  that  the  saturation  eurre  is  sensibly  a  parabola  in  its  earliest  stages, 
•taitiiis,  however,  with  a  finite  inclination  to  the  axis  of  3C.  For  •<- 
tresDcly  feeble  forces  it  is  virtually  an  inclined  straight  line.  See  Ewiog,  J. 
A.,  "Magnetie  Induction  in  Iron  and  Other  Metals,'  London,  1900,  3rd  rer. 
d..  CSiap.  VI. 

M>.  Pannaabllltr  of  iron  at  high  treqneaclM  has  been  investigated 
by  E.  F.  W.  Alexanderson  and  H.  Pender  (see  "  Magnetic  Properties  of  Iron 
St  PrMMDcica  up  to  200,000  Cycles,"  Trans.  A.  I.  E.  E.,  1911,  Vol.  XXX, 
pf.  34SB-2454).  Mr.  Alexanderson  concluded  that  iron  has  practically  the 
same  permeability  at  200,000  cycles  as  at  60  cycles,  but  the  magnetic  pene- 
tration is  greatly  reduced  at  high  freouencies,  on  account  of  the  excessive  skin 
effect,  which  must  be  taken  into  full  account.    See  Par.  IM. 

SOi.  Haualer's  mlloys  are  compoeed  of  copper,  manganese  and  aluminum, 
and  possess  marked  magnetic  properties.  The  permeability  increases  with 
the  addition  of  manganese  until  the  proportions  of  manganese  and  aluminum 
are  the  same  relatively  as  their  atomic  weights  (Par.  *Bt).  The  maximum 
magnetisation  obtained  is  about  one-third  of  that  of  the  best  iron.  *     Copper 


apparently  no  other  purpose  than  to  make  the  alloy  soft  enougo  to 
be  east  and  handled,  MoTaggart*  performed  experiments  on  these  alloys, 
noying  the  composition  in  many  ways.  The  particular  eompceition  which 
(ilubited  the  best  magnetic  properties  contained  14.3  per  cent,  aluminum, 
28.6  manganese  and  57.1  per  cent,  copper. 

Dr.  Heiisler,  who  discovered  these  alloys  in  1901,  stated  that  the  most 
msgnetie  alloy  contained  25  per  cent,  of  manganeee,  12.S  per  cent,  of  alo- 
Binasa,  and  63.6  per  cent,  of  copper,  or  in  the  respective  proportions  of  their 
atomic  weights.  Also  see  tests  made  by  Guthe  and  Austin,  Bulletin  of  the 
Bureau  of  Standards,  1906,  Vol.  II,  No.  2,  and  tests  by  8tepbenson,Bu]letin 
No.  47,  Eng.  Exp.  Sta.,  Univ.  of  111.,  1910. 

Mt.  naetnm  thaorr  of  mafmstlim.  Mr.  E.  H.  Williams  has  written 
sa  extended  monoaapn  on  this  subject,  which  is  published  as  Bulletin 
!(a.  62,  tJnir.  of  III.,  Bug.  Exp.  Sta.,  1912,  and  contains  a  bibliography 
of  the  important  works  up  to  that  date.  Also  see  Chap.  XI  of  Ewing^l 
"Magnetie  Induction  in  lion  and  Other  Metals." 
COBK  L088I8 

IM.  Total  mro  Iom  is  composed  of  two  elements,  hysteresis  and  eddy- 
earrents.  These  two  losaesfollow  differentlaws,  briefly  setforth  in  Sec.  2. 
The  loss  may  be  stated  in  terms  of  total  energy  per  unit  volume  per  cycle; 
or  it  may  be  stated  in  terms  of  power  loss  per  unit  weight  of  material  at 
some  st^ed  frequency.  The  effect  of  wave-form  is  discussed  in  Par.  tlO 
and  111. 

tat.  Talaaa  of  hraterasis  ooefiEUiiant  for  different  mAtariala 
(M.  G.  Uoyd) 


Material 

» 

Authority 

Material 

» 

Autho- 
rity 

lard   tnagsten 
iteeL 

flaidniekei 

SardcMtstwd... 
Msgnetie  iron  ore. 

Gorged  steel 

Fwo-mil  steel  wire 

SMtinm 

Mtniekd 

::aMstcd 

:Uibait 

0.058 

0.039 
0.025 
0.020 
0.020 
0.016 
0.013 
0.013 
0.012 
0.012 
0.012 
0.009 

Steinmets 

Steinmets 

Steinmets 

Steinmets 

Steinmets 

Lloyd 

Steinmets 

Steinmets 

Steinmets 

Steinmets 

Qumlioh 

Schild 

Soft  machine  steel. 
Annealed  cast  steel 
No.  36  iron  wire. . . 
Ordinary  sheet  iron 

0.009 

0.008 

0.006 

0.004 

0.003 

0.0021 

0.002 

0.002 

0.0016 

0.0010 

0.0010 

0.0009 

0.0006 

Foster 

Foster 

Lloyd 

Lloyd 

Qumlich 

Qumlich 

Foster 

Lloyd 

Lloyd 

Lloyd 

Lloyd 

Qumlich 

Lloyd 

Heualer alloy  II... 

Soft  iron  wire 

Annealed  iron  sheet 

Ingot  iron 

Best  annealed  sheet 
Silicon  steel  sheet. . 

Silicon  steel 

Best  silicon  steel... 

SeosUr  aOo^  I. . . 
Seetrolytie  iron. . 

Bee  Loyd.  M.  Q.,  "Magnetic  Hjrsterasis,"  Journal  o/  th*  Franklin  IntiluU, 
hAi,  1910.  pp.  1-aS. 

•  MeTaggart.  H.  A.    Univ.  Toronto  Studies,  Papers  from  Phys.  Lab.,  1908, 
So.  23. 
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Sec.  4-208  PROPERTIES  OF  MATERIALS 

108.  HyitoTMiB    eoeflleitnts  in  Sieimneti*s  formula   fTk^-f/Bi*  ar« 

flven  in  Par.  SOT  (Lloyd.  M.  Q.,  **  Macnetio  Hyatercais,"  Journal  of  the 
'ranklin  Inatitute.  July,  1910,  pp.  1-25).  In  this  formula  W%  is  the  loes  in 
ergs  per  cu.  cm.  per  sec,  /ia  the  frequency  in  cyclea  per  sec..  (Bis  the  maxi- 
mum induction  and  ia  here  10.000  gauasea,  and  ^  ia  the  hyatereais  coefficient. 
The  exponent  of  <A,  which  ia  1.6,  departa  widely  from  this  value  at  very  low 
and  very  high  denaitiea. 

t09.  Total  oor«  lotaei  for  ihoots  ore  given  in  Fig.  20.  Uoyd  and  Fisher 
give  the  following  total  core  lossea,  in  watts  per  lb.  at  00  cycles  and  1U,0(MI 
gauasea,  for  No.  20  gage  (3.57  mm.):  unannealed(3.18to4.76:  annealed,  1.25 
to  2.36:  aUicon  ateel,  0.605  to  1.06.  See  Trana.  A.  I.  E.  £.,  1009,  Vol.  "XXVIII. 
p.  465.     Alao  aee  Sec.  7.  Par.  S14. 

SIO.  Kflect  of  wava  form  upon  hTSterails  lou.  Dr.  M.  G.  Lloyd,  in 
his  paper  entitled  "Dependence  of  Magnetic  Hyatereais  upon  Wave  Form" 
(Bulletin  of  the  Bureau  of  Standards,  Vol.  V.  No.  3,  Feb.  1900,  pp.  3S1-4 1 1) . 
reached  the  following  Gonclusions. 

"  For  a  definite  maximum  value  of  the  flux  density*  the  hsrsteresia  ia  greater 
with  a  flat  wave  of  flux,  but  the  effect  is  small,  and  from  the  industrial  atand- 
point  negligible,  even  with  very  distorted  waves.  If,  however,  the  wave  of 
nux  ia  dimmed,  the  hysteresis  may  be  much  increased. 

"The  hysteresis  determined  by  the  balliatio  method  may  be  amaller  than 
that  whicn  obtains  with  the  use  of  alternating  current,  but  the  differenoea 
are  am  all. 

"  The  aeparation  of  hysteresis  and  eddy-current  lessee  by  means  of  runa  at 
two  fie<iuenciee,  using  the  Steinmets  formula,  is  not  accurate,  but  is  a  dose 
f^proximation  when  the  sheets  are  thin." 

til.  Xffoet  of  form-factor  upon  the  iron  loss  was  investigated  by 
Dr.  M.  G.  Llovd  (aee  '*E£Fect  of  Wave  Form  upon  the  Iron  Losses  in  Trans- 
formera,"  Bulletin  of  the  Bureau  of  Standards.  Vol.  IV,  No.  4, 1007;  also 
Reprint  No.  88),  who  reached  the  following  oondusions. 

*  With  a  given  effective  electromotive  force  the  iron  losses  in  a  trans- 
former depend  upon  the  form-factor  of  the  e.m.f.,  and  vary  inversely  with  it. 
By  proper  deaign  of  the  generator  supplying  transformers,  the  iron  losses 
may  be  reduoea  to  a  minimum." 

lia.  Xffeot  of  unsynunotrloal  parlodic  cyolss  on  h^toresis  loss. 
Mr.  M.  Roaenbaum  in  a  paper  entitled  "Hyateresia  Loss  in  Iron,  Taken 
Through  Unaymmetrioal  Cycles  of  Constant  Amplitude,'*  before  the  I.  £«  £. 
(aee  Jowr,  I.  E.  £.,  Mar.,  1912),  presented  the  following  concluaiona. 

"It  ia  Been  that  the  hyatereais  loss  increases  very  appreciably  as  direct- 
current  magnetisation  is  auperpoaed  on  the  altematmg  flux.  This  phenom- 
enon manifeata  itaclf  in  practice  in  inductor  alternatoia  and  atatic  balancers. 
In  some  kinds  of  inductor  alternators  the  flux  does  not  reverse,  but  oscillates 
between  positive  maximum  and  positive  minimum  values,  thua  the  iron  losa 
per^  ou.  cm.  is  much  greater  in  inductor  alternators  than  in  the 
ordinary  tyi>e  for  the  aame  change  of  flux  in  the  armature  coil.  In  static 
balancera  thia  effect  alao  takea  place  where  the  direct-current  magnetisation 
is  not  neutralised.  It  is  therefore  important,  if  high  efficiency  be  aimed  at, 
to  neutralise  the  direct-current  flux." 

8HXET  OAaSB 

Sit.  Two  sjitems  of  ffSflnff  sheets  are  in  use.  the  U.  S.  Standard  Gage 
and  the  Decimal  Gage.  These  two  gagea  are  fully  covered  in  the  two 
Bucceeding  paragraphs.      Also  sec  Par.  SO. 

tl4.  An  act  sstabUshins  a  standard  rac*  for  sheet  and  pUte  Iron 
Uld  steel.  Be  it  eruicted  bjf  the  SeiuUe  and  House  of  Repreaentatiteaofthe 
United  SUUea  of  America  in  Congreaa  asaembUd,  That  for  the  purpose  of 
securing  uniformity,  the  following  ia  estabiiahed  aa  the  only  standard  gace 
for  sheet  and  plate  iron  and  ateel  in  the  United  States  of  America,  namely: 
(See  Par,  Sli.)  And  on  and  after  July  1,  1893,  the  aame  and  no  other  shall 
be  used  in  determining  duties  and  taxes  levied  by  the  United  States  of 
America  on  sheet  and  plate  iron  and  steel.  But  this  act  shall  not  be  con- 
strued to  increase  duties  upon  any  articles  which  may  be  imported. 

Sec.  2.  That  the  Secretary  of  the  Treasury  is  authorised  and  required 
to  prepare  suitable  standards  in  accordance  herewith. 

»Bo.  3.  That  in  the  i>raotioal  uae  and  application  of  the  atandard  gage 
hereby  established  a  variation  of  2.6  per  cent,  either  way  may  be  allowed. 

Approved,  March  3,  1893. 
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Sec.  4-216 


llimlmal  far*  for  tbaet  inm  and  ateel  adopted  by  the 
Amc  ol  Amer.  Steel  Manufacturers  and  the  Amer.  Railway  Maater  Mechan- 
ic* Aiaoe.  i«  baaed  on  the  f oUowinc  atandard  thiolcneaaea,  ezpreaeed  in  in. 


0.003 

0.012 

0.023 

0.040 

0.065 

0.090 

0.136      0.220 

0.004 

0.014 

0.025 

0.045 

0.070 

0.005 

0.150      0.240  1 

O.OOO 

0.016 

0.028 

0.050 

0.075 

0.100 

0.165 

0.250 

O.OOg 

0.018 

0.032 

0.055 

0.080 

0.110 

0.180 

0.010 

o.oao 

0.036 

0.060 

0.085 

0.125 

0.200 

Tin  decimal  aystem,  denoting  the  thielcneaa  in  thouaandthe  of  an  inch,  waa 
eadoraed  by  the  A.  8.  M.  £.  Committee  on  Standard  Thiolcneoa  Gage  for 
Metale.  Tne  weisbta  are  ucually  calculated  on  the  baaia  of  480  lb.  per  cu.  ft. 
lor  iron  and  490  lo.  for  ateel. 

OOmCBBCIAL  BHntTS 

HT.  Baetrteal  shaata  ia  the  ttade  term  for  iron  and  steel  aheeta  ueed  in 
the  maanfactura  of  puaohinga  for  laminated  cores  or  magnetic  circuits. 

tU.  Otmitm.  There  ace  usually  but  two,  or  at  the  most  three,  grades  of 
coBunercial  aheeta.  The  ordinary  grade  is  a  soft  or  low-carbon  steel,  used 
enenaiTely  for  laminated  rotors  and  stators  in  electrical  machinery.  The 
special  grade  ia  a  silicon  ateel,  which  has  low  core  loeaea  and  is  non-aging, 
ased  eztensiTely  for  transformers. 

n9.  Data  on  Amarican  Shaat  and  Tin  Plata  Comi>«n7'i  eonunarelal 
ihaata 


Regular 

dynamo 

and 

motor 

sheets 


Special 

dynamo 

and 

motor 

sheets 


Trans- 
former 
sheets 


Grade  of  steel  (iven  hearth) 

^icciSe  giBTity,  in  sheets 

Tcaaile  strengtli.  parallel  to  grain 

Yidd  point.  paraOel  to  grain 

ESong.  in  8  in.,  parallel  to  grain 

TanJe  strength,  transverse  to  grain 

Tidd  point,  transverse  to  grain 

Brag,  in  8  in.,  transverse  to  grain. 

Besjativity,  microhm-cm 

Hysteresis  loss  at  O— 10,000  in  ergs  per  cu. 
cm.  per  cycle. 
Hystereaia  coefficient 


Soft 
7.79 


Soft 
7.72 


4% 
silicon 
7.5 


48,000 
30,000 

21% 
55,000 
33,000 

22% 


62,000 
35,000 

25% 
61.000 
38,000 

19% 


96,000 
29,000 
2.4% 
102,000 
22,000 
2.1% 


8  to  12 
4042 


15  to  18 
3338 


0.001609  0.001328 


40  to  50 
1796 


0.000716 


The  tcaaile  teats  given  above  represent  only  a  few  testa  and  consequently  are 
•ot  average  results.  On  Regular  Dynamo  and  Motor  Sheets,  the  Bureau  of 
StandardB  obtained  the  following  results,  with  No.  16  gage;  tensile  strength, 
BXMW  lengthwise  and  63,000  crosswise;  yield  point,  42,000  lengthwise 
asd  43.000  eroaswiae;   elongation,  23  per  cent,  lengthwise  and  28  per  cent. 


The  Regular  and  Special  Dynamo  and  Motor  ^radea  are  free  from  hardness 
sad  brittleness  and  then  is  no  difficulty  in  shearing  or  punching  them.  The 
Ttauafoiuier  grade  is  generally  harder  than  the  ordwsry  gradee,  and  in 
■aterial  having  the  lowest  iron  losses  there  is  usually  more  or  less  bnttleness. 
GsaeraDy  speaaing,  there  is  no  difficulty  in  shearing  it  and  not  much  difficulty 
iapooching  it. 

The  Regalar  Dynamo  and  Motor  grade  is  largely  used  in  the  construction 
sf  laaiinated  poles  and  intarmittently  oparatsd  electrical  apparatus.  The 
Special  Dynamo  and  Motor  grade  ia  used  in  high-effieiency  dynamo  and  motor 
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roton  and  BtAtore.  The  Traiufonnar  grade  is  used  very  extensively  In  traB*- 
former  cores. 

Curvee  of  averace  induction,  permeability  and  hysteresis  in  these  three 
grades  are  given  in  Figs.  20  to  25. 

ItO.  Aging  of  shaeU.  The  American  Sheetand  Tin  Plate  Company 
reports  the  following  results  of  aging  tests  on  their  commercial  sheets  (Vmr. 
IK).     Exposure  to  a  temperature  of  100  deg.  cent,  for  30  days  resulted  (on 
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Fia.  20. — Average  induction  and  permeability  curves,  "Regular  Dynamo 
and  Motor  Sheeto"  (A.  S.  A  T.  P.  Co.). 
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21. — Average  hysterpsis  loop,  "Regular  Dynamo  and  Mulnr  Sheets" 
(A.  S.  A  T.  P.  Co.). 


the  average  of  a  number  of  samples  of  each  grade)  in  a  small  increase  in  the 
iron  loss  (not  exceeding  10  per  cent.)  in  the  Regular  grade,  a  very  slight  in- 
crease in  theiron  loss  of  the  Special  grade,  and  a  slight  decrease  in  the  iron 
loss  of  the  Transformer  grade. 

Ml.  Iflaet  of  maehanieal  working  on  ghMta.     The  only  working  tbs 
material  receives  is  punching  and  compression  in  the  finished  core.     Ths 
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'act  of  puachinK  is  to  daterionte  the  muoatio  propertiai,  which  can  be 
nwved  by  subsequent  Mmealins,  but  if  the  cutting  edgee  are  sharp  the 
ifeet  ia  very  small. 

HI.  Date  on  Follanibae  aUal  thaeta  are  liven  in  Fi<s.  36  to  28.  Nor- 
■tl  induction  curves  are  shown  in  Fis.  26.  Curves  of  total  core  loss  are  given 
h  RgL  27  and  28,  all  data  being  supplied  by  Follansbee  Brothers  Company. 
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fia.  21. — Avence  induction  and  permeaUHty  curres, "  Bpwial  Dynamo  i 
Motor  Sheets"  (A.  8.  AT.  P.  Co.). 


Kio.  23.— Average  hysteresis  loop,  ' 

(A.  S.  k 


'Smeial  Dynamo  and   Motor  Hheets" 
T.  P.  Co.). 


Both  grades,  carbon  steal  and  silicon  steel,  are  made  by  the  basic  open-hearth 
Pmna.  Farther  data  may  be  obtained  from  articles  by  J.  Q.  Homan  in  the 
Bedrial  ITarU,  Sept.  7,  1912,  pp.  <S01-fl02,  and  the  Iron  Agt,  Jan.  2,  1913. 

iU.  Stalloy  is  the  trade  name  for  a  commercial  transformer  steel.  Ham- 
im  and  Rossiter  (JSUetridan  (London),  Nov.  3,  10111  found  the  maximum 
PomeabiUty  to  be  as  follows:  unannealed.  3,100  at  S-4.fiOO:  annealed,  4,200 
•t  0>7,000.     Hystensis  loss,  2,S00  eras  per  cu.  cm.  per  cycle  at  ffl  - 10,000. 
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IM.  CuTTU  of  total  ear*  lowMi  in  tlaotrieal  ih««ta  are  ciTen  in  F^ 
iM,  taken  from  the  article  on  "Tranaformen,"  by  Dr.  A.  S.  MoAttieter  in  tfaa 
8ra  edition  of  the  Standard  Handbook. 
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Fio.  24.—. 


'Average  induction  and  permeability  ounre,  "Transformer 
(A.  8.  *  T.  P.  Co.). 
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Flo.  25. — Average  hysteresis  loop,       Fio.  26. — Normal  induction  curves 
"  Transformer  Sheets  "  ( A.  S.  &  T.  P.  of  FoUansbee  steel  sheets. 

Co.). 

MAQNET  8TUL 
111.  Desired  eharacteristies  in  permanant  macnata  are  maximum 
retentivity,    coercive   force,   and  permanence  or  non-aging  eharaoteristie. 
These  characteristics  are  beet  obtained  in  carbon  steel  and  certain  alloy  steela 
hereafter  mentioned. 
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Sec.  4-226 


tM.  ICacnat  staal  uiually  eonteiu  about  3  to  7  per  cent,  of  tunsitea  mad 
0^  to  0.70  per  cent,  of  oarbon.  The  average  tuDgsten  content  ia  about 
S  pv  cent.  U  quenched  in  water  from  a  temperature  of  about  800  dec. 
ernt.  It  will  retain  ita  macnetiam  better  than  carbon-steel.  The  addition 
•f  about  0.50  per  cent,  m  chromium  will  increaae  the  permanency,  but 
the  masnetio  foree.    Alao  aee  See.  5. 
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Fig.  27. — Total  core  loea  in  Follansbee  improved  electric  iteel  ahceU. 

SST.  Carbon  msflivt  ttaal  is  a  hi<h-oarbon  steel,  and  must  be  hardened 
by  quenchins  after  it  has  been  forged  and  machined  to  shape.  Fig.  30 
shows  the  normal  aaturation  curve  and  the  hystereaia  loop  of  a  glass-hsrd 
ptanoforte  steel  wire  (Ewing,  J.  A.  "  Magnetic  Induction  in  Iron  and  Other 
Metsls;"  London,  IDOO;  3rd  rev.  ed.,  pp.  83,  84).  The  maiimum  per- 
meability in  Fig.  30  is  only  118.     For  information  relative  to  the  effect  of 
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Fig.  28. — Total  core  loas  in  No.  29  gage  (0.014  in.)  Follanabee  transformer 

steel. 


<lifferent  degrees  of  temper  on  the  retentiveneas  see  Bulletin  No.  14,  by 
Barua  and  Stronbal,  U.  8.  Geological  Survey,   1886. 

Extensive  experiments  by  G.  Mars  (StoAfumf  £i<m,  1909,  Vol.  XXIX,  p. 
^7W>  indicate  that  retentivity  is  a  function  of  the  hardness  and  compoaitioa 
fi  the  metal.     Fig.  31  shows  relations  between  carbon  content,  hardness  and 
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retentivity  of  oubon  steel.  The  hardnen  tnta  were  made  with  a  lO-nim. 
Brinnell  ball  and  a  pressure  of  3,000  kg.  The  retentivity  increases  with  the 
carbon  content  and  hardness  up  to  a  point  where  further  increase  in  carbon 
is  not  accompanied  by  increase  in  hardness,  then  the  retentivity  deoreases 
due  to  displacement  of  effective  iron  by  the  carbon.  Similar  experimenta 
with  various  alloy  steels  sive  results  shown  in  Par.  ISO. 

SS8.  Tuiurstoii  magnet  Itoel  ordinarily  contains  about  5  per  cent,  of 
tungsten.  One  satisfactory  magnet  steel  analysed  S.47  per  eent.  of  tung- 
sten, 0.57  per  cent,  of  carbon,  0.18  per  cent,  of  silicon,  and  0.20  per  cent,  of 
manganese.  Tungsten-vanadium  magnet  steel  analyses  about  7.00  per 
cent,  of  tungsten,  0.30  per  cent,  of  vanaidium,  and  0.60  per  cent,  of  carbon. 
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Fio.  29. — Curves  of  total  core 
losses  in  electrical  sheets. 


Fio.  30. — Hysteresis  loop  of  gla 
hard  steel  wire. 


The  addition  of  tungsten  to  steel  increases  the  coercive  force,  and  acoordins 
to  Hoplunsoa,  the  value  of  the  coercive  force  in  tuDSBten  steel  may  exceed 
50  (Ewing,  J.  A.  "  Magnetic  Induction  in  Iron  and  Other  Metals;" London, 
lOOO;  3rd  rev.  ed.,  p.  S3).  Comparative  tests  of  four  tungsten  steels  con- 
taining respectively  3,  6,  8  and  12  per  cent,  of  tungsten,  quenched  from  900 
deg.  cent.,  showed  remarkably  similar  reeulta  and  indicated  that  a  high 
percentage  of  tungsten  is  unneceoaary.  In  fact  as  much  as  12  per  cent,  may 
produce  inferior  results  (see  Moir,  M.  B.  Philoaophieal  Magazine^  Nov.,  1014). 
Also  see  Sec.  5. 
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Fig.  31. — Hardness  and  retentivity  of  carbon-steel. 

lit.  Chrome  nucnet  iteel.  According  to  Hopkinson  the  addition  of 
chrome  to  oil-tempered  steel  may  increase  the  coercive  force  to  as  much  as 
40  (see  PhUoaophxcal  Tranacuiions,  1885).  Chrome-steels  containing  up- 
ward of  8  per  cent,  of  chromium  possess  superior  permanency  compared 
with  tungsten  steels,  but  are  inferior  in  magnetic  intensity  (see  Moir,  M.  B. 
PhilotojAicalMagannt;  Nov.,  1914). 
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IM.  Compoiltlon    snil 


lurdaniiur    t«inp«ratur« 
rttonmlty 
(O.  A.  Kenyon;  3rd  edition,  standard  Handbook) 


S«c.4-2S0 
for    nMaimam 


Steel 

Compodtion  per  cent. 

Hardening 

tamp.  dec. 

eent. 

C 

Si 

Mn 

W 

Cr 

0.97 
0.S8 
1.05 
1.22 

0.20 
0.18 
O.IS 

0.15 
0.26 
0.24 

810 
•30 
750 
760 

5.47 

1.23 

Chronie-tuDCSten 

m.  Von-nurnetie  (t««li.  Hadfield  found  the  presence  of  Urge 
pcoportioni  (12  per  cent.)  of  manganeee  in  steel  deprived  the  metal  of 
aesri^  all  of  its  susoeptibility.  Hopkinson  found  that  a  specimen  of  steel 
emtaining  25  per  cent,  of  nickel  was  practically  non-maf  netic  at  ordinary 
tenperatiirea,  but  after  eotJing  to  a  very  low  temperature  it  became  strondy 
aiaspiatic  and  remained  so  upon  returning  to  normal  temperature.  The 
•df-iiardening  steels  (see  "Structural  Materials,"  Sec.  4)  are  also  jpracti- 
olly  non-macnetic.     Any  steel  in  the  austenitic  state  is  non-magnetic. 

BIBLIOa»ArHT 

Sn.  Th*  ftatborlt^tlT*  litarature  on  the  magnetic  properties  of  iron, 
itcd  and  other  metals  is  for  the  most  part  scattered  through  many  books 
Am^\^  primaril^r  with  other  topics,  and  through  the  transactions  of  the 
kadiof  engineering  and  scientific  societies  and  'the  technical  press.  Th« 
followinc  is  a  selected  list  of  the  more  important  works  and  sources. 

£wixo»J.  A. — ''Magnetic  Induction  in  Iron  and  Other  Metals."  London, 
1900. 3nl  i«v.  ed. 

SnisiiKTS,  C.  P. —  "Alternating-current  Phenomena."  McGraw-Hill  Book 
Co.,  Inc.,  New  York,  1S08. 

KamarsiOFr,  V. — "The  Magnetic  Circuit"  MoOraw-HUI  Book  Ck>.,  Inc., 
New  Tork.  1911. 

Pmmdkk,  H. — "Principles  of  Electrical  Enipneering."  MeOraw-EQII  Book 
Co.,  lac.  New  York.  1811. 

GSAT,  A. — "Electrical  Machine  Design."  McGraw-Hill  Book  Co.,  Inc., 
-Vew  York,.  1913. 

Tnnu.  A.  I.E.  E.  Jour.  I.E.E.;  rran*.  Faraday  Society;  Bulletin  of  the 
Bueau  of  Standards. 

INSULATING  HATERIALg      . 

OLABBinCATIOir 
Bl  Kathodi  of  elaaaifiektton.     Dielectrics  may    be  classified  in  a 
Bttmber  of  ways:  (a)  physical  grouping,  under  solids,  plastics,  liquids  and 
gMca;  (b)  according  to  working  temperature  limits;  (c)  according  to  the  tsrpe 
of  applicstion. 

>M.  CUaUlekttoa  of  dlalaetrlei  aeeordinc  to  Iwftt-reilgtiiic  Pfop- 
mMm.  Messrs.  Steiiunets  and  Lamme  in  their  A.  I.  E.  E.  paper  on  '^em- 
pBstunmnd  Electrical  Insulatbn"  (1918,  VoL  XXXIlTp.  79)  classify 
tlw  naaal  T"tTi^*t«r'^g  materials  aa  follows,  in  three  general  classes. 

Clan  A.  This  includes  most  of  the  fibrous  materials,  as  p^>er,  cotton, 
ftCL,  nost  of  the  natural  oil  resins  and  gums,  etc.  As  a  rule,  such  materialB 
beeome  dry  and  brittle,  or  lose  their  fibrous  strength  under  long-continued 
aodsrstdy  hi^  temperature,  or  under  very  high  temperature  for  a  abort 
tiaie. 

dox  B.  This  includes  what  may  be  designated  as  heat-reaisting  materials, 
«1^  eonaiat  of  mica,  aabostoe,  or  equivalent  refractory  materials,  freauently 
Med  in  combination  with  other  supporting  or  binding  materials,  the  aeterio- 
ntioa  of  which,  by  heat,  will  not  interwe  with  the  insulating  properties 
s<  the  final  product.  However,  where  such  supporting  or  binding  materials 
■«  is  such  quantity,  or  of  such  nature,  that  their  deterioration  by  heat  will 
(raady  impair  the  final  product,  the  material  should  be  considered  as  belong- 
ngtodaas  A. 
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I 


CIoM  C.  Tbia  a  repretentad  by  firaproof,  or  heat-proof  mktaiials,  cueh  •■ 
mioa,^  Ui  uaembled  that  very  high  temp«raturea  do  not  produce  rapid 
deterioration.  Such  materials  are  uaed  in  rfaeoatata  and  in  the  heatins 
elements  of  heating  appliances,  etc. 

The  temperature  limits  specified  by  the  A.  1.  E.  E.  Standardisation  Rules 
(Sec.  24,  Par.  IM)  are  as  follows: 

(A— 1)  Cotton,  siUc,  paper  and  other  fibrous  materials,  not  so  treated  aa  to 
increase  the  temperature  limit,  OS  deg.  cent. 

(.A-2}  Same  as  A-l,  but  treated  or  impregnated,  and  including  enameled 
wire,  IWS  deg.  cent. 

{B)  Mica,  asbestos  or  any  other  material  capable  of  resisting  high  tem- 
perature, in  which  any  class  A  material  or  binder,  if  used,  is  for  struotural 
purposes  only,  and  may  be  destroyed  without  impairing  the  insulatinc  or 
mecnanioal  qualities,  I2fi  deg.  cent. 

(C)  Fireproof  and  refractory  materials,  no  specified  limit. 


m. 


Phjraleal  CUHMoktion  of  IMelacte'iea 

Qums  and  reaina 


[Solids 


Dielectrics 


Natural., 


Fabricated. 


Plastics. 


Liquids 


Oases. 


Used  as  such. 


Solidified  on  application 


Asbestos 

Wood 

Soapstone 

Slate 

Marble 

T,,ava 

Mica 

Papen  and  sheets 

Fabrics  and  yarns 

Hard  rubber 

Synthetic  .resins 

Molded  compositions 

Glass 

Vitrified  materials 

Caoutehooo 

Outta  pereba 

Pitches 

Asphalts 

Waxes 

Compounds 

Mineral  oil 

Animal  oil 

Vegetable  oil 

Varnish 

Shellac 

Paint 

Enamel 

Japan 

Atmospheric  air 

Hjrdrogen 

Nitrogen 

Carbon  dioxide 


IM.  ClauiflMtton  of  dlaleetrlei  aoeordlnc  to  tjiM  of  appUeatlon. 

Under  this  classification  can  be  named:  (1)  Wire  insulation;  (2)  cable  insu- 
lation; (3)  insulating  supports,  combining  dielectric  properties  with  mechan- 
ical strength:  (4)  coil  and  slot  insulation  for  electrical  apparatus  and  machin- 
ery: (5)  insulating  sheets,  slabs  and  barriers;  (6)  molded  insulation,  shaped 
under  the  application  of  heat  and  mechanical  pressure;  (7)  imoregnating  and 
filling  compounds;  (8)  superficial  paints  and  varnisbea;  (0)  fluia  insulatora; 
(10)  gaseous  insulators. 

1ST.  Use  of  trade  names  in  connection  with  insulating  materials  has 
unfortunately  become  very  common.  On  account  of  the  great  number  of 
such  names  no  attempt  has  been  made  to  state  or  define  them  all.  Wherever 
feasible,  insulating  materials  have  been  grouped  and  described  in  accordance 
with  a  rational  elassifioatian,  and  adhering  if  possible  to  the  natural  or  de- 
scriptive name  of  each  thing  instead  of  its  trade  name. 
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DnOVMIOH  OF  »»onKTm 
nc.  PmIi  »ble  oharaetarlitiei  of  diaMetrlai  may  be  enumerated  as 
foOowa,  under  four  heads;  (1)  electrical,   (2)  mechanical,  (3)  thermal,    (4) 
chemical. 

(1)  XlMtrloal  (3)  Tharmal 

Orest  reajstiritr.  (a)  Larce  apedfic  heat. 

Small  surface  leakage.  rb)  Small  tnermal  reaistirity. 

Qraat  diaruptire  strength.  (o)  Small  ooeScient  o{  expansion. 

Deairable  magnitude  of  dielectrio  Id)  High  softening  temp, 

cooatant  depends  upon  types  of  It)   High  melting  (Knnt,  for  solids, 

sppiieation.  (f)    High  boiling  point  and  low  fraes- 

|e)  Small  dialecftric  absorption.  ing  point,  for  liquids. 

0    Small  dielectric  hysteresis.  (g)  Low  viacodty. 
:)  Minimum  power  factor, 
i)  Mimmum     temperature     coeffi- 
eienta. 

(2)  MeohsniiAl  (4)  OlMiBl«a 

,)  Great  tensile  strength.  (a)  Stability. 

,j)  Great  shearing  strength.  (b)  Insoluble  in  adds,  alkalies    and 

e)  Great  oompreasiye  strength.  oils 

fit  Pi«ii  sble  magnitude  of  modulus  (e)  High  flash  point, 

of  elasticity  depends  upon  type  of  (d)  High  On  point. 


[S», 


i 


application. 
Dciriri 


(e)  Dcairabia  degree  of  hardness- 
ditto  (d>. 

(f)  Not  brittle. 

(g)  Denae  non-porous  structure. 
Va)  Non'hygroscopie. 

0)    Readily  workable, 

nt.  Inanl»tlon  mdrtanea  is  separable  into  two  eomponenta,  volume 
leaiatiTity  and  surface  resistivity.  The  leakage  path  through  the  substance 
or  interior  of  the  dielectric  is  electrically  in  parallel  with  the  surface  leakage 
path  composed  of  a  film  of  moisture  or  oil  (with  the  frequent  addition  of  dust 
or  foreini  matter)  on  the  surfaces  of  the  dielectrio.  For  exhaustive  discus- 
■on  of  Uie  characteristics  of  insulation  resistanoe  and  the  insulating  proper- 
ties of  dielectrioe  see  the  following: 

Erershed,  8.  **The  Charaotaisties  of  Insulation  ResistaDoe:"  Jour, 
I.  E.  E.,  1913. 

Curtia,  H.  L.  "InsuUtting  Properties  of  Solid  Dielectrioe;"  Scientific 
Paper  No.  334,  Bureau  of  SUndards,  1915. 

Flaming  and  Dyke.  "On  the  Power-factor  and  Conductivity  of  Dielec- 
trics;" Jour.  I.  E.  E.,  1912,  Vol.  XLIX,  No.  216,  pp.  323  to  431. 

140.  Volnma  laanlntlon  raiirtuiea  of  dielectrics  is  dependent  upon 
the  resistivity,  usually  expressed  as  volume  resistivity  in  ohm-cm.,  or  ineg- 
ohm-cm.  for  greater  oonTenieooe.  Practically  all  dielectrics  have  a  negative 
temperature  ooefflelant,  or  decreasing  resistance  with  rising  temperature. 
When  the  volume  resistivity  becomes  very  high,  on  the  order  of  10^'  ohm-cm., 
the  dieleetiie  absorption  current  is  likely  to  be  i^  sufficient  relative  magnitude 
to  influence  the  olieemd  value  of  volume  reeistivity  unless  sufHeient  time  is 
allowed  for  complete  dectrifioation.  la  the  case  of  two  materials  having  a 
rwistiiritr  of  10"  ohm-em.,  hard  rubber  and  fused  quarts,  the  apparent  resis- 
tivity uBdcr  continuous  deotrifieation  increases  tor  a  long  time. 

For  most  practical  cases,  however,  that  portion  of  the  leakage  current 
which  flows  through  the  body  of  the  didectric  is  negligible  in  comparison  with 
the  portion  which  flows  through  the  surface  film.  But  when  the  volume 
resistivity  is  less  than  10>'  ohm-em.  and  whea  the  insulator  is  placed  in  an 
atmosphere  having  a  humidity  of  less  than  25  per  cent.,  the  greater  part  of 
the  current  may  flow  through  the  body  of  the  insulator. 

In  porous  materials  or  those  containing  appredable  moisture,  such  as 
slate  and  marble,  the  volume  resistivity  decreases  somewhat  withincreaae  of 
applied  vdtage.  In  all  such  oasee  the  volume  resistivity  increases  rapidly 
as  the  moisture  is  dried  out. 

The  eifeotive  resistance  with  alternating  currents  is  usually  leaa  than  with 
continuous  currents,  and  decreases  progresdvely  as  a  rule  with  Increase  in 
frequency,  owing  to  dideotrio  energy  losses  (Par.  Ml), 
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S41.  Bnrfaoa  tnttilatlon  rerietanod.  The  surface  conductivity  ia  tho 
reciprocal  of  the  surface  rraiativiiy,  and  the  lurfaoe  rotUtlTity  is  the  reeist- 
ance  between  two  oppoeite  edges  of  a  surface  film  which  is  1  cm.  square. 
Since  for  most  materials  under  ordinary  conditions  of  humidity  the  surface 
resistivity  is  much  lower  than  the  volume  resistivity,  the  resistance  per 
centimeter  length  between  two  linear  conductors  1  cm.  apart,  pressed  upon 
the  surface  of  a  slab  of  the  material,  is  approximatdy  equal  to  the  surface 
resistivity. 

The  relationship  between  surface  resistivity  and  humidity,  for  a  number  of 
different  materials,  is  given  in  Fig.  32.     These  curves  are  generally  typical 

of  solid  dielectrics.  The  sur- 
face resistivity  is  often  a 
million  Cimes  as  e^eat  at  low 
humidity  as  at  mgh  humid- 
ity. Measuremonta  made  on 
various  molded  composi- 
tions at  the  Bureau  of 
Standards  (Scientific  Paper 
No.  234)  gave  values  ranging 
from  10>«  to  10>T  ohm-cm. 
(between  opposite  edges  of  a 
film  1  cm.  square),  at  22 
deg.  cent. 

S4S.  Dieleotrto  eonstaat 
ia  defined  in  Sec.  2.  Th« 
customary  medium  of  refer- 
ence is  almost  universally  dry 
air  at  normal  temperature 
and  oressure.  For  most  ma- 
teriala  the  temperature  coeffi- 
cient is  positive,  but  for 
india-rubber  it  appears  to  be 
negative  at  ordinary  tem- 
peratures. The  coefficient 
for  celluloid  at  15  deg.  cent. 
is  approximately  0.005  per  deg.  cent.,  whereas  for  mica  it  is  about  O.OiOOO. 

545.  DiMeetzie  abiorption  is  the  term  applied  to  the  apparent  soaking 
up  of  electric  charge  within  the  body  of  a  dielectric  when  the  electric  stress  is 
IMY>longed  for  an  appreciable  time.  In  other  words,  it  requires  appreciable 
ume  for  the  dielectric  to  become  fully  saturated  with  electric  charge  or  dis- 
placement, when  a  steady  stress  is  applied.  In  some  materials  this  phenom- 
enon is  marked,  while  in  others  it  is  slight.  Due  allowance  should  oe  made 
for  it,  however,  in  certain  classes  of  measurements,  notably  insulatioa 
resistance. 

S44.  Dletoctric  itroncth,  usually  expressed  in  volts  or  kilovolts  (kv.)  per 
mil  or  per  mm.,*  is  a  property  whion  it  is  impossible  to  determine  with  high 
precision,  and  which  is  affected  by  numerous  variables  such  as  the  site  and 
shape  of  the  test  electrodes,  the  time  rate  at  which  the  teat  voltage  is  raised  to 
the  disruptive  point,  the  order  of  frequency  of  the  teat  voltage  and  the 
thickness  of  the  teat  specimen.  Furthermore,  disruptive  discharge  requires 
not  merely  a  sufficiently  high  voltage,  but  a  certain  niininium  amount  of 
energy.  There  is  no  accepted  standard  apparatus  or  method  for  testing 
clielcrtrics,  and  honcc  the  results  obtained  by  different  inveatigatorsarc  com- 
parable only  as  to  gnneral  nrdcr  of  magnitude,  if  at  all.  Moreover  the  prob- 
able error  in  ineasureraents  of  disruptive  strength  is  unusually  large  and  any 
one  set  of  observations  is  likely  of  itself  to  be  in  error  by  as  much  as  plus  or 
minus  10  to  20  per  cent.  Consequently  the  values  of  disruptive  strength 
stated  in  this  section  are  to  be  considered  as  purely  approximate  and  not 
accurately  comparative. 

546.  The  fftotors  affecting  dielectric  strength  may  be  stated  as  fol- 
lows: internal  or  external  heating,  chemical  change,  absorption  of  moisture, 

•  1  volt  per  mil— 39.4  volts  per  mm. 
1  volt  per  mil  — 0.394  kv.  per  cm. 
1  vc^t  per  mm.  — 0.0254  volt  per  mil. 
1  kv.  pw  cm. —  2.54  volts  per  mil. 
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uUore  of  wnTOiimting  medium,  rite  and  Bhape  of  t«flt  eleetrodM,  thiekneM  of 
teat  apeoimeii.  time  rate  of  applying  the  t&ruptive  voltase,  whether  oon- 
tiaoous  or  altarnatinc  teat  preasure  ia  employed,  and  order  of  magnitude 
of  the  teat  frequency. 

>M.  Uaot  of  aUe  of  aleotrodM.  Farmer  concluded  from  hia  teata  that 
the  average  dielectric  strength  of  insulating  materiala  in  thin  sheet  form  ia 
materially  higher  with  small  electrodes  than  with  large  ones;  upon  making 
the  electrodes  very  small,  such  aa  needle  points,  however,  the  dieleotrie 
atreogth  apparently  decreases  again.  See  Farmer,  F.  M.,  "The  Oielaetrio 
Stocngthof  Thin  Inaulating  Matariab;"  Trmu.  A.  I.  E.  £.,  1913.  Vol.  XXXII, 
uf.  m7  to  2131.  Alao  see  FranUin.  W.  8.,  "Dielectric  Stresses  from  the 
Mechanical  Point  of  View;"  Jour,  franklin  In»t.,  1913. 

MT.  Uaot  of  tlileknsii  of  test  ipoelinen.  It  is  comparatively  rare  to 
find  an  insulating  material  whose  dielectric  strength  varies  uniformly  with  its 
thjekneas.  In  the  case  of  fibre,  for  example,  the  disruptive  strength  in- 
masui  very  slowly  with  increasing  thickness.  On  the  otner  hand,  tne  die- 
mptive  strength  of  multiple  layers  of  glass  with  intervening  oil  films  is  nearly 
proportional  to  the  thickness.     A  law  was  proposed  by  Baur  which  can  be 

ii|«i«siii1  B  —  ki^,  where  B is  the  disruptive  voltage,  I  is  the  thickness  of  the 
Jiffa'tiic  and  jfc  is  a  constant;  in  other  words,  the  disruptive  voltage  varies 
as  the  two-thirds  power  of  the  thickness.  This  law  ia  a  rough  guide  Tor  some 
"— **-^-'-  Anotnw  law  proposed  bsr  Walter,  for  air,  ia  B  —  a+bl,  where 
a  and  friars  constants  and  I  is  the  thicknesa;  thia  law  holds  for  needle  gaps 
froBi  50*to  4S0  mm.  under  ordinary  preesuree  and  temperatures. 

Mg,  T.«iitlii»tlon.  Hendricks*  statea  that  a  finel]^  laminated  structure 
improrea  the  dielectric  strength.  This  is  partly  explained  aa  follows:  weak 
spots  in  successive  layera  very  rarely  coincide  in  position,  rupture  at  some 
wcaJ  internal  point^may  be  confined  to  one  lamination,  and  thla  materiala 
are  in  general  auperior  in  point  of  electric  and  mechanical  unit  strength. 

Mt.  ISoet  of  t^equonoy.  There  is  usually  considerable  difference 
between  disruptive  strengths  aa  determined  by  alternating  e.m.fs.  and  by 
eoatinoous  e.m.fs.  In  the  case  of  continuous  e.m.fs.  there  is  much  less  in- 
ivaal  heating  than  there  ia  with  alternating  e.m.fs.  Disruptive  strengths 
of  solid  dielectrics  measured  with  continuous  e.m.fs.  are  about  one  and  one* 
balf  to  two  timea  the  strengths  meaa- 
■tcd  with  alternating  e.m.fa  under 
ike  conditions.  When  the  order  of 
frsqneney  is  inereaaed  from  commas 
aal  power  frequencies  to  those  repre- 
WBtatiTe  of  high-frequency  high-power 
•argea,  aay  «)0,000  cycles,  there  is 
reason  to  believe  that  the  disruptive 
sttength  is  reduced.  Creifhton  haa 
shown  that  this  is  the  fact  in  the  ease 
of  porcelain  (ase  Free.  A.  I.  E.  E., 
Hay.  I91S,  p.  819,  Fig.  39).  where 
dMnqitive  valuea  at  very  hidi  fre- 
qgrncy  ware  on  the  order  of  60  to  80 
per  cent,  of  the  60-oycls  values. 

SM.  BKaot  of  tho  ttmo  etoiiMiit 
ia  applying  the  dismptive  presauro  is 
proBonaeeo.  For  very  brief  periods 
Aeketrica  will  withstand  muoligreater 
potentiala  than  for  longer  periods. 
Tkis  is  apparently  a  eonaequenoe.  in 

psit  at  least,  of  the  fact  that  disruptive  discharge  requirea  a  certain  minimum 
sawant  of  auxfy  in  each  inatanee.  Thus  the  disrufitive  energy  required  in 
the  case  of  oil  la  about  30  times  that  required  for  air.     It  is  characteristic 
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Fia.  33. — Typical  curves  of  dis> 
niptive  voltage  with  respect  to  in- 
terval required  for  puncture. 


•f  cil  and  of  materials  impregnated  with  oil  that  the  dielectric  strength  is 
(reatsr  for  insta,  ' 
proloagsd  stress. 


for  instantaneous  or  very  brief  applications  of  stress  than  it  is  under 
The  brief  time  into-nu  required  to  energise  the  dielectric 


*  Hendricks.  A.  B..  Jr.     "Hi|^-tenaon  Testing  of  Insulating  Materials;" 
Tnn.  A.  I.  E.  E.,  1911,  Vol.  XXX,  p.  187. 
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befoni  breakdown  oooun  ia  sometimM  referred  to  w  the  dieleotric  apark  lu. 
A  good  illvutration  of  the  eompantive  effeeta  of  alow  veraua  faat  rata  of  appfi- 
cation  of  the  diaruptive  roitage  ia  given  by  Creighton  for  porcelain  (aee  Pfoe. 
A.  I.  K.  £.,  May,  1916,  p.  818,  Fig.  28).  Alao  aee  Hayden  and  Steinmeta, 
"Diaruptive  Strength  with  Tranaient  Voltagee;"  Tnnu.  A.  I.  E.  E.,  1910. 
Vol.  XXIX,  pp.  lT2S  to  1158.  Fig.  33  ahowa  typical  ourrea  (plotted  from 
Rayner'a  1912  paper.  Jour.  I.  E.  E.)  of  diaruptive  voltage  with  reapeot  to  th« 
time  required  for  puncture. 

tSl.  Dlalaetrlo  hTltaretU  ia  a  form  of  energy  loaa  in  dieleotrioa,  and  ia 
independent  of  any  loaa  due  to  pure  oonduetion.  The  latter  loaa  ia«xpreaaed 
by  pB',  where  g  ia  the  total  conductance  in  mhoa  oia  given  body  of  dielectrio 
ancf  S 18  the  impreaaed  difference  of  potential  in  efteotive  volta,  the  power  loaa 
given  thereby  being  expreaacd  in  watta.  The  Itotle  OOmpoiMIlt  of  dieleo- 
trio  hyatereeu  prol»bly  ia  proportional  to  the  1.6th  power  of  the  mazimura 
dielectrio  flux  denaity.  The  Tiieoiu  eomponant  of  dielectric  hyatereaia 
followa  the  aquare  law.  The  latter  component  ia  probably  the  predominating 
one,  ainoe  experimental  evidence*  from  condenaer  teata  with  alternating 
currenta  goes  to  ahow  that  the  angle  of  phase  difference  due  to  hyatereaia  ia  & 
constant,  for  any  particular  condenser.  It  followa  from  thia  that  the  power 
loaa  in  the  didectno  ia  proportional  to  the  aquare  of  the  flux  denaity  and  tho 
aquare  of  the  frequency,  wnioh  correaponds  to  the  viacous  component  of  hys~ 
teresia.  As  a  riue  these  electrostatic  hysteresis  losses  in  a  condenser  are 
much  smaller  than  the  loaaea  oocasioned  by  magnetic  hyatereaia  and  are  rather 
diffictUt  to  meaaure.  Frequently  they  amount  to  no  more  than  a  fraction  of  1 
per  cent,  of  the  volt-ampere  input  of  the  oondenaer,  at  frequenciea  from  25  to 
125  cyolea.  Bee  Kayner,  E.  H.,  "High-voltage  Teata  and  Energy  Loaaea  in 
Dielectrics;"  Jour.  1.  E.  E.,  1912,  VofXLIX,  No.  214,  pp.  3  to  89:  also  see 
Fleming  and  Dyke,  "On  the  Power-factor  and  Conductivity  of  Dielectrics;" 
Jour.  I.  E.  E.,  1912,  Vol.  XLIX,  No.  215,  pp.  323  to  431. 

U>.  Dlalaetrlo  pewar-faetor.  When  a  dielectric  ia  aubjeoted  to  a  pe- 
riodic alternating  e.m.f.  leas  than  the  diaruptive  value  there  ia  a  loaa  or  expen- 
diture of  energy  within  the  dielectric  from  two  cfkuaes:  (1)  the  leakage  con- 
duction current,  (2)  the  dielectrio  hyatereais.  Conaequently,  the  volt- 
ampere  input  to  the  dieleetrio,  inatead  of  having  a  aero  power-factor  aa  in  tha 
ease  of  the  ideal  dieleetrie  of  infinite  reaiatance  and  aero  hyatereaia,  has  a 
power-factor  of  finite  value  but  usually  small  magnitude.  Thia  total  dielec- 
tric loaa  may,  in  aome  oaaea,  have  conaiderable  importance.  Fleming  and 
I^ke*  made  teata  on  eleven  different  materials  at  920,  2,7flO  and  4,600  oydea, 
and  found  that  the  powei^faotor  was  less  than  1  per  cent,  in  the  case  of  dry 
Manila  paper,  paraffin  wax,  mica,  ebonite,  pure  india-rubber,  vulcanised 
india-rubbw  and  sulphur;  about  2  per  cent,  for  glasa  and  gutta  percha; 
and  8  per  cent,  for  4ry  slate. 

tlS.  ISavta  of  tamparstura.  It  a  dielectrio  contains  moisture,  the 
application  of  heat  will  reduce  the  moisture  content  and  simultaneously 
increase  the  resistivity  and  the  diaruptive  voltage.  In  the  caae  of  a  thor- 
oughly dry  aubetanoe,  however,  increase  of  temperature  hsa  the  reverse 
effect.  Prolonged  heating  of  a  dielectrio,  if  in  exceas  of  the  aafe  or  conserva- 
tive limit  of  working  temperature,  is  injurious  and  tends  to  hasten  the  break- 
down of  the  material  by  disintegration  or  chemical  change,  and  ensuing  dia- 
ruptive failure.  Exoej>t  in  the  caae  of  fireproof  and  refractory  materials,  the 
working  temperature  is  a  most  important  factor  in  determining  the  life  of 
insulation.  Bee  Par.  St4  and  also  see  the  temperature  limits  apecified  in  the 
Standardisation  Rulea  of  the  A.  I.  E.  E.,  Sec.  24,  Par.  1(T  to  WW. 

SOLID  HATUSAI.  KATBUALS 

IM.  AabaitM  ia  a  mineral  fibre  compriaed  of  hydrous  silicate  of  magnesia, 

rhieb  mdts  at  a  temperature  in  the  range  from  1,200  to  1.300  dag.  cent. 

It  ia  useful  aa  an  inaulating  material  becauae  of  ita  heat-reaiating  qualitiea. 


which  mdts  at  a  temperature  in  the  range  from  1,200  to  1.300  dag.  cent. 
It  ia  useful  aa  an  inaulating  material  becauae  of  ita  heat-reaiating  qualitiea, 
and  ia  fabricated  into  boards,  paper,  tape,  etc.,  frequently  in  combination 


with  a  binder  to  make  it  atronger  mecbanicaUy  and  less  abaorbent  of  moi»- 
ture.  It  ia  Dot  inherently  a  good  insulator,  and  for  thia  reason  is  frequently 
mixed  with  other  fibres  or  loading  material  to  impart  greater  strength,  higho' 
insulation  and  better  finish.     The  commercial  varieties  of  aabeatoe  often 

*  Steinmeta,  C.  P.     "Alternating-current  Phenomena;"  New  York,  Mo- 
Oraw-HiU  Book  Co.,  Inc.,  1908-  4tli  ed.,  pp.  212  and  218. 
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Tmtif'"  iron  and  other  impurities,  mitking  it  dmoet  uaeleee  •>  an  eleotrieal 
insulator.  Aibestoe  ia  an  excellent  thermal  ioaulator.  Ita  eiectrieal  reeis- 
tivity  ifl  on  the  order  of  16X10*  ohm-cm.;  disruptive  voltage,  00  to  100 
volts  p^  mil;  maximum  working  temperature,  SOO  to  flOO  deg.  cent.  When 
used  for  are  defector*  in  oontroilera,  awitehes,  etc.,  it  is  usually  impref- 
uted   with  a  solution  of  silicate  of  soda  and  then  subjected  to  heavy 


Asbcatoa  is  frequently  oombinod  with  mfgnesium  carbonate,  or  with  finel^r 
^nyond  iponge,  or  with  wool  felt,  as  a  thermal  insulation  for  steam  pipss;  it 
IS  also  mixed  with  cattle  hair,  for  similar  use,  and  known  as  ssbestos  hair  felt. 
Asbestos  is  also  extensively  employed  in  the  manufacture  of  molded  composi> 
tions  desicned  to  withstand  high  temperatures. 

MB.  Olialk  Is  a  fine-grained  limestone  of  marine  origin,  oomiiosed  of  finely 
coauninuted  shells,  particularly  those  of  the  foraminifera.  The  specific  grav- 
ity may  be  as  low  as  1.8.  A  theoretically  pure  limeetone  ia  merely  a  massive 
form  o>f  the  mineral  calcite,  consisting  entirely  of  calcium  (lime)  carbonate, 
CaO  +  CX>t-CaCO<,  or  66  per  cent.  CaO  and  44  per  cent.  COt. 

SM.  yira  clay.  Clay  ia  the  term  applied  to  fine-grained  unoonaolidated 
natural  materials  which  possess  plssticity  when  wet,  but  lose  it  on  being 
hcatod  and  becopie  hard.  The  specific  gravity  ranges  between  1.5  and  2.2. 
The  days  are  composed  essentially  of  silica  and  alumina,  in  a  state  of  exceed- 
in^y  fine  subdivision,  resulting  from  the  decay  of  older  rooks.  Fire  clay  ia 
the  variety  of  day  which  is  moat  highly  refractory,  containing  much  silica 
and  Bttle  Ume,  iron  or  alkalies.  As  an  insulator  it  is  applied  m  semi-Iiauid 
form  and  baked,  after  the  conductors  are  imbedded.  It  Is  not  affected  by 
B<dda,  <h1s  or  alkalies. 

UT.  Onma  and  raalag.  The  natural  gums  and  reains  such  as  caout- 
chouc, gutta-percha,  pitch,  etc.,  are^aeldom  if  ever  employed  for  insulating 
purposes  while  in  their  native  condition,  but  are  treated,  or  mixed  with  other 
materials,  or  adulterated,  in  a  ^reat  variety  of  ways.  They  form  the  bsaes  or 
cosatituents  of  many  different  inaulating  eompoiinds,  but  undergo  numerous 
chemical  or  phyuoal  changea  in  manufacture. 

lik.  loa.  The  disruptive  strength  of  ice  is  1 1  kv.  (max.)  per  cm. ;  dielee- 
trio  constant,  86.4;  resistivity,  7.2X10'  ohm-cm.  Bee  Thomas,  P.,  "The 
Dielectric  Properties  of  Non-oonductors;"  Jimr.  FrmlUin  lift,,  1918,  Vol. 
CLXXVI,  pp.  283  to  301.  According  to  Whittaker's  Pooketbeok,  par* 
water  haa  a  resistivity  of  7X 10"  ohm-cm. 

SM.  iTory  has  a  resistivity  at  22  deg.  cent,  of  2X10*  ohm-em. 
MO.  KaoHn  is  a  white  china  clay  whose  chief  ingredient  is  the  mineral 
kaoUnite,  and  the  latter  has  the  chemical  comoosition  HiAlt8iiO<  +  lHiO,  or 
hydrous  silicate  of  aluminum.  Kaolin  is  highly  refractory  and  is  one  of  the 
prinoipal  materials  employed  in  the  manufacture  of  porcelain.  It  is  some- 
Umes  employed  for  insulating  purposes. 

Ml.  Lava  is  a  mineral  tale,  which  has  the  chemical  composition  HiM^ 
SiiOu,  or  faydrated  magnesium  silicate,  and  ia  similar  to  soapstone,  pumice 
and  tale,  it  is  slightly  soluble  in  hydiochlorio  acid,  but  is  not  attacked  by 
other  acids  or  alkalies.  Wldle  in  the  natural  state  it  can  be  machined  with 
the  same  fadtity  as  brass.  It  neither  shrinks  nor  expands  under  the  in- 
fluence of  moisture  and  has  a  very  small  coefficient  of  expansion. 

After  machining,  it  is  baked  at  about  1,100  deg.  cent,  which  renders  it 
extremely  hard.  Its  insulating  resistance  is  high  and  according  to  tests 
made  by  the  American  Lava  Co.,  its  dielectric  strength  varies  from  3,000  to 
10,000  volts  Iter  mm.,  according  to  the  thickness.     ^  Par.  ITO  and  ITl, 

Mt.  Lavite  (also  see  lava)  is  a  light  buff  or  cream-colored  insulating  mate- 
rial invented  and  patented  in  1886  by  D.  M.  Steward.  The  manufaoturem 
supply  the  following  information:  Density,  2.5  to  2.7;  electrical  reeistivity, 
SOO  to  2,500  m«gohm-em.;  disruptive  strength,  200  to  250  volts  par  mU; 
modulus  of  niptnre,  6,000  to  12,000  lb.  per  sq.  in. ;  compressive  strength. 
20,000  to  30,000  lb.  per  aq.  in.;  eompares  with  glass  in  hardness;  not  affected 
by  temperatures  up  to  1, 000 deg.  cent.;  unaffected  by  acids  except  aqua  regia. 
MS.  Marble  is  a  limestone  of  the  cryatslline  variety  which  will  take  a 
high  polish  and  exhibit  pleasing  color  effects.  Ita  chief  coDstituenta  are 
lime  and  magnesia,  or  their  carbonates;  it  also  contains  water  of  formation 
and  ■ometime*  met^e  veina.     It  is  used  very  extensively  for  low-tension 


Sec.  4-264 


PROPBRTIE8  OF  MATERIALS 


Bwitohboard  panels.  Its  properties  can  be  imx>roved  by  treatment  in  molten 
paraffin  wax  or  Unseed  oil,  after  all  moisture  has  been  expelled,  but  such 
treatment  results  in  discoloration.  The  resistivity  is  on  the  order  of  10' 
to  ICH  megohm-om.  and  the  disruptive  voltage  is  in  the  vicinity  of  50  to  lOO 
volts  per  mil.     See  tests  in  Par.  SM. 

M4.  Mlea  is  generally  recognised  as  the  most  superior  insulating  material 
known  to  the  art,  that  which  is  imported  from  India  bein**  the  best,  the 
Canadian  grades  next  and  domestic  varieties  last.  Either  domestic  or 
India  mica  is  satisfactory  for  nearly  all  insulating  purposes  except  for  oom- 
mutators,  where  it  is  too  hard  to  wear  down  as  fast  as  the  copper  bars.  For 
the  latter  service  Canadian  amber  mica  is  considered  more  satisfactory, 
being  softer  than  the  other  grades.  All  grades  of  musoovite  (white)  mica 
are  considered  suitable  for  electrio  heating  appliances.  Mica  sheets  and 
washers  are  used  in  electrical  apparatus  and  appUances  in  almost  innumer- 
able shapes.  Cut  mica  in  sheets  becomes  very  expensive  in  the  larger  sises,. 
the  largest  commercial  listed  sise  being  8  in.  by  10  in.     On  thiB  account  it 

is   customary  to  build  up  larser 

«-__- , , , 1 — I , , 1 — I       siies  by  connecting  together  thin 

''  III  layers  of  mica.      Such  manufac- 

tiu^  mica  plate  takes  a  number 
of  forms. 

SU.  Composition  and  prop- 
erties of  mioa.  Mica  is  a 
refractory  mineral  constituted  of 
the  double  silicate  of  alumina  or 
magnesia,  and  potash  or  soda* 
combined  with  varying  propor- 
tions of  potash,  soda  and  other 
impurities.  Iron  in  excess  colors 
it  gray  and  black ;  magnesia  tends 
to  darken  the  color;  aluminium 
and  potassium  silicates  'tend  to 
make  the  mica  transparent. 
Mioa  crystalliiea  in  laminated 
form  and  may  bo  split  along  its 
axis  to  sheets  as  small  as  0.0O6 
mm. 

It  has  a  high  didectric  stren^h 
and  is  suitaDle  to  withstand  hiyh 
temperatures.  However,  in  its 
natural  state  it  is  not  flexible  nor 
uniform,  and  permits  large  sur- 
face leakage;  so  that  most  mica 
is  reeonstnioted  and  put  on  the  market  in  the  form  of  micanite,  megomit, 
megotalc,  ete.  ^ 

The  properties  of  mica  are  very  fully  covered  in  a  publication  by  Zeitler,  H, 
**Mica:  Its  History,  Production  and  Utilisation^'  D.  Jaroslaw.  London. 
1913:  also  in  the  1912  edition  of  "  Mica,"  by  the  Canadian  Dept.  of  Mines. 
These  sources  wots  utilised  in  the  preparation  of  the  following  table. 


att  aio  au  flkss  aj»  QLM  a»  aw  a«  (uo 
Tliidcnflss  In  mm. 


Fio.  34.- 


-Disruptive  strength  of  mica  in 
air  and  in  oiL 


Origin 

ResUtivity 

in  10"  ohm 

-cm. 

Dielectric 
conatant 

Disruptive  strength 

in  volts  per 

mm.* 

Mftdru 

15  to  133 
7  to  118 
0.44  to    22 
39 

2.5to5.6 

2.8to4.7 

2.9to3.0 

5.9 

50,000  to    80,000 
40,000  to  120,00 

80.000 
40,000  to    90,000 

Bengal. 

Canada 

Fleming  and  Johnson  give  the  dielectric  strength,  in  sheets  2  to.  3  mils 
thick,  as  about  2,000  volts  per  mil  for  amber  mica  and  about  3,000  to  4.000 
volts  per  mil  for  the  white,  ruby  and  soft  green  varieties;  Fig.  34  shows  the 

•  Note. — Test  thickness,  0.3  mmi 


300 


yGopgle 
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Msalts  aS  teats  nuule  by  Rayner  at  the  National  Phyaioal  Laboratory  (Jour. 
LB.E.,  1912,  Vol.  XLnC,No.212).  Power-factor  at  820  eyolea,  0.001.  The 
dmaity  of  mica  ia  from  2.7  to  3.1.  Specifio  heat,  0.206  to  0.208.  It  ie  not 
affected  by  heat  until  a  temperature  of  several  hundred  defjeee  oentiKrade 
B  raaehed.  when  the  lamine  separate  in  the  harder  varieties  and  tend  to 
ifc'ntm  ate  into  small  scales  or  flakes;  amber  miaa  ia  leas  affected.  Meltinf- 
ptint,  l.Mnto  1,300  dec  oent.  It  will  withstand  (Teat  meohanical  pressure 
usqwrniticular  to  the  plane  of  oleavace.    - 

IM.  ma*  prodneta.  Many  products  are  manufactured  from  mica,  in- 
tladins  paper,  cloth,  plate  and  molded  insulation.  In  some  cases  the  strips 
of  mica  are  moonted  on  paper  or  doth,  in  alternate  layers,  usinx  an  insnlatina 
binder  sneh  as  shellac.  Molded  products  are  usuuly  made  from  ground 
abea  mixed  with  a  binder,  and  sometimes  mixed  with  other  insulating  mate- 
risls  such  as  aabestos,  or  a  gum  or  compound. 

Quarts  ia  a  form  of  illiea  (SiOi)  occurring  in  colorless  transparent 
_jaal  crystals,  but  sometimes  yellow,  brown,  purple,  green  and 
r  eolors.  It  abo  occurs  in  crystalline  masses  of  vitreoua  luster.  Dens- 
T,  2.65.  Dielectric  constant  4.3  to  6.1.  The  resistivity  is  from  10><  to  10" 
otUB-em.  Silica  is  the  principal  constituent  of  glass.  Quarts  fibres  of  very 
mall  lateral  dimensions  are  sometimes  used  for  suspensions  in  delicate 
dietrieal  inatmments:  such  fibres  have  a  tensUe- strength  of  about  10X10* 
dynes  per  sq.  em.     Also  see  fused  silica  (Par.  ITS). 

IM.  Mate  ia  a  roek  of  day  compoaition,  in  which  preesure  has  produced 
a  verjr  perfect  deavage,  so  that  it  mav  be  qdit  into  thin  tough  plates.  The 
principal  i»nBtituents  are  silica  and  alumina,  with  small  percentages  of  iron 
axidss,  lime,  magnesia,  potash  and  soda.  It  freaoently  contains  metallic 
Taai,  which  make  it  worthlees  for  deotrical  worV,  It  is  hygroecopie,  in 
sikfition  to  containing  water  of  formation,  and  is  therefore  far  from  'an 
idta]  insulator.  The  resistivity  of  a  good  grade  of  slate  at  normal  tempera- 
tirsiaof  the  order  of  10*  to  10*  me^onm-cm.,  and  decreases  rapidly  at  nigh 
tenperatores;  hi|lier  values  of  resistivity  have  been  obtained  with  very 
dqr  spedmens.  The  dielectric  constant  is  between  6  and  7.  Power-factor 
at  (30  cycles,  0:086.  The  disruptive  voltage  fo>  1  in.  of  thickness  ia  from 
UOO  to  10,000  volts,  or  6  to  10  Volts  per  mil.  See  testa  in  Par.  tM.  Spedfic 
bsat,  about  0.2;  thermal  conductivity,  0.0036  g-cal.  per  em-cube  per 
dag.  cent,  per  see.  The  density  is  from  2.7  to  2.S.  Slate  is  a  satisfac- 
tsry  insttlator  where  a  non-comoustible,  low-tension  material  having  fair 
issalslim  properties  is  required.  It  ia  sometimes  varnished  or  enamdled  to 
keep  oat  moisture. 

IM.  Fnnetar*  teata  of  Varment  lUte  and  marbia,*  made  with  flat 
taiculai  farasB  deetrodes  0.78fi  in.  in  diameter  having  slightly  rounded  edges, 
isdiratad  valiies  rangins  from  SO  volts  to  100  volts  per  mil  for  marble  (test 
fiseai  14  in.  square  ana  about  1  in.  thick)  and  roughly  on»-tenth  of  these 
Tslaea  for  slate.  Blue  marble  was  considered  superior  to  white  marble. 
Marked  hratinir  of  the  specimens  wss  noted  at  or  near  the  rupturing  voltages, 
kai^  lesB  marked  in  the  case  of  blue  marble,  and  eepedally  marked  in  slate; 
the  test  pieces  were  air  dried  in  a  warm  room  for  several  weeks  before 
tertiag,  but  undoubtedly  retained  a  certain  amount  of  moisture.  Corona  or 
brash  discharges  were  very  noticeable  during  the  tests,  at  pressures  in  the 
nciaity  ct  the  rupturing  values. 

m.  Boapatooa  ia  a  kind  of  soft  stone,  which  is  soapy  or  slightly  oily  to 
the  toneh.  It  is  also  known  as  itaatita,  or  massive  variety,  of  tala,  of 
Paykh  grean  or  brown  color.  It  forms  extensive  beds  and  is  mined  for 
Mtfths,  sink  K«w*«e«,  ete.  It  is  oecanonally  used  for  dectrioal  insulation,  in 
tlM  ioni  of  slabs  or  bairiers  and  will  withstand  very  high  temperatures.  It 
•a  asft.  not  very  strong,  not  affected  by  adds,  oils  or  alkalies;  can  be  ma- 
tbiaed,  drilled  and  sawed,  and  absorbs  moisture. 

flfl,  Tala  is  a  hydroua  magnesian  silicate,  HtMgs(SiOf)f,  containing  when 
awe  03  per  eent.  of  silica,  32  per  cent,  of  magnesia  and  5  per  oent.  of  oom- 
■aeil  water.  It  haa  a  specific  gravity  of  2.6  to  2.9.  Soapstone  and  French 
•Mk  are  varietiea  of  tale;  other  varieties  are  used  in  making  soap,  paper, 
Wriraata,  eie.    Bae  Par.  Ml. 


'Beport  of  the  Vermont  SUte  Geologist,  1912,  pp.  106  to  219. 

801   '  ■  Digiiizedb,  Google 


I 


Sec.  4-272     '    propertibs  of  materials 

ITS.  Wood  is  uaed  as  an  insulatiiuc  material  to  a  considerable  extent.  The 
varieties  of  wood  employed  are  usually  the  hard  woods,  such  as  maple  and 
hickory,  impregnated  with  oil,  paraffin  wax,  or  clear  air-drying  varnish.  The 
resistivity  of  paraffined  wood,  at  22  deg.  cent,  is  of  the  following  magnitude: 
mahogany,  4X10i*  ohm-cm.;  maple,  3X  IQi^;  poplar,  5X  IQU;  walnut, 
O.OQX10^o  to  lX10>o  (Scientific  Paper  No.  234,  Bur.  of  Standards).  The 
dielectric  constant  and  the  disruptive  voltage  are  both  dependent  upoa 
whether  the  electric  stress  is  parallel  or  perpendicular  to  the  grain.  Paral- 
lel to  the  grain  the  dielectric  constants  of  red  beech  and  oak  are  between 
2.5  and  4.8;  perpendicular  to  the  pun,  3.6  to  7.7. 

In  maple  boilcKl  in  transformer  oil  under  vacuum,  dried  under  vacuum  and 
boiled  iMC&in  at  atmospheric  pressure,  the  flisruptive  voltage  along  the  ^ain, 
at  1  in.  of  separation,  was  70  kv.;  at  2  in.  it  was  90  kv.;  across  the  grain,  at 
0.5  in.,  it  was  60  kv.;  at  1  in.  it  was  SO  kv.;  dielectric  constant,  at  20  to  25 
deg.  cent.,  across  grain,  4.1.  Well-dried  wood  should  stand  10  kv.  per  in. 
without  signs  of  burning  or  heating.  It  is  extremely  important  that  the 
wood  should  be  well  dried  before  inipr^nation,  because  it  is  very  difficult  to 
remove  the  moisture  subsequently.  When  wood  contains  moisture  it  is  a 
relatively  poor  insulator  and  the  water  contained  in  the  cells  conducts  elec- 
trolytically.  Wood  treated  with  sine  chloride  to  protect  it  against  decay  has 
comparatively  low  resistivity;  see  Electrical  World,  1911,  Vol.  LVII,  p.  828. 
For  curves  of  disruptive  strength  of  maple  see  Hendricks*  A.  B.,  *  High- 
tension  Testing  of  Insulating  Materials;"  Trans.  A.  I.  E.  E.,  1911,  Vol.  XXX, 
pp.  167  to  218. 

VITEZraD  BCATSBIAL8 

ITS.  OUm  is  an  insulating  material  in  very  extensive  use,  posscssizig  high 
resistivity  and  dielectric  streiurth  at  ordinary  temperatures.  The  principal 
constituent  is  silica,  ranging  xrom  50  to  75  per  cent,  of  the  total  contents; 
potash*  soda,  lead  oxide  and  lime  are  also  present,  in  various  proportions. 
The  resistivity  at  ordinary  temperatures  is  on  the  order  of  10^'  to  lOi'  ohm- 
cm.  and  decreases  with  great  rapidity  as  the  temperature  increases.  Gray  and 
Dobbie  found  that  potash  ^lass  has  higher  resistivity  than  soda  glass,  and 
annealing  increases  tne  resistivity  (Proc.  Royal  Soc,  1900.  Vol.  LXVII,  p.  19^, 
At  very  high  temperatures  gloss  becomes  a  fairly  good  conductor.  Moisture 
readily  condenses  upon  its  surface  and  it  has  consequently  a  high  surface 
fieakage.  It  is  also  soluble  in  water  to  a  slight  degree  and  under  weather 
exposure  the  surface  tends  to  roughen.  The  dielectric  constant  ranges  from 
about  5.5  to  10.  The  dielectric  strength  ordinarily  ranges  from  150  to  300 
volts  per  mil,  and  is  higher  in  very  small  thicknesses.  At  920  cycles  crown 
glass  has  an  apparent  resistivity  of  17X10*  ohm>cm.;  dielectric  constant, 
6.60;  power-factor,  0-018.  _  Mechanically  glass  is  unreliable  and  brittle;  the 
tensile  strength  is  uncertain  and  anywhere  from  1,000  to  10,000  lb.  per  sq. 
in.,  with  somewhat  higher  compressive  sb^ngtfa.  Coefficient  of  linear  cit- 
pansion.  0.000008  to  0.0000095  per  deg.  cent.  Density  2.5  to  4.5.  For 
information  on  glass  manufacture  see  Roeenhain,  W.,  *'Qlaas  Manufacture,*' 
D.  Van  Noetrand  Co.,  New  York. 

ST4.  PoroeUdn.  The  three  principal  constit^uents  of  electrical  porcelain 
are  feldspar,  cla^  and  silica,  ^  There  are  three  feldspars:  orthoclase,  or  potash 
feldspar,  which  is  the  most  important;  albite  or  indianite,  which  is  soda  feld- 
spar; anorthite,  or  lime  feldspar.  The  two  clays  used  are  ball  clay,  and  china 
clay  or  kaolin.  A  standard  mixture  of  these  constituents  for  testing  pur- 
powa  is  20  parts  feldspar,  50  parts  kaolin  and  30  parts  quarts.  The  func- 
tion of  the  feldspar  is  to  act  as  a  flux  to  unite  the  oth^  constituents  into  a 
vitreous  mass  when  fired.  There  are  two  processes  of  manufacture,  the 
dry  process  and  the  wet  process.  For  details  on  the  manufacture  and  proper- 
ties of  electrical  porcelain,  see  an  exhaustive  paper  by  G.  E.  F.  Creigbton, 
••Electrical  Porcelain ;"Proc.  A.  I.  E.'E.,  May,  1915,  pp.  763  to  841.  A&osee 
Perrine,  F.  A.  C,  "Electrical  Conductors:"  D.  Van  Nostrand  Co.,  New 
York,  1903;  Chap.  XIII. 

ITS.  Drj-prooeM  pcuroelain  is  manufactured  by  molding  the  moist  raw 
mixture  under  hi^h  mechanical  pressure  and  then  vitrifying  by  the  usual 
firing  process.  This  grade  of  porcelain  is  usually  very  porous  and  consequently 
has  a  disruptive  strength  on  the  order  of  atmospheric  air,  or  less.  At  or  near 
disruptive  pressures,  however,  it  heats  rapidly  and  is  not  suitable  for  high- 
voltage  insulation.   The  safe  dielectric  strength  is  on  the  order  of  1,000  volts. 
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tn.  Wo^proean  poroelaln  is  made  by  mixing  the  raw  insredienta  with 
water.  The  mixture  u  placed  in  a  filter  preaa  and  the  lurplua  water  ex- 
traeted,  leaving  a  wet  plastic  cake.  The  cake  ia  re-mixed  in  a  pug  mill  to 
Bake  it  more  bomogeneoua,  then  molded  or  jiggered  into  a  blank  ol  approxi- 
■ate  final  shape,  and  allowed  to  dr^.  When  fairly  dry  it  ia  turned  in  a 
lathe  or  tooled  to  final  shape,  dipped  in  the  glaxing  bath  and  placed  in  the 
kilii  preparatory  to  firing.  The  glasing  mixture  ia  the  aame  as  the  porcelain 
exeept  wMl  it  containa  more  flux,  and  thus  melta  at  a  temperature  barely 
aaffieient  to  vitrify  the  porcelain.  The  finished  glase  ia  virtually  a  species  of 
^aaa.  During  manufacture  porcelain  ahrinka  from  10  to  20  per  cent,  and 
much  care  ia  required  to  proportion  the  parte  so  that  craclun^  will  not 
nauH.  The  thickneaa  is  limited  both  b^  the  shrinkage  and  the  difficulty  of 
obtaining  satisfactory  vitrification.  High-voltage  porcelain  ia  made  in  all 
cases  by  the  wet  process. 

m.  FiupMtlsa  of  hlfh-TOltlf*  porealaia.  The  densit^r  ia  from  2.3  to 
2.5.  It  is  not  affected  by  oils,  sads  or  alkalies;  the  glase  la  said  by  some 
snlltoiitiea  to  be  very  sli^tly  soluble  in  ordinary  water.  XJnglased  porcelain 
afaoQld  be  non-hy^oscopic  and  on  immersion  should  not  incresse  in  density. 
A  good  rough  test  is  to  place  a  drop  of  »nk  on  the  porcelain  and  note  whether 
it  ^ireads  or  penetrates;  alcohol  solutions  are  still  Detter.  The  linear  expan- 
■on  eoefBeient  is  from  4.5  to  6.S  X  10~*  per  deg.  cent.  The  specific  heat  is 
Oil?  and  the  thermal  conductivity  is  0.045  per  cent,  of  that  of  silver.  The 
ileetrieal  reactivity  of  unglaaed  porcelain  is  on  the  order  of  10"  to  10"  obm- 
rm.  at  ordinary  temperatures,  and  decreases  very  rapidly  with  increaung 
tenperatuTes;  at  ver^  high  temperatures  porcelain  becomes  a  fair  conductor, 
and  Is  therefore  unamtable  for  electric  furnaces. 

TIm  <fi«leetric  constant  ia  from  4.4  to  6.8  with  continuona  e.m.f.  and  about 
10  per  cent,  less  at  50  cydes  per  see.  At  low  frequenciee  the  disruptive  vol- 
ts^ is  about  30  kv.  for  a  thicknees  of  0.1  in.  and  about  110  to  120  kv.  for  a 
thwkneas  of  0.5  in.  At  frequencies  of  the  order  of  300,000  cycles  the  flisrup- 
tive  atrength,  for  a  thickness  of  0.5  in.,  is  on  the  order  of  80  to  90  kv,  and  if 
the  test  voltage  is  appKed  rather  slowly  the  disruptive  atreuftth  varies  in  much 
aataller  proportion  than  the  thickneaa  (aee  paper  by  Creighton  mentioned 
bcimr).  In  some  cases  mechanical  stress  has  been  observed  to  reduce  the  dia- 
laptisa  strength,  but  in  other  cases  had  little  effect. 

American  porcelains  have  a  tensile  strength  which  ia  variously  stated  from 
•50  to  2,200  lb.  per  sq.  in.,  with  an  average  of  about  1,400  lb.  per  sq.  in. 
The  compressive  strength  is  about  10  times  the  tensile  strength.  Modulus 
of  dastiaty,  2,500,000  in-lb.  European  porcelains  are  generally  reported 
as  fasvinc  a  tensile  strength  of  4,500  to  6,300  lb.  per  aq.  in.  and  a  compres- 
mn  strength  of  about  65,000  lb.  per  sq.  in.  The  following  references  on 
peredain  are  given  for  the  convemence  of  thoee  who  wish  more  complete 
i^ormation. 

Kempton,  W.  H,  "  The  Application  of  Porcelain  to  Strain  Insulators;" 
Tnw..  A.  I.  E.  E„  1910,  Vol.  XXIX  pp.  967  to  974. 

Lastgarten,  J.  "High-tension  Porcelain  Insulators;"  Jour.  I.  E.  E., 
Jidy,  1912,  pp.  235  to  S»8. 

lin]ay,L.£Tand  Thomas,  P.H,  "High-frequency  TestsofLinelnaulators;" 

Sothman,  P.  W.  "Comparative  Teets  on  High-tension  Suspension  Insu- 
latois:"  Trxnu.  A.  I.  E.  E.,  1912,  Vol.  XXXI,  pp.  2143  to  2226. 

An^in,  A.  O.  "Factors  Producing  Reliabihty  in  the  Sns^nsion  Insula- 
tor;" Proe.  H.  E.  L.  A.,  Hydroelec.  and  Transmission  Sessions,  pp.  201  to 
223: 1913. 

Creigbtoii,  E.  E.  F.  "Electrical  Porcelain;"  iVoc.  A.  I.  E.  E.,  May,  1915, 
|i(k  753  to  841. 

Abo  see  Tran».  American  Ceramic  Soeiety. 

tn.  UUOi.  The  properties  of  fused  fUiea  are  as  follows:  Resistivity  at 
crdiaary  temperatures,  on  the  order  of  10>*  to  10**  ohm-cm.,  decreasing  rap- 
idly at  higher  temperatures;  dielectric  constant,  3.6  to  3.6;  dielectnc 
amngtfa.  above  600  volta  per  mil;  mdting-point,  1,700  to  1,800  deg.  cent.; 
eoefident  of  expanaion,  0.0000006;  denaity,  about  2.07.  Also  aee  Chemical 
ituntu,  VoL  rV,  p.  866,  and  Vol.  VII,  p.  3443. 

nt.  TUa.  Vitrified  clay  tile  ia  very  extenaively  uaed  for  underground 
faadaits.  Although  it  possesses  very  fair  insulating  propertiee,  ita  iiae  for 
tUaporpase  is  owing  very  largely  to  its  immunity  from  corrosion  and  diainte- 
rUMB  under  sub-soil  conditions  and  also  its  Ability  to  withstand  a  great 
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ran^  of  temperfttnres  without  injury.  As  a  rule*  it  is  sUshtlj  absorbent, 
reoeiTiag  as  muoh  as  3  or  4  per  oeat.  <u  water,  in  some  esses,  in  24  hr.  The 
puncture  voltage,  with  a  O.&dn.  (1.5  om.)  wall,  after  24-hr.  imm«rBion» 
ranees  from  about  10,000  to  30,000  volts.  It  ii  not  affected  by  arcs  unleas  in 
direct  contact  with  thAn,  and  in  that  event  wHl  be  likely  to  mdt  looally  and 
chip  or  fracture  in  the  surrounding  area  in  consequence  of  unequal  heating 
and  expansion. 

S80,  yitrtooa  anamel  connsting  of  opaque  white  ^ass  is  extensively  used 
for  coating  iron  resistor  grids  and  imbedding  the  resistor  wires,  thus  forming 
non-inflammable  and  highly  fireproof  devices  capable  of  withstanding  unus- 
ually hi^  operating  temperatures.  Enamelled  iron-'ware  is  made  exten- 
sively by  the  process  of  sprinkling  powdered  i^aas  upon  red-hot  metal, 
whereupon  the  glass  fuses  and  forms  a  continuous  thin  coating.  The 
fwmulss  used  for  compounding  the  glass  are  quite  closely  guarded  as  manu- 
facturing secrets.  What  is  desired  is  a  thin,  strong  elastic  coating  which  will 
expsnd  and  contract  with  temperature  changes  at  as  nearly  as  posuble  the 
same  rate  as  iron. 

raaOUB  JKATXRXALB 

Ml.  CalluloM  is  the  base  of  practically  all  fibrous  insulating  materials  and 
Is  an  organic  compound  eompoMd  of  48  per  cent,  carbon,  46  per  cent,  oxygen 
uid  0  1^  cent,  hydrogen.  It  is  a  carbohydrate  of  the  formula  (CiHtsOt)., 
mmilar  in  composition  to  starch.  When  pure  it  is  a  white  amorphous  mass; 
unsised.  well-bleached  linen  paper  is  nearly  pure  cellulose.  It  has  a  resistive 
xty  on  the  order  of  10*  to  10**  ohm-cm.  at  ordinary  temperatures  and  a  dieleo- 
tric  constant  of  about  3.9  to  7.5.  All  untreated  cdluloae  materials  break 
down  at  about  120  deg.  cent,  and  should  not  be  subjected  to  a  maximum  of 
more  than  05  deg.  cent.     A  safe  operating  litpit  is  about  80  deg.  cent. 

t8t.     Vntraatad  flbrona  tnaWriali  are  as  a  whole  hygroscopic  and  are 
therefore  relatively  inferior  insulating  materials.     They  are   nevertheleas 
employed,  some  of  them,  to  a  fpe&i  extent,  but  their  use  is  very  largely  con- 
fined to  ronditions  under  which  rooiBture  is  restricted  or  expelleo.     Their    • 
properties  are  greatly  improved  by  treatment  or  impregnation. 

tSS.  Tha  intpragnatlon  of  fibrous  and  asbastos  produets  with  var- 
xushes,  gums,  bakdite,  etc.,  produces  several  results:  First,  the  treating 
materials  fill  up  the  pores  of  the  basic  material  and  eliminate  moisture;  see- 
ond,  the  dielectric  strength  is  increased  even  where  there  is  no  moisture  to  be 
considered;  third,  most  treating  materials  assist  in  producing  smooth  sur> 
faces;  fourth,  the  heat^esisting  quality  of  the  basic  material  is  often  in- 
creased, and,  fifth,  the  filling  up  of  the  pores  may  in  certain  cases  reduce  the 
tendency  to  shrink.  Incidentally  the  treating  materials  increase  the  heat 
conductivity  of  the  insulation,  resulting  in  better  radiation. 

IM.  Pai>er  is  manufactured  from  wood  pulp,  ra^  or  plant  fili^e.  The 
essential  processes  in  manufacture  are  (1)  the  reduction  of  the  raw  material 
to  the  consistency  of  a  thin  pulp,  by  means  of  operations  involving  the  use  of 
chemicals  and  stttsm;  (2)  the  running  of  this  pulp  upon  a  continuous  sieve  of 
fine  mesh,  which  retuns  the  fibres  that  become  felted  together;  (3)  the 
removal,  drying  and  finishing  of  the  felt  so  formed,  finished  paper  retains 
traces  of  the  bleaching  or  coloring  matter  employed,  and  in  addition  fre- 
quently contains  a  certain  amount  of  loading  matter  such  as  china  day,  cal- 
cium sulphate  and  other  inert  mineral  matter.  A  sising  of  vegetaole  or 
mineral  solution  is  sometimes  added  to  render  the  paper  leas  porous*  and 
improve  the  surface. 

The  mechanical  properties  of  paper  are  derived  in  large  degree  from  the 
basic  fibres  employed  in  its  manuiacture;  thus  paper  made  from  wood  pulp  is 
brittle  and  easily  torn,  whereas  linen  or  Manila  fibre  jiroduces  a  much  tougher 
and  stronger  paper.  Owing  to  its  porosity  paper  is  hygroscopic  and  mtf- 
mally  contains  from  7  to  12  pet  cent,  of  moisture.  When  thoroughly  dry  it 
has  a  very  high  resistivity,  on  the  order  of  10'*  ohm-cm.,  but  it  eauly  absorbs 
water  and  when  wet  descends  to  the  class  of  a  poor  conductor.  The  dieleo- 
tric  constant  of  dry  paper  is  from  1.7  to  2.6.  Dry  Manila  paper  has  a 
power-factor  of  about  0.007  at  920  cydes.  The  didectric  strength  of  various 
kinds  of  untreated  P*P«r»  ranging  m  thickness  from  1.8  to  28  mils,  should 
average  from  110  to  280  vdts  pw  mil;  higher  values  are  obtainaUs  ^m 
extremdy  dry  paper.     Ths  tensile  strength  will  range  from  a  few  thousand  up 
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to  many  ihousaitd  lb.  per  to.  in.,  depending  upon  the  oaality  of  fibre.  The 
doncatton  at  frftoture  u  Blicht,  about  2  or  3  per  cent.  For  temperature  Urn- 
ita  He  c^luloae.  Par.  ttl.  There  are  numerous  varieties  of  insuiatinc  paper, 
meh  as  rope  paper,  Japanese  paper,  Manila  paper,  whale-bone  paper,  ftuler 
board,  preasboard,  etc.,  some  of  which  are  briefly  mentioned  in  oUier 
paracraphs. 

tH.  Tr«»ted  paper  is  a  clear  dry  paper  impregnated  with  oxidised  Unseed 
oil,  or  «  mixture  such  as  oxidised  oil  and  asphalt,  or  a  gum-base  varnish. 
WeO-treaied  papers  in  thicknesses  ranging  from  6  to  12  mila  break  down  at 
&bout  50iO  to  750  Tolts  per  mil.     The  \iica  Insulator  Co.  gives  dsaruptire  vol- 


tagea  for  Empire  oiled  papers,  in  thicknesses  of  1.5  to  18  mils,  ranging  from 
1.740  to  800  rolta  per  mil;  these  values  include  condenser,  rope,  bond  aad 
eeroent  p»per  and  fuller  board.  The  same  manufacturer  gjvea  for  rope  paper 
treated  with  a  compound  of  oxidised  oil  and  asphalt,  disruptive  voltages 
ranging  from  1,000  to  000  volts  per  mil,  cwresponding  to  tJucknesscs  of  5  to 
15  mile.  Acc<H-ding  to  Jona,  the  dielectric  strength  of  imprei^nated  paper 
cable  insulation  ia  from  200  to  250  volts  per  mi],  and  the  diriectnc  eonstant  is 
about  2.5  to  4.  The  value  of  the  constant  k  (see  Par.  SfS)  for  impregnated 
paper  ia  uaually  between  the  extremes  of  1.000  and  3,000. 

tSS.  BSbkaUsad  pt^^m,  known  under  the  trade  name  of  bakelite-micarta, 
is  a  dark,  hard,  homogeneous  material  considerably  stronger  than  hard  fibre. 
U  can  be  w^orked  with  sharp  tools,  punched  only  in  thin  sheets,  and  cannot  be 
molded.  It  will  withstand  continuously^  a  temperature  of  150  deg.  crnt.  and 
for  short  periods  200  deg.  cent.  It  is  infusible.  The  density  is  about  1.25. 
Moore  givea  the  following  properties  of  bakelite-rairarta,  measurrd  at   180 

Sirrle*  (see  Moore,  R.  W.  K..  "Properties  and  Uses  of  Bakelitp-niirarta," 
Uetric  Jtmrnal,  1013,  pp.  645  to  050):  resistivity.  2.13X10I"  ohm-cm.; 
(fielfctric  <^nstant,  5,2;  power-fartor,  0.024;  dielortric  strpngth,  500  to 
1,000  volts  per  luil;  tf^nuile  strength,  about  20.000  lb.  per  sq.  in.;  roeffirient 
of  expanuon.  0.00002  per  deg.  rent.  It  is  satd  to  be  inwoluble  in  alcohol,  ben- 
sine,  turpentine,  weak  acids  and  alkalies,  hot  water  ami  oils  and  non-hy- 
_   irosropic. 

tST.  Asbaitot  pap«r,  comprised  of  an  asbestos  base,  is  a  soft,  flexible 
niaterial  of  little  strength  and  is  hygroscopic.  It  will  withstand  an  operating 
temperature  of  200  deg.  cent,  without 
injury.  The  dielectric  stretigth  is  on 
the  order  of  100  vc^ts  per  miL 

Treated  aabMto*  paper.  A  vari- 
ety of  treated  asbestos  paper  known 
M  Delta  aheetin^  is  impregnated  with 
a  black  insulating  compound  which 
softens  at  about  120  deg.  cent,  and 
nulU  at  about  200  deg.  cent.  It  is 
daimed  that  from  2.500  to  5.000  volts 
'  I  required  to  puncture  it,  in  thick- 
I  of  10  to  25  mils. 


0     .(a     .M    .M    .M    .10    as    oi 
Tblcknsu*  Inches 

Fia.  36. — Dielectric  strength  of 
treated  pressboard. 
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m.  yrMsbomrdknilfalUr  board. 
rrtMboard  is  xnAnufactured  from  cot- 
ton raff  aod  paper  clipping,  in  a 
nnmlier  of  grades.  It  u  similar  to 
paper,  but  thicker  and  ^leee^  flexible. 
>n  the  untreated  condition  it  is  hy.. 
CMscoptc,  and  its  properties  improvs 
vithits  dryness.  Uppenborn  gave  the 
^vsietrTity  as  11X10*  ohm-cm.  and 
Turner  and  Hobart  cave  the  dielectric 
Mrength  as  200  to  330  volu  per  mil. 
.rtawpalm  is  another  name  for  pressboard,  applied  to  a  grade  manufactured 
IB  Germany.  The  qualities  of  pressboard  are  greatly  improved  by  impreg- 
oation. 

M>.  ftaated  iirsiiboard.  Extensive  tests  of  oiled  and  varnished  press- 
board are  oven  by  Hendricks  in  "High-tension  Testing  of  Insulating 
Materials,"  Trans.  A.  I.  E.  E.,  1911,  Vol.  XXX,  p.  187.  The  dielectric  con- 
■tast  of  pressboard  dried  and  boiled  in  transformer  oil  ranges  from  4.3  at 
13  deg.  cent,  to  7.6  at  100  deg.  cent.    The  dielectric  constant  of  varnished 
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preesboard  is  About  2.9  at  20  to  25  des.  cent.,  meuured  on  0.1-in.  board. 
Thedideotrio  strength  of  trekted  preaaboard  ia  ^ven  in  Fig.  35:  curve  (1) 
for  presBboard  dried  and  boiled  intranflformer  oil;  curve  (2)  for  preasboard 
dried,  boiled  in  linseed  oil  and  given  two  coats  of  varnish;  curve  (3),_  dried 
and  given  two  to  four  ooats  orUnseed  oil  and  gum  varnish,  depenmng  on 
thickness.  When  these  sheets  are  laid  together  in  laminations,  the  puncture 
v^tage  per  mil  of  complete  thickness  decreases,  but  in  the  case  of  verv  thin 
laminations  the  puncture  voltage  does  not  appear  to  decrease  in  as  raj>ia  ratio 
as  with  single  thicknesses. 

S90.  Viiloanlsed  fibre*  is  a  hard,  dense  material  of  which  the  principal 
ingredient  is  paper  or  cdluloee  made  from  cotton  rag  stock;  the  other  ingredi- 
ents are  sine  chloride  and  coloring  matter,  the  latter  consisting  of  analine 
ccdors  or  mineral  pigments.  The  finished  material  is  heavily  compressed  into 
slabs,  sheets^  tubes,  etc.  The  water  and  chemicals  are  not  oompletely 
removed  during  manufacture  and  the  product  is  hygroscopic  and  not  a  supe- 
rior insulating  material  except  for  moderate  voltages.  It  will  absorb  about 
50  per  cent,  of  its  weight  ot  water  in  24  hours.  The  density  ranges  from 
1.0  to  1.5  according  to  the  grade;  average  1.4.  The  resistivity  ia  company 
tivdy  low  for  dideotrics,  or  on  the  order  of  10'  to  lO'**  ohm-cm.  Certain 
varieties  are  said  to  have  a  resistivity  as  high  as  7  X  lO**  ohm-cm.,  probably 
in  a  very  dry  state.  The  measurements  of  dielectric  strength  by  different 
observers  are  widely  discrepant.  Parsball  and  Hobart  gave  10,000  volts  aa 
the  didectric  strength  of  all  thiokneeses  from  i  to  1  in.  Hendricks  ^ave 
about  200  volts  per  mil  at  thicknesses  of  50  to  150  mils,  100  volts  per  mil  at 
0.4  in.,  100  volts  per  mil  at  0.7  in.  and  90  volts  per  mil  at  1-0  in.  Oth^^ 
have  found  values  ran^ng  as  high  as  300  volts  per  mil;  the  results  depend 
largely  on  the  dryness  of  the  material.  The  tensue  strength  ranges  from  10,- 
000  to  20,000  lb.  per  sq.  in,  and  the  compressive  strength  is  from  35,000  to 
00,000  lb.  per  so.  in.  lilbre  is  not  soluble  in  water  or  oil,  but  is  attacked  by 
strong  acicu,  ana  swdls  when  soaked  in  water;  upon  drying  it  shrinks  appre- 
ciably and  warps  badly.  Numerous  grades  of  fibre  are  manufactured  and 
known  by  various  trade  names,  as  horn  fibre,  hard  fibre,  indurated  fibre, 
leatberoid,  fish  paper,  etc.  The  flexible  and  more  fibrous  varieties  have  better 
insulating  quahties.     Impregnation  improves  the  qualities  in  marked  degree. 

m.  Treated  fibre.  Theinsulatingpropertiesof  bard  or  vulcanised  fibre 
are  much  improved  by  treating  the  pulp  with  bakelite.  A  material  of  this 
character,  known  as  bakelite-dielecto,  is  manufactured  by  The  Continental 
Fibre  Co.  and  is  said  to  have  the  following  characteristics.  It  is  a  hard, 
tough  material,  light  brown  or  black  in  color,  and  manufactured  in  sheets, 
tubes  and  certain  special  f<H>ms;  cannot  be  molded,  but  can  be  machined 
either  with  or  against  the  grain;  is  non-hygroscopic  and  impervious  to  hot 
water,  oils  and  ordinary^  solvents;  will  witiutand  continuously  a  terap«'ature 
of  150  deg.  cent.;  resistivity,  1.1  X  10^' ohm-cm.  at  ordinary  temperatures, 
increasing  with  temperature  up  to  100  deg.  cent.;  dielectric  strength,  700  to 
1,150  volts  per  mil;  average  tensile  strength,  18,000  lb.  per  sq.  in.;  compreaa- 
ive  strength,  21,000  lb.  per  sq.  in. 

SU.  Xini>reffnated  fibre  duct  is  in  extensive  use  for  both  inside  and  out- 
side construction.  It  is  made  in  the  form  of  a  cylindrical  tube  by  wrapping 
many  layers  of  paper  or  pulp  on  a  mandrel  and  impregnating  it  during  the 
process  with  bitumen  or  a  compound  of  liquid  asphalt  and  coal  tar,  It  is 
sometimes  known  as  bitumemsed  fibre.  Tests  made  on  a  certain  grade 
of  this  material  show  that  it  absorbed  from  2  to  3  per  cent,  of  water  after  06 
hr.  immersion;  one  manufacturer  guarantees  not  more  than  0.75  per  cent, 
when  the  ends  are  sealed.  The  compound  softens  slightly  at  55  deg.  cent, 
and  commences  to  break  down  at  about  05  dec.  cent.  Manufacturer^  guar- 
antees on  minimum  puncture  voltage,  dry,  tnrough  a  0.375-in.  walli  range 
from  25  to  50  kv  ;  after  prolonged  immersion  the  dielectric  strength  will 
usually  be  lowered,  depending  naturally  upon  the  amount  of  mmsture 
absorbed. 

Its.  Tarnished  cloth  is  a  thin  white  fabric  of  cotton  or  linen  muslin 
coated  with  a  mixture  of  boiled  linseed  oil,  resin  and  benxine.  Upon  drying 
the  oil  oxidises  in  contact  with  the  air  and  leaves  a  smooth,  hard  surtaoe. 

*6ee*' Manufacture  of  Hard  Vxhre*'  Electrical  World,  Vol.  LIII.  p.  1437; 
a]M>  see  Vol.  LV,  p.  1342. 
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I  eoata  may  be  added  to  weure  the  deeired  thiokneM.  This  material 
also  knowB  aa  Tamlabad  eambHo  and  as  Tamlalwd  mvaUn.  For 
Tmnnahecl  cambrie  the  usual  value  of  the  oonstant  k  in  the  formula  Ji  ■*  ife 
loci«  iX^/dCi  ia  from  fiOO  to  2,000;  R  ie  the  iiuulaUon resistance  of  theiusidated 
wire  in.  zn«sohm-mi]es,  d  is  the  <tiameter  of  the  oonduotor  and  D  is  the  outaidn 
Aametflr  of  the  insulation.  Dieleotrio  constant,  3.5  to  5.5.  Dielectrio 
■trenKtlL,  in  commo'eiai  thicknesses  of  5  to  10  sdls,  about  500  to  1.300  volts 
par  mil;  the  Mica  Mfc.  Co.  gives  1,000  volts  per  mil.  Also  see  tests  by  Far- 
mer. F.  M.,  *'The  Dielectrie  Strength  of  Thin  InsulaUng  Materials;"  Traru, 
A.  I.  K.  K..  1913,  Vol.  XXXII.  pp.  2097  to  2131. 

Varnished  cambric  is  more  elastic  than  paper  and  is  very  suitable  for 
cable  Izksalatimi.  A  separaUw  of  treated  paper,  cloth  or  rubber  is  applied 
to  the  copper  core  to  prevent  any  action  of  the  varnished  cambric  film  on  the 
copper.  Then  strips  of  varnished  cambric  are  taped  over  the  separator 
with  applications  of  a  plastic  non-hardening  compound  between  layers  to 
exdude  moisture  and  make  the  cable  flexible.  The  core  U  finished  by  cotton 
tvaidinx  e-t^d  weather-proofing,  or  asbestos  braiding  and  flame-proofing, 
or  a  lead  sheath  over  tape.  Inaome  types  of  cable  the  insulation  is  graded, 
first  using  rubber  and  then  varniahed  cambric.  The  Qeneral  Electric  Co. 
recommends  a  working  temperature  limit  of  80  deg.  cent.  (176  deg.  fahr.) 
for  vamiahed  cambric  cables. 

SM.  Oiled  cloth  is  a  thin,  white  fabric  of  cotton  or  linen  muslin  coated 
with  tiro  or  more  applications  of  pure  oxidised  linseed  oil.  The  insulating 
properties  are  derived  chiefly  from  the  oil  or  compound  with  which  the  fabric 
s  impregnated.  This  material  is  known  by  a  number  of  trade  names,  among 
them  Smplra  doth.  Gray  gives  the  normal  dielectrie  strength,  with  a 
lO-mfl  thiokness,  as  750  volts  per  mil;  the  Mica  Insulator  Co.  gives  1.000  to 
1,100  v<^ts  before  baking  and  1.100  to  1,200  volts  after  baking.  Silk,  linen, 
canvas  and  duck  are  trMited  by  the  same  process,  with  dielectric  strengths 
ranginsfrom  l.lOOto  1.450voltflper  mil  with  silk,  1,250 to  1,375  voltsper  mil 
with  linen  and  000  to  775  volts  per  mil  with  canvas  (Mica  Insulator  Co.). 

tM.  ZmprcglUbtdd  cloth  is  similar  to  varmshed  or  oiled  cloth,  with  the 
ihfference  that  the  fabric  is  treated  with  an  impregnating  compound.  One 
manufacturer  employs  a  mixture  of  oxidised  oil  and  asphalt;  others  use  an 
saphaltum  or  a  paraffin  base,  dissolved  in  a  thinning  material.  The  Mica 
Insulator  Co.  ^ves  puncture  voltages  for  "  Kabak"  cU>th  (impregnated  cam- 
brie) ranging  from  1,065  to  1,050  volts  per  mil. 

S9t.  Gompoalta  insulation  of  fibrous  materials  and  mica.  In 
applying  mica  to  coils  or  heavy  strap  conductors  it  is  necessary  to  use  some 
fiorous  material  like  paper  or  cotton  as  a  base  for  the  mica.  It  is  customary 
to  build  up  mica  on  thin  sheets  of  fish  paper  or  Japanese  paper,  and  to  wrap 
the  resultant  sheet  around  the  straii^bt  parts  of  armature  coils  or  heavy  con* 
ductcva.  It  is  also  eustomarv  to  budd  up  mica  on  a  thin  cotton  tape  and  to 
use  the  resultant  material  for  taping  ooils  or  heavy  conductors.  If  the 
amount  of  i>aper  or  tape  is  small  and  if  the  material  is  applied  in  such  a 
loeation.  as  in  an  armature  ^t,  that  the  mica  will  remain  intact  even  after 
the  paper  or  the  cotton  tape  has  deteriorated,  these  materi^  may  be  expected 
to  withstand  fairly  high  temperatures. 

99T.  Paper  and  mtca*  or  mica  paper,  \b  prepared  from  various  n-ades  of 
paper  by  coating  them  with  thin  mica  scales  which  are  made  to  adhere  by 
means  of  a  cementing  varnish  such  as  shellac.  The  lajrers  of  mica  and  paper 
are  bmlt  up  in  a  variety  of  ways,  depending  upon  the  degree  of  flezibthty. 
or  stiffness,  desired,  nrshall  ana  Hooart  give  puncture  voltages  for  oompo* 
site  lamina  of  alternate  paper  and  miea^  ranging  from  700  to  1.300  volts  per 
rail,  in  thicknesses  of  6  to  11  mils.  Vanous  combinations  of  paper  and  mica 
are  manufactured,  including  Japanese,  fiah  and  rope  papers  ana  preesboard. 
198.  Cloth  and  mica,  or  mica  cloth,  is  prepared  from  various  fabrics  by 
ooatine  them  with  a  thin  layer  of  mica,  cemented  together  with  a  cementing 
TsroisH  like  shellao.  A  layer  of  paper  is  sometimes  added  to  the  eombina- 
tion.  An  extra  flexible  cloth  is  made  by  using  rubber  tissue  as  a  binder, 
instead  of  cementing  varnish. 

SH.  Cotton  Insulation  for  magnet  wires,  employed  more  extensively 
than  any  other  material  exceptenamel,  is  applied  in  one,  two  or  three  thick* 
ne«M.  Untreated  cotton  is  hygroscopic  and  breaks  down  at  a  temperature 
of  120  deg.  cent.     The  thickness  of  covering  varies  with  the  sise  of  wire  (see 
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tablea  in  See.  6).     Gray  gives  the  puncture  voltage  of  a  7-nul  thickaeaa 
(composed  of  two  layers)  as  about  loO  v(dta;  impregnated,  about  600  volts. 

800.  811k  IziBulAtlon  for  xnAffnet  wlret  is  applied  in  one  or  two  thick' 
nessee,  ranging  from  1  to  2.6  mus  per  layer.  While  it  is  somewhat  hydro- 
scopic in  the  untreated  condition,  it  has  superior  insulating  properties  com- 
pared with  cotton,  and  is  much  improved  by  impregnation.  Neither  cotton 
nor  nik  are  the  equal  of  baked  enamel  (Par.  SBlj  in  dielectric  strength. 

SOI.  AsbMtOt  InsuUtion  for  nuiffnet  niros.  Asbestos  insulation  can 
be  applied  to  wires  and  small  straps  with  the  use  of  binding  materials,  but 
in  all  cases,  except  in  that  of  asbestos  tape  which  c&n  readily  be  used  in  tap- 
ing armature  or  neld  coils,  the  mechanical  qualities  are  quite  poor.  Asbestoe 
windings  also  require  considerable  space  if  used  in  sufficient  thickness,  they 
are  not  in  themselves  moisture-prooi,  they  have  low  dielectric  strength,  And. 
do  not  give  a  smooth  surface. 

Deltaoeston  magnet  wire  is  insulated  with  asbestos  fibre  cemented  to  the 
wire  with  a  special  Dond.  It  is  claimed  that  the  maximum  continuous  work- 
ing temperature  is  150  deg.  cent.;  for  short  periods,  260  deg.  cent.  The 
insulation  thickness  is  about  the  same  as  double  cotton  and  breaks  down  at 
300  to  600  volts. 

sot.  TajMl.  Insulating  tapes  are  chiefly  of  four  varieties:  (a)  thoso 
woven  from  cotton  or  silk  and  untreated;  (b)  those  woven  from  cotton  and 
treated  with  insulating  varnish,  or  cut  from  treated  cloth;  (c)  those  cut  from 
oloth  which  has  been  loaded  with  rubber  or  adhesive  compound.  The  lay  of 
the  threads  is  arranged  in  three  different  ways,  straight,  biased  and  webbed; 
the  last  one  is  the  strongest  and  does  not  stretch  readily,  (d)  Paper  tapes, 
treated  and  untreated,  are  out  from  finished  stock.  See  "  Specifications  and 
Tests  for  Insulating  Tapes,"  BUctrical  World,  Vol.  LVII,  p.  488;  also  Vol. 
LVI,  p.  689. 

SOS.  Untreated  tApM  sfe  hygroscopio  and  for  that  reason  are  not  entirely 
satisfactory  unless  finallv  impregnated  or  protected  from  moisture.  Gray 
states  that  a  half-lappea  layer  of  untreated  cotton  tape  6  mils  thick  will 
withstand  about  250  volts  when  dry;  about  1,000  volts  when  irapreenated. 
Precautions  should  be  taken  to  detect  the  presence  of  bleaching  ana  chem- 
ical matter,  such  as  chlorine,  which  ma^  attack  copper.  Webbina;  is  some- 
times used  for  mechanical  protection,  aside  from  its  insulating  qualities. 

504.  VamUh-troated  tapes  are  cut  from  sheets  of  treated  cloth,  such  as 
Empire  doth,  varnished  cambric  and  the  like,  and  are  used  for  taping  wind- 
ings whioh  -cannot  readily  be  impregnated.  They  are  cut  straight  or  on  the 
bias,  the  latter  being  sometimes  prefwred  for  taping  uneven  surfaces.  See 
treated  cloth.  Par.  S9S  to  Iti. 

505.  Bubber-treated  tai>ea  are  comi^osed  of  fabric  loaded  with  plastic 
rubber  gum  or  compound  in  a  soft  adhesive  state.  Such  tapes  are  used  ex- 
tensively in  making  water-proof  joints  on  underground  rubboMnsulated 
cables,  or  in  other  locations  where  a  moisture-repellent  wrapping  is  desired. 
They  are  frequently  used  in  conjunction  with  a  splicing  gum  of  similar  com- 
{>osition,  and  protected  by  water-proof  insulating  compounds  and  outside 
wrappings  of  adhesive  tape  with  insulating  paint  over  all.  In  the  case  of 
underground  cables  a  lead  sleeve  is  ^i>ed  over  the  whole  joint,  making  it 
completely  water-tight. 

sot.  Adhaglve  or  friction  tape  is  composed  of  fabric  loaded  with  a 
•ticky  or  adhesive  compound.  The  base  of  the  compound  in  the  more 
expensive  grades  is  rubber  gum,  adulterated  with  fillers  in  various  well- 
known  ways,  while  the  len  expensive  grades  contain  little  or  no  rubber  and 
its  place  is  taken  by  one  of  the  numerous  bituminous  compounds.  This  kind 
of  tape  possesses  fair  instilating  properties  and  is  very  extensively  used  in 
low-tension  work. 

SOT.  P*p6r  tap«a  of  both  the  treated  and  the  untreated  varieties  have  a 
most  extensive  use  in  the  manufacture  of  paper-insulated  cables  for  power 
and  communication  service.     See  paper,  Par.  184, 

SOS.  Asbestos  tape,  or  a  tape  having  a  base  of  asbestos  fibre,  is  superior 
in  its  heat-resisting  properties  to  cellulose  materials  such  as  paper  and  cloth. 
Such  tapes  are  usually  known  by  trade  names,  among  them  being  deltatape. 
The  latter  it  is  claimed  can  be  raised  to  260  deg.  cent,  before  breakdown  oe- 
ears;  puncture  voltage,  about  250  volts  per  mil. 
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HOLDXD  OOMPOSrriOITB 
IfoMed  insulfttion  embraces  a  great  number   of  different  com- 
aad  eompouade,  which  are  difficult  of  claesifioation.     The  chief 
a  of  aome  of  these  materials  are  well  known,  while  others  are  made 

RKCRt  foriQiilaa  and  Droceeses.  Amons  the  raw  materials  employed  in 
^Banufaetare  of  molded  materials  are  nuoa,  asbestos,  rilics,  clay,  alkaline 
!*tks,  wood  pulp,  cotton,  hemp,  flax,  asphalt,  camphor,  hydraulic  cement, 
"ihtt.  sfadlac,  oo|m1.  dammar  gum,  rosin,  paraffin  wax,  linseed  oil,  turpen- 
^fc  beniine,  alcohol,  phenol  and  formslaehyde.  The  following  general 
■■fieatioti  of  molded  materials  has  been  adapted  from  "  Claasincstion 
■4  Characterisation  of  Molded  Insulations,"  by  E.  Hemming  (Bkctrical 
ImU,  1014.  Vol.  LXIII,  pp.  761  to  782,  70a  to  709,  813  to  817).  The 
■Mine  pmiierties  given  for  each  class  of  material  Iwlow  should  be  oon- 
Jnad  in  eonneotion  with  more  specific  particulars  in  the  paragraphs 
■nediaialy  following. 


Claas 


Allowable 
temperature  - 
(deg.  cent.) 


Continu- 
ous 


Ot^aie,  hot- molded . . . 
cold-molded. . . 
ie.  cold-molded . 
compounds- .  .  ■ 


iMhstie  reainous'prod- 

sets 
Vdded 


80 
300 
900 

SO 

80 

150to2SO 
8D 


Mo- 
men- 
tary 


500 

1,500 

100 


300 
173 


Meg- 
ohms 
peritt' 
cube* 


513 
380 
900 


40 


Dielectric 
strength 

(volts 
per  mil)  t 


143  to  361 
84  to  1«7 
70  to  72 


42  to  333 


Tensile 

strength 

(lb.  per 

sq.  in.) 


940  to  2,000 

920toI,SS0 

1,985  to  2,920 


2,880  to  4, 750 


*  Minimum  observed  value  after  72  hr.  immersion  in  water. 
i^T Tests  made  between  blunt  needle  points;  thicknesses  of  test  pieces. 
Its  lis.:  tested  dry. 

tit.  AatOA  material  is  a  hard  composition  employed  chiefly  for  strain 

^riatcrs.     Tests  made  by  Symons  (Jour,  I.  E.  E.j  1904)  on  a  strain  insula- 

tei  this  material  gave  tne  Mlowing  results:  Resistance,  20,000  megohms; 

.  11,000  vuts;  tensile  strength,  5,500  lb.;  absorption  of  water,  3.2 

•nit.  of  its  own  weight  after  1.5  hr.  immersion  at  49  deg.  cent.     Other 

J  nade  on  this  material  gave  a  dielectric  strength  of  about  90  volts  per 

I;  tensile  strength,  1 ,400  lb.  per  sq.  in.     It  will  withstand  great  heat,  but 

Ml  to  become  Drittle  at  high  temperatures. 

Bl.  Ambrottk  (made  in  Berlin)  is  a  heat-resisting  molded  material  manu- 
in   nnmcfous  grades,  some  of  which  are  claimed  to  be  fireproof, 
^-.^  ..~av  are  suitable  for  temperature  limits  of  100  de^p.  cent,  and  some 
'B  deg.  cent.     The  msnuifacturers  claim  that  it  is  moisture-proof,  does 


ndeg. 
'ihrinK. 


,  and  can  b«  worked  and  machined.     The  density  ranges  from 

i  t»  1.8,  according  to  quality.     Tests  made  at  the  Reiohanstalt  on  grade 

give  a  dieleetrio  strength  of  800  volts  per  mil,  in  a  thickness  of  13  mils. 

itnsile  strength  is  abont  2,100  lb.  per  sq.  in.  and  the  compressive  strength 

•t  2,700  lb.  per  sq.  in. 

At.  JUbsatoa-mioa  comprised  of  asbestos  and  mica  bound  together 

ki  ibdlae,  is  manufactured  by  the  Johns-Manville  Co.  under  the  trade 

of  "molded   mica."     In  appearance  it  has  a  dark  color  and  a  smooth 

,_.     It  can  be  molded  into  any  shape,  either  with  or  without  metal 

It  softens  at  about  65.  deg  cent,  and  has  a  safe  working  tempera- 

of  55  to  00  deg.  cent.     The  manufacturer  gives  the  dielectnc  strength 

It  335  volta  per  mil  in  a  thickness  of  0.36  in.;  tensile  strength,  8,500 

•q.  in.:  bat  slightly  affected  by  moisture;  attacked  in  some  depee  by 

■E-.  depmdlBS  upon  their  character  and  concentration,    flee  £i«c<n<xil 

*i»R  UuTToI.  tX,  pp.  803  and  804, 
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aiS.  AtbostM  molded  with  &  binder,  known  under  the  tnule  names  c 

?;ummon,  faemit  and  tegit,  u  manufactured  by  the  Hemminc  Mfg.  Co 
rom  whom  the  following  data  waa  obtained.  Gummon  la  black  and  caQ  h 
highly  polished;  tegit  is  dark  brown  and  can  be  polished,  though  less  hiehl 
^ian  gummon;  hemit  is  made  in  both  ^ay  and  black  and  will  also  take 
polish.  The  density  varies,  in  the  neighoorhood  of  2.  These  material 
are  suitable  only  for  molding;  are  infuaiSle,  but  will  gradually  carbonise  a 
higher  than  working  temperatures;  will  not  resist  concentrated  add;  are  nc 
recommended  for  working  pressures  above  1,000  volts. 


) 


Ohm-em. 

at  23 

dec.  cent. 

(Bur.  of 

Stda.) 

Max. 

worldns 
temp 
(de, 
cent.) 

Dielectrio 

strenctb 

(volta  per 

mil) 

Strength 
(lb.  per  »q.  in.) 

Absorp- 
tion of 
moisture 
(per 
cent.) 

Tensile 

Com- 
press- 
ive 

Hemit 

Qummon 

Te«it 

1X10'» 
3X10»« 
2X10" 

1,100 
320 
200 

50 
75 
50 

2,000 

600 

1,200 

1,000 

6S0 

1,100 

5 
2 
5 

Also  see  Hemming,  E.  "Molded  Electrical  Insalation  and  Plastioe;' 
Clausen  and  Co.,  New  York,  1914. 

514.  Asbdstoi  wood  or  lumber,  known  also  by  the  trade  names  "  Trana 
ite  Asbestos  Wood"  and  "Asbestos  Building  Lumber,**  consists  of  asbesta 
fibre  and  hydraulic  cement,  and  is  used  as  a  substitute  for  wood  in  building 
construction.  It  is  also  used  to  some  extent  as  a  substitute  for  slate  ani 
marble  in  electrical  construction.  The  following  data  (Par.  Sli  and  SIS 
was  furnished  by  C.  L.  Norton;  also  see  hispaper  entitled,  ** Some  Refractor] 
Substitutes  for  Wood  "  Jour.  A.  S.  M.  E.,  1912;  and  "The  Manufactun 
and  Use  of  Asbestos  Wood,"  on  pp.  375  and  379  of  "Technology  and  la- 
dustrial  Efficiency,"  McGraw-Hill  Book  Co.,  Inc.,  New  York,  1911. 

815.  Trandte  aibeatoi  wood  is  light  gray  in  color  and  is  manufacturei 
in  sheets  up  to  about  4  ft.  by  8  ft.  by  2  in.  It  has  a  density  of  about  2.0 
It  can  be  sawed  and  bored  like  wood  but  is  harder  and  slower  to  cut.  Al 
600  deg.  cent.,  partial  dehydration  and  partial  loss  of  strength  occurs,  but 
it  does  not  soften.  At  1,100  deg.  cent,  the  material  holds  shape  and  con- 
siderable portion  of  its  strength,  but  it  will  not  stand  temperatures  above 
1,400  deg.  cent.  The  temperature  coefficient  of  expansion  at  ordinary 
temperatures  ia  about  0.000008  per  deg.  cent.  The  thermal  conduotivitji 
is  0.0005  etd.  per  om-cube  per  sec.  per  deg.  cent.  Transverse  breakini 
tests  i^ve  a  modulus  of  rupture  of  about  5,000  lb.  per  sq.  in.,  and  the  erushini 
strength  is  from  20,000  to  25,000  lb.  i>er  sq.  in.  When  dry,  at  or  near  20 
deg.  cent.,  it  has  a  resistivity  of  about  150,000  me^ohm-cm.  It  is  dissolved 
slowly  by  acids.  When  used  in  dry  or  hot  places  it  is  suitable  for  electrical 
insulaUon  and  is  tougher  than  slate  or  marble.  Since  it  absorbs  moisture  il 
is  not  suitable  for  damp  locations. 

515.  Bbony  esbeatoi  wood  is  asbestos  bonded  with  magnesia,  cement 
and  saturated  with  an  insulating  compound.  It  is  black,  smooth  and  glossy 
and  has  a  density  of  about  1 .9.  It  can  be  worked  the  same  as  slate,  but  more 
rapidly  and  easily.  The  working  temperature  limit  is  about  200  deg.  cent.; 
it  does  not  soften;  the  melting-point  is  above  1 ,400  deg.  cent.  The  coeffioieot 
(^  e:q>ansion  is  0.000010  per  deg.  cent.  The  thermal  conductivity  is  0.00065 
cal.  per  omniube  per  sec.  per  deg.  cent.  It  has  a  modulus  of  rupture 
<rf  about  5,000  lb.  per  sq.  In.  and  a  crushing  stren^h  of  15,000  lb.  per  sq.  in. 
At  20  deg.  cent,  after  96  hr.  immersion  the  resistivity  is  above  3X10*  meg- 
ohm-cm. and  changes  5.3  per  cent,  per  deg.  cent.  The  disruptive  strength 
is  greater  than  that  of  slate  or  marble,  and  it  also  withstands  better  the 
effects  of  surface  arcing.     It  is  also  tougher  than  slate  or  marble. 

SIT.  Bskkelite  and  b&kelite  compoaitioni.  Bakelite  is  a  condensa- 
tion |>rodttct  of  phenol,  manufactured  in  three  grades.  Bakelite  "A"  is 
the  initial  raw  material  and  exists  la  liauid,  pasty  or  solid  condition;  upon 
heating  it  ia  converted  into  "B"  which  is  an  intermediate  solid  product. 
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nMemiis  undar  knilioation  of  haat  and  (oitable  for  moldint;  bakaiito  "C" 
■  the  fixwl  produot.  produoed  by  h«»tin«  "A"  or  "B,"  and  u  a  hard,  noit- 
raaBoa>,  infnaibla  aond,  in  appaaranee  rcaesblinc  amber  or  hard  rubber, 
la  eolar  it  ean  ba  mada  tranaparant  or  opaqua;  oolorlaaa  to  jrallow,  brown, 
led  and  blAok.  The  oolcriajEmattar,  when  any  ia  uaad,  ooaaiata  of  oraanie 
djpaa  or  miiMral  picmenta.  The  raw  material  la  aold  in  diaaolvad,  Uqvid  or 
aKd  oomdition,  and  ia  uaed  for  rarniah,  lacquer,  enamel,  impraanation,  ad- 
haaita  cement,  plaatie  moldins  eompoaitiona  and  molded  artielea.  It  ean 
ba  molded  into  any  ahapa  by  eaatins  or  by  forminc  in  the  hot  preaa,  and  will 
nwiwa  metal  inaerta.  In  condition  of  final  hardneea  it  can  ba  worked, 
leartiined  and  poUahed  like  amber  or  hard  rubber,  and  ean  be  iwed  at  eon- 
tinnoroa  temperatnrea  eoaaiderably  above  100  deg.  eent.  It  ia  not  a  good 
andactor  of  heat.  For  abort  paiioda  it  will  atand  UO  to  300  det.  eent. 
BwobodA  sivaa  280  dec.  cent,  aa  the  maximum  worUnc  temperature  of 
bakelite-aabcatoa.  At  higher  temperaturea  it  ia  infuaibie,  but  ehara.  It  ia 
not  attacked  by  the  aolventa  or  many  of  the  acida,  but  will  not  withatand 
hot  aulpburic  aoid,  nitric  add,  bromine  or  atrong  alkaline  aolutiona;  the 
elect  M  ehemicala  ia  dependent  in  aoma  degree  upon  the  grade  of  material. 
It  ia  noD-hygroacopio,  and  ia  aaid  to  reeiat  ateam  and  boiling  water.  The  data 
pvan  below  were  lurniahed  by  Dr.  L.  H.  Baakeland,  the  iuTentor  of  bakeUte. 


Oen- 
aity 

Dielectric 

atrength 

(voltaper 

mU) 

fiao 

2,800 

MO 

200 

9W  to  1,120 

635  to  1,130 

Straogth, 
(lb.  par  aq.  in.) 

Ta«-1.    pCom;, 

Coaf.ot 

expan- 

aionpar 

deg.oent. 

Bakelite''C" 

Baked  fam  of  bakeUte 
Tamiah  No.  2. 

1.2« 

5,000 

20,000 

0.00011 

Bakdite-wood  fibre 

Bakelite-aabeetoa 

Bakelite-miearta  (aheet) 
BakeUte-dielecto  (aheet) 

1.34 
1.90 

4,200 

4,200 

10,500 

27,000 
24,000 

0.000034 
0.000023 

Reaiativity  of  "C"  at  26  deg.  cent.,  5 X 10"  to  3 X  10"  ohm-em. ;  dielectric 
roaitant,  4.1  to  8.8.  The  reaiativiW  and  the  dielectric  atrenjrth  decreaae  at 
temperaturea  abore  75  deg.  cent.  For  further  data  on  bakehte  aee ;  Journal 
»f  Ind.  and  Bng.  Chem.,1906,  Vol.  I,  No.  3  and  No.  8;  1811,  Vol.  Ill,  No.  7 
and  No.  12;  1012.  Vol.  tV,  No.  10: 1913.  Vol.  V,  No.  6.  Tram.  A.  E.  S.,  1909, 
Vol.  XV.  EUt.  World,  1911.  Vol.LVII,  pp.  632  to  634.  Mt.  and  Chtm. 
Bng.,  Jan.  1912.  Jour.  3oe.  Chtm.  Indvtry,  June  16,  1913,  Vol.  XXXII. 

lU.  Cellnloid,  formerly  known  aa  xylonite,  ia  compoeed  eaaentially  of 
aoluble  guncotton  (pyrolin)  and  oil  (camphor).  In  texture  and  color  it 
raaemblea  ivory,  and  ia  varioualv  colored  in  imitation  of  amber,  coral, 
tortoiae  ahell,  etc.  It  ia  very  aligfatly  hygroecopic  and  can  be  molded  into 
any  form  by  aoftaning  in  boiling  water.  It  ia  highly  inflammaUa.  The 
denaity  ia  1.44.  The  reaiativity  at  ordinary  temperaturea  ia  from  2X10'* 
to  8X10^*  ohm-cm.  According  to  Thomaa  (Jour.  Franklin  InttUuU.  1913, 
Vol.  CLXXVI,  pp.  283  to  301),  celluloid  teated  at  1,000  cyclea  baa  an 
affective  reaiativity  of  2X10*  ohm-cm.  and  a  dielectric  constant  of  13.3. 
Clear  celluloid  haa  a  dielectric  atrength  of  250  to  700  volta  per  mil  at  20 
deg.  cent.,  and  ICX)  to  300  volta  per  mil  at  100  deg.  cent. ;  colored  aamplae, 
250  to  470  v<^ta  per  mil  (Turner  and  Hobart).  Thomaa  givea  a  puncture 
voltage  of  1880  volta  per  mil,  at  1,000  cyclea.  At  920  cyclea  the  effective 
raaiatance  ia  28X10*  oom-om.;  dielectric  conatant,  4.02;  power-factor,  0.012 
(Fleming  and  Dyke). 

lit.  Oondenalte  ia  a  molding  material  of  which  the  chief  conatituent  ia 
a  eompoimd  reaulting  from  chemical  reaction  between  phenol  and  formal- 
dehyde, riaaaad  aa  a  phenolie  oondenaation  product.  It  can  be  prepared  in 
many  forma,  tranaparant  or  tranalucent,  in  a  variety  of  color*;  it  ia  adaptable 
aa  molding  material,  vamiah,  enamel,  impregnating  material  and  cement. 
The  bat  atap  in  ita  manirfaetur*  la  the  iwodootion  of  a  reainoua  gum-like 
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•ubstanee  which  will  not  harden  ondar  heat;  this  produot  i«  haatad  and  than 
eombinad  with  a  hardaning  acent,  producing  a  hard,  infuaible  andpractiomlly 
insoluble  subatance  which  the  manulacturer  (Condenaite  Co.  of  America) 
daima  ia  high  in  dielectric  and  mechanical  atrength  and  heat  reaiatanea. 
The  following  data  on  the  properties  of  molded  condenaite  were  f  urniahed 
by  the  manufacturer:  Denaity,  1.25  to  2.0;  not  hygroacopie.  unaffected  by 
water,  insoluble  in  the  ordinary  solvents  and  oils,  attacked  by  atron^  nitric 
acid  and  caustic  potaah,  slightly  attacked  by  sulphuric  acid.  The  resistivity 
at  23  deg  cent,  is  about  4  X  W*  ohm-cm.  (Bur.  of  Stds.) :  dielectric  strength, 
about  300  to  400  volta  per  mil  at  a  thickness  of  O.IS  in.  and  500  to  600  volta 
per  mil  at  a  thickness  of  0.04  in.;  tensile  strength,  4,300  lb.  per  sq.  in.;  com- 
pressive strength,  29,000  lb.  per  aq.  in.;  not  perceptibly  affected  by  48  hr.  of 
ezpoeure  to  a  temperature  of  200  deg.  cent.;  maximum  working  temperature, 
300  deg.  cent.  (Swoboda,  BUe.  Jour.,  May,  1013).  Also  ace  Slidrical 
Rtviea  and  Wat  BUc,  Vol.  LX,  p.  199. 

SflO.  IHalactrlte  is  a  black  molded  composition  composed  of  vegetable 
fibre  and  mineral  filler.  It  is  molded  and  vulcanised  by  the  application  of 
heat.     Resistivity  at  22  deg.  cent.,  5X10'*  ohm-cm. 

Sfll.  Blactroae  is  a  dark  brown  or  blacky  oompoaition  of  hard,  tough 
quality  which  it  is  claimed  is  non-hygroscopic  and  not  alfected  bv  water 
or  oil.      It  can  be  molded  in  any  form,  will  hold  metal  inserts,  ana  can  be 

S'lven  a  smooth  glossy  finish.  The  working  temperature  limit  is  about  95 
eg.  cent.  Resistivity  at  22  dei^  cent.,  1  X10'<  to  23axi0«  ohm-cm.  The 
manufacturer  ^Electrose  Mfg.  Co.)  claims  a  dielectric  strength  of  at  least 
AOO  volta  per  mil,  in  a  thickness  of  i  in.  Elertroae  is  used  in  the  manufacture 
of  many  different  forma  of  Insulators  and  bushings  and  is  also  made  in  pliable 
insulating  flooring.  aeeBlecCHctd  World,  Vol.  LIVTp.  797  and  Vol.  LVI,  p.  887. 
Its.  Oohmak  is  a  molded  substitute  for  hard  rubber  made  by  the  Vulean- 
is«l  Products  Co.  The  density  ranges  from  1.4  to  1.8  according  to  compo- 
sition. The  claim  is  made  that  it  is  non-hygroscopic  and  insoluble  in  oils 
and  weak  solutions.  Resistivity,  on  the  order  of  2  X 10"  ohm-cm.  at  ordinary 
temperatures,  decreasing  with  rising  temperature.  Dielectric  strength,  on 
the  order  of  400  volts  per  mil,  at  a  thickness  of  0.25  in.  Tensile  streDgth, 
9,000  to  12,000  lb.  per  sq.  in.     Softens  slightly  at  100  deg.  cant. 

SIS.  Insulate  is  a  black  molded  composition  composed  of  mineral  com- 
pound uid  resembles  hard  rubber.  It  can  oe  moulded  in  any  shape  and  can  be 
worked  and  machined.  The  manufacturers  (General  Insulate  Co.)  claim 
that  it  ia  non-hygroacopic,  insoluble  in  all  weak  solutions  and  has  a  manmum 
working  temperature  of  ISO  deg.  fahr.  The  resistivity  of  No.  2  grade  at 
22  deg.  cent,  is  8X10"  ohm-cm.  The  dielectric  strength  ia  on  the  order  of 
45  volts  per  mil,  at  a  thickness  of  0.4  in. 

SM.  Moldad  miMt  is  made  of  finely  split  mica  scales  held  together  by 
a  atrong  insulating  varnish,  binder,  or  cement,  such  as  shellac,  the  sheets  or 
forms  thus  built  up  l>eing  subjected  to  heat  and  pressure.  These  composi- 
tions are  more  or  less  hsat  resisting,  dependent  upon  the  nature  and  propor- 
tiona  of  the  binder  employed.  They  are  known  by  a  variety  of  favde  namea 
such  as  micanite,  mica  plate,  micabond,  micabeston,  turbomic,  formica, 
roegomit,  megotalc.  etc.  The  less  binding;  material  they  contain,  the  nearer 
they  approaco  the  properties  of  natural  mica.  Such  reconstructed  or  molded 
mica  ia  made  in  three  commercial  forms,  as  follows:  (1)  Molded  plate,  which 
becomes  flexible  when  heated  and  in  that  condition  can  readily  be  formed 
into  various  shapes  such  as  rings,  troughs,  spools,  and,  in  thinner  sheets, 
rolled  into  tubes.  Upon  cooling  it  regains  its  rigidity.  It  can  be  used  for 
any  purpoae  where  very  high  temp^atures  are  not  encountered,  except  for 
commutator  bars.  (2)  For  insulating  commutator  segments.  It  oannot 
be  molded  and  offers  great  resistance  to  beat.  Canadian  amber  mica  ia 
preferred  for  this  purpose.  (3)  Flexible  sheets  which  may  be  bent  to  shape 
without  application  ol  heat,  for  inaulating  armature  alota,  magnet  and  com- 
mutator cores,  etc.  It  is  also  used  in  conjunction  with  tapes  for  insulating 
wires  and  cables. 

Rsyner  concluded  from  hia  testa  (National  Physical  Laboratory)  that 
generally  speaking,  thin  qualittea  of  micanite  up  to  about  1  mm.  will  with- 
atand  a  stress  of  20,000  volts  per  mm.  (500  volts  per  mil^  in  air  tor  10  rain. 
Above  this  thickness,  np  to  2.5  mm.,  there  is  more  difficulty  in  making 
material  which  will  withatand  thia  streaa,  and  usually  the  material  witfastaada 
the  voltage  longer  under  oil. 
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The  Mi«t  IiMuUtar  Co.  sivM  the  foUowinc  dideotric  strenstha  for  miesmte 
I  ifdiflcrait  sradee: 


Use 


Qrada 


Thioknen 
(mib) 


Volt*  per 
mil 


For  moldia^ 

Fcr  eomznutstors. . 

For  molding 

Phte  for  Bat  work 
neiibfe 


India 

India 

Amber 

India 

India 


10.     to  125. 
10.     to  125. 
20.     to    82.5 
62.6  to  SOD. 
5.     to  125. 


955 
955 
830 
800 
588 


Tike  reaativity  is  on  the  order  of  10^*  ohm-cm. 

SU.  Sozito  ia  a  black  moulded  composition,  the  propertiea  of  which 
en  as  follows  by  the  Northern  Industrial  Chemical  Co.  Density,  1.8; 
molded  into  any  slume  and  will  receive  metal  inserts;  will  take  a  high 
;  infonble  and  insoluble;  will  not  support  combustion;  afaeorba  0.5  to 
I  per  omt.  of  water  after  24  hr.  immersion;  dielectric  strength,  80  volts 
ftrmiL 

IM.  Stamold  (Dickinson  Mfg.  Co.)  is  a  black,  heat-resisting,  molded 
■ateriai  which  the  manufacturers  claim  has  high  dieleotrio  and  tensile 
•tacBctb  and  is  heat-proof  up  to  260  deg.  cent.  The  same  manufacturers 
iha  ivodnoe  other  molded  materials  known  as  Itam-aibalton,  beat-proof 
^>  to  200  dec.  eent.;  ■Um-aond«iialt«,  heat-proof  op  to  176  deg.  cent. 
•ad  eapabla  of  being  worked,  machined  and  paished;  rubber-substitutes. 


t  np  to  70  deg.  cent, 
nr.  TnleabMton  (Johns-Manville  Co.)  is  an  insulating  material  made 
>l  Mbartos  and  mbbiar,  the  latter  being  used  as  a  binder.  This  material 
ii  payiah  brown  in  Mpearanee,  can  be  molded  into  nearly  any  shape,  and 
las  a  snrfaee  wUdi  wiu  not  take  a  smooth  finish.  The  softening  nnnt  is 
'  175  deg.  cent.,  with  a  safe  working  temperature  of  about  160  deg. 
The  leaiBtiTity  at  22  deg.  cent,  is  about  2X10'*  ohm-em.  The 
rie  8ti«nsth  ia  about  90  volts  per  mil,  the  test  pieces  being  0.25  in. 
Chance  in  teinperature  has  no  effect  on  the  dielectric  strength. 
Smo  this  material  is  of  a  fibrous  nature,  it  is  not  suitable  for  use  in  damp 
lliem.  Acids  have  a  slight  effect  upon  it.  The  transverse  strength  is 
MOO  lb.  per  sq.  in.  See  Slettrioal  World,  1912,  Vol.  LX,  pp.  893  and  894. 
ttS.  Toleabeaton  Ho.  101  (Johns-Manville  Co.)  is  a  material  composed 
if  aabaatna  nnd  a  apaeimi  gam  used  as  a  binder.  In  appearance  it  has 
*  trawn  mottled  surface  which  will  take  a  very  hi^h  finish.  Intricate  and 
TWipRratrd  pieces  can  be  readily  molded  from  it,  using  metal  inserts  if 
dsHred.  The  softening  temperature  is  between  260  and  300  deg.  cent., 
aad  the  safe  working  temperature  is  about  230  deg.  cent.  The  dielectric 
•tnncth  ia  about  116  volts  per  mil  with  test  pieces  0.25  in.  thick.  Trans- 
«■■«  strencth,  0,000  lb.  per  sq.  in.  Not  affected  by  most  acids,  and  not 
itscted  br  oil  or  water. 

nt.  TdlealOM  is  a  molded  material  having  the  properties  of  hard  rubber, 
oeept  that  it  ia  said  to  be  considerably  toui>(her.  It  can  be  molded  in  any 
farm  and  ia  used,  among  other  purpoees,  for  insulators. 

KUBBim  AMD  ITS  DKBIVATIVSS 
nt.  Bobbar  or  OMratehoue  is  the  general  name  applied  to  a  gretit 
swnber  of  different  natural  gums,  the  different  varieties  being  of  decidedly 
■oiike  characteristics,  but  having  among  themselves  certain  common  prop- 
etties  and  similar  constituents.  The  synthesis  of  rubber  shows  that  it 
J  with  the  terpenes,  having  the  formula  (CmHh).',  but  thus  far  all  at- 
I  to  show  the  sise  of  the  molecule  have  been  unsuccessful.  In  addi- 
i  ot  tbe  crude  rubbers  contain  proteids,  resins,  hydrocarbons,  etc.; 
iaioBae  eases  it  requires  extensive  treatment  to  obtain  the  pure  gum.  Crude 
nMcr  is  obtained  by  coagulating  and  drying  the  milky  latex  obtained  from 
■rtain  specieB  of  trees  and  plants,  tbe  principal  sources  being  in  South 
Aaerica.  Central  America,  Africa  and  Asia,  the  Amason  district  of  South 
>iaeriia  beinc  espeeially  noted  for  its  high-grade  rubber.  Crude  rubber  is 
■Ihcted  in  marked  degree  by  temperature,  being  soft  and  sticky  when  warm 
bat  itiC  when  oold. 
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til.  Eaduetlon  of  orude  nibb«r.  The  lumps  or  btsouita  of  orud< 
rubber  are  boiled  in  water,  ground,  washed,  dried,  mixed  with  sulphur, 
adulteranta  and  filler  and  then  calendered.  For  details  of  the  proee—  sec 
Perrine,  F.  A.  C.  "Conductors  for  Electrical  Distribution,"  New  York, 
1003;  and  Esch,  W.  "  Handbook  for  India-rubber  Engineers,"  Hamburg, 
1913.  Owing  to  the  high  cost  of  pure  rubber  it  is  almost  universally  adulter- 
ated and  many  rubber  products  do  not  contain  over  20  to  30  per  cent,  of 
pure  gum,  and  oometimee  much  less.  Among  the  numerous  adulterants  in 
use  are  rubber  substitutes,  osokerite,  paraffin,  pitch,  oil,  etc.,  and  fillers  suoh 
as  sine  oxide,  white  lead,  red  lead,  barium  sulphate,  magnesium  carbonate, 
barium  carbonate,  chalk,  lamp-black,  talc,  alumin  nakee,  etc. 

Tulcsnlsatlon.  When  rubber  and  sulphur  are  heated  to  a  temperature 
above  the  melting-point  of  the  latter,  120  deg.  cent.,  the  two  combine  and 
form  a  new  product  termed  vuleamied  ruboer,  which  is  stronger,  more 
dastio  and  leas  susceptible  to  temperature  changes  than  pure  rubber.  The 
degree  of  vulcanisation  depends  upon  the  proportion  of  sulphiu',  the  tempera- 
ture and  the  duration  of  heating. 

M$t,  Kubbsr  substitutss  in  the  true  sense  have  not  yet  been  produced 
on  a  commercial  scale.  There  are  certain  so-called  substitutes,  produced 
from  vegetable  oils  by  processes  of  vulcanisation  or  oxidation,  which  can 
advantageously  be  mixed  with  rubber  for  the  production  of  certain  articles. 
Rubber  substitutes  used  not  infrequently  in  wire  insulation  consist  principally 
of  oxidised  oils,  paraffin,  resins  and  rubber  shoddy.  The  latter  is  a  com- 
pound obtained  by  treating  old  rubber  with  steam,  sulphuric  acid  and  chlor-- 
ide  of  nne,  thus  removing  most  of  the  vegetable  fiores  and  the  sulphur, 
but  leaving  the  meobanlcal  admixtures  of  earth  and  oxides  employed  in  the 
orimnal  manufacturing  process.  Such  substitutes  are  usually  known  under 
trade  names. 

ass.  Ueetrlcal  propertias.  The  resistivity  is  on  the  order  of  10"  to 
lOit  ohm-cm.,  varying  greatly  according  to  the  composition  and  increasing 
with  the  content  of  pure  rubber.  The  temperature  coefficient  is  negative 
and  unusually  large,  ranging  from  2  to  4  per  cent,  per  deg.  cent.  Del  Mar 
states  that  at  any  given  temperature  the  rate  of  change  of  resistance  per  deg. 
of  temperature  change  is  approximately  proportional  to  the  resistance  at 
that  temperature,  values  of  the  factor  ranging  from  0.02  to  0.03  for  30  per 
cent.  Para  compound.  Values  of  k  in  the  formula  R'^klogitiD/d)  for  m- 
'  sulation  resistance  of  cylindrical  wires  in  megohm-miles,  are  variable  be- 
tween wide  limits,  ranging  from  about  1,000  to  20,000;  d  is  the  diameter  of 
tiie  wire  and  D  is  the  outer  diameter  of  the  insulation,  in  the  same  units. 
The  value  of  k  is  very  much  higher  with  alternating   currents. 

The  dielectric  constant  of  pure  viUcanised  rubber  is  from  2  to  3;  rubber 
compounds,  3  to  4.  Jons  gives  values  as  high  as  6  for  certain  compounds 
containing  relatively  large  percentages  of  Para. 

The  dielectric  strength  of  high-grade  rubber  compound  ranges  from  300  to 
fiOO  volts  per  mil;  it  decreases  quite  appreciably  for  long  periods  of  electrifica- 
tion. Lufldn  ststes  (,EUctrieat  World,  1913,  Vol.  LXI,  p.  1310)  that  for  each 
rubber  compound  there  is  a  critical  temperature  at  which  the  puncture  vol- 
tafe  is  a  maximum.  This  ranged  between  40  deg.  and  80  deg.  cent,  for  five 
different  grades,  in  a  certain  series  of  tests.  One  particular  grade,  or  high 
quality,  gave  a  maximum  at  70  dec.  cent.,  being  30  per  cent,  above  the  value 
at  20  deg.  The  range  was  carried  to  100  deg.  cent,  at  the  upper  limit,  and 
0  deg.  at  the  lower. 

Fleming  and  Dyke  measured  the  power-factor  of  rubber  at  920  cycles 
and  found  values  of  O.OOS  for  pure  India-rubber  and  0.002  for  vulcanised 
India-rubber.  For  further  data  on  electrical  properties,  consult  the  follow- 
ing: 

Jons,  E.  "Insulating  Materials  in  High-tension  Cables;"  Tran«.  Int. 
Elec.  Congress,  St.  Louis,  1904,  Vol.  II,  pp.  550  to  571. 

Fisher,  H.  W.  "Rubber-covered  Wires;"  Trant.  A.  1.  E.  E.,  1907,  Vol. 
XXVI,  pp.  997  to  1025. 

Osborne,  H.  B.  "Potential  Stresses  in  Dielectrics;"  Tratu.  A.  I.  E.  E., 
1910,  Vol.  XXIX,  pp.  1563  to  1581. 

Hering,  C.  "Thickness  of  Electric  and  Thermal  Insulation,"  EUctrical 
World.  1911,  Vol.  LVIII,  pp.  1303  to  1305. 

I^ndi,  J.  H.  "The  Thickness  of  Insulation  on  Wires  and  Cables,"  Sin- 
trieal  World,  1912,  Vol.  LIX,  pp.  590  to  592. 
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(M.  Tg^iffc «»■««-«  inropartiM.  *  The  denaity  of  pure  rubber  is  0.03  to 
tM;  rubber  oompounda,  1.7  to  2.0.  A  properly  valoeniaed  oompouod  of 
Mfh  grede  rubber  suitable  for  the  beet  hoee  end  paekinc  has  a  tensile 
Mrencth  of  about  2,000  lb.  per  iq.  in.  and  may  be  stretohed  to  about  seven 
times  its  oricinal  length.  The  physical  properties,  however,  are  subject 
to  wide  variations  depending  upon  the  relative  proportions  of  gum  and  filler 
lad  tbe  extent  of  vulcanisation.  The  real  value  of  rubber  depends  upon 
the  lenarth  of  time  whieh  it  will  retain  its  desirable  properties.  It  often 
iJHeriorates  lees  rapidly  when  in  use  than  when  lying  idle;  deterioration  is 
Koelerated  by  heat  and  especially  by  sunlight,  probably  as  the  result  of 
nidation.  Other  things  betng  equal,  the  better  grades  are  stronger,  more 
dastic  and  more  durable  than  the  poorer  gradea. 

Tlie  following  tests  made  by  the  Bureau  of  Standards  indicate  the  proper- 
ties  of  six  different  grades  of  rubber  (See  Circular  No.  38). 
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34.0 

34.0 
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810 
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37.6 

35.0 
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880 
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34.3 

35.0 

t  After  300  per  cent,  elongation  for  1  min..  with  1  min.  rest.  The  set  and 
the  tensile  strength  were  determined  on  different  test  pieces. 

SW.  Tba  lata  wurUag  tamparatore  limit  for  eablea  insulated  with 
rubber  gnm  or  rubber  compounds  is  50  deg.  cant. 

tM.  Chamical  aeUvitj.  Rubber  compounds  oontsining  sulphur  are 
injurious  to  copper.  Ruboer-oovered  oopper  wires  should  be  proteotad  by 
a  costing  of  tin.  Rubber  is  sttaoked  by  oil  and  therefore  ruobar-ooTerad 
amdueton  should  never  be  immersed  in  insulating  oils,  which  appiiea  to 
say  form  of  rubber  insulation. 

an.  Ipaoiflcatlona  and  taata  for  30  par  oent.  Hevea  rubber-inaulating 
compound  were  prepared  in  1914  by  a  Joint  rubber  insulation  oommittaa 
upointad  by  a  group  of  manufacturers  and  users  of  rubber  eompounda. 
Ilie  full  report  and  Hpeoiflcatioos  will  be  found  in  the  Pnt.  A.  I.  E.  E.,  Jan., 
1014,  pp.  121  to  140.  Spedflcations  for  rubber-insulated  wire  ion*  bean 
prepared  by  a  number  of  aasooistions;  see  R.  8.  A.  "  Manual." 

SSS.  Ohattarton'i  compound  is  com^oeed  of  3  parts  gutta-percha,  1 
part  roein  and  1  part  Stockholm  tar.  It  is  used  for  filling  the  interfltioss 
between  the  strands  of  cable  conductors  before  applying  gutta-percha,  in 
■ubmarine  cables. 

tS9.  Clark's  aompoond  consists  of  60  parts  mineral  pitch  and  40  parts 
of  finely  ground  sand.  It  is  employed  to  impregnate  jute  yam  wrapping-on 
the  outaiae  of  armored  submarine  cables. 

S40.  Outtap-pareha  is  a  natural  gum,  the  best  quality  of  which  is  obtaiasd 
from  the  Isonoa  gutta-tree  found  in  Sumatra,  Borneo  and  Malacca.  A 
cum  known  as  Bailata,  which  is  quite  similar  to  gutta-percha,  is  found  in 
Venesuela.  The  density  of  gutta  peroha  is  0.07  to  0.98  and  its  properties 
srs  esnenUIy  the  same  as  those  of  pure  rubber.  Crude  gutta-percha  is  re- 
doeed  in  the  same  manner  as  crude  rubber,  but  unlike  the  latter  it  is  used  in 
the  pure  stat^  principally  for  submarine  cable  insulation.  Fleming  and 
Dyke  found  tlutt  at  020  cycles  the  effective  resistivity  is  34  X 10*  ohm-cm.; 
apparent  dielectric  constant,  2.88;  power-factor,  0.020.  For  extended  infor- 
mrtion  on  gutta-pertsha  and  its  properties  see  Clouth,  F.,  "  Rubber,  Gutta- 

•  The  Testing  of  Mechanical  Rubber  Qoods;  Circular  No.  38.  U.  S.  Bureau 
cf  StandardsTlOlS.  Also  see  "Reports  of  Tests  of  Metals"  (Watertown 
Anenal),  Gov.  Printing  Offioe,  Wadi.,  D.  C,  1909. 
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percha  and  BaUta,"  Colome.  1903;  Seeiigmann,  Toriilhon  and  Faloounet 
"India-rubber  and  Gutta  Percha,"  1010;  Del  Mar,  W.  A.,  "Electric  Po^re 
Conductora,"  2d  edition,  New  York,  19U;  Kempe,  H.  R..  **A  Handbook  o 
Electrical  Testing,"  7th  edition,  Ijondon,  1908. 

t41.  Kard  rubber  <Hr  ebonite  is  a  rubber  com^und  containing  a  larci 
percentage  of  sulphur  and  highly  vulcaniied.  It  u  a  bard  dense  materja 
poasesBing  many  desirable  properties  as  an  insulator  at  temperatures  no^ 
greatly  exceeding  normal.  The  resistivity  is  on  the  order  of  10'*  to  lO^' 
ohm-cm,  at  ordinary  temperatures;  the  surface  reeiativity  is  impaired  \>y 
exposure  to  sunlight  (See  Scientific  Paper  No.  234,  Bureau  of  StandardA. 
The  dielectric  constant  is  from  1.9  to  3.5.  In  small  thicknesses,  of  20  niila 
the  dielectric  strengthranges  from  1,700  to  3,750  volts  per  mil,  tested  betweec 
2-in.  spheres;  1,000  to  2.000  volts  i>er  inil> tested  between  flat  electrodes.  Aa 
020  cycles  it  has  an  effective  reeistivity  of  about  1.5X10'*  ohm-cm.;  di- 
electric constant,  3.17;  power-factor  0.005  (Fleming  and  Dyke).  Mechanio- 
ally  it  is  brittle,  but  can  oe  worked,  machined  and  polished;  tensile  strenarth, 
about  1,1CX)  lb.  per  sq.  in.  and  compressive  strength  about  double;  density, 
1.2  to  1.26.  It  IS  attacked  by  oils  and  oione,  but  is  non-hygroscopic.  See 
Parmer,  F.  M..  "The  Dielectric  Strength  of  Thin  Insulating  Materials." 
Trant.  A.  I.  E.  E.,  1913,  Vol.  XXXII,  pp.  2097  to  2131;  bLo  PaterBon, 
Rayner  and  Kinnee,  "Notes  on  the  Testing  of  Ebonite  for  Electrica.! 
Purposes,"  Jow.  I.  E.  E.,  1913,  Part  217,  Vol.  L. 

S4S.  Kerite  is  a  vulcanised  compound  of  oxidised  linseed  oil  and  nibl>er 
combined  with  various  vegetable  oils,  invented  by  A.  O.  Day.  Accordine 
to  Perrine*  it  has  a  specific  insulation  resistanoe  somewhat  lees  than  purer 
rubber,  but  is  said  to  be  mechanically  more  durable  than  any  insulation 
manufactured  from  pure  rubber.  It  is  employed  in  the  insulation  of  wire« 
and  oaUee  aa  a  subetitute  Ux  the  usual  rubber  compound.  The  valu« 
of  the  constant  h  in  the  formula  R^k  logio  (DJd)  is  given  b}^  the  Koite  Ins. 
Wire  and  Cable  Co.  aa  4,000  at  60  de^.  fahr.;  R  is  the  insulation  resistance  of 
the  wire  in  megohm-miles,  d  is  the  diameter  of  the  eonduotOT  and  D  it  the 
outside  diameter  of  the  insulation. 

ti$.  Sulphur  has  a  resistivity  of  IQi?  ohm-cm.  at  22  deg.  cent.;  dieleetrio 
constant,  2.2  to  3.9;  power-factor  at  920  cycles.  0.0003. 
144.  TuleaJiite.     See  hard  rubber,  Par.  141. 

▼ABNISHIS  AND  COMPOX7NDS 
S4i.  ZoUdiifint  nubtarlftU,  such  aa  varnishes,  which  are  applied  aa 
liquids  and  emerge  as  s<^ds,  are  of  interest  chiefly  in  their  final  state.  They 
are  divisible  broadly  into  two  classes:  (1)  those  employed  to  impregnate  or 
treat  basio  roateriws,  such  as  the  fibres  and  the  pulps;  (2)  those  employed 
as  filling  compounds,  to  permeate  or  seal  extensive  vmds  which  otherwise 
would  offer  lodgment  for  inoisture  and  deleterious  forrign  matter.  The 
properties  of  the  farmer  class  are  obviously  of  importance,  principally,  in 
association  with  the  treated  or  impregnated  base;  while  materials  of  tbe  latter 
class  constitute  a  species  to  themselves. 

S49.  Insulating  vamUhei  are  divisible,  according  to  their  applications, 
into  four  groupsif  (A)  For  impregnating  windings;  (B)  for  treating  papers 
and  fabrics;  (C)  for  cementing  purposes;  (D)  finishing  varnishes.  They  are 
also  divisible,  according  to  their  properties,  into  (a)  oxidising  and  (b)  non- 
oxidising,  and  again  into  (I)  air-drjring  and  (2)  baking.  Oxidising  varnisbee 
of  class  A  are  frequently  composed  of  unseed  oil  with  a  reeinous  base  of  eopal 
or  other  fossil  gum,  and  when  thoroughly  oxidized  are  almost  impervious  to 
oil  and  moisture.  The  drying  action  in  linseed-oil  varnishes  takes  plaoe 
first  by  the  evaporation  of  the  volatile  solvent  and  then  by  the  oxidation  of 
the  oil  and  the  gum;  the  latter  action  is  hastened  by  the  addition  of  mineral 
drier^  the  quantity  of  which  depends  upon  whether  air-drying  or  bakinjg 
varnish  is  desired.  In  another  form  of  oxidising  varnish  the  gum  base  ia 
replaced  by  asphaltum,  but  this  is  said  to  lower  the  dielectric  strength  and  the 
resistance  to  attack  by  oil.     Non-oxidising  varnishes  of  class  A  contain  a 

•  Porrine,  F.  A.  C.  *'  Conductors  for  Electrical  Distribution,"  New  York 
D.  Van  Noetrand  Co.,  1903,  p.  106. 

t  See  fleming  and  Johnson.  "  InsulaUon  and  Design  of  Electrical  Wind- 
ings;" Longmans,  Qreen  and  Co.,  London,  1913;  pp.  63  to  76. 
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base  of  cum  or  Mphaltom  with  •  ■pirit  lolvcnt,  iheUM  Tarniah  batnc  ftn 
exajnple.  Varniahc*  of  dua  B  are  oompowd  in  loine  insbuioai  of  liiuaed  oU 
■ith  B  KOI"  baae,  and  a  minaral  drier  auoh  aa  mansaocaa  borate  or  Iithar(e: 
is  other  eaaea  linaeed  oil  alone  ia  iiaed.  It  ia  eaaential  that  vamishM  of 
da^  A  and  elaaa  B  ahould  be  aa  nearly  aa  poaaible  impervious  to  moiature, 
and.  far  oil-immeraed  apparatua,  not  attaoked  by  tranaformer  oil.  In  tb* 
ramiahea  of  elaaa  C,  ahellae  is  probably  the  moat  extensively  employed. 
Claaa  D  vamiahes  are  used  mainly  for  the  sake  of  appeaianoe  and  to  provide 
a  hard  amooth  exterior  surface  in  the  intereat  of  oleaiuinees. 

a4T.  Impraciiatiiir.  filUiac  and  Malinc  eompounds  are  prepared  from 
a  mnltitade  of  different  formulaa.  In  moat  instances  their  oompoaition  ia 
■narded  aa  a  manufacturing  secret  and  they  are  marlceted  under  various  trade 
oameB,  auch  aa  Ajax,  Armalao,  BenoUte,  Inaulatine,  Insulae,  Ohmlac,  Osite, 
Seaiatolae,  S.  V.  W.,  Victolae,  Voltslac,  etc.  Impregnating  varniabea  hava 
been  superseded  to  some  extent  by  compounds  having  an  asphaltum  or  par- 
affin boae  diaaolved  in  thinning  materia],  which  are  chemically  more  inert, 
more  reaistant  to  moiature,  better  heat  conductors  and  capable  of  filling  the 
iateisticea  of  windiitgs.  Tlieir  uae  is  chiefly  limited  by  their  temperature 
characteriatics.  The  compounds  oa  the  market  offer  a  fairly  wide  range  of 
eheiee  in  temperature  characteriatics,  the  softening  or  flow'  pointa  varying 
from  about  SO  to  130  deg.  cent.  The  Minerallae  Elec.  Co.  givea  the  following 
properties  for  Minerallae  No.  2,  a  semi-aolid  compound:  softening  point.  4fi 
deg  cent.;  melting-point,  63  deg.;  flash-point.  202  deg.;  burning-point,  218 
deg-;  resistivity.  l.SXlOi*  ohm-cm.;  dielectric  constant,  2.1;  dielectric 
strensth.  1,000  volts  per  mil. 

In  the  case  of  filling  and  sealing  compounds,  the  thermal  properties  are 
rdatsTdy  of  more  importance  than  the  dielectric  strength ;  chemical  inertness 
aad  imperviouaneee  to  moisture  are  very  important.  These  compounds 
sbookl  be  tested  for  softening  point,  evaporation,  melting  or  pouring  imint, 
flash-point,  buming-j)oint.  characteristioe  at  extremes  of  working  tempera- 
tare,  cubttnl  expansion,  chemical  activity,  effect  of  moisture  and  electrical 
properties. 

S4a.  Taennin  drTlng  aad  imprecnatlon  is  very,  extensively  employed 
in  the  application  of  fluid  or  liquid  treating  materials.'  The  mnding  or 
subatance  to  be  impregnated  is  first  dried  in  a  steam-hcatcd.  vacuum  chamber; 
then  the  hot  insulating  fluid  ia  admitted,  the  vacuum  is  let  down,  and  pressure 
is  applied,  to  the  extent  sometimes  of  50  lb.  per  sq.  in.  In  this  way  toe  moia- 
ture la  driven  out  and  the  maximum  degree  of  impregnation  is  secured. 

S49.  Asphalt  ia  a  natural  mineral  pitch  of  bitumenous  character  em* 
ployed  in  the  manufacture  of  insulating  varnishes  and  impregnating  com- 
pounda.  Chemically  it  ia  a  hiixture  of  hydrocarbons,  generally  black  ia 
color,  hard  at  ordinary  temperatures,  becomea  viscous  at  about  70  deg.  cent, 
and  melts  at  about  100  deg.  cent.  The  density  ia  from  1.04  to  1.40.  It  ia 
more  or  leas  soluble  in  oil  ol  turpentine,  ether,  alcohol  and  chloroform.  The 
dielectric  constant  ia  about  2.7  and  the  dielectric  strength  according  to 
Ssrmona  ia  30  volts  per  mil  at  a  thickness  of  A  >■>• 

SM.  Bitumen.  The  term  originally  referred  only  to  asphalt  or  mineral 
ptteht  but  its  meaning  is  now  extended  to  embrace  any  of  a  number  of  inflam- 
mable minera]  aubataAoes  consisting  mainly  of  hydrocarbona,  and  including 
also  the  mineral  tan.  Coal-tar  pitch  is  a  fair  Insulator,  but  is  brittle; 
aceorifing  to  Symons  it  has  a  dielectric  strength  of  about  60  volta  per  mil. 

tSl.  Inamel  (baked)  inatUatlon  for  small  mafnet  wirai  baa  to  a 
neat  extent  diaplaced  cotton  and  silk,  or  ia  used  in  conjunction  frith  them. 
The  composition  of  the  enamelling  compounds  used  by  different  manu- 
facturers is  guarded  with  much  secrecy;  the  base  of  the  compound,  in  soma 
instance^  is  said  to  be  Stearin  Idtoh.  Chemically  stearin  is  glyceryl  tria- 
tearate;  it  melts  at  S7  deg.  cent.  It  ia  alao  known  as  triatearia  and  is  a 
prominent  conatituent  of  many  animal  and  vegetable  fats  and  oils. 

The  wires  are  drawn  slowly  through  a  warm  bath  of  the  mdted  compound 
and  then  through  a  baking  oven,  the'  process  being  repeated  to  aecure  as 
many  coatinga  aa  required.  One  of  the  defects  sometimes  found  in  the  coat- 
ing is  the  occurrence  of  very  small  holes,  like  pin  holes,  ezDOeing  the  conduc- 
tor; such  defeets  can  be  detected  by  drawing  the  wire  through  a  mercury 
bath. '  The  coating  is  usually  very  thin,  on  the  order  of  a  few  tentha  of  a  mil. 
The  dielectric  strength  varies  O'ver  a  range  of  about  300  to  1 ,200  volta  (max.) 
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per  mil,  an  aTenute  value  being  500  to  800  volts  per  mil,  or  about  four  timeia 
the  value  for  silk.  The  electrical  resistivity  at  ordinary  temperatures  is 
very  high,  on  the  order  of  10"  ohm-am.  Baked  enamel  should  stand  a  tem- 
perature of  100  deg.  cent,  continuously  without  injury,  but  breaks  down  ele<s— 
trioally  at  about  300  deg.  cent.  It  is  a  fairly  good  thermal  conductor  and. 
muoh  superior  to  cotton  and  silk.  An  enameled  wire  should  withstaimd 
bending  around  a  mandrel  four  times  ite  own  diameter  without  injury. 
TurpentinCj  shellac,  alcohol,  vegetable  or  animal  oils,  and  coid-tar  solvents 
will  attack  it,  but  it  is  not  injured  by  clean  mineral  oil  and  is  moisture-proof. 
It  should  be  carefully  handled  to  avoid  injuring  the  coating. 

IM.  Unaeed  oil  is  a  vegetable  material  derived  from  flaxseed,  having  & 
density  of  0.932  to  0.936  at  15  de^.  cent.  It  has  excellent  insulating  proper- 
ties and  is  extensively  used  in  paints  and  varnishes.  For  specifications  and 
general  properties  see  "Year  Book,"  A.  S.  T.  M.;  and  Technologic  Fapex- 
No.  S,  Bureau  of  Standards,  1912.  Boiled  linseed  oil  baa  the  property  of 
oxidising  under  ordinary  expoeure  to  air  and  the  process  will  continue  until  it 
becomes  viscous  or  even  hard;  the  action  can  be  hastened  by  drying  agents 
and  the  application  of  heat. 

U9.  Oiokaclte  (osocerite)  is  a  wax-like  mineral,  colorless  or  white  when 
pure  and  eonaistingof  a  mixture  of  hydrocarbons.  It  is  used  in  making  cara- 
sin,  candles,  etc.  Crude  oaokerite  has  a  resistivity  on  the  order  of  4.5  X  10>< 
ohm-om.  liquid  osokerite  has  a  dielectric  constant  of  about  2.1.  CareBln 
is  a  yellow  or  white  wax  made  by  bleaching  and  purifying  osokerite  and 
is  employed  as  a  constituent  of  insulating  compounds;  its  density  is  0.7S: 
resistivity,  over  5  X 10^*  ohm-cm.  at  22  deg.  cent. 

SM.  PanUAn  is  a  colorless  or  white  waxy  substance,  consisting  of  a  com- 
plex mixture  of  hydrocarbons,  obtained  by  the  distillation  of  wood,  coal  or 
oil.  ^  Chemically  it  is  inert,  being  unaffected  by  most  strong  reagents.  Ac- 
cording to  composition,  it  melts  at  from  45  to  80  deg.  cent,  and  has  a  density 
of  0.87  to  0.94;  resistivity,  10"  to  10<>  ohm-cm.;  dielectric  constant,  1.9  to 
2.3;  dielectric  strength,  about  300  volts  per  mil;  poweMactor  at  920  cyclea, 
0.00O3. 

tU.  BMin  is  defined  as  any  of  various  solid  or  semi-solid  organic  sub- 
stances, chiefly  of  vegetable  origin,  usually  yellowish  to  brown  in  color,  trana- 
parent  or  translucent,  and  soluble  in  ether,  alcohol,  etc.,  but  not  in  water. 
They  soften  and  melt  on  heating.  Chemically  they  differ  widely,  but  all  are 
rich  in  carbon  and  hydrogen  and  contain  also  some  oxygen.  Among  the  com- 
mercial resins  are  amber,  copal,  dammar,  guaiacum,  Tac,  mastic,  rosin  and 
sandarac.  Lac  is  the  raw  material  used  in  making  aheUac,  wnich  has  a 
resistivity  on  the  order  of  lO'*  to  10'*  ohm-cm.  and  a  dielectric  constant  of 
about  2.7  to  3.8. 

SM.  Wax  is  defined  as  any  of  a  class  of  natural  subetancee  oomposed  of 
carbon,  hydrogen  and  oxygen  and  consisting  chiefly  of  esters  other  than  those 
of  ^ycerin  or  of  free  fatty  acids.  In  this  class  are  included  beeswax,  sperma- 
ceti. Chinese  wax,  carnauba  wax,  etc.  Beeswax  is  a  dull  yellow  solid,  of 
density  0.96  to  0.97  at  16  deg.  cent,  and  melting  at  62  to  64  deg.  cent.; 
resistivity,  10i<  to  10"  ohm-cm.;  dielectric  strength,  about  290  volts  per  mil. 

UT.  Weatherproof  compound!  for  saturating  the  cotton  braids  on 
weatherproof  wire  usually  contain  an  asphaltum  base,  with  an  admixture  of 
wax  so  that  the  surface  of  the  braid  may  be  given  a  dull  polish. 

ursvLATno  <HI.8 

tn.  Oil  is  emp>oyed  as  an  insulating  medium  in  many  ways.  It  is  em- 
ployed by  itself  to  insulate  transformers  and  switches  by  immersion;  it  is 
used  for  saturating  fibrous  and  other  materials,  as  in  cable  work;  drying  oils 
Oinseed)  are  used  for  coating  papers  and  cloths  in  sheet  insulation;  various 
kinds  of  oil  are  employed  in  mixing  insulating  iiaints  and  varnishes.  Oils 
of  practically  every  variety  are  poswssed  of  very  high  reeistivity  and  dielec- 
tric strength.  Chemically  oil  is  composed  of  hydrocarbons  having  the  gen- 
eral formulas  CnHtn^i  and  C.Hin.  The  desired  characteristies  of  an  insulat- 
ion oil  are  high  resistivity  and  dielectric  stren^h.  low  viscosity,  high  flash 
point,  chemical  neutrality  toward  metals  and  insiilating  matenaJs,  freedom 
from  moisture,  sediment  and  impurities,  and  chemical  stability  under  local 
high  temperaturaa, 
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roil.     The  ideal  eooliss  and  inanlstiiu;  fluid  for  •  tran*' 

■bould  have  the  characteristic*  named  in  Bee.  8,  Par.  M.     The  oil 

Iwcrly  used  is  a  mineral  oil  obtained  from  crude  petroleum  by  fnietioaal 

CaBlatioD,  having  the  following  charaeteriatie*. 


Medium 

Light 

Db^  point,  di^  ceot 

180  to  190 

206  to  215 

-10  to  -15 

0.885  to  0.870 

100  to  110  sec. 

None 

130  to  140 

140  to  ISO 

-15  to  -20 

0.845  to  0.860 

40  to  50  see. 

None 

QAi  tot'           

OeoHty  at  13.5  des.  cent 

TiH»>t)r  at  40  deg.~oeot.  (Saybolt  test). 
iaid.  alkali,  sulphur,  moisture 

.J  free  from  moiattire  the  dielectric  strength,  between  0,&-in.  discs  0.2 
in.  apArt,  with  sine-wave  e.m.f.,  should  be  from  45,000  to  50,000  volts;  or 
iiXmiXM  0.5-in.  braae  spheres  0.15  in.  apart  the  average  dry  oil  should  not 
knak  down  at  Ion  than  30,000  volts.  The  medium  ^ade  of  oil  is  usually 
eaqdoyed  in  self-cooled  apparatus  and  the  light  grade  m  water-cooled  appa- 
nCas,  bat  the  dielectric  strenf^hs  ars  the  same.  The  dielectric  strength 
hsla<wi  0  and  100  deg.  cent,  increases  about  0.4  to  0.5  per  cent,  per  wz- 
TW  reastivity  of  dry  oil  is  on  the  order  of  10"  ohm-cm.  and  decreases  with 
fise  of  temperature.  The  effect  of  moisture  is  very  harmful  (Par.  MS) 
•ad  it  is  of  the  greatest  importance  to  keep  oil  abeoluteljr  dry  or  as  nearly  so 
is  pnswMe.  One  of  the  principal  advantages  of  oil  as  an  insulator  isits  prop- 
«ty  of  adf-rcBtoration  after  dielectric  discharge  or  puncture;  this  property  is 
Bst  independent,  however,  of  the  energy  of  <Cacharge.  and  excessive  energy 
nay  overheat  the  oil  and  cause  exploeion  or  fire.  The  specific  heat  of 
Inasformer  oil  is  about  0.30  to  0.51  and  the  thermal  conductivity  ranges 
iroBO.00033  to  0.00043  gram-calorie  per  em-cube  per  deg.  cent,  per  see.  The 
folowiag  r«ferenees  showd  be  consulted  for  further  information. 

SUnner,  C.  E.     "Transformer  Oil."  Electric  Journal,  May,  1004. 

Kintacr.  8.  M.  "The  Testing  of  Transformer  Oil."  £<«c(rte/<ninia{,  Cot., 
MOB. 

TobCT,  H.  W.     ;;_Dielectric  Strength  of  Oil,"  Tronj.  A.  I.  E.  E.,  1910, 


JVaS^'l.  B. 


X  pp.  llSO^to  1232. 


The  Dielectric  Strength  of  Thin  Insulatinc  Material*,' 
1913.  Vol.  XXXII.  pp.  2097  to  2131. 


MO.  Baetrical  propertiM  of  oU 
(Circular  No.  36,  V.  8.  Bureau  of  Standards,  p.  24) 


Oil 

Deniuty 
at  20 
deg. 
cent. 

Resistivity 
(ohm-cm.) 

Phase  difference 

Dielectric 
constant 

100 
cycles 

1,200 
cycles 

PiMts  astral   (kero- 
rl^i 

0.78S2 

0.8710 
0  8795 
0.8882 

470X10" 

1,100X10" 
0  49X10" 
3.1   XIO" 

0»2'H" 

0V36" 
1*  6'0" 
0»30'0" 

0°0'25" 

OW  6" 
0«6'10" 
0»8'30" 

2.34 

2.41 
2.51 
2.47 

TiaasformeroUCA).. 
nsarformer  oil  (B).. 

tU.  Dislttctric  streiiftli  of  chI  with  a  l-mm.  gap  (39.4  mils),  expreaaed  in 
Tilti  per  mm^  ia  ^ven  in  the  table  balow  for  numerous  Tarieties  of  oil. 


13,000 
7.000 

Nestsfoot 

9.000 
7.500 

16,000 
8.500 
9,000 

11.000 

Olive 

Isrd.  

4.000 
9.000 
8,000 
5.000 

Paraffin 

Sperm,  mineral 

'iiiiLJ.  till 

lumia  twilral 

L«iiri<4«ing 

Turpentine 
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Ml.  IHaleotrie  eonftant*  of  various  Idndi  of  oil*  are  (iv«n  in  the  ac- 
companying table.  The  values  probably  change  very  appreciably  with  tli« 
temperature. 


Arachid. . . 

Caator 

Colaa 

Lemon. . . . 
Neatafoot . 
Olive 


3.17 
4.6to4.8 

3.07  to  3.  U 
2.2S 
3.07 

3.08  to  3. 16 


Petroleum.. 
Rape  seed. . 

Sesame 

Sperm 

Turpentine. 
Vaseline 


2.02  to2.19 
2.2  to  3.0 

3.17 
3.02  to  3.09 
2.ISto2.28 

2.17 


) 


lU.  IBaetf  of  moistura  and  dust  on  iniulatlnf  propertiai  of  oil. 

The  presence  of  moisture  in  transformer  oil  has  a  very  serious  effect  on  the 
dielectric  strength,  as  shown  by  Fig.  36.  In  order  to  obtain  a  dielectric 
strength  of  40,000  volts  (0.2-in.  gap  between  0.6-in.  discs),  the  water  prea- 
ent  as  distributed  moisture  in  the  oil  mua^ 
not  exceed  0.001  per  cent.  Fine  dust  is  also 
very  injurious  to  the  dielectric  strength. 
For  these  roasons,  various  manufacturers 
have  developed  oil  dryers  and  purifiers,  which 
operate  on  the  principle  of  a  niter  press. 

IM.   Formation    of    dapoiiU  in  oll- 
oooled  tranaformara.     The  foregoing  suh- 

•  "  I  I  mi  U  I  I  I  I  I  I  M  I  [  I  N      '•**  formed  the  title  of  a  paper  by  Dr.  A. 

I  10 "!  =  =  "::Tr:::        C.  Miohie  before  the  I.  E.  E.  in  April,  1913. 

4   qI  1 1  M  1 1  M  I  M  I  M  M  I  I  □      The  author  stated  that  all  oils  oxidise  in 

H     •  '   •  '   •   ?„i.Li,L.       time,  but  the  formation  of  deposiU  can  be 

»««.,«« 1.10.000  b,  to™       prevented    or  minimised    by  avoiding    th^ 

following  conditions;    (1)   Overheating;    (2) 

Fia.  36.— Effect  of  water  on    undue  acoeaa  of  air  to  the  oil;  ^3)  conStiona 

didectric  strength  of  oil.        likely  to  give  rise  to  the  formation  of  osone: 

(4)  contact  of  the  oil  with  clean  surfaces  of 

copper,  lead  and  iron. 

SM.  V.  S.  OoTemmont  apocifloatlon  for  tranaformar  oU  calls  for  a 
pure  mineral  oil  obtained  by  the  fractional  distillation  of  petroleum,  unmixed 
with  any  other  subsfanoe.  It  shall  be  prepared  and  refined  espedally  for  the 
purpose;  shall  be  free  from  moisture,  acid  and  alkali,  and  shall  contain  a 
mimmum  of  aulphur  compounds.  The  flash-point  determined  in  a  closed  cup 
shall  be  not  leas  than  170  deg.  cent. ;  on  cold  test  it  shall  not  begin  to  solidify 
and  no  wax  shall  form  in  the  oil  above  0  deg.  cent.  It  shall  stand  a  break- 
down test  of  30,000  volte  between  spherea  of  O.S  cm.  radius,  0.40  cm.  apart. 
See  Circular  No.  22,  Bureau  of  SUndiards,  1911. 

aAsn 

tM.  The  iniulatinf  propartiat  of  gasaa  depend  upon,  and  vary  with, 
the  pressure  and  the  temperature,  and  are  affected  also  by  the  humidity. 
The  only  gaseous  dielectnc  in  extensive  use  is  atmoepherie  air,  wheaa  prop- 
erties have  been  the  subjet^  of  extended  research. 

SiT.  Air.  The  dielectric  properties  of  air,  and  particularly  its  disruptive 
strength,  have  been  the  subject  of  more  investigation  than  any  other  dieleo- 
tric  in  use.  Extended  investigations  and  researches  have  been  -  made  by 
Ryan,  Mershon,  Fisher,  Peek,  Whitehead,  FaccioU,  Harding,  Bennett,  For- 
tescue  and  Farnsworth,  whose  results  have  been  published  during  the  past 
10  vears  in  the  Tram.  A.  I.  E.  E.,  and  by  Russell  (jseeJour.  I.  E.  ET). 

Air  in  the  free  state  has  electrical  conductivity.  The  results  obtained  (soe 
Whitehead,  Proc.  A.  I.  E.  E.,  May,  191S,  p.  846)  indicate  that  in  the  open  the 
current  passing  between  two  parall^  platea  10  cm.  apart  and  each  100  era. 
square,  assuming  perfect  insulation,  would  be  of  the  order  of  magnitude  3  X 
10' >*  amp.  This  is  the  maximum  current  which  may  be  obtained  and  doee 
not  increase  with  increase  of  voltage;  it  diminishes  greatly  if  the  air  is  con- 
fined in  a  doaed  vessel.  The  conductivity  may  be  greatly  increased  by 
expoaing  the  air  to  Rdntgen  ravs,  ultra-violet  light,  etc.ibut  the  magnitude  of 
current  still  remidns  very  small. 

The  dielectric  constant  of  air  is  usually  taken  as  unity,  and  air  is  almost 
universally  the  medium  of  reference  in  all  measurements  of  this  constant. 
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The  iliiMptiTB  atmisth  of  ab  in  a  nnifann,  elettroaUtia  Held,  undsr  moit 
tftTOrable  oonditioiw,  »t  ordiiutfT  temperature  and  preeeure,  ia  of  the  order  of 
38  k-r.  per  em.  or  87  volte  per  mil  fmaiiimim  inateed  of  r.m.*.  value) ;  White- 
head  found  a  value  of  32  kv.  (max.)  and  Peek  found  a  value  of  30  kv.  (max.). 
Under  unfavorable  eonditioiu,  the  strength  ia  below  30  kv.  max  (21  kv., 
r.m.s.),  aa  ahown  by  inveeticatioiia  of  corona  on  o^ndrieal  wires  (see  See.  11). 
Tlw  (Uamptive  strength  is  direetl^  proportional  to  the  air  density  .over  a  con- 
■derable  range.  If  the  air  density  at  76  cm.  barometer  and  25  deg.  cent,  is 
taken  as  nnity,  the  relative  density  at  any  other  pressure  and  tamperatun  is 

I— M?»  (201 

•     273  +  «  ''^' 

where  6  is  the  barometer  in  em.  and  ( is  the  temperature  in  dec.  cent.  Appar- 
eniljr  the  degree  of  humidity  has  very  often  little,  if  any,  eneet  on  the  dis- 
ruptive strength. 

Advantage  is  taken  of  tlie  low  disruptive  strength  of  air  at  low  jireasuree 
(small  fraetion  of  one  atmosphere)  in  so-eaDed  vacuum-type  lightning  arres- 
tots,  reeently  developed  for  low>-voltage,  low-power  eirouits,  such  ss  tele- 
plMHW,  telegraph  and  signal  linea. 

Sparking  distanees  in  air,  using  needle  gaps  and  sphere  gaps,  are  given  in 
the  A.  I.  E.  E.  Studardisation  Rules,  See.  24,  Par.  Mi  to  1717 
MS.  BelatlTS  diwnptiv*  Btrengtha  of  hydrocen,  oiytHi,  earben 
dlindda  and  nitrogan 

(Wolf)  


Pressure 

in 

ReUtive  strength  (air  -  1)                         | 

Hydrogen 

Oxygen 

Air 

Carbon  dioxide 

Nitrogen 

I 
2 
3 
4 
5 

0.87 
0.76 
0.72 
0.60 
0.68 

0.05 
0.03 
0.92 
0.92 
0.90 

1.00 
1.00 
1.10 
1.00 
1.00 

1.20 

i!os 

1.03 
1.02 

1.16 
1.15 
1.15 
1.14 
1.14 

I  OOHOUUTIVITUS 

•.  Thermal  eondaetMtts*  of  Tartvos  inantotfiic  mMwlala 

(Langmuir,  I.,  rranr.  A.  I.  E.  E..  1913.  YoL  XXXII.  p.  303) 


Material 

Watt-cm. 

per  deg. 

oent. 

Material 

Watt-em. 

per  dag. 

cent. 

Air  at  20  deg.  oent 

Air  at  100  deg.  owrt 

Aahestoa  paper 

0.000249 

0.000300 

0.0025 

0.0027 

0.0025 

0.0025 

0.00046 

0.00030 

0.0027 

0.0018 

0.00045 

0.00025 

0.00019 

0.0014 

0.011 

0.0024 

0.0020 

O.OOIS 
0.030 

0.0036 
0.0016 

0.0010 

0.0012 
0.0013 
0.0026 
0.0014 
0.0016 

0.0016 

0.010 

0.0017 

0.015 

0.0012 

0.0014 

0.0017 
0.0016 
0.0043 
0.0025 

Mica  paper . 

Miosmte   (19    per    cent 
ahellac) 

Bakelite  and  linen  tape. . . 

(Cambric,  varniahed 

Cloth,  varniahed  (empire). 

Cotton  batting,  loose 

Cotton     batting.     tighUy 
p^^krd                

Micanite   (11   per  oent. 
shellac) ' 

Paper 

Paraffin 

Paraffin  oil 

C€ittoa  tape,  varniahed. . . 

Petroleum,  23  deg.  cent. 
Pine,  soft  white  (X  to 

Eider  down,  very  loose. . . 
Eider  down,  tightly  packed 
Eider    down,  very  tightly 

Poroelain 

Pres0pfthn  (untreated).. 
Quftrts  glww 

Fuller  board,  varnished. . . 

Rope  paper,  untreated. . 

Rope  paper  and  oil 

Rope  paper,  treated  with 

Glycerine,  25  deg.  cent... . 

Guttapercha............ 

Linen  tape,  varnished  and 
baked                   ... 

Rubber  tape 

Marble 

Shellac 

SI 


320a 


Digili^edbyV^iOUyiL' 


Sm.  4-370 


PROPBRTIES  OP  ItATBRIALS 


THKRMAI.   OOHDVOTmniS.— ConKntMil 


Material 

Watt-om. 

perdeg. 

cent. 

Material 

Watt-cm. 

per  dec. 

cent. 

Slate 

0.020 
0.0057 

0.00040 

Woolen  (pure)  wadding, 
■lightly  packed 

Woolen  (pure)  wadding, 
tightly  packed 

0.0003a 
0.00023 

Water,  26  dec  eent 

Woolen  (pure)  wadding. 

> 


1  watt   -  0.2389  g-cal.  per  aec. 
1  watt    -  0.0009468  B.t.u.  per  eee. 
I  g-cal.  -  0.003071  B.t.u. 


1  g-cal.  -  4.180  watt-sec. 
1  B.t.u.  -  261.8  g-cal. 
1  B.t.u.  -  1,054  watt-aec. 
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STRUCTURAL  MATERIALS 
OAST  noH 

ITl.  Cast  Iron  derives  its  characteristic  qualities  from  the  imparities 
present.  These  impurities  are  the  same  as  those  in  steel,  except  for  graphite, 
which  is  one  form  of  carbon.  The  carbon  is  always  present  in  two  forms: 
(1)  combined  carbon,  in  the  form  of  cementite;  (2)  uncombined  carbon,  or 
graphite.  The  total  carbon  seldom  exceeds.  4.5  per  cent,  or  falls  below  3,25 
per  cent.  The  larger  the  proportion  of  carbon  in  the  combined  state,  the 
narder  and  more  brittle  will  be  the  metal.  Cast  iron  is  not  ductile,  in  either 
hot  or  cold  state. 

Silicon  is  a  desirable  impurity,  because  it  tends  to  precipitate  carbon 
in  the  graphitic  form ;  about  3  per  cent,  of  silicon  gives  the  best  results.  Sul- 
phur has  the  opposite  effect  of  silicon,  and  is  undesirable.  Managnese  in- 
creases the  total  carbon  and  also  the  proportion  of  combined  carbon,  but 
tends  to  neutralise  the  similar  effect  of  sulphur.  Phosphorus,  if  prssent  in 
sufficient  proportions  to  be  chemically  active,  tends  to  hold  the  carbon  in 
combined  form,  and  also  tends  to  weaken  the  metal. 

tn.  WUtO  SMt  Iron.  If  slowly  cooled,  white  cost  iron  will  contain 
combined  carbon  in  the  form  of  cementite,  which  imparts  the  qualities  of 
hardness  and  brittleneesa  to  the  metal.  Where  the  carbon  is  from  3  to  4 
per  cent.,  cementite  will  form  from  45  to  50  per  cent,  of  the  material.  Vnless 
the  cooling  is  slow  some  of  the  carbon  will  be  in  the  austenitic  form.  White 
cast  iron  has  few  uses,  except  as  a  hard  coating  or  sldn  for  gray  iron  castings. 
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Sra.  Orav  MMt  Iron  iwually  eontains  2  per  cent,  or  more  of  (r*phite 
and  lea*  than  1 .6  per  oent.  of  oombioed  earbon.  The  araphite  la  mechanioally 
■atermLnsled  throushout  the  body  of  the  metal;  althoiish  the  |>ercentace 
by  weisht  may  be  no  more  than  4  per  eent.,  the  percentage  by  volume  may 
be  as  much  aa  14  per  cent.  The  smaller  the  proportion  of  combined  carbon, 
tlw  larger  will  be  the  proportion  of  graphite  and  the  aofter  and  more  work- 
able the  metal;  at  the  aanie  time  this  producea  a  metal  of  minimum  Btrengtb, 
b««»u»e  of  ita  poroaity.  The  interstices  are  filled  with  graphite,  which  acts 
in  a  degree  aa  a  lubricant  in  machining  operations. 

Cblllad  CMMtiMfB  are  made  by  pouring  cast  iron  into  a  metallic  mold 
which  eoola  it  rapidly  nesir  the  surfaces  of  the  casting,  thua  forming  a  skin 
af  harder  material  than  the  bod^  of  the  metal.  The  rapid  cooling  daoreaaea 
the  proportion  of  graphite  and  increases  the  combined  carbon,  resulting  in 
the  lormatioa  of  woite  oast  iron. 

•T4.  Denail^  of  east  Iron.  Stoughton  gires  the  following  denaitiea: 
pare  iron.  7.86;  white  eaat  iron,  7.60;  mottled  cast  iron,  7.36;  light  gray  cast 
iron,  7.20;  dark  gray  eaat  iron,  6.80. 


m. 

•trancth  of  eart  Iron.    (Stoughton) 

Compoaition 

TenaiU 
aq.  in.) 

Silicon 
(par  oent.) 

Sulphur 

(per  eent.) 

(max.) 

Phoa- 

pborus 

(percent.) 

(max.) 

Man- 
ganese 
(per  cent.) 

Soft       

2.2to2.8 
1.4to2.0 
1.2  to  l.B 

0.085 
0.085 
0.085 

0.70 

0.70 

0.7  toO.4 

0.3to0.7 

0.3to0.7 

0.60 

28,000 
30,000 
25,000 

Medium 

Bard 

varies  considerably,  an  average  value 
Also  aee^" Reports  of  Tests  of  Metals" 


The  total  range  of  tensile  strength,  taking  into  account  all  gradea  of  east 
iron,  ia  f^om  about  19,000  to  40,000  lb.  per  sq.  in.  The  compressive  strength 
ia  from  about  60,000  to  150,000  lb.  per  aq.  in.     Young^s  modulus  alao 

being  about  16X10*  lb.  per  aq.  in. 
'  (Watertown  Azaenal),  Gov.  Printing 
Office.  Waah.  D.  C;  annually. 

IT*.  Tharmal  propartiei.  The  average  specific  heat  from  20  to  100  deg. 
oent.  ia  0.119;  thermal  conductivity,  0.40  watt-cm.  per  deg.  cent.;  coelBcient 
of  linear  ezpanaion,  0.(X)00106  per  deg.  cent.,  at  40  deg.  eent. 

>TT.  Kallaabto  eaat  Iron.  Iron  castings  in  which  the  maiority  of  the 
carbon  content  ia  in  combined  form  are  annealed  at  626  to  875  deg.  cent,  for 
about  00  br.  The  combined  carbon  is  thereby  reduced  to  grapbite,  which 
occurs  in  finely  powdered  form;  in  the  skin  of  the  metal  the  carbon  is  elimi- 
nated entirely,  leaving  countless  minute  cavities.  When  the  castings 
are  made  very  thin  and  annealed  for  a  longer  j^eriod,  the  carbon  can  be  re- 
moved entirely.  If  the  castings  are  annealed  m  lime  or  fireclay,  the  carbon 
is  not  removed,  but  deposited  as  tem^r  carbon.  The  phyBicalproperties 
lie   in  the   range  between  gray  cast  iron  and  steel  castings.     The  tensile 


strength  ninges  between  40,000  and  60,000  lb.  | 
of  2  to  6  i>er  eent.  and  a  reduction  of  area  i  ' 


sq.  in.,  with  an  elongation 
to  8  per  cent. 


mouoRT  vtom 

tn.  ttm  iron,  according  to  Stoughton,  has  a  tensile  strength  of  about 
45,000  lb.  per  sq.  in.  and  a  compressive  strength  of  about  80,000  lb.  per 
sq.  in.    The  apedfie  gravity  ia  7.86. 

m.  Ingot  iron,  aa  It  recently  has  become  known  in  this  country,  is 
commerciaII]r  pure  iron  manufactured  by  the  bade  open-hearth  proceae, 
and  it  ia  cuumed  that  the  iron  content  ranges  from  B0.8  to  M.B  per  cent. 
The  tensile  strength  of  rolled  material  is  from  42,000  to  44,000  lb.  per  aq.  in.; 
dastie  Umit,  25,000  lb.  per  sq.  in.;  elongation,  25  per  cent,  in  8  in. 

m.  Thormal  properties.  The  mean  spedSe  heat  from  0  to  18  deg. 
eent.  ia  0.0086;  15  to  100  deg.,  0.1 15.  Thermal  conductivity,  at  O  deg.  cent., 
0.167  to  0.207  g-eal.  (em-oube)  iter  deg.  cent,  per  see.;   at  18  deg.   cent.. 
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PROPERTIBS  or  UATEBIALS 


0.67  w«tt-om.  per  deg.  oent.,  for  pure  iron.     Coefficient  of  Unear  expansion, 
0.0000114  per  deg.  cent.,  between  —18  and  100  deg.  oent. 

3S1.  Ueotrolytlo  Iron  malted  In  Taouo,  forged  into  half-inch  rofia  and 
annealed  at  000  deg.  cent.,  has  the  following  average  tensile  properties. 


) 


TensUe 
strength 
Ob.pw 
sq.  in.) 

Yield 

point 

(fc.p« 

sq.  in.) 

Elongation 
(per  oent.) 

Reduction 

of  area 
(percent.) 

64,800 

48.400 

S3. 3 

83.0 

Annealed  at  000  deg.  cent. 
and  cooled  in  12  hr. 

38,100 

18,000 

61.8 

87.4 

The  average  carbon  content  of  this  iron  was  0.0126  per  oent.  See  Bulletin 
No.  72,  Eng.  Exp.  SU.,  Univ.  of  Dl.,  1014. 

SSI.  Tenan*  properties  of  wroogbtiron.  The  following  properties 
were  taken  from  Campbell's  "Manufacture  and  Properties  of  Iron  and 
Steel,"  4thedition,  p.  01.  Also  see  HoUey,  "The  Strength  of  Wrought  Iron 
as  Affected  by  its  Composition  and  its  Reduction  in  Rolling,"  Trans.  A.  I. 
M.   E.,   Vol.  VI,  p.  101. 


Carbon,  per  cent 

Pboepborus,  per  cent 

Silicon,  per  oent 

Manganese,  per  cent 

Slag,  per  oent 

Ultimate  strength,  lb.  per  sq.  in 
Elongation  in  8  in.,  per  cent.. . . 
Reduction  of  area,  per  cent..-. . . 


Miniin^m 


0.016 

0.065 
0.028 
trace 
0.102 


47,478 
6.6 
7.7 


Maximum 


0.612 
0.817 
0.321 
0.007 
3.262 


00,770 
32.7 
60.8 


The  general  inSuenoe  of  reduction  in  roUine  is  to  iaereaae  the  tensile 
strength  and  the  elastic  limit,  and  diminish  the  elongation  and  the  reduction 
of  area. 

STUL 

3SS.  Carbon  iteel.  Increasing  the  carbon  content  of  steel  increases  its 
strength,  hardness,  brittleneas,  and  suaceptibiUty  to  cracldng  under  sudden 
cooling  or  heating;  it  also  diminishes  the  elongation  and  reduction  of  area  at 
fracture.  In  acid  steel,  according  to  Campbell,  each  0.01  per  cent,  of  carbon 
increases  the  strength  by  1,000  lb.  per  sq.  in.,  when  the  carbon  is  determined 
by  combustion;  or  1,140  lb.  per  sq.  in.  when  the  carbon  is  determined  by 
color.  In  basic  steel  each  0.01  per  cent,  of  carbon  increases  the  strength  by 
770  lb.  per  sq.  in.,  when  the  carbon  is  determined  by  combustion,  or  820 
lb.  when  determined  by  color. 

Phoipliorui  increases  the  tennle  strength  1,(XX)  lb.  per  sq.  in.  for  each 
0.01  per  cent.,  but  tends  to  make  the  metal  "cold  short"  or  biittle.  Bul- 
phur  does  not  alter  the  tensile  strength  appreciably,  but  tends  to  make 
the  metal  "hot  short."  Manganese  increases  the  tenrile  strength  from 
80  to  400  lb.  per  sq.  in.  for  each  0.01  per  cent.,  depending  upon  the  carbon 
present,  and  whether  the  steel  is  acid  or  basic^  it  also  increases  the  ductility 
when  hot.  Silicon  in  small  quantities  has  little  effect.  Copper  has  also 
little  effect  on  the  cold  propertiee  as  far  as  known.  Klekel  givee  a  metal 
with  a  high  elastic  limit  ana  great  toughness  under  shock.  Aluminum  in 
small  quantities  is  added  to  molten  steel  to  absorb  oxygen  and  improve  the 
fluidity;  when  present  in  the  finished  metal  it  increases  the  strength  and 
impairs  the  ductility. 

The  thermal  conductivity  of  steel  containing  I  per  oent.  of  carbon,  at  18 
deg.  cent.,  is  0.46  watt-cm.  per  deg.  oent.  The  coemdent  of  linear  expansion 
ranges  between  0.0000104  and  0.0000132  per  deg.  oent. 
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tt  hot  worUiix.  The  effect  of  hot-roUing  or  hsmmerini 
cicfaon  ateel  ia  in  general  to  increase  the  tenaile  rtrenctli  and  the  elastio 
imX,  and  to  diminieb  tlw  elongation  and  the  reduction  of  area  at  {raoture. 
m,  OninimHliy  earbooreteel  tends  to  remove  the  strains  created  by  cold 
;  and  distortion.^  In  ^neral  the  effects  of  annealing  are:  reduction  of 
1  strengtii,  elsstio  limit,  and  elastic  ratio;  increase  in  elongation  and 
um  of  area  at  fracture.  In  short,  the  process  of  annealing  tends  to 
(sMoic  the  original  properties,  and  to  improve  the  grain  or  structure. 

>M.  Heat  treatnunt.  The  finer  the  grain  or  straoture  of  steel,  in 
f»»J,  the  better  will  be  the  physical  propertiee.  When  steel  is  heated 
t>  railing  or  forging  temperature,  the  crystalline  structure  is  coarsened, 
hot  hot  working  tends  to  improve  the  structure.  The  beet  results  are  ob- 
tiuied  by  reheating  the  finished  steel  to  a  temperature  of  about  800  to  900 
deg.  eent.  and  allowing  it  to  eool  slowly  (aDnesling);  the  best  temperature 
B  any  imstaaee  depends  ujwn  the  constituents  of  the  steel.  The  proper 
kiat  treatment  of  steel  is  virtually  an  art  in  itself. 

MT.  Kard«liiiig  and  tamp«lliv.  When  earbon-eteel  is  heated  to  a 
■ediuB  red  and  quenehedin  water  or  <dl  it  acquires  the  maximum  hardness, 
becomes  brittle,  and  loses  its  ductility.  The  increase  in  tensile  strength  due 
to  hsrdeniBg  will  vary  from  about  10  per  eent.  in  steel  containing  O.IO  carbon 
to  40  per  eent.  in  steel  containing  0.75  carbon.  Hardened  steel  is  usually 
too  brittle  for  praetieal  use,  and  requires  softening  by  drawing  the  temper; 
this  is  seeompliahed  by  slowly  reheating  the  steel  until  its  color  changes  from 
white  to  thre  proper  siukIs,  ranging  anywhere  from  straw  (high  temper)  to 
popk  Oow  temper). 

IM.  CliroiiM  itael  contains  usually  from  1  to  2  per  cent,  of  chromium 
•ad  0.80  to  2  i>er  cent,  of  carbon.  It  is  characterised  by  great  hardness  and 
liigh  dastic  ratio.     Bee  "  Magnet  Steel,"  Sec.  4. 

sn.  Mangana—  steal.  Hadfield*  found  that  the  addition  of  from  2.6 
ts  ft  per  eent.  of  manmnese  to  steel  made  the  product  very  brittle,  but  after 
the  proportion  exceeded  7  per  cent,  there  was  a  return  of  strength  and  at  14 
te  15  per  cent,  of  manganese  a  very  strong  hard  alloy  .was  obtained;  above  20 
per  ooit.  a  rapid  decrease  occurs  in  strength  and  toughness.  In  its  most 
swieeable  form,  manganese  steel  contains  about  13  to  14  per  cent,  of  man- 
passe,  and  is  praetieaOy  non-mafnetio;  on  account  of  its  ex&eme  hsrdnese,  it 
a  afaaost  impoinible  to  work  it  with  machine  tools  and  it  must  be  eastJn  the 
Mroximate  form  in  which  it  is  to  be  used.  Heating  to  1,800  deg.  to  2,000 
dig.  eent.  and  qnenching  in  cold  water,  or  "  water  toughening,"  increases  the 
ksrdness  and  resistance  to  fracture;  this  is  true  of  both  cast  snd  forged  ma- 
toiaL  An  alloy  of  87  per  cent,  iron,  12  per  cent,  manganese  and  1  per  eent. 
carbon  has  a  magnetic  permeability  between  1.3  and  l.S.f  The  hardness  is 
das  partly  to  the  hardness  of  manganese^  and  also  in  large  degree  to  the  fact 
that  the  steel  is  in  the  aostenitic  condition,  which  renders  it  non-magnetic. 
0>  aeeaant  of  its  hardness  it  must  be  cast  in  the  desired  form,  sinee  it  cannot 
be  machined  and  ean  be  forged  only  with  difficulty. 

nt,  Sidcal  (teal  ordinarily  contains  1.5  to  4.5  per  cent,  of  nickel  and 
OJD  to  0.50  per  eent.  of  carbon.  About  8.S  per  cent,  of  nickel  added  to  car- 
boaetcel  wilj  increase  the  elastio  limit  nearly  SO  per  cent,  and  reduce  the 
dactilitjr  about  15  or  20  per  eent.  The  tensile  strength  is  increased  also,  but 
sat  ia  as  large  proportioa  as  the  elastic  limit.  The  notable  increase  in  elastio 
Ihait  and  elaatie  ratio  is  aeeompaaied  by  an  Increased  resistance  to  fatigue 
sndcr  npeated  stress.  In  low-carbon  steels,  the  addition  of  each  1  per  eent. 
ef  aiekel,  up  to  5  per  cent.,  inereasee  the  elastic  limit  6,000  lb.  per  sq.  in.  and 
the  tensile  strength  4,000  lb.  per  sq.  in.;  these  effects  increase  with  higher 
SCKeotsgas  of  carbon.  The  resistance  to  compression  is  also  greater.  The 
nine  of  Young's  modulus  is  the  same  as  for  carbon-steel.  Nickel  steel  has  a 
Kfhsr  resistanee  to  wear  or  abrasion  than  carbon-steel,  and  greater  resistance 
lo  eomaion.  Special  alloys  very  high  in  nickel  are  known  as  Invar  and 
Rstinite;  Invar  contains  36  per  cent,  of  nickel  and  its  coefficient  of  exxMinsion 

'Hadfield.  R.  A.  Tram.  Kmvt.  Inst,  of  Mining  Eng.,  1893,  Vol.  XXIIl, 
f  148:  Jov.  Iron  and  Steel  Inst.,  1888,  No.  2,  p.  41 ;  Proc.  Inst,  of  Civ.  Eng., 
IW-1888,  Vol.  XCIII,  Part  3,  p.  1. 

HsD,  J.  H.     "  Manganese  Steel,"  Proc.  Soe.  of  Chem.  Industry,  1914. 

tEwiog,  J.  A.     "Magnetio  Induction  in  Iron  and  Other  Metals." 


320e  DigiiiavibjV^iUU 


igle 


Sec.  4-391 


PROPERTIES  OF  MATBRTAL8 


Plktlnite  (42  per  cent,  Ni)  baa  tiia  Bune  ooeffiinent  of 
See  Colby,  A.  L.    "Nickel  Steel,"  Pnc.  A.  S.  T.  M., 


U  praotioally  lero. 
expansion  a*  glass. 
Vol.  UI,  1903. 

891.  fliUoon  steel.  *  The  addition  of  Bilioon  to  steel  appears  to  increase 
the  strength  about  80  lb.  per  sq.  in.  for  every  0.01  per  cent.,  up  to  a  content 
of  4  per  cent.;  beyond  this  point  it  severely  impairs  the  duotility.  A  steel 
containing  3.40  silicon,  0.21  carbon  and  0.29  manganese  had  a  tensile  strength 
of  106,000  lb,  per  sq.  in.;  elastic  ratio,  0.74;  elongation,  11  per  cent.;  reduo- 
tion  of  area,  14  per  cent.;  annealed  strength,  STjOOO  lb.  per  sq.  in.  Silioon  is 
used  in  electrical  sheets,  because  it  substantially  increases  the  electrical 
resistivity  and  thus  reduces  the  core  lose;  such  sheets  are  much  harder  than 
ordinary  dynamo  sheets  of  soft  steel;  see  "Magnetio  Materials**  in  this 
section.  The  thermal  conductivity  of  4  per  cent,  silioon-steel,  between  20 
and  250  deg.  cent.,  is  0.32  watt-cm.  per  deg.  cent. 

S9S.  TunSBten  Iteel  is  oharacteriied  by  ^^eat  hardness  and  toughness 
and  its  remarkable  tempering  properties.  The  tun«Bten  content  ranges 
from  0.5  per  cent,  in  ordinary  Bar  steel  to  2  to  5  per  cent,  in  finishing  and 
intermediate  steels,  4.5  to  12  per  cent,  in  self-hardening  or  air-hardeninc 
steels,  and  14  to  26  per  cent,  in  high-speed  steels.  See  Baskerville.  C. 
"The  Chemistry  of  Tungsten,  Etc.,'*  rron*.  N.  Y.  Eleo.  Soo.,  Oct  29, 1912; 
also  see  "Magnet  Steel,     Sec.  4. 

a9».  Vanadium  itoel.  The  use  of  vanadium  as  an  alloy  with  steel 
producee  more  remarkable  results  than  any  other  element  except  carbon' 
Oil-tempered  vanadium  steel  containing  0.2S  to  0.30  carbon,  0.60  manganeae, 
1.0  chromium  and  0.17  vanadium  has  oeen  found  to  have  a  tensile  strength 
as  high  as  233,000  lb.  per  sq.  in.,  elastic  ratio  96  per  cent.,  elongation  II  per 
cent.,  and  contraction  of  area  39  per  cent.  The  vanadium  content  is  usuuly 
less  than  0.3  per  cent. ;  its  effect  in  general  is  to  improve  the  tensile  properties, 
hardness  and  toughness. 

394.  ProtootiTs  coatinci  for  iron  and  steel  consist  of  the  following:  (a) 
pigments  of  various  kinds:  (b)  galvanising  or  sine  coating,  applied  by  hot' 
dipping,  electroplating  pr  dry-lieating  with  sine  dust;  (o)  coating  withalumi* 
num  alloy,  by  dry-heating  with  the  powdered  alloy;  (d)  tinmng,  by  hot- 


dipping  and  rolling;  (e)  terne  coating,  of  lead-tin,alloy, 
manner   as  tinning;  (f)  nickel-plaf' 
of  black  oxide  of  iron,  produced  oy 


iting,  of  lead-tin  alloy,  applied  in  the  aama 
ating,  applied  eleetrolytically;  (g)  coating 
y  apidication  of  oil  to  ine  metal  when  black 


hot;  (h)  enamel  coating  of  glass.  For  out-door  enmsures,  methods  (a)  and 
(b)  are  the  ones  chiefly  used,  but  neither  is  free  from  faults  or  objections. 
For  particulars  see  Wood,  M.  P.  "Rustless  Coatings;  Corrosion  and  Elec- 
trolysis of  Iron  and  Steel,"  New  York,  1905;  "Report  of  the  Committee  on 
Preservative  Coatings  for  Structural  Materials,"  1903  to  1913,  A.  S.  T.  M., 
Phila.,  Pa.;  Bulletins  No.  30,  35  and  239,  U.  S.  Dept.  of  A^culture,  Wash., 
D.  C.  Stoughton,  B.  "The  Metallurgy  of  Iron  and  Steel,"  McGraw-Hill 
Book  Co.,  Inc.,  New  York,  1911.  Cushman  and  Gardner.  *' Corrosion  and 
Presiervation  of  Iron  and  Steel,"  McGraw-Hill  Book  Co.,  Inc.,  New  York, 
1!)1Q. 

STXKI.  WISI  AMD  CABLI 

S9S.  Table  of  iteel  wlra 

(Roebling) 


Number, 

RoebUng 

gage 

Diameter 
inincbes 

Area  in 
square 
inches 

Breaking 

load  at  rate 

of  100,000  lb. 

per  sq.  in. 

Weight  in  pounds 

Per  1,000  ft. 

Per  mile 

OOOOOO 

00000 

0000 

000 

00 

0 

0.460 
0.430 
0.393 
0.362 
0.331 
0.307 

0.1662 

0.1452 

0.1213 

0.1029 

0.08G0S 

0.07402 

16,620 
14,520 
12,130 
10,290 
8,605 
7,402 

558.4 
487.9 
407.6 
345.8 
289.1 
248.7 

2,948 
2,576 
2,152 
1.826 
1,527 
1,313 

*  Hadfield,  R.  A.  Jour.  Iron  and  Steel  Inst.,  1880;  Jour.  Inst,  of  Elcc.  Eng. 
1902;  Royal  Dublin  Society,  1900  and  1904;  Tratu.  Faraday  Society,  1914., 
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Mi. 


Table  of  ataal  wir*. — Continvd 
(Roebling) 


Vwnfaer, 
SocbCns 

Diameter 

Area  in 
square 
inches 

Breaking 

load  at  rate 

of  100,000  !b. 

per  sq.  in. 

Weight  in  pounds         1 

in  inches 

Per  1.000  ft. 

Per  mile 

1 
2 
3 
4 
S 

0.283 
0.263 
0.244 
0.225 
0.207 

0.06290 
0.06433 
0.04676 
0  03976 
0.03365 

6,290 
5,433 
4,676 
3,976 
3,365 

211.4 
182.5 
157.1 
133.6 
113.1 

1,116 
964 
830 
705 
597 

8 

7 

8 

9 

10 

0.192 
0.177 
0.162 
0.148 
0.13S 

0.02895 
0.02461 
0.02061 
0.01720 
0.01431 

2,895 
2,461 
2,061 
1,720 
1,431 

97.3                   514 

82.7  437 
69.3                   366 

57.8  305 
48.1                   254 

11 
12 
13 
14 
15 

0.120 
0.(05 
0.093 
0.080 
0.072 

0.01131 

0.008659 

0.006648 

0.005027 

0.004071 

1,131                     38.0          1           201 
866           ]          29.1          1           154 
665                    22.3                     118 
503          j          16.9         ,            89.2 
407                   13.7                     72.2 

This  taUe  was  ealoulated  on  a  baaia  of  483.84  lb.  per  ea.  ft.  for  steel 
«ir«.  Iron  wire  is  a  trifle  lighter.  The  breaking  loads  were  calculated 
for  100,000  lb.  per  sq.  in.  throughout,  simply  tor  oonvenienoe,  so  that 
Ike  brakina  loads  of  wires  of  any  stren^h  per  sq.  in.  may  be  quickly 
determined  by  multipljring  the  values  gJTenin  the  table  by  the  ratio  between 
the  strength  per  sq.  in.  and  100,000.  As  a  matter  of  fact  the  strength  ranges 
bwi  46,000  lb.  for  soft  annealed  to  over  400,000  lb.  per  sq.  in.  for  hard  wire. 

IM.  OalTMlisad  steel  siKnal  wire  in  sizee  of  No.  8  and  No.  9  B.  W.G.  is 
innfsfttired  (Amer.  Steel  and  Wire  Co.)  with  approximate  breaking 
•tnngths  of  2.350  lb.  and  1,900  lb.,  respectively.  It  is  used  for  operating 
KBttphore  signals  from  levers  in  a  mechanical  interlocking  machine  (Sec.  16). 

MT.  Table  of  galTknlsed  iteel  e»bb  or  minmnurr  itrand ;  itandard 
■teel,  open-hearth  iteel,  erndbb  iteel  and  plow  steel 

(American  Steel  and  Wire  Co.) 


1 

Diam. 

(ia.) 

U>.  per 
1,000  ft. 

Ultimate  total  strength  (lb.) 

Standard 
steel  strand 

Siemens- 
Martin 
(open-hearth) 
strand 

High- 
strength 
(crucible 
steel)  strand 

Extra  high- 
strength 
(plow    steel) 
strand 

I 

1 
A 

2,250 
1,700 
1,250 
810 
610 
415 
295 
210 

61,000 

38,000 

28,400 

19,000 

11,000 

9,000 

6,800 

4,860 

4,380 

3,060 

87,400 

64,000 

47,400 

26,000 

18,000 

15,000 

11,500 

8,100 

7,300 

5,100 

120,000 
90,000 
70,000 
42,500 
27,000 
22,500 
17,250 
12,100 
10,900 
7,600 

8,500 
6,500 
6,000 
3,800 

125 
95 
76 

2,300 
1,800 
1,400 

A 

2,000 

3,300 

4,900 

Jt  special    ft -in.   Semens-Martin    strand 
!  strength  of  6.000  lb. 
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PROPERTIES  OF  MATERIALS 


S98.  TeniUa  tMta  of  it**!  iprinc  wir«,  of  beat  quality  tempered 
muaic-wire,  from  about  0.04  to  0.05  in.  in  diameter,  gave  from  342,000  to 
388,000  lb.  per  aq.  in.;  elonsation  between  1  and  2  per  cent.;  oontraetion  of 
area,  38  to  46  per  cent.  (Report  of  Teata  of  Metals,  1904;  Watertown  Araen&I>. 


iroN-riERous  mitals  akd  allots 

S99.  Propartlai  of  mUoctUaneooa  nen-fwroua  install  and  allOTi 
(Compiled  from  various  authorities) 


) 


Metal 

Density 

Strength 

(1,0001b.  per 

aq.  in.) 

s 

g 
;2^ 

.Sgx 
111 

Thermal    conduc- 
tivity (g-K»l.  pel 
em-cube  per  deg. 

cent,  per  tec.) 

Tension 

Com- 
prea- 
*ion 

3.56 

2.68 

2.70 

2.7-3.1 

7.7-8.3 

12-15 
24-40 
20-40 
15-46 
60-90 

13 

ii^ioo 

120 

9-11 

11 

0-12 

* 

Aluminum*  rolled 

Aluminum,  wire 

Aluminum,  alloyi 

Aluminum,  bronse 

23.1 
23.1 

0.34 
0.34 

8.6 

8.46 

8.5-8.0 

18-24 

40-150 

26-50 

26-56 

75-90 

30 

"so" 
i2e^i66 

0 
14 

16^12 
15 

17-22 
■  i7-22 

0.23 
0.31 

Bronte,  manganese 

8.4 

35-50 
110-140 

56-76 
06-115 

60-100 

14 

17 
17 

Bronse,  pboiphorus, 
hard-orawn. 

Bronae,     silicon,     hard- 
drawn. 
Bronse.  Tobin          

8.40 

180 

4.6 

8.5-8.9 
8.0 
8.89 

22-25 
29-35 
35-70 
45 
70-86 

40-60 

10-12 

16.7 
16.7 

0.84 
0.84 

12-16 

Delta  metal,  roUed 

13 

100 

87 

20-30 

22-27 

Duralumin 

3.8 
19.3 

Gold 

8 
10-11 

14.4 

0.70 

Lead 

11.3 

1.74 

8.87 

8.6-8.9 

11.4 

1.6-3.0 

30 
70-110 
40-85 

39 

28. 

26. 

13.8 

12.6 

11. 

0.084 
0.37 

■ ■6!i4' 

0.17 

Magnrniuin 

22-23 
24-27 

Nickel 

21.4 
10.5 
7.80 
6.87 
7.19 

30-50 

40-45 

3.5-6 

6-13 

22-28 

8.8 
19. 
21. 
26. 
26. 

0.17 
1.10 
0.15 

"olif 

Silver       

Tin 

■"is" 

4 
11-13 
11-13 

Zinc,  rolled  
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OOKCBm,  BBIOK  AMD  STOMB 
TlM  eompoaltloB  of  Mrnul  Portland  oonoBt* 


hM  bwD  tb« 


•■bieet  of  a  (rest  deal  of  inveaticatioii  and  it  can  be  laid  that  the  quantitiea 
gfaliea,  alumina,  oxide  of  iron, ume,  iDagiuaia|and  aulphuria  anhydride  can 
Taiy  within  fairly  wide  limit*  without  materiaHy  alfectins  the  quality  of  the 
material.  A  normal  American  Portland  cement  which  meeta  the  standard 
veaficationa  for  aoundneas,  aettinc  time  and  tensile  strencth  has  an  approxi- 
compoeition  within  the  following  percentage  limits: 


SHc* 

Alamina. . . 
Iron  oxide. 
Ume 


l»-26 
&-B 
2-4 

00-64 


Magnesia 

Sulphur  triozide. . 
Loss  OB  ignition. . 
InsoluMe  residue. . 


1-4 

1-1.76 
0.6-S.OO 
0.1-1.00 


It  is  also  tme  that  a  number  of  cements  have  been  igade  both  here  and 
abroad  wUeh  have  passed  all  standard  physical  tests  in  wUch  these  limits 
have  been  ezeeeded  in  one  or  more  particulars,  and  it  is  equally  true  that  a 
aoond  and  satisfactory  cement  does  not  necessarily  result  from  the  above 
eompoaition.  Defective  cement  usually  results  from  imperfect  manufacture, 
not  from  faulty  eompoaition.  Cement  made  from  very  finely  ground 
material,  tboronghly  mixed  and  properly  burned,  may  be  perfectly  sound 
when  eontaimag  more  than  the  usual  quantity  of  hme,  wliile  a  oement  low  in 
lime  may  be  entirely  unsound  due  to  careless  manufacture.  Also  see  See.  16, 
Par.  M«  «f  sag. 

MI.  Standard  methods  of  tsittaf  oement  are  described  in  Circular 
Na  S3,  Bunau  of  Standards,  pages  B  to  28.  Also  see  dreular  No.  30,  <a 
re  standard  sieves. 

Ml.  Heat  cement  is  Portland  oement  mixed  with  enough  water  to  work 
it*  and  without  the  use  of  any  aggregates  (sand,  gravel  or  stone).  When 
soeh  a  mixture  is  made  thin  enough  to  pour,  it  la  termed  grout.  Neat 
cement  is  employed  in  cementing  together  parts  of  large  porcelain  insulators, 
or  cementing  the  iasulaton  to  their  supporting  members. 

Mi.  Cnuhinc  >tr*ncth  of  oonorete.  (Smithsonian  Phys.  TaUea, 
1»10;  based  on  daU  furmshed  by  the  U.  B.  GeoL  Survey.) 


Coarse  aggregate 

Proportions  by  volume: 
cement-sand-aggragate 

Lb.  par  sq.  in. 

Randatone         

1-5-14  to  1-1-5 
1-3-  6  to  1-1-3 
1-4-  8  to  1-2-4 
1-6-12  to  1-^-4 
1-2-  0  to  1-2-4 

1,660  lo  3,860 

780  to  3,060 

1,200  to  3.840 

1.080  to  3,830 

830  to  3,960 

Cinders 

limestone 

Conglomerate 

Trao 

Test  piece*  were  124n.  cubes.  Also  see  Bulletins  of  Eng.  Exp.  8ta., 
Uaiv.  of  nl.;  publicataoa*  at  the  Geological  Survey;  publication*  of  the 
Bureau  of  Standards. 

Mi.  Wii|4>t  of  oonerote.  The  weight  of  stone  and  gravel  eonereta, 
1:2:4  mixture,  may  be  taken  as  ISO  lb.  per  cu.  ft. ;  cinder  concrete,  120  lb. 

4M.  Balnfareed  oonorete.     See  See.  23,  Par.  It  to  IT  and  Par.  t4. 

4M.  CruaUng  itrangth  of  briok.  (Smithsonian  Fhys.  Tables,  1910; 
based  on  data  furniabed  by  the  U.  S.  QeoL  Survey.) 


Kind  of  briok 

Lb.  per  *q.  in. 

Tested  flatwise 

Tested  on  edge 

Soft  burned 

1,800  to   4,000 
4,000  to    6,000 
6,000  to    8,600 
8,500  to  25,000 
1,800  to    4,000 

1,600  to    3,000 
3,000  to    4,500 
4,500  to    8,500 
6,600  to  20,000 

Medium  burned 

ntrified 

Ruid-lime             

*<)notati«ii from  Circular  No.  33,  U.S.  Bureau  of  Standard;  pp.  ISaad  19. 
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Brick  luers  laid  up  in  1  put  Portland  aement,  and  3  of  sand,  have  from  20  to 
40 per  cent,  of  the  oruahinir  strength  of  the  briok.  Also  see  "Report  of  Teata 
of  MetalB,"  Gov.  Printing  Office,  Waahington,  D.  C,  1909. 

40T.  nr»-briofe  when  tested  on  end,  at  atmospheric  temperature,  should 
exhibit  a  crushing  strength  of  more  than  1,0001b.  per  sq.  in.  Moreimportant 
is  the  ability  to  withstand  a  compression  load  of  SO  lb.  per  sq.  in.  at  1,350 
deg.  cent,  without  failure;  if  the  specimen  shows  marked  deformation  or 
contracts  more  than  1  in.  in  the  standard  length  of  9  in.,  failure  is  considered 
to  have  taken  place.  Fire-brick  should  have  average  melting  points  as 
follows,  in  deg.  cent.:  fire  clay,  1,660;  bauxite,  1,695;  ulica,  1,700;  chromite, 
2,050;  magnesia,  2,165. 

40S.  Clay  tU*.  The  strength  of  drain  tile  is  covered  by  standard 
specifications  of  the  A.  S.  T.  M.  (see  "Year  Book").  Also  see  Bulletins 
No.  31  and  No.  36,  Iowa  Eng.  Exp.  Sta.,  Ames,  la. 

409.  CnuUng  ftrength  of  ston*.  (Smithsonian  Phys.  Tables,  1910; 
based  on  data  furnished  py  U.  S.  Geol.  Survey.) 


Material 

1                 Sise 

Lb.  per  sq.  in. 

Marble 

4-in.  oubas 

7,600  to  20,700 
7.300  to  23,600 
2,400  to  29,300 
9,700  to  34.000 
6,000  to  2S,000 

Sandstone 

Granite 

4-in.  cubea 
4-in.  cubea 

44n    i<uh« 

TIMBEE 

410.  Wood  cozuiBts  of  a  skeleton  of  cellulose  permeated  by  a  mixture 
of  other  organic  aubataaoes  collectively  known  as  lignum,  and  particles  of 
mineral  matter  (or  ashes) .  Wood  dried  at  300  deg.  fahr.  is  comprised  of  more 
than  09  per  cent,  organic  matter,  and  less  than  1  pv  cent,  inorganic  or  non- 
combustible  matter.  In  100  lb.  of  wood  dried  at  wO  deg.  fahr.  will  be  found 
about  40  lb.  of  carbon,  6  lb.  of  hydrogen  and  44  lb.  of  oxygen;  the  composition 
is  fairly  uniform  for  the  different  species. 

411.  Spring  wood  and  sumznar  wood  in  coniferous  trees  are  distinguished 
by  the  different  colors  in  each  ring.  The  inner  ligbt-eolored  portion  of  a 
ring  is  termed  the  spring  wood,  and  the  outer  dark-colored  portion  is  the 
summer  wood.  In  oak  and  other  broad-leaved  woods,  however,  the  darker 
portions  are  the  spring  wood  and  the  Ughter  parts  are  summer  wood. 

41S.  Annual  or  yearly  conoentrle  rlnn  which  appear  at  the  cross-sec- 
tion of  a  log  are  so  many  thin  layers  of  wood,  forming  a  consecutive  series  of 
enveloping  cones,  each  ring  or  cone  representing  one  year's  growth.  As  a 
rule  the  rings  are  widest  near  the  jHth  or  centre  of  the  tree. 

418.  Bapwood  and  heartwood.  A  sone  of  wood  next  to  the  bark,  1 
in.  to  3  in.  or  more  wide,  of  light  color  and  containinjE  30  to  50  or  more  annual 
rings,  is  the  sapwood;  the  (urker  central  portion  is  the  heartwood.  Only 
the  outer  portions  oi  the  sapwood  assist  in  the  growing  processes  and  ul^- 
matdy  the  sapwood  changes  to  heartwood.  The  cells  oftoe  latter  are  lifeless 
and  serve  merely  a  structural  function.  The  proportion  of  sapwood  in 
coniferous  trees  constitutes  40  per  cent.  <ff  more  of  the  bulk,  and  a  much 
larger  proportion  in  young  trees. 

414.  Moisture  in  wood.  Water  occurs  in  wood  in  three  f<»'ms:  (1) 
It  forms  the  greater  part  (over  00  per  cent.)  of  the  protoplasmic  contents  of 
the  living  cells;  (2)  it  saturates  the  walls  of  all  cells;  (3)  it  wholly  or  partly 
fills  the  cavities  oi  the  lifeless  cells.  In  drying  green  wood  in  a  kiln,  from 
40  to  65  per  cent,  of  the  weight  of  the  sapwood  and  16  to  40  per  cent,  of 
the  weight  of  the  heartwood  are  lost  as  excluded  moisture.  The  weight 
is  obviously  dependent  in  large  degree  on  the  extent  of  seasoning  or  drying. 

415.  Sluinkure  takes  place  as  green  wood  is  dried,  but  does  not  com- 
mence until  the  nore  saturation  point  is  reached;  then  it  commences  to  shrink 
both  laterally  and  longitudinally,  but  the  latter  in  most  species  is  negligible. 
The  shrinkage  of  transverse  area  in  drying  from  green  to  oven-dry  condition 
(3.5  per  cent,  of  moisture)  varies  with  different  species  from  as  much  u  20 
per  cent,  with  hickory  to  as  low  as  7  per  eent.  with  red  cedar.      The  radisl 
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■hrittkage  in  poles  is  usually  amall;  the  circumferential  shrinkaee in  chestnut 
polea  1  year  after  cutting  has  been  found  not  to  exceed  1  per  cent. 

416.  Bpseiflo  (TkTlty  and  fibre  saturation  point.  The  following  table 
Tas  abstracted  from  Circular  No.  108,  "  The  Strength  of  Wood  as  Influenced 
by  Moisture,"  by  H.  D.  Tiemann,  U.  S.  Forest  Service,  p.  11. 


Species 
(small  test  spedmans) 


Average 

density 

(kiln-dry) 


Per  cent. 

moisture 

at    fibre 

saturation 


Lone-leaf  |une 

Red  spruce 

Chestnut 

Loblolly  pine,  green  heartwood. . . 
Loblolly  pine,  air-dry  heartwood.. 

Loblolly  pine,  green  sapwood 

Loblolly  pine,  air-dry  sapwood. . . 

White  ash 

Red  sum,  air-dry 

Dou^as  fir 

Norway  pine,  heartwood 

Norway  pine,  sapwood 

Tamarack 


62 
38 
48 
59 
97 
47 
S5 
0.79 
0.52 
0.58 
0.42 
0.44 
0.54 


25 
31 
25 
23 
24 
24 
26 
20 
25 
23 
30 
28 
30 


41T.  Spaoiflo  heat  of  oven-dry  wood,  baaed  on  100  determinations  with 
20  different  species,  was  found  to  be  represented  by  the  formula 


8p.  heat-0.266+0.00116( 


(21) 


for  a  range  from  0  deg-  to  106  deg.  cent.  The  average  was  0.327,  with  a 
maximum  of  0.337  (for  londeaf  pine)  and  a  minimum  of  0.317  (for  chestnut). 
The  material  tested  showed  a  variation  of  from  3  to  20  ring8j>er  cm.  and  a 
range  of  0.40  to  0.50  in  density.  See  Bulletin  No.  1 10,  U;  S.  Forest  Service : 
1912. 

4iS.  Standard  namsi  and  standard  defects  of  stmotaral  tlmbsr 
were  defined  and  adopted  by  the  Amer.  Soc.  for  Testing  Materials,  on  Sept. 
1, 1907;  see  "  Year  Book." 

419.  Keot  of  moiatore  on  strength.  Moisture  is  found  in  green  wood 
in  two  states — that  which  is  in  the  walls  of  the  cells  and  that  which  fills  the 
pores.  The  latter  has  no  influence  on  the  strength.  The  point  at  which  the 
cell  walls  become  saturated  with  water,  although  the  pores  may  continue  to 
absorb  it,  is  termed  the  fibre  saturation,  point,  when  the  absorption  of 
moisture  continues  past  the  fibre  saturation  point,  there  is  no  further  swell- 
ing of  the  wood  and  no  further  effect  upon  the  strength. 

Green  timber  is  in  general  weaker  than  seasoned  or  dr^r  timber,  except  as 
to  shearing  resistance  parallel  to  the  grain.  While  reduction  of  the  moisture 
content  tendi  of  itself  to  increase  the  strength,  the  seasoning  process  also 
has  a  counter-tendency  or  weakening  effect  wnioh  results  from  the  for  mation 
of  cheeks.  The  increase  in  strength  due  to  drying  is  especially  marked  in 
smaU  pieoss  free  from  defects,  but  lar^  timbers  almost  invariably  form 
checks  during  seasoning  and  it  is  not  in  general  safe  to  count  upon  any 
increase  in  strength.  In  the  case  of  structural  timbers  it  is  safest  always  to 
5letermine  the  strength  from  tests  on  pieces  of  the  sise  and  in  the  condition 
in  which  they  will  be  used.  For  further  particulars  see  Bulletin  No.  70, 
Bulletin  No.  108  and  (Ocular  No.  108,  U.  S.  Forest  Service,  Wash.,  D.  C. 

4t0.  WorUng  unit  itraiSM  for  structural  tlmbsr,  as  adopted  by  the 
American  Railway  Engineering  Association,  are  given  in  the  table  below. 
The  working  unit  stresses  given  in  the  table  are  intended  for  railroad 
bridges  and  trestles.  For  highway  bridges  and  trestles,  the  unit  stresses 
may  be  increased  25  per  cent.  For  buildings  and  similar  structures,  in  which 
the  timber  is  protected  from  the  weather  and  practically  free  from  impact, 
the  unit  stresses  may  be  increased  50  oer  cent.  To  compute  the  deflection 
of  a  beam  under  long  continued  loading  instead  of  that  when  the  load  _  is 
fint  applied,  ooty  50  per  eent.  of  the  corresponding  modulus  of  elasticity 
liven  in  the  table  i*  to  be  employed. 
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411.  TmU  of  mapU  and  hlekarr 

(Lb.  per  sq.  in.) 


Elastic  Hmit 

Maamam  load              1 

Aver. 

MaT. 

Min. 

Aver. 

Max. 

Min. 

Maple. 

Hickory 

8899 
8063 

99JS0 
91S0 

7370 
7440 

14,130 
18,000 

17,600 
17,100 

9,800 
13,900 

Bee  Qrenlar  No.  42  and  BuUetin  No.  80,  U.  8.  Forest  Servioe,  Wash.,  D.  C. 

Mt.  Itandard  ipaeUleatioiu  for  yaUow-jpin*  bridce  and  treaUe 
tlmlMra  were  adopted  in  1910  by  the  Amer.  Boo.  for  Testing  Materials: 
see  1914  "Year  Book,"  pp.  352  to  3M. 

4St.  WtUht  and  Maaonlnc  of  polei.  The  dry  weight  of  eedar  is  20.7 
lb.  per  cu.  ft.  Oreen  eedar  poles  weigh  approximately  35  to  40  lb.  per  eu. 
ft.  when  cut,  and  fall  to  about  25  lb.  per  ou.  ft.  in  10  to  18  months  of  seasoning. 
Air-dry  cedsr  contains  about  20  per  cent,  of  moisture  and  weighs  from 
0S  to  '0  per  cent,  of  the  green  weight. 

The  dry  weight  of  chestnut  is  28.1  lb.  per  cu.  ft.  Oreen  chestnut  poles 
weigh  approximately  52  to  56  lb.  per  cu.  ft.  when  cut,  and  fall  to  40  to  45  lb. 
per  cu.  ft.  in  8  to  24  months  of  seasoning.  The  specific  gravity  of  green 
ehestmit  is  0.85  to  0.86. 

All  thin^  considered,  winter-cut  ijolea  are  the  moet  desirable.  They 
season  more  recidarly  and  are  more  immune  to  decay  than  thoee  cut  in 
other 


4M.  WorUnr  unit  ihuMsl  for  wood^lel,  adopted  by  the  N.  E.  L.  A. ' 

and  the  A.  E.  R.  E.  A.,  t  are  as  follows,  in  lb.  per  sq.  in. 


Eastern  white  eedar 

Chestnut 

600 
850 
850 
850 
1160 
1000 
800 

Douglu  flr       

900 
950 
700 
800 
650 
600 
5S0 

White  oak 

Washington  eedar 

Idaho  cedar 

Bald  csrpreM  (beartwood). 

Port  Orford  cedar 

Looc-leaf  yeUpw  pine 

Short-leaf  yellow  pine 

Catalpa. 

Juoiper. , 

The  above  valuee  apply  to  bending;  in  compreesion  the  above  values 
should  be  multiplied  by  the  factor  (l—Zi/60/>),  where  Iiia  the  length  in 
inches  and  D  is  the  least  side  or  diameter  in  incnee. 

4M.  Dooar  and  Its  prarsntlon.  At  ordinary  temperatures  wood  is  a 
very  stable  compound  and  unless  attacked  by  living  (mmtiisms  it  remains 
the  same  for  centuries,  either  in  air  or  'under  water.  Bacteria  and  fungi 
are  the  chief  enemies  of  wood,  and  they  thrive  best  with  warmth  and  abun- 
dance of  moisture  and  air.  Contact  with  the  ground  reeults  in  the  most 
favoraUe  condition  for  fungus  growth;  the  higher  temperatures  near  the 
surface  of  the  ground,  together  with  the  prevalence  of  spores,  cause  decay 
to  start  sooner  at  the  surf aoe  than  2  or  3  rt.  below  the  surface.  Perfect  sea- 
soning, together  with  the  use  of  means  of  protection  against  the  entrance 
of  mowture,  and  impregnating  compounds  (creosote  or  Bichloride  of  sine) 
which  prevent  fungi  from  feetung  on  the  wood,  are  the  best  means  of  preser- 
vation. The  sapwood  is  more  vulnerable  than  heartwood,  but  wood  cut  in 
the  late  foil  or  winter  is  more  durable  than  that  cut  in  the  late  spring  or 
summer.  The  different  speciee,  however,  differ  materially  in  their  reeistance 
to  decay.  See  "Wood  Preservation  in  the  U.  8.,"  by  W.  F.  Sherfeeee;  U.  S. 
Fonat  Service,  Bulletin  No.  78;  1909. 

4M.  Watliodg  of  appbiac  praterratlTei.  The  dceed-tank  method 
is  employed  where  it  is  aeairable  to  treat  each  entire  stick  or  member, 
such  as  cross-ties  and  cross-arms.  In  the  pressure  process  live  steam  is 
first  admitted  for  a  time;  next  this  is  withdrawn  and  a  vacuum  established; 

*  Report  of  the  Joint  Committee  on  Overhead  Line  Construetiont  1913. 
t  R^ort  irf  the  Committee  on  Power  DistributioQ;  1913. 
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finally  the  praerratiTe  ic  introduced  under  preeaure.  Thia  method  aecurea 
the  maximum  penetration  and  absorption. 

The  open-tank  treatment,  hot  procne  at  atmoapherio  preeaure,  ia  used 
extenalvely  for  treating  the  butte  of  polee.  The  penetration  in  open-grairied 
porous  wood  ie  from  0.75  to  1.00  in.,  and  in  dense  wood  from  0.25  to  0.50  in. 
The  brush  treatment  secures  a  penetration  ranging  from  0.06  to  0.2S  in., 
or  from  two  to  three  annual  rings..  The  abeorption  in  all  cases  is  increaaed 
by  seasoning.     Also  see  Bulletin  No.  78,  U.  8.  Forest  Service.  1909. 

417.  Btranctb  of  treated  timbar.  Talbot  eoncluded  from  his  teata  of 
timber  (Bulletin  No.  41,  Eng.  Exp.  Sta.,  Univ.  of  III.,  1000;  also  see  Foreat 
Service  Circular  No.  39)  that  creoaoting,  under  ordinary  pnotioe,  deorvaaes 
the  strength  and  the  stiffness. 

»OPB  AHO  BU.TINO 

41t.  Huilla  rape.  The  weight  of  Manila  rope,  baaed  on  the  teats  of  the 
C.  W.  Hunt  Co..  is  expressed  by  the  formula 

Wt.  perft.-0.34<f  Ob.)  (22) 

where  d  ia  the  diameter  in  inches.    The  tensile  strength  ia  given  by  the  formula 

r-7,18(W»  (lb.)  (23) 

where  T  is  the  total  strength  of  the  rope  and  d  is  the  diameter  in  inohea. 
Kirsch  concluded  from  his  tests  that  a  rope  having  a  diameter  of  1  in.  would 
have  an  average  breaking  strength  as  lollows:  Xtallan  hemp,  9,910  lb.; 
Hungarian  hemp,  9.293  lb.;  Manila  rope,  7,100  lb. 

The  Plymoutn  Cordage  Co.  gives  the  following  rules  for  Manila  rope;  the  • 
weight  per  ft.  is  equal  to  the  square  of  the  diameter  in  inches,  multiplied  by 
0.34;  the  brealdog  strength. ts  equal  to  the  square  of  the  diameter,  multiplied 
by  7,500;  the  maximum  permissible  tension  (rope  drives)  is  equal  to  the 
square  of  the  diameter,  multiplied  by  200. 

The  C.  W.  Hunt  Co.  gives  factors  of  safetv.  for  commuting  the  allowable 
working  loads,  approximately  as  follows:  tackle.  7;  hoisting,  18;  tranamia- 
sion.  36.     The  efficiency  of  knots  in  rope  ranges  from  50  to  90  per  cent. 

For  further  data  on  tests  of  rope,  see  "Testa  of  Metala,"  reporting  Water- 
town  Arsenal  tests,  Oov.  Printing  Office,  Wash.,  D.  C. 

4M.  Dancer  of  metal  filament*  or  itranda  in  ropo.  Metal  filaraenta 
are  sometimes  introduced  in  ropes  to  give  added  strength;  when  such  ropea 
are  used  by  linemen  they  become  exceedingly  dangerous,  owin^  to  the  proba- 
bility of  oommunieating  electrical  ahock.  Similar  danger  exists  from  tape 
lines  made  of  a  fabric  base  and  containing  metal  threads. 

4M.  Leathar  belting  weighs  about  60  lb.  per  eu.  ft.  and  has  a  tensile 
strength  of  from  2,000  to  5 ,0(X)  lb.  per  sq. in. ,  or  an  average  of  about  060  lb.  per 
in  of  width  of  single  belt.  See  tests  of  leather  belting  in  Watertown  Arsenid 
Reports  ("Tests  of  Metala")  for  1893,  Oov.  Printing  Offioe,  Waah.,  D.  C. 
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PROPERTIES  OP  THE  ELEMENTS 

4St.  Atomle  walrbti,  dnuttlM,  ipedfle  heata  and  meltinc  pointa 
of  tlM  •leinenta  in  solid  or  fluid  state.  Compiled  from  International 
atomic  weights  (1914),  "Smithsonian  Phys.  Tables"  (1910)  and  Circular 
No.  35  of  the  Bureau  of  Standards  (1912). 


Element 

'LT 

Atomic 
weight 

Density 

Specific 

Melting 
point 
(deg.  cent.) 

Aluminum 

Al 

27.1 

2.70 

0.212 

658.7 

Antimony 

Sb 

130.2 

6.69 

0.049 

630 

Argon. 

Arsenic 

A 
As 

39.88 
74.98 

1.40 
5.73 

-188 
860 

0.084 

Barium 

Ba 

137.37 

3.75 

0.068 

860 

Bismuth 

Bi 

208.0 

9.78 

0.030 

»  271 

Boron 

B 

11.0 

2.55 

0.307 

2360 

Bromine 

Br 

79.92 

3.15 

0.107 

-7.3 

Cadmium 

CM 

112.4 

8.87 

0.055 

820.9 

Caesium 

Cs 

132.81 

1.88 

0.048 

26 

Calcium 

Ca 

40.07 

1.52 

0.170 

810 

Carbon 

(; 

13.00 

3.51 

0.113 

>3600 

Cerium 

Ce 

140.26 

7.02 

0.045 

640 

Chlorine 

CI 

35.46 

1.507 

0.228 

-101.6 

Chromium 

Cr 

52.0 

6.92 

0.104 

1520 

Cobalt 

Co 

58.97 

8.71 

0.103 

1478 

Oilambiam 

Copper 

Cb 
Cu 

93.5 
63. S7 

7.25 
8.89 

2200 
1083.0 

0.092 

Dysprosium.  ^. 

Erbium 

Dy 

162.5 

e" 

Eu 

167.4 
152  0 

4.77 

Fluorine 

Gadolinium.. .  . 
Gallium 

F 

Gd 

Ga 

19.0 

157.3 

69.9 

1.14 

-223 

5.93 

0.080 

30 

Germanium.. . . 

Ge 

72.5 

5.46 

0.074 

958 

Glucinum 

Gold 

Gl 

Au 

He 

Ho 

H 

In 

9.1 
197.2 

3.99 
163.5 

1.008 
114.8 

1.98 
19.33 

0.032 

1063.0 
<-271 

Helium 

Holmium 

Hydrogen 

Indium 

0.070 
7.27 

-259 
155 

0.057 

Iodine 

1 

126.92 

4.8 

0.054 

113.5 

Iridium 

Ir 

193.1 

22.42 

0.032 

2300 

Iron 

K« 

55.84 

7.865 

0.115 

1530 

Krypton 

Kr 

82.92 

-169 

320o 
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Element 

^Gi- 

Atomic 
weight 

Density 

Specific 

Meltins 

point 

(deg.  cent.) 

lanthanum 

Lead 

La 

Pb 

Li 

Lu 

Mg 

Mn 

Mo 

Nd 

Ne 

Ni 

Nt 

N 

0* 

0 

Pd 

P 

Pt 

K 

Pr 

Ra 

Rh 

Rb 

Ru 

Sa 

Sc 

Be 

Si 

^a 

Br 

8 

Ta 

Te 

Tb 

Tl 

Th 

Tm 

Sn 

Ti 

W 

U 

V 

Xe 

Yb 

Y 

Zn 

Zr 

139.0 
207.10 
6.04 
174.0 
24,32 
64.03 
200.6 
96.0 
144.3 
20.2 
58.68 
222.4 
14.01 
190.9 

16.00 
106.7 
31.04 
195.2 
39.10 
140.6 
226.4 
102.9 
85.46 
101.7 
150.4 
44.1 
79.2 
28.3 
107.88 
23.0 
87.63 
32.07 
181.6 
127.6 
159.2 
204.0 
232.4 
168.6 
119.0 
48.1 
184.0 
238.5 
51.0 
130.2 
172.0 
89.0 
65.37 
90.6 

6.16 
11.37 
Q.634 

0.046 
0.030 
0.85 

810 

327.4 

186 

Utbium 

Lutecium 

Magneeium 

Manganese 

Mercury 

Molybaenum. . 

1.72 

7.4 

13.55 

8.5 

0.249 
0.111 
0.038 
0.064 

651 
1260 
-38.7 
2500 
840 
-253 
1452 

Neon 

Nickel 

Niton 

8.80 

0.100 

Nitrogen 

Osmium 

Ongen 

PaUadium 

Phospborus 

Platinum 

Potaaaium 

0.83 
22.6 

1.14 
11.4 

2.34 
21.46 

0.87 

6.476 

-210 

2700 

-218 

1649 

44 

1766 

62.3 
9tO 

o.osi 

6.059 
0.10 
0.032 
0.170 

Radium' 

Rhodium 

Rubidium 

12.4 

1.632 
12.3 

7.75 

0.058 

1040 

38 

>1950 

1350 

Ruthenium 

0.061 

Selemum 

Silicon 

Silver 

4.56 
2.1 

10.6 
0.971 
2.64 
2.05 

16.6 
6.26 

0.068 
0.176 
0.066 
0.253 

218.6 
1420 
060.5 
97.6 

Sodium 

Sulphur  (81)... 

Tantalum 

Tellurium 

o.m 

0.033 
0.048 

452 

Thallium 

Thorium 

11.85 
11.0 

0.033 
0.027 

302 
>1700 

Tin 

7.30 
3.5 
18.85 
18.7 
6.6 
3.62 

0.054 
0.110 
0.034 
0.028 
0.116 

231.0   • 
1796 
3000 

Titanium 

Tun^ten 

Vanadium 

1720 
-140 

Yttrium  .      ... 

3.8 

7.19 

4.14 

Zinc 

0.003 
0.066 

419.4 
1700 

Zirconium 

4S8.  Deiuitr  of  water,  from  0  to  100  deg.  cent.  (Oroular  No.  19,  Bureau 
f  Stendards). 


Temp. 

Density 

Temp. 

Density 

Temp. 

Denrity 

Temp. 

Denrity 

0 

4 

10 

16 

20 

0.09987 
1.00000 
0.99973 
0.99913 
0.99823 

26 
30 
35 
40 
45 

0.99707 
0.99567 
0.99406 
0.99224 
0.99024 

50 
65 
60 
66 
70 

0.98807 
0.98673 
0.98324 
0.98059 
0.97781 

75 
80 
86 
90 
100 

0.97489 
0.97183 
0.96865 
0.96534 
0.95838 

S20p 


d  by  Google 


PROPSSTIBS  OP  MATESIALS 


Sec.  4-434 


4M.  ■paetfin  hoftt  of  wator,  from  0  to  100 
Phy>.  Tablea,  1010). 


g.  cent.    (SmithBonian 


Temp.      Sp.  ht. 

Temp. 

Sp.  ht. 

Temp. 

Sp.  ht. 

Temp. 

Sp.  ht. 

0 
10 
15 

1.0004 
1.0023 
1.0003 

20 
30 
40 

0.9990 
0.9976 
0.9974 

50 
60 
70 

0.9980 
0.9904 
1.0015 

80 

80 

100 

1.0042 
1.0070 
1.0101 

4SS.  Atmospbailo  air*  coataitu  oxygen,  nitro^n,  carbon  dioxide,  water 
Tapor  and  argon.     The  conatituents  of  pure  dry  air  are  as  follows: 


By  weight,  per  oent. 

By  volume,  per  cent. 

75.60 

23.20 

1.3 

78.06 

21.00 

0.94 

Oxygen 

100.00 

100.00 

Free  air  contalna  from  3  to  4  parta  of  CO>  in  10,000  parts  by  volume. 
The  atandard  atmospherio  presaure  is  29.92  in.  (760  mm.)  of  mercury.  The 
amount  of  water  vapor  coinained  in  cur  dependa  upon  the  temperature  and 
tile  degree  of  saturation;  the  ratio  of  the  amount  of  vapor  actually  present 
to  that  amount  required  to  saturate  the  air  is  termed  the  relative  humidity. 
See  "Smithsonian  Physical  Tables,"  5th  rev.  ed.,  1910. 

4M.  Waifht  of  dry  air.  Computed  from  the  formula  w -[1.293062/- 
(l-l-0.00367nKi/7eO),  the  wraght  of  a  liter  of  dry  air  at  20  deg.  oent.  and 
a  priseme  of  760  mm.  of  mercury  (at  0  deg.  cent.)  is  1.2046  g.;  I  is  in  deg. 
c^i.  and  h  in  mm.  of  mercury  at  0  deg.  cent.  (Bureau  of  Standards).  The 
foOowing  table  gives  the  weight  in  grams  per  liter  of  dry  air  containing 
0.04  per  cent,  of  COi  (Bur.  of  Stds.). 


Temp,  in 
dec.  cent. 

Barometer,  in  mm.   (0  deg.   cent.,  standard  gravity)   1 

720 

730 

740 

750 

760 

770 

15 
20 
25 
30 

1.1611 
1.1412 
1.1220 
1.1035 

1.1772 
1.1571 
1.1376 
1.1188 

1.1933 
1.1729 
1.1532 
1.1342 

1.2095 
1.1888 
1.1688 
1.1495 

1.2256 
1.2046 
1.1844 
1.1648 

1.2417 
1.2205 
1.2000 
1.1801 

4tT.  TlM  ipedflc  heat  of  air.  Regnault's  mean  value  of  the  specific 
best  of  air  at  constant  pressure  is  0.2375;  nitrogen  0.2438;  oxygen,  0.2175; 
hydrogen,  3.400.  Taking  into  account  the  temperature,  the  specific  heat 
of  air  at  eoostant  presaure  is 

C  -  0.24112  +  0.000009*  (24) 

whsre  C  m  expressed  in  B.t.a.  per  lb.  and  ( is  in  deg.  fahr. 

'Greene,  A.  M.  Jr.  "The  Elements  of  Heating  and  Ventilation;" 
John  Wiley  A  Sons,  New  York,  1913;  Chap.  II. 
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SECTION  6 


MAGNETS 

BY  CHARUKS  B.  miDBBHILI. 

OBHXBAL 

1.  A  mftffn«t  is  a  body  which  poaeenes  the  ^»roperty  of  attrMtiiic  i 
netio  tulwtaacefl.     All  magnets  may  be  divided  into  two  claneB,  i.e.,  pertoa- 
nent  magnets  and  electromagnets, 

S.  A  perxn&neiit  in»cnet  is  one  which  retains  a  nearly  constant  value  of 
m.m.f.  for  an  indefinite  period.  The  permanent  magneta  used  in  practioe 
are  made  of  hardened  steel  and  ar^  magnetised  by  placiniE  them  in  a  strons 
magnetic  field.  * 

5.  An  eleotromaffnet  or  temporary  magnet  is  one  in  which  the  ma^etio 
field  is  produced  by  an  electric  current.  In  ita  simplest  form,  it  conaxsta  of 
a  helix  of  conducting  material  which,  when  energised  by  an  electric  current. 
poaaeases  many  of  the  magnetic-field  cbaracteristica  of  a  permanent  macnet. 
Since  soft  iron  is  capable  of  being  magnetised  to  a  high  degree  and  retains 
very  little  permanent  magnetism,  with  the  result  that  the  magnetic  field  may 
be  varied  m  great  degree  by  r^ulating  the  strength  of  the  current,  electr<^ 
magnets  are  usually  provided  with  soft-iron  eortB. 

PBailAKUIT  BCAairiTS 

4,  Permanent  maffneta  are  lued  where  a  constant  field  Is  desired,  as 
in  electrical  inatruments,  magneto-generators,  etc.  In  order  to  retain 
its  Btrengtb,  a  permanent  magnet  should  have  as  short  an  air-gap  aa 
poatiible  and  the  ratio  of  its  length  to  its  cross-sectional  area  should  be  great. 
Unless  j^roper  precautions  are  token,  the  ffteel  is  likely  to  crack  and  warp  in 
hardening. 

i.  Permanent  ma^neti  Iom  a  portion  of  their  oriftnal  magnetiam 
when  used  for  a  long  time,  so  that  they  become  what  is  termed  aged. 
Those  used  in  instruments,  magnetos,  etc.,  are  artificially  aged  in  the 
process  of  manufacture.  This  is  accomplished  in  various  ways.  One 
method  of  agins  magnets  for  watt-hour  meters  is  to  pass  them  several 
times  through  a  oath  of  boiling  water  or  oU  and  then  to  demagnetise  them 
to  about  7  per  cent,  of  the  original  value  by  rotating  a  copper  disc  between 
the  poles.  Another  method  is  to  place  a  large  number  of  magnets  parallel 
to  each  other,  with  a  copper  strip  between  the  poles,  ancUthen  to  demagnetiae 
them  by  passing  a  strong  current  through  the  strip.     (Also  see  Par.  10.) 

6.  Permanent  maffneti  are  made  from  the  best  grade  of  crucible 
tungsten  steel  which  contains  about  5  per  cent,  of  tungsten,  a  small 
percentage  each  of  chromium  and  mangaaeee,  and  from  0.63  to  0.60  per 
cent,  carbon.  Domestic  steel  of  this  vanety  is  found  to  be  equal  to  or  better 
than  any  imported  magnet  steel. 

T.  Details  of  manufacture.  The  practice  of  the  Sangamo  Electric 
Co.  is  as  follows:  After  preliminary  tests,  the  steel  bars  are  sheared  cold 
and  then  heated  in  a  special  fuel-oil  furnace  so  arranged  that  the  produeta 
of  combustion  do  not  come  directly  in  contact  with  toe  steel.  The  pieoea 
are  forged  at  a  bright  red  heat,  in  a  large  press,  using  but  one  heat  if  posaibie. 
A  vertical  type  press  is  preferred  to  the  "buU-doier"  tvpe.  The  pif'cea 
are  then  allowed  to  cool  in  the  air,  if  no  drilling  is  required;  or,  if  drilling  is 
necessary,  they  are  packed  in  mica  dust  to  prevent  air^hardening,  which 
takes  place  to  a  certain  extent  eren  with  steel  containing  no  more  than 
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5  Iter  cent,  ol  tuncsten.  The  pieces  are  then  grouzul  to  dimenaioiu,  tumbled 
to  remove  all  scale,  and  heated  in  a  fuel-oil  furnace,  arranged  with  a  recording 
pyrometer  for  checkinc  the  temperature.  The  next  operation  it  the  bardra" 
IBS  or  tempering. 

S.  Tlie  hardening  prooeBi  is  carried  on  in  a  darkened  room  so  Uiat  the 
operator  oa&  jadge  the  heat,  aside  from,  the  information  obtained  from  the 
pyrometer.  The  pieces  are  brought  to  a  temperature  of  840  deg.  to  S60 
dec*  cent.,  the  proper  temperature  varying  according  to  the  carbon  content, 
and  are  Quencnea  in  pure  running  water  at  a  temperature  varying  from 
40  deg.  fahr.  in  winter,  to  70  deg.  fahr.  in  summer.  During  nardeniog 
thejHccea  are  held  in  special  tongs  or  clamps  to  prevent  springing;  they  are 
uain  tumbled  to  remove  all  scue^  and  then  given  any  final  miish  grinding 
that  may  be  required. 

9«  Manetixinf  I>rooeM.  The  pieces  are  magnetised  by  placing  them 
in  apeeiaTjaws  which  form  the  pole  pieces  of  a  powerful  electromagnet,  and 
aofficieiit  current  is  then  switched  on,  for  a  brief  period,  to  force  toe  maxi- 
nom  magnetic  flux  through  them. 

10.  Artificial  mglnc.  The  magnets  are  artificially  aged  by  placing  them 
in  oil  and  heating  to  a  temperature  of  250  de^.  faiir.  for  about  one-half 
hoar,  after  which  they  are  placed  on  a  vibrating  or  humming  device  for 
vibration  aging;  the  latter  treatment  reduces  the  strength  of  the  magnet, 
but  not  so  much  aa  the  heat  aging.     (Also  see  Par.  5.) 

11.  Precautioxu  in  handling.  After  being  japanned,  the  magnets  are 
tested  for  field  strength  and  laid  away  in  a  tray.  In  handling,  precautions 
should  be  taken  to  prevent  undue  throwing  about  after  magnetising  and 
aging:  but,  unless  the  magnet  has  a  long  ai>^ap,  it  is  found  that  no  particular 
care  ia  necessary  to  prevent  further  loss  in  strength.  In  case  a  magnet 
has  a  loBg  air-gap,  as  in  magneto  field  magnets,  a  keeper  is  placed  across 
the  poles. 

KLICTKOMAONBTB 

11.  A  continaona-oniTait  deotromacnet  ia  one  which  ia  deaigned 
for  operation  from  ootttinuoua-ciirrent  oirouita.  In  thla  ciaaa,  the  efleetfl 
of  mdnetaaea  are  notioeable  only  wlwn  the  magnet  ia  awitched  in  or  out 
of  eirctnt  and  while  it  is  doing  work. 

U.  Aa  «lt«nmtlTig-eurrent  electromagnet  ia  one  which  ia  deaigned 
for  operation  from  altemating'Current  cirouita.  In  this  case  the  magnitude 
and  the  direction  of  the  current  are  varying  periodically;  hence  the  effecta 
ct  iodttcta&oe  are  so  great  aa  to  require  the  oeaign  of  the  coil  and  other  parte 
to  be  radically  different  from  thoae  for  continuous-current  circuits,  although 
the  laws  goreming  the  pulls  are  aimilar. 

14.  Vies.  There  are  ao  many  uaea  for  electromagnets  that  it  would  be 
a  eoDsiderable  task  to  enumerate  them  all,  but  in  most  cases  their  uses  are 
faniiliar.  They  are  being  used  in  increasing  quantities  in  the  electrical 
eontrol  of  machines  wherein  mechanical  devices  were  formerly  employed. 
In  general,  they  may  be  divided  into  two  classes. 

II.  A|H>rt»tlTa  eleetromagnet  ia  one  designed  for  holding  or  lifting  only; 
that  is,  it  is  merely  intended  to  grip  and  hold  in  place  material  brought  In 
eoDtsct  with  it. 

M.  A  tractlTa  electromacnet  ia  one  deaigned  to  pull  a  load  through  a 
■*!.«. ''^•.  and  thus  do  work. 

TTPS8  or  ELXCTKOMAONITB 

IT.  A  Mrienold  is  a  winding  of  insulated  conductor  consisting  of  a  series 
d  superimpoMd  helices  of  right  and  left  pitch.  It  it  the  bsata  of  all  of  the 
eomnion  forms  d  electromagnets. 

U.  A  soimoid-aad-plunger  is  a  solenoid  mounted  on  a  suitable  non- 
nscDetio  bobbin  or  spool  and  provided  with  a  movable  bar  of  soft  iron  or 
ilea  called  a  plunger.  When  the  coil  is  energised,  the  plunger  becomes 
nagnetised  by  the  influence  of  the  magnetic  flux  from  the  current  in  the  coil, 
sofT  mutual  attraction  then  takes  place  between  the  coil  and  the  plunger. 
If  the  force  of  attraction  is  great  enough  to  overcome  the  load,  the  plunger 
will  advance  into  tiie  coil  until  their  magnetic  centers  coincide,  and  {^here- 
after no  more  work  oan  be  done  unless  the  relative  positions  of  the  oou  and 
th*  idnosn  k«  >fain  ebsaged  by  external  means.   • 

82a  '      ■        & 
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19.  An  Iron-elad   lolenold  is   a  solenoid-and-plunser  provided    with 

an  iron  or  steel  frame  or  jacket.     The  effect  is  to  confine  the  magnetic  field 

within  the  limits  of  the  frame.     When  provided  with  a  stop,  as   in  Fig.    1, 

this  type  is  commonly  known  as  a  pluniTO^  electroniaffiie^. 

SO.  A  bar  electromaffnet  is  a  8o1enoid>and-plunKer  with 

the  plunger  inserted  in  the  solenoid  and  rigidly  fixed  in  pooio 

tion. 

tl.  A  horseghoa  electromafnet  is  a  bar  electromagnet 

F I  o  .    1.  —     bent  into  U  form  in  order  to  bring  the  pole  ends  near  to- 

Plungv   elec-   gether.    The  practical  typo  consists  of  twobar  el9ctroina.C— 

tromagnet.  nete  magnetically  joined  together  at  one  end  by  means  of 

a  TOke  or  backiron.     Both  coils  are  usually  wound  in  the 

eame  direction  ana  their  inside  wires  connected  together.     The  anaatur« 

ooneiaia  of  a  piece  of  soft  iron  or  steel  of  sufficient  length  to  bridge  the  gap 

from  pole  to  pole,  and  of  cross-section  great  enough  to  conduct  the  flux 

economically. 

SI.  An  iron-clad  eleetromagnet  is  a  bar  electromagnet  inserted  in  a 
•oft-iron  or  steel  cup,  so  that  the  rim  of  the  cup  and  the  core  of  the  eleo- 
tromagnet  form  the  attracting  surfaces  (or  polos)  for  the  armature,  which 
usually  consists  of  a  disc  of  soit  iron  or  steel. 

SI.  Modified  ^pet.  There  are  many  modifications  of  the  abovo  funda- 
mental types.  For  instance,  plunger  electromagnets  are  sometimes  made  in 
the  horsesnoe  form,  and  a  modification  of  the  horseshoe  electromagnet  will 
be  recognised  in  the  iron-clad  electromagnet.  Fn  some  telephone  relays,  an 
angle-iron  is  employed  instead  of  the  shell  or  cup. 

OKNK&AL  THBOET  OF  ILBOTKOMAONSTS 

S4.  MaxweU'i  fundamental  equation  for  the  pnU  applies  etricUy  to 
a  portative  electromagnet  consisting  of  a  bar  electromagnet  separated  at  ita 
middle  and  having  a  hypotbetically  sero  air-gap,  so  that  no  flux  can  leak 
back  from  the  abuttin|c  ends  of  the  half-oores  to  their  opposite  ends.  Tho 
equation  for  the  pull  in  dynes  per  sq.  cm.  isP-'CB'/Sv.  But  (B->4t3  -f3C, 
wherein  3  is  the  intensity  of  magnetisation  in  the  iron  only.  It  is  con- 
venient to  reduce  4«-3  to  ^i/s.  and  X  to  ^a/a^  wherein  ^t  is  the  iron  fluK, 
equivalent  to  the  flux  in  a  permanent  magnet;  ^a  is  the  flux  in  the  air-core 
only,  and  «'  is  the  cross-eectional  area  of  the  core  in  square  centimetera. 
Then 

(B-*^  +  **  (gauases)  (1) 

whence  P  -  A*l±^^t±^        (dynes  per  sq,  cm.)  (2) 

S9.  Theoretical  oomponenta  of  pull.  Conventionally  stated,  0  iySra* 
is  the  purely  magnetic  pull  between  the  two  half-cores;  2^i^a/STS^  is  the 
pull  due  to  the  *' solenoid  effect"  between  the  half-coils  and  the  haJf-cores* 
and  ^9*/Sm-»*  is  the  pull  between  the  half-coils,  which  cannot  be  utilised 
in  practical  electromagnets  with  solidly  wound  coils.  The  actual  pull,  in 
dynes  per  square  centimeter,  for  such  a  portative  electromagnet,  i.e.,  when 
there  is  no  appreciable  air-gap  between  the  attracting  surfaces  of  the  half- 
eoree,  and  the  coil  is  solidly  wound,  is 

P - ^'''^^^Z^'  (dynes  per  sq.  cm.)  (3) 

St.  Total  pull  between  two  polar  lurfacei.  An  electromagnet  can 
do  work  only  when  there  is  an  air-gap.  The  longitudinal  contraction  of 
the  flux  in  the  air-gap  of  a  tractive  electromagnet  causes  the  pull.  The  pull 
in  dynes  per  square  centimeter  between  the  polar  surfaces  01  the  cores  of  a 
horseshoe  electromagnet  and  its  armature,  or  for  an^  other  type  of  elec- 
tromagnet with  the  coils  and  cores  rigidly  fixed,  relatively,  is  P^^g^Sv**, 
wherein  ^^  is  the  total  average  flux  producing  the  pull.  This  equation  ex- 
presses the  pull  in  an  air-gap,  or  the  pull  between  two  magnetic  masses  in 
contact,  ana  holds  for  permanent  magnets. 

ST.  The  pull  due  to  an  iron-olad  lolenoid  or  a  plunger  electromagnet 
oonsiata  of  two  components,  li&ce  there  are  two  magnetic  circuits  in  al^unt 

324  ^        '  o 
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Out  at  thaae  cirouite  ia  through  the  lir-mi),  and  this  poll, 
«'.    The  other  circuit 


«ith  one  another. 

in  dynes  per  square   centimeter,  is  equal    to  ^f>/Sr«i.     

is  the  laakace  eirauitfrom  the  inner  end  of  the  plunger  (Fig.  I),  through 
the  ooil  and  frame,  back  to  the  place  where  the  plunger  enters  the  coll. 
Hence  the  pull,  in  dynes  per  square  centimeter,  is 

P'—^'^J'*'         (dynes  per  sq.  cm.)         (4) 

When  the  air-gap  is  relatively  long,  the  value  of  41  is  generally  greatly 
in  excess  of  that  otftt  since  the  reluctance  of  the  lealtage  drouit  is  usually 
lower  than  that  of  toe  air^ap. 

SS.  Til*  OMfol  work  parfonned  bj  as  •leotromacnet  is  generally 
defin«d  as  initial  pull  times  range  or  distance  of  travsL  It  baa  been  theo- 
retically proven  tnat  the  maztmum  amount  of  work  may  be  obtained 
from  an  electromagnet  when  the  reluctance  of  the  working  aii^gap  is  equa 
to  that  of  the  rest  of  the  magnetic  circuit*  (Fig.  2).  This  is  true  for  electro- 
magnets with  their  coils  and  cores  rigidly  fixed,  relatively,  but  is  not  true 
for  electromagnets  with  movable  plungers,  esiMcially  when  the  air-gaps  are 
long  and  the  m.m-fs.  are  of  high  value,  owing  to  the  "solenoid  effect." 
However,  the  rule  holds  for  all  types  of  eleotromagnets  so  far  as  the  air-gap, 
only,  is  concerned.     (See  Par.  CS.) 

n.  The  nuzUnnm  work  in  the  air-gap  (initial  pull  X  distanoe)  is 
obtained  when  7f^r,  that  is,  the  product  of  the  air-gap  m.m.f .  and  the  flux* 
beeomee  a  maximum.     The  expression  for  9,  is 

vbereia  7f  is  the  aii^ap  m.m.f.,  A^  the  reluctance  of  the  working  air-gap, 

6U  tbe  reluctance  of  the  magnetlo  circuit  exclusive  of  the  working  air-gap* 

and  9i  the  total  m.iq.f.     The  reluctance 

of  tbe  aii^^ap  is  (R«  —  ffg/^t.     The  jieneral 

theoretical   air-gap   characteristice   are 

shown  in  Fig.  2.    This  is  siroilar  to  the 

rale  for  tbe  maximum  wattage  which 

ma^  be  obtnined  in  a  coil  connected  in 

senee  with  a  continuous-current  line  of 

constant  e.m.f.     As  is  well  known,  the 

maximum  wattage  is  obtainable  when 

the  resistance  of  tbe  coil  is  equal  to  the 

sum    of   all   of  the   other  resiatauces  in 

series  in   the  line.    Likewise|  when  the 

proper  length  of  the  air-gap  is  either  in- 

creaaed  or  cUminished,  the  maximum  pull 

X  length  of  air-gap  is  diminished. 

SO.  Sl«etricai  Ume-oonstant. 
When  quick  action  is  desired,  it  is  neces- 
sary tMt  the  current  reach  its  maxi- 
mum value  as  soon  as  iKMsible.  Refer- 
ring to  See.  2.  it  will  be  seen  that  a 
demiite  time  interval,  in  each  case,  is 
required  for  the  current  to  reach  its  maxi- 
mum value.  The  relationship  between 
the  i  nstantaneous  current,  the  constant 
impressed  e.m.f.  and  tbe  constants  of 
the  circuit  is  expressed  by  Helmholts's  law  (Sec.  2)  thus 

»-^(l-€-r)  (amp.)  (6) 

wherein  t  is  the  Instantaneous  value  of  the  current,  E  the  e.m.f.  in  volts 
impressed  uj>on  the  magnet  winding,  R  the  resistance  in  ohms  of  the  wind- 
ing, «  the  base  of   theNiHperian  logarithm  sj^tem   («-2.71828),  L  the  in- 

•Cariehoff  E.  R.  "On  the  Design  of  Eleotromagnets  for  Specific  Duty;" 
EltarieaiWorki,  1894.  Vol.  XXIII.  pp.  113  and  212. 
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ductance  (Par.  tl)  in  henrya,  and  ( the  etapaed  time  in  second*  from  the 
moment  the  circuit  waa  dosed.     Solving  the  above  equation  for  (, 

«--|z«».(l-|?)  (sec.)  (7) 

wherein  L/R  is  called  the  tim»40Datant.  From  this  it  is  seen  that  for  a  civea 
ratio  of  instantaneous  current  to  the  Ohm's  law  or  steady  ounent  tba 
time-oonatant  is  the  only  factor  which  determines  the  time  required  to 
establish  it.  The  time-constant  is  fixed  by  the  magnetic  circuit  and  by  the 
ampere-turns  (when  iron  is  present),  and  is  independent  of  the  number  of 
turns,  since  both  the  resistanoe  and  the  inductance  vary  as  the  square  of 
the  number  of  turns,  for  a  given  winding  volume. 

(1.  The  api>rozlitt«t«  induetanoe  of  a  magnat,  in  which  the  air-cap 
is  not  very  long,  can  be  found  by  assuming  the  magnet  to  be  connected  to  a 
source  of  iJtemating  e.m.f.,  of  known  frequency  and  having  a  sine-wavo 
form.  Let  (<  be  the  length  in  cm.  of  the  iron  circuit;  !•  the  lenjuth  in  ceoU- 
metersof  the  air-gap;  Jv  the  number  of  ^tums:  s  the  crosa-sectional  area  in 
square  centimeters  of  the  magnetic  circuit,  and  ^  the  maximum  value  of  the 
total  flux.  Then  the  alternating  e.m.f.  which  must  be  impressed  upon  tba 
winding  to  produce  a  .maximum  nux  4,  is 

£-4.44/W«10r-i        (volts,  elTeetive)  <8) 

where  /  is  the  frequency  in  cycle*  pet  second.  The  approximate  reluctanos 
is, 

«-y(--(-f.)  (oersteds)  <«) 

It  can  be  taken  from  curves  in  Sec.  4.  The  m.m.f.  is  ?-■  1.267 AT/  wherein 
I  is  the  effective  (root  mean  square)  current  in  ampere*.  It  fallows  from 
7-^  that 

and  then 

i-^j  (heniya)  (11) 

>t.  CSaot  of .  morabto  plonxw.  Magnets  with  movable  planers 
which  are  designed  for  quick  and  powerful  action  require  careful  study  oftha 
initial  conditions.  At  the  first  instant,  the  value  of  the  current  increaaes 
at  such  a  rate  that  the  flux  interlinked  with  the  winding  will  generate  a 
oounter-e.m.f.  equal  to  the  impressed  e.m.f.  The  pull  produced  by  the 
flux  due  to  this  current  will  start  the  plunger,  and  tne  sudden  decresse  in 
reluctance  due  to  the  closing  of  the  aip-gap  will  produce  a  correspondinc 
increase  in  flux  and  thus  decrease  the  rate  of  ohsnge  of  the  current,  that  ia, 
the  current  will  be  retarded  in  reaching  its  final  and  permanent  valu*. 
Because  of  this  phenomenon  it  is  usual  to  design  such  magnets  (for  instanoa, 
those  u*ed  on  automatic  starteTs)  for  a  much  lower  impressed  e.m.f .  than  ia 
actually  used  at  the  start;  in  order  then  to  protect  the  winding,  a  higher 
resistance  is  automatically  inserted  in  series  with  it  at  the  moment  tho 
plunger  arrives  at  the  end  of  its  stroke.  This  resistance  limits  the  current 
to  that  value  necessary  to  maintain  the  required  final  puU  on  the  plunger. 

n.  The  aetion  of  the  plunger  In  radudng  the  relnotanea  of  the 
magnetic  circuit  may  be  approached  from  the  energy  standpoint;  thus,  the 
total  energy  which  is  supplied  to  the  magnetic  field  up  to  any  instant  is 

'  +0.113F1      (watt.Beoonds)       (13) 
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wherein  t  is  the  instantaneous  value  of  the  current  in  amperes,  L  the  In- 
stantaneous value  of  the  inductance  in  henrys,  F  the  average  pull  on  th« 
plunger  in  pounds,  and  I  the  distance  traveled  in  inches. 
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M.  OuTent-Uin*  ohith  tor  pluiifar  •UetromacneU.  Referrisc 
to  Fig.  3,  the  current-time  curves'  for  a  certain  mocnet  are  plotted  for 
diiferent  stationary  pooitiona  of  the  plunger,  each  curve  represeating  a 
pven  air^ap.  If  the  plunger  moves  forward  before  the  current  Kaa  reached 
Its  final  and  permanent  value,  the  reluctance  decreases  and  the  current  drops 
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Fia.  3. — Theoretical  current-time  curres  for  a  plunger   electromacnet. 


from  one  carve  to  the  next,  oorreai>onding  at  each  inatant  with  the  air-sap 
and  the  time.  If,  for  iostance.  after  0.02  aec.  the  plunger  cloaea  the  air-gap 
to  1.5  cm.,  it  is  probable  that  the  current  will  have  the  same  value  aa  though 
it  had  increaaea  from  lero  along  the  curve  corresponding  to  the  air-gap  1.5 
cm.,  and  it  cannot  have  a  greater  value.  In  Fig.  4,  the  current-time  curvea 
are  given  for  maximum  and  sero  aii^ 
gape:  aasuming  the  current  to  increase 
along  the  first  curve  until  a  is  reached, 
before  the  pull  hecomea  sufficient  to 
overcome  the  friction  and  start  the 
plunger,  the  latter  then  moves  forward 
with  a  rapidly  increasing  acceleration  to 
the  end  where  the  air*gap  ia  lero,  and 
thereafter  the  current  follows  the  curve 
corresponding  to  the  sero  air-gap  to  6, 
where  the  magnetic  circuit  becomes  sat- 
urated and  the  current  rises  rapidly  to 
the  value  determined  by  the  resistance 
of  the  winding.  If  an  external  resistance 
be  inserted  by  means  of  a  short-circuiting 
switch  actuated  by  the  plunger,  the  cur- 
rent may  be  limited  to  any  desired  value. 
SI.  Knaorvy  itored  in  the  mBfnetle 
drcTiit.  The  current  curves  in  Fig.  4 
can  also  be  chosen  to  represent  the  ir 
cbrop  in  the  winding ;  then  the  difference 
between  the  final  value  /««.  and  the 
instantaneous  value  i,  represents  the 
oounter-e.m.f.  of  inductance,  that  is, 
the  counter-e.m.f.  generated  by  the  flux 
cutting  the  turns  of  the  winding.  The 
counter-e.m.f.  of  inductance  mi^tipUed 
by  the  current  in  the  winding  is  the 
power  vuppUed  to  the  magnetic  dr- 
cnlt.  These  power  curves  are  plotted  above  the  current  curves  in  Fig.  4. 
Curve  cieS  ia  the  power  curve  for  the  maximum  air-gap;  eghf  w  that  for 
lero  air-gap.  and  c<f»A/that  for  the  varying  air-gap.    The  areas  under  these 

'Calculated  and  plotted  by  Mr.  O.  A.  Eenyon;  3rd  edition,  Standard 
Handbook. 
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maximum  and  lero  air-gaps. 
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curves  represent  the  energy  transferred  to  the  magnetic  field*  in  each  case. 
With  the  moving  plunger,  the  total  energy  input  to  the  magnetic  field  is  the 
area  cdihf,  while  that  left  as  stored  energy  at  the  end  of  the  stroke  and  which 
must  be  dissipated  when  the  circuit  is  broken  is  the  area  eghf.  The  difference 
between  these  two,  cdihg  (cross-hatched)  repreacnta  the  energy  transformed 
into  mechanical  work  and  dissipated  by  friction  and  impact  of  the  plunger 
during  its  travel,  iron  losses  being  ncgleclcd. 

96.  Impressed  e.zn.f.  The  final  permanent  value  of  impreesed  e.m.f. 
in  continuous-current  magnets  is  determined  by  the  resistance. 

ST.  The  speed  of  the  xna^fnet  acUon  sJso  depends  upon  the  seoondaiy 
losses  (eddy  currents,  Sec.  2).  ^  These  losses  tend  to  reduce  the  fiuz  in  the 
core  and  thus  retard  the  attainment  of  the  maximum  pull.  This  effect 
can  be  reduced  by  laminatlnif  the  core  and  frame  and  by  avoiding  the 
use  of  a  metallic  bobbin.  It  can  also  be  reduced  by  using  fewer  turns  and 
larger  current. 

S8.  Slow-speed  magnet  action  is  obtained  by  increasing  the  time- 
constant  and  the  secondarjr  losses.  The  secondary  losses  can  be  greatly 
increased  b^  dividing  the  winding  into  sections 
andshortr-cirouiting  moreor  less  of  the  sections. 
Fig.  5  shows  the  effect  of  short-circuiting  a  por- 
tion of  the  winding.*  The  total  number  of 
turns  was  8,400;  in  curve  (1),  only  2,165  tuma 
were  energised,  while  in  curve  (2),  2,165  turns 
were  energised  and  6,235  turns  short-circuited. 
In  the  first  case  it  required  about  2.5  seconds 
to  reach  the  maximum  current,  while  in  the 
second  case,  4  seconds  were  required. 

S9.  Inertia  of  moving  system.     When  the 
speed  of  action  is  an  important  factor,  the  in- 
ertia of  the  load  to  be  moved  must  be  considered. 
Fia.  5. — Showing  the  ef-    For  the  same  pull  and  range,  a  quicker  action 
feet   on    the    current-time    will  be  obtained  in  overcoming  the  tension  of 
curve  of  short-circuiting  a    a  spring   than  in  moving  a  mass  whose  weight 
portion  of  the  winding.  is  equivalent  to  the  tension  of  the  spring.     The 

total  mass  to  be  moved  is  the  sum  of  that  of  the 
plunger  and  the  external  load. 

40.  The  selection  of  the  type  of  electromagnet  for  ipeclflc  work 
depends  upon  the  nature  of  the  e.m.f.  (whether  continuous  or  alternating) 
the  range  or  distance  of  travel,  and  the  rate  of  travel  or  the  quickness  of 
action.  In  general,  the  iron-clad  solenoid  type  is  mechaoically  the  better 
protected  and  is  the  best  adapted  for  a  long  range  and  a  strong  pull,  but  it 
18  slow  in  action.  The  horseshoe  type  has  the  quicker  action,  out  is  only 
adapted  for  short  ranges.  The  plunger-electromagnet  tyi>e  has  an  action 
intermediate  between  the  above-mentioned  types  and  may  approximate 
one  or  the  other  according  to  the  ran^e  and  the  dimensions  of  the  plunger. 
The  bar  ^pe  possesses  the  quickest  action  of  all,  but  its  pull  is  comparatively 
feeble.  The  general  rule  is  that  what  is  lost  in  time  is  gained  in  pull  and 
rice  v«T9a. 

41.  The  required  dimensions  of  an  electromagnet  are  proportional 
to  the  load,  the  range,  the  duration  of  excitation  and  the  interval  between 
excitations.  The  cross-sections  of  the  plungers,  cores  and  frames  will 
depend  upon  the  flux  required  to  produce  the  desired  pull.  In  long-range 
electromagnets  of  the  solenoid  type,  wherein  the  pull  is  proportional  to  the 
product  of  the  magnetising  force  times  the  0ux  in  the  plunger,  the  plun^r 
may  be  of  small  cross-section,  if  the  duration  of  excitation  is  to  be  brief, 
since  the  magnetising  force  of  a  comparatively  small  coil  may  be  made 
great  for  a  short  period  without  danger  of  injury  from  overheating.  This 
does  not  hold  for  a  horseshoe  type,  since  the  main  pull  is  dependent  upon 
the  flux  which  the  cores  are  able  to  conduct,  and  la  only  slightly  affected  by  an 
increase  in  the  magnetising  force  after  the  cores  approach  saturation. 

4S.  Xlectromagnets  designed  for  continuous  terrlce  must  have  wind- 
ings of  such  volume  and  radiating  surface,  and  wires  of  such  cros^-sections, 


*  Lindquist,  D.  L.     '*  Alternating-current 
1906.  Vol.  XLVII,  p.  1295. 
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\hax  the  ooili  niU  Bot  beeome  oTerbaatcd,  bat  the  proper  pall  will  b«  main- 
tuned  even  alter  the  windiof  haa  been  in  circuit  continuously  for  many 
hours.  The  deeisner  should  allow  too  much  space,  rather  than  too  little, 
for  the  winding  and  the  insulation  of  the  coil,  because,  while  the  coil  may  be 
relatively  small  for  intermittent  service,  it  is  often  found  necessary  or 
desirable  to  leave  the  coil  in  circuit  longer  than  originally  intended. 
4S.  Tb«  alT-Ckp  poll  of  any  electromagnet  is 

or 

<B'i 
8iX  981,000 

where  S'  and  (B  are  the  Buz  densities  in  maxwells  per  square  inch  and  per 
square  oentimeter  respectively;  t"  and  «  are  the  cross-sectional  area  of  the 
core  or  planger  in  square  inches  and  iqaaie  centimeters  respectively. 

M.  CorvM  plotted  between  the  pnll  i>er  unit  area  of  eere  and  the 
flns  denait^  are  shown  in  Fig.  8.  The  pull  is  plotted  with  maxwells  per 
square  centimeter,  but  maxwells  per  square  centimeter  are  also  plotted 
with  maxwells  per  square  inch  so 
that  poll  can  be  read  off  for  either 
one. 

4S.  Ketotion  between  pnll 
and  air-c^.  In  designing  mag- 
nets, an  approximate  idea  of  the 
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i.O  7.1 

Inohas  Alr-Oap 
Fia.  7. — Curves  showing  relation  be- 
tween the  pull  in  lb.  per  aq.  in.  and  the 
air-gap  for  different  amp-turns. 

principal  dimensions  and  proportions  can  be  found  from  the  curves  given 
in  Fig.  7,  which  show  the  relation  between  the  pull  in  pounds  per  square 
inch  and  the  aii^-gap  for  different  numbers  of  ampere -turns. 
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M.  Bolenoida  with  plungers  only,  i.e.,  without  an  iron  frame,  are  seldom 
used  in  practice  except  in  cases  where  it  is  desired  to  take  advantage  of  the 
peculiar  pull  characteristics.  However,  it  is  important  to  understand  their 
actions  smce  the  design  of  all  movable-core  electromagnets  is  influenced  by 
the  characteristics  of  the  simple  ooil-and-plunger. 

47.  The  macnettzinc  force  of  a  solenoid  is  a  maximum  at  its  centre, 
falling  off  to  about  one-naif  of  the  maximum  at  each  end  of  the  winding. 
When  one  end  of  the  plunger  is  placed  in  or  near  the  end  of  the  solenoid  it 
becomes  magnetised,  and  mutual  attraction  results  between  the  flux  in 
the  plunger  and  the  magnetising  force  due  to  the  ampere-turns  in  the 
wiiHung  of  the  solenoid.  The  plunger  becomes  more  and  more  saturated 
as  it  enters  the  solenoid,  and,  in  case  the  plunger  is  not  much  longer  than 
the  solenoid,  all  tractive  effort  ceases  when  the  respective  magnetic  centrni 
of  the  solenoid  and  the  plunger  coincide.  As  a  result,  the  maximum  pull 
always  ooeura  after  the  inserted  end  of  the  plunger  has  passed  the  nudale 
of  the  iolmioid,  altboucb,  in  oases  of  long  solenoids  and  where  the  ia«ci>«t»- 
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ins  force  hu  a  high  value  u  compared  with  the  oroaa-eectional  area  of  tba 
plunger,  the  maximum  puil  may  occur  for  a  oonaiderable  diatance  on  each 
side  of  the  middle  of  the  solenoid.  On  the  other  hand,  with  very  short 
solenoids,  the  maximum  pull  may  occur  at  or  near  the  end  of  the  solenoid 
opposite  to  that  at  which  the  plunger  enters. 

M.  Oharaoteristlo  puU  with  solenoid  and  pioneer.  Fig.  8  ahowa 
the  ap]>foiimate  pull  diagram  for  different  ixwitions  of  the  plunger..  The 
expression  lor  the  maximum  uniform  pull  is 

F-C^  Ob.)  (16) 

where  J  is  the  current  in  amp.,  iV  the  number  of  turns,  *  the  eross-section&l 
area  of  the  core  or  plunger  in  square  inches,  {  the  length  of  the  solehoid  in 
inohes  and  C  the  pull  in  pound  i>er  square 
inch  per  ampere-turn  per  inch.  C  depend* 
upon  the  proportions  of  ttie  ooil,  the  degree  of 
saturation,  and  the  length,  physical  character 
and  chemical  purity  of  the  plunger.    Par.  M 

fives  values  for  C  for  various  adenoids  tested 
y  the  author. 
<(.  In  mMgatU  wltb  lonff  »ir-fapi,  tho 

gath  through  the  iron  can  be  considered  aa 
aving  no  reluetanee.    Therefore  the  i«tu- 
ration  elura«torlatic  can  be  assumed  to  be 
straight  line,  and  the  ampere^uma  for  the 
air-gap  directly  proportional  to  the  flux  den- 
sity. 
M.  Maximum  PuU  imt  Bgnare  Indi  of  Oor*  for  Solenoids  with 


Fio.  8. — Diagram  of  plun- 
ger pull  for  simple  solenoid 
and  plunger. 
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Area     of 
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plunger 

core 
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turn  per  in. 
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Long 

1 

15,000 
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9 
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11,330 
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9.1 

9 
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40,000 
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6,000 

.61.6 

10.3 

10 

10 

2.76 
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12 

Long 

1 

11.200 
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I<ong 

1 

20,800 

1,710 

16.75 

9.8 
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86 

1 

18,200 
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6.8 

9.7 

18 

36 

1 

41,000 

2,280 
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9.8 

18 
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18,200 

1,010 
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9.7 

18 

IS 
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41,000 

2,280 

22.5 
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Nora. — ^These  tests  indicate  that  nothing  is  gained  in  maximum  pull  by 
making  the  plunger  considerably  longer  than  the  coil. 

■1.  The  diameter  of  the  ooU  should  be  about  three  times  that  of  the 
plunger,  and  the  length  of  the  eoU  should  be  at  least  two  or  three  times  its 
outside  diameter  whenever  possible. 

■S.  The  ran(«  ia  directly  proportional  to  the  length  of  the  coil,  legardleas 
of  the  ampere-tuma. 

83.  The  pull  in  an  iron-elad  solenoid,  with  or  without  a  atop,  la  com- 
posed of  two  components;  one  is  the  pull  between  the  end  of  the  stop  or 
frame  and  the  plunger,  alid  the  other  is  that  between  the  winding  and  the 
plunger.  The  latter  is  all  important  at  the  beginning  of  the  stroke,  but  near 
the  end  the  stop-pull  becomes  predominant.    The  expression  for  the  pull  is 

(16) 


*  Underbill,  C.  R.    "  The  Practical  Deaign  of  the  Solenoid; ' 
World  and  Sngimtr,  160S,  Vol.  XLV,  p.  796. 
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Sec.  5-64 


Than  «  ia  the  oraM-Motlonal  u«a  of  the  core  in  aquare  iachea,  /  the  current 
ia  unp.,  N  the  iminber  of  turns,  U  the  lencth  of  the  air  gap  in  inches,  1  the 
leofth  of  the  coil  in  inches,  ana  c  and  C  constants,  which  depend  on  the  pro- 
pcrtions  of  the  magnet,  the  materials  used  and  the  degree  of  saturation, 
^iprozinimte  values  for  ordinary  soft-iron  cores  are  e "  2,600;  for  lengths 
of  coil  greater  than  10  times  the  diameter  of  the  plunger, 'C-<0.0096(aee 
Par.  M  for  values  of  1,000  O- 

M.  Fonnnlk  (or  pnll  oharaoterlatio.  Beferring  to  the  pull  diagram 
(FSg.  8),  it  will  be  seen  that  the  solenoid  pull  is  assumed  to  decrease  as  a 
•tnught-Une  function,  commencing  at  a  point  about  0.4/  from  the  end  of 
theeoiL*  From  this  iwint  on  the  total  pull  due  to  the  plunger  electromagnet 
can  be  e^preawd  thua: 

'-•Ms^  +  o^J  <"»•>  »" 

vhcreia  T  is  the  distance  in  inches  which  the  plunger  is  inserted  in  the  coil. 
The  eonatenta  are  the  same  as  those  given  in  Par.  U. 

H.  Teat  d»t«  on  poll  ebarseterlstloe.  Fig.  9  shows  curves  from 
■etnal  teait.^  Carre  (1)  is  that  of  a  simple  coil-and-plnnger;  (2)  that  of  a 
eoal-«n<t-pliuiger  with  stop;  (3),  that  of  an  iroo-clad  ooil-and-plunger;  (4) 
and  (5)  show  the  same  iron-clad 
coil  with  different  lengths  of  stop. 
AH  theae  curves  were  made  with 
the  same  coil,  which  was  12  in.  long 
and  had  a  total  of  10,000  amp- 
tnms,  or  834  amp-turns  per  linear 
inch. 

M.  AnalTilaoftMtdktaCPar. 
H).  Beferring  to  Fig.  S,  the  pull 
with  the  iron-clad  magnet,  curve 


(4).  corresponding  to  the  position  6 
(J.— 2_iii.)    of    the     plunger,     ia 
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Fig.  9. — ^Test  curves  on  pull  of  solenoid 
and  plunger. 


10.75  lb.,  approximately.  Refer- 
ring to  Par.  W,  the  pull  due  to  the 
eoilalone  is  about  9.7  lb.  per  square 
inch,  per  1,000  amp-turns  per  inch, 
or9.7XO.834-8.llb.  Nextiefer- 
liDC  to  Fig.  7,  it  ia  found  that  cor- 
responding to  {(-2  in.,  and  10,000 
anp-toms,  the  pnll  is  about  2.5 
lb.  per  square  inch;  adding  8.1 -(-2.5- 10.6  lb.,  which  is  a  sufficiently  close 
check  for  all  practical  purposes. 

ooirmnrouB-OTnaBirT  tkactivk  ELxoTKOMAomrs  ros 

8HOBT  KAHOI 

VT.  Tact  d»te  on  poll  charaeterlatlcs  of  horseihoe  type  of  elec- 
tromsfnet.  Fig.  10  shows  the  test  characteristics  of  the  horseshoe  elec- 
troma^iet  inFig.  ll.f  These  curves  should  be  compared  with  those  in  Fig.  7. 

W.  Teat  dkto  on  pull  charaetariatlea  of  elapper  type  of  electro- 
matnot.  One  of  tlie  modifications  of  a  horseshoe  electromagnet  is  the 
dapper  type  shown  in  Fig.  12.  Fig.  13  shows  the  test  characteristics  of  this 
msignnt.  as  determined  by  the  Cutler-Hammer  Mfg.  Co.  The  cylindrical 
sorfsee  of  this  magnet  is  approximately  25  sq.  in. 

W.  ■leetrooukcaeta  uaed  in  railwar  signal  apparatoa  must  respond 
to  very  slight  ehangss  in  current  strength.  For  instance,  a  4-ohm  traok 
rslv,  operating  on  an  e.in.f.  of  1  volt,  must  attract  its  armature  with 
soiBcient  force  to  close  four  contacts  with  a  current  of  75  milliamp.  and  the 
armature  must  drop  awur  when  the  current  passinft  through  the  coils  is 
reduced  to  40  milliamp.  A  minimum  air^ap  of  /«  in.  is  maintained  between 
the  poles  of  tlie  magnet  and  the  armature,  by  means  of  stop  pins  of  non- 

*  Underbill.  C.  R.  "  The  Iaw  of  the  Plunger  Electromagnet;"  BUetrical 
WtrUandSnttntr,  1905,  VoL  XLV,  p.  934. 

t  Undwhill,  C.  E.  "  The  Performaneee  of  Different  Typee  of  Eleotroma*- 
asU;"  aaMrtcatt  EUaridan,  1905,  Vol.  LVII,  p.  299. 
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ai         ax 

Air-Gmp  In  Inch 
Fio.  10. — ^Test  eurres  on  pull  of  horse- 
shoe eleotromagnet. 
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Fio.  H.- 


-Honeshoe  ty|ie  of  elec- 
tromagnet.' 


magnetic  material  located  in  the  armature  directly  under  the  centre  of  the 

magnet  cores.  The  total 
Amp-turns,  with  0.075 
amp.,  are  127.5;  the  cores 
are  |  in.  in  diameter,  and 
each  spool  is  4  in.  long  by 
2  in.  in  diameter.  In  gen- 
eral, signal  relays  are  re- 
quired to  release  their  ar- 
matures when  the  energis- 
ing ourrent  is  reduced  one- 
fa^. 

M.  Ilaetr omatmati 
for  teUgraph  and  t«I«- 
phons  Mrrtos,  like  those 
for  signal  apparatus,  are 
designed  to  perform  the 
sole  function  of  closing  or 
opening  one  or  more  local 
contacts  which  control 
other  circuits  and  appara- 
tus. The  armatures  of 
these  magnets  customarily 

J  U 


Fio. 


12. — Clapper  type  of  horseshoe  electro- 
magnet. 


<0 


work    through    very    limited  ranges, 
not  exceeding  as  a  rule  a  very  small 
fraction  of  an  inch ;  the  op{)OBing  force 
is  sometimes  gravity,  sometimes  u  light 
spring.    ^Such  relays   are    also  wound 
dmerentially  for  certain  kinds  of  work, 
and  sometimes  are  polarised  (having  4 
a  permanently  magnetised  steel  core)  ^Vi 
in  order  to   respond  only  to  currents  q 
flowing  in  a  given  predetermined  direc-  -■ 
tion  around  the  windings  (see  Sec.  21) .  ^ 
•1.  The  sqaatloii  for  ths  pull » 
dastosleotromacnetaoftliehorM-  1 20 
shoe  type  is  given  by  E 

/NI\ '  * 

'"Kit)  ^"'■'       ^^*> 

where  the  constants  are  the  same  as 
those  given  in  Par.  U.  The  total 
length  of  all  the  air-gaps  is  to  be  taken 
for  /a.  The  equation  is  only  approxi- 
mately correct,  in  this  case,  owing  to 
leakage.     It  is  better  to  increase  the 


4  8 

Watts  per  Bq.  la. 
Flo.    13. — Test    curves  on   pull  of 
clapper  type  of  electromacnet. 
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Sec.B-62 


ftmpttre-tunis  about  50  par  cent,  to  allow  for  leakage,  depending  upon  tha 
laacth  of  the  air'fape. 

ooiTDiTioirB  roK  KAxnnjic  wouc 

•S.  Tba  work  In  tha  Bir-fv  (poll  X  diatenoe)  of  a  nutciut  bcoomas  a 
maidmain  when  the  air^ap  reluctance  ia  equal  to  that  of  the  reat  of  the 
circuit  (Par.  »).  In  Tig.  14,  Ft  is  the  aolenoid  pull,  F,  is  the  air-cap  pulL 
and  Fi  ia  the  total  pull  aa  aaoertained  by  actual  teat*  of  a  plunger  eleotromag. 
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Fio.  14. — Components  of  pull 
with  a  plunger  electromagnet. 


Flo.  15. — Calculated  air-gap  charaeteristiea  - 
of  a  plunger  electromagnet. 


net.  Fig.  15  showa  the  calculated  air-gap  charaeteriatics  which  should  ba 
eompared  with  those  in  Fig.  3  (Par.  M) ;  L  represents  the  length  of  air-gaps 
in  esntimetora.  Tha  aotualwork  obtained  in  the  air-gap,  the  work  due  to  tha 
ecil-and-plunger,  and  the  total  work  are  represeoted  by  curves  W^  17.,  and 
Wt,  respectively,  in  Fig.  16.  It  is  evident  that  the  work  (pull  X  distance)  due 
to  a  soUnoid-and-plunger,  or  plunger  electromagnet,  of  the  character  of  that 
tested,  ia  limited  only  by  the  length  of  stroke.  When  the  solenoid  pull  ia 
very  weak  as  compared  with  the  air- 

ep  pull,  the  maximum  work  will  fall 
tween  these  two  extremes.  In  gen- 
eral, electromagnets  are  designed  lor 
maximum  initial  pull  X  distance  or 
length  of  stroke.  Exceptions  are  lift- 
ing magnets  and  those  used  in  electric 
hwnmers.  The  amount  of  material 
osad  to  oonstmot  an  electromagnet 
dtpenda  either  upon  the  time  it  will 
caeaive  electric  energy  after  it  has  pep- 
formed  its  work,  the  frequency  at 
whicb  it  performs  its  work,  or  both. 
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tt.  Date  an  atendard  alaetoo- 
macnata.  The  f<dlowing  Sgurea,  ta- 
blea,  and  ebarta  show  tha  dimensions 
and  eharacteilstiea  of  aome  standard 
eleetromagneta  (The  Cutler-Hammer  Mfg.  Co.).  The  curvea  in  general 
represent  teata  with  116-volt  direct-current  coila.  Three  cUmm  of  duty 
are  listed  (see  Rgs.  17  to  31,  inclusive). 


Flo.  16. — Componenta  of  work 
(pull  X  distance)  performed  by  a 
plunger  electromagnet. 


'  Uwlerhill,  C.  R.      "Operation  of  Plunger  Electromagnets;"   Sttctrical 
WarU,  1912,  VoL  LIX,  p.  1388- 
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Fio.  17. — Standard  type  of  plimeer  electromagnet  with  flat-end  plunser. 
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Watt*  per  Sq.  In.  Watts  per  8<].  In, 
Fio.  18. — Test   curves   on  pull  of  Fio.  IS. — Test   curves  on   pull  of 
standard    type   of   plunger    eleotro-  standard   type   of   plunger   electro- 
magnet No.  3  in  Fig.  17.  magnet  No.  0  in  Fig.  17. 
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Fis.  20.— Standard  type  of  plunger  eleotromagziet  with  conical  plunger  and 
stop;  also  with  flat-end  plunger  and  stop. 
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WatU  per  Bo,  la.  Wstta  per  Sq.  In. 

Fia.  21. — Test  etu-res  on  pull  of  Fio.  22. — Teat    curves    on  pull  of 

■•adard  type   of  plunger  electro-  standard  type  of  plunger  electromag- 

-        t  No.  6  in  Fig.  20.  net  No.  6  in  Fig.  5^„    ,  „  t,uuy  IL 
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M.  Contlnuoua-duty  eleotromacnata  mmy  be  excited  at  full  voltage 
continuously  without  dangerous  heating  of  the  coils,  but  the  pull  becomes 
somewhat  reduced  when  the  windings  reach  full  temperature,  due  to  the 
increased  resistance  in  the  coil. 


i  3 

WatU  per  8q,  In. 

Fio.  23. — Test  curves  on  pull  of 
standard  tyi)c  of  plunger  electro- 
magnet No.  6  in  Fig.  20. 


U 


4  8  12 

Watts  per  So-  In. 
Fio.    24. — Test   curves  on  pull  of 
standard  type  of  plunger  electromag- 
net No.  22  ID  Fig.  20. 


65.  Intermittent  dutjr  Is  an  arbitrary  rating  and,  in  general,  these 
magnets  may  be  excited  at  full  voltage  for  not  over  7  min.  during  any 
half-hour,  without  dangerous  heating. 

M.  Momentary  duty  is  also  an  arbitrary  rating  which  represents  the 
O      I  M 
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Watts  per  Sci.  In. 

Fio.  25. — Test  curves  on  pull  of 
standard  t>;pe  of  plunger  electromag- 
net No.  2;t  in  Fig.  20. 

highest  practicable  rating  of  these  magnets,  and  full  voltage  should  not  be 
maintained  on  them  for  more  than  2  min.  during  any  half-hour. 

67.  Protected  coils  hnve  a  icaiHtunce  whicli  is  cut  into  circuit  by  the 
action  of  the  plunger  at  the  completion  of  the  stroke,  for  the  purpose  of 
reducing  the  voltage  at  the  coil  terminals  to  a  oontinuoua-duty  value. 


2  4 

Watts  per  Bo.  lo. 

Fio.  26. — Test  curves  on  pull  of 
standard  type  of  plunger  electro- 
magnet No.  26  in  Fig.  20. 
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Sec  6-68 


M.  TlM  paiformuie*  otnrai  are  plotted  on  the  basis  of  watta  prr 
Mquiire  iuoh  of  cylindrical  surface.  Keferenoe  lines  for  the  three  classes  of 
daty  are  given  as  0.7  watts  per  square  inch  for  (C)  continuous  duty;  2.8  for 
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FiQ,  27. — Standard  type  of  plunger  eleotromasnet  with  flat-end  plungers. 


0  2  i 

Watts  per  B«.  In. 
Fio.  28. — Test  curves  on  pull 
of  standard   type  of  plunger 
electromagnet  No.Il  in  Tig.  27. 


2  4 

Watts  per  S<].  In. 
Fia.  29. — ^Test  curves  on  puU  of  standard 
type  of  plunger  electromagnet  No.  14  in 
Fig.  27. 


(/)  intermittent  duty,  and  11.2  for  {M)  momentary  duty.  Free  ventilation 
is  assumed.  (See  Fig.  18,  Fig.  19;  Fig.  21  to  Fig.  26;  Fig.  28,  Fig.  29  and 
Fig.  31.) 
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MAGNETS 


••.  Two  forma  of  plunx«n  aro  shown;  one  is  oonioal,  and  the  other 

BQuare  at  the  cnda.  Ihe  curves  show  the  former  to  be  preferable  on  moet 
of  the  long-fltrokc  types,  as  the  tendency  is  to  increase  the  starting  pull  and 
reduce  the  final  pull.     For  short  strokes,  the  sQuore-^nd  type  is  preferable. 
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Fio.  30.— Standu'd  type  of  plunger 
electromagnet  with  flat-end  plungers. 
(See  Fig.  31.) 


WatU  per  Sq.  In, 
Fia.  31. — Teat   ourvee  on  pull   < 
standard  type  plunger  electromagiM 
in  Fig.  30. 


POBTATIVX  XLXOTBOBUaKITB 
TO.  Lifting  maffneti.  Largo  i  ron-clad  magnets  called  lifting  magnets 
are  now  extensively  used  for  the  handling  of  materials  in  all  branchea  of  the 
iron  and  steel  industry.  They  are  used  for  handling  pig  iron,  scrap,  castings , 
billets,  tubes,  rails,  plates  and  crop  ends;  for  loading  and  unloading  oars 
and  ore  vessels,  and  for  handling  skull-cracker  balb  and  miBcellaneous 
material. 


Fig.  32. — Cross-section  of  a  standard  lifting  magnet. 


Tl.  OpeTkUon.  All  lifting  magnets,  of  whatever  make,  are  suitable  for 
use  on  continuous-current  circuits  only.  It  is  not  customary  to  operate  the 
magnets  on  very  high  voltages,  owing  to  the  difficulty  of  securing  insulat- 
ing material  that  will  withstand  the  high  inductive  reaction  that  occurs 
when  the  circuit  of  a  magnet  is  suddenly  opened.  Standard  magnets  are 
designed  for  operation  on  220-volt  continuous-current  circuits. 

Tl.  LUtln^  load.  It  is  quite  impossible  to  calculate  the  load  which  may 
be  lifted,  owing  to  the  varying  contact  of  the  load,  but  Par.  Tl,  giving  a 
table  published  by  one  of  the  leading  manufacturers,  shows  the  spproiimata 
lifts  for  various  magnets  and  materials. 
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Sec.  S-74  UAONBTS 

74.  Oanaral  eonitruotloii.  These  magnete  are  very  rusged  in  eoutruo- 
tion,  aa  they  bi«  subject  to  exceedingly  rough  usage.  The  Irame  or  body  of 
the  magnet  is  made,  in  one  instance,  of  a  special  grade  of  dynamo  steel 
which  combines  great  strength  and  ductility  with  excellent  magnetic 
qualities.  They  are  designed  to  withstand  heat  without  injury  and  are 
waterproof.  Fig.  32  shows  the  construction  of  a  lifting  magnet  made  by  tbo 
Cutler-Hammer  Clutch  Co. 

n.  Opanitinf  ooat.  The  Cambria  Steel  Co.  state  that  their  ooata  for 
unloading  material  from  broad-gage  oars  into  open-hearth  charging  boxes  are 
as  follows;  Handling  light  scrap,  3.16  cents  per  ton;  handling  heavy  scrap, 
2.28  cents  per  ton;  handling  pig  iron,  3.06  cents  per  ton.  These  costs 
include;  electric  energy,  repairs,  interest  and  depreciation  for  crane  and 
magnet,  and  all  labor.  About  £0  per  cent,  of  the  foregoing  cost  is  for  labor 
in  trimming  the  char|dng  boxes. 

The  Inland  Steel  Co.  reports  that  about  4,000,000  lb.  of  maohine  cast 
pig  iron  were  unloaded  in  10.5  hr.  by  two  62-in.  magnets.  The  average 
lift  per  magnet  was  3,427  lb. 

T(.  Roldlnc  ma^etl.  Portative  magnets  are  extensively  used  for  hold- 
ing tools  and  materials  in  grinding  and  other  machines.  The  no-load  release 
magnet  belongs  to  this  class. 

ALTIUTATIira-OUUUrT  TSAOTrra  ILIOTSOItAOHITS 
TT.  Th*  deaign  of  an  altamatlnx-ourreiit  aufnet  involves  oaleula- 
tions  which  are  essentially  the  same  as  those  for  an  ordinary  tran^ormer. 
The  total  flux  is  determined  by  the  number  of  turns,  the  supply  voltage  and 
the  fraquenoy;  thus 

j_2«/Af»,..  -  *A*N*m.M  10- •  (volts,  effective)  (18) 
V2  10« 
and 

BIO* 


^'"•-  iUfff  (maxwells)  (20) 

where  /  is  the  frequency  in  cycles  per  second,  N  the  number  of  turns,  and 
B  the  impressed  e.mj.  in  volts. 
Taking  /  and  N  aa  constant, 

tmti-Mm— -KB  (maxwells)  (21) 

and 

eim—-K—  (gausses)  (22) 

That  is,  lor  a  given  imprassed  e.ni.f.  the  flux  density  will  vary  inversely 
aa  the  area  of  the  core. 

TS.  Vlnz  denaitr.  Since  the  air-gap  pull  varies  approximately  as  the 
square  of  the  flux  density,  it  would  appear  that  the  flux  density  should 
be  ss  great  aa  possible.  However,  the  iron  losses  also  increase  with  the  flux 
density,  so  that  the  maximum  possible  flux  density  is  not  the  roost  efficient. 

n.  Iron  loiiai.  The  major  iwrtion  of  the  total  loss  takes  place  in  the 
iron  rather  than  in  the  copper.  The  hyitareila  lou  (See.  2)  u  calculated 
in  the  same  way  as  that  of  a  transformer,  and  denoted  by  Ph.  The  tddy- 
euirent  lou  (Sec.  2)  is  denoted  by  P..     Then  the  total  sore  loss  is 

P.-Pk+P.  (watts)  (23) 


M.  Th*  quadrature  exeltlnc  watts  are  expressed  thus: 

,#Jm..    /,      j_    U^ 


P.-2.Sf^~  (U  +-)lO-t  (watu)       (24) 

wherein  I,  is  the  length  of  the  air-gap  in  centimeters,  U  the  mean  length  in 
centimeters  of  the  magnetic  circuit  in  the  iron,  and  i  is  the  cross-sectional 
area  of  the  core  in  square  centimeters.  Expressing  this  in  terms  of  the 
volume  of  the  air-gap  and  of  the  iron,  which  quantities  must  be  known  in 
determining  the  oore  losses, 

P.-2.5/(Bt.„(r.-(--)  10-»  (watts)       (26) 
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whcrain  Vm  uul  Vt  an  the  rolamea  in  eubio  MntimMan  of  the  sii^ap  and 
tbe  iron,  Teapectivdy.     Values  of  parmsability  may  ba  found  in  Sea.  4. 

•1.  Tba  total  axeitliir  eazTant  may  ba  found  as  foUows:  The  wattieas 
or  msKnetirinc  component  is 

/•"^  (amp.)  (26) 

The  energy  component,  aasumins  I'B  loaaes  in  the  wiadinc  to  be  neg- 
li^ble,  is 

Zr-  ^^  (amp.)  (JT) 

and  the  total  exciting  current  is 

I'Vl,'+l^  (amp.)  (38) 

The  copper  loss  in  the  winding  is 

P,~fK  (watU)  (20) 

Adding  this  to  the  core  loss,  we  have  approximately   for  the  total  loss 

P~Pk+P,+P.  (watta)  (watU)  (30) 

Then  tbe  energy  component  of  the  exciting  current  ia 

/',-  ^  (amp.)  (31) 

and  the  total  exciting  current  is 

/'-V/V+7.»  (amp.)  (82) 

whieh  ia  ^tproximately  correct.  This  current  can  be  used  to  End  a  new 
copper  loes,  and  tite  calculations  can  be  repeated  as  far  as  it  is  thought  worth 
while. 

•1.  tBtt  of  tamparatiiT*  on  Iron  lOMOt.  The  loaaes  in  the  cote 
decrease  with  a  rise  in  temperature,  and  since  the  core  losses  form  the 
major  portion  of  the  total  loasea,  the  efficiency  will  increase  with  a  rise  in 
temperature. 

U.  LuniiiAtion  of  macnetle  drenlt.  The  magnetic  circuit  should 
naturally  be  laminated;  this  may  be  done  in  a  way  similar  to  that  used  in 
transformer  construction;  or  the  core  can  be  made  solid,  and  slots  A  ><■• 
wide  and  i  in.  or  more  in  depth  milled  lengthwise  in  it.  The  magnetic  cii>- 
cult  can  also  be  constructed  by  winding  iron  ribbon  spirally  about  a  spider. 

M.  Pnliation  of  poll.  In  single-phase  magneto  the  pull  varies  from 
aero  to  a  maximum,  and  back,  twice  during  each  cYcle.  This  causes  a 
vibration  of  the  plunger  againat  the  stop  ana  gives  rise  to  a  considerable 
noUa.  The  latter  may  be  largely  overeome  by  meana  of  a  shading  eoU, 
the  invention  of  Mr.  D.  L.  Lindquist,  wliich  consisto  of  a  ring  of  solid  metal 
set  into  the  end  of  the  plunger  or  the  stop;  this  splito  tbe  phase  so  that  flux 
is  always  present  in  the  sealed  air-gap,  and  the  pull  is  never  sero. 

M.  AJx-np  pun.  If  there  was  no  reluctance  excepting  in  the  air  gap 
and  also  if  there  were  no  iron  losses,  the  mean  effective  air-gap  puU*  would  be 
constant  regardleas  of  the  length  of  the  air  gap.  In  practical  electroma^ ncta. 
the  presence  of  reluctance  and  iron  losses  prevente  tne  current  from  falling  to 
aero  when  the  air  gap  closes,  so  that,  for  a  ver^  short  air  gap,  the  pull  charac- 
leristioa  are  somewhat  similar  to  those  for  continuoua-eurrent  eleetromagneto. 

M.  Caleolatton  of  pull.  For  a  given  number  of  effective  ampere- 
turns,  the  laws_  stating  the  pull  with  alternating-current  electromagneU 
are  identical  with  those  for  continuous-current  eleetromagneto  (barring 
core  losses);  but,  since  the  current  is  reduced  as  tbe  reluctonce  of  the  aii^ 
fap  is  reduced,  during  the  travel  of  the  armature  or  plunger,  the  character- 
isucs  of  alternating-current  eleetromagneto  are  different  from  thoee  for 
oontinuou»-curreat  eleetromagneto.  However,  the  true  pull  may  be  deter- 
mined, (or  any  length  of  air-gap,  by  calculating  the  effective  ampeie-tunu 
lor  ail  lengths  of  air-gap  and  then  calculating  the  pulls  with  the  ampere-turns 
so  deduced,  by  the  equations  given  in  Par.  M. 

*  VoderUn,  C.  R.  "Alternating-current  Eleetromagneto;"  Eltclrital 
World,  in*,  Vol.  LXIII,  p.  360. 
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POLTPBABK  ■UOTBOMAamTS 
•T.  TMt  d»te  on  two-phase  alectromacnat.  Fig.  33  shows  the  »!»• 
tion  between  volt'-smperes  and  pounds  pull  for  a  two-phase  magnet  designed 
and  tested  by  D.  L.  Lindquist.  *  The  magnet  contained  four  coils,  eaob 
wound  with  220  turns  of  No.  14  A.W.Q.  copper  wire,  the  cross-sectional 
area  of  the  core  being  1.94  sq.  in.  The  test  was  made  with  the  magnet- 
winding  connected  to  a  two- 
phase  80-oycle  system.  The 
method  of  connecting  the  coils 
is  shown  in  Fig.  34. 
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Fio.  33. — Relation  between  volt^mp.  and 
pull  for  a  two-phase  electromagnet. 

88.  Pulsation  of  pull.     Tbeoretioally, 


Fio.    34. — Connections  of  two- 
phaae  electromagnet. 


..  the  puU  in  magnets  equipped 

with  polyphase  windings  should  be  constant  and  eqxial  to  the  maximum  puU 
due  to  the  maximum  nux  produced  in  one  phase.  This,  however,  is  only 
true  when  the  e.m.f.  wave  is  a  pure  sine-function.  Distortion  of  the  e.m.t. 
ware  will  alter  the  mean  effective  pull.  In  any  case,  if  the  load  exceeds 
the  minimum  instantaneous  pull,  there  will  be  chattering  exactly  similar 
to  that  in  a  single-phase  magnet. 

89.  Polyphase  marnets  used  In  slffnal  relays  are,  in  effect,  induction 
motors  so  designed  that  the  rotor  can  revolve  through  a  sufficient  ani^  to 
operate  the  contacts.  This  gives  a  constant  drag  on  the  rotor  due  to  the 
rotary  magnetic  field  and  avoids  chattering. 

HEATINO  or  ELECTBOMAONSTB 
80.  Capacity  limited  by  heating.     The  capacity  of  a  given   electro- 
magnet is  limited  by  the  amount  of  heat  which  it  can  dissipate  per  unit  time  - 
without  exceeding  a  given  or  safe  temperature  rise. 

91.  Th«  temperature  rise  can  be  measured  by  placing  a  thermometer 
against  the  outside  surface  or  by  m'jasuring  the  change  in  resistence  ^Sec.  3) . 
The  general  formula  given  below  supposes  the  mean  temperature  nse  to  be 
measured  by  the  thermometer  method.  The  resistance  method  gives  re- 
suite  which  are  from  1.6  to  2  times  greater  than  those  obtained  with  a  ther- 
mometer, depending  upon  the  depth  of  the  winding,  circulation  of  the 
air,  ete. 

99.  Pormul*  for  temporatnro  rise.  The  general  equation  for  the  final 
temperature  rise  in  a  given  coil  is 


t» 


■4 


(deg.  cent.) 


where  P  is  the  power,  in  watte,  dissipated  in  the  coil;  A  the  outside  cvlin- 
drical  surface  of  the  coil  (the  ends  are  counted  only  in  short  coils,  and  the 
inside  surface  is  not  counted),  and  k  is  the  temperature  rise  in  centigrade 
degrees  per  watt  per  square  inch  of  outside  cylindrical  surface.  Values  for 
the  constant,  h,  in  the  above  formula  differ  widely  according  to  the  propor- 
tions of  the  coil,  the  depth  of  the  winding,  etc.  The  following  values  repre- 
sent average  practice.  For  open  electromagnete,  A^ISO;  for  iron-clad 
electro magnete,  k  —  95. 

98.  Safe  temperature  limits.  The  final  temperature  rise  varies  between 
50  deg.  cent,  ana  75  deg.  cent,  according  to  the  specifications,  the  climate,  the 
depth  of  winding,  eto.     The  internal  temperature  rise  is  limited  to  that  which 


•Lindqiiist.  D.  L.  '*  Polyphase  Magneto;"  BUctrical  World,  1906,  Vol. 
XLVIII,  p.  128.  *'  Characteristic  Performance  of  Polyphase  Magnete*" 
BUctrical  World,  1906,  Vol.  XLVIII,  p.  664. 
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the  inmlatibn  oan  (omaufaUy  withstand.  Tha  temperature  inside  the  coil 
most  neoeesariiy  be  higher  than  that  on  the  outside. 

•1.  The  watt!  par  iguare  inch  for  a  series  of  standard  magnets  are 
(iTen  in  Par.  U.  These  values  may  be  used  for  magnets  within  the  range 
of  proportions  shown  in  Elg.  17,  Fig.  20,  Fig.  27  and  Fig.  30. 

M.  Hot  reilitanne.     The  approximate  final  resistance  of  a  coil  which  has 

been  in  drcuit  for  a  sufficient  length  of  time  to  beoome  thoroughly  heated  is 

Si-fi.(l  +  ai,0  (ohms)  (34) 

where  At  is  the  resistance  of  the  coil  at  room  temperature;  Rt  the  final 
rsMstance;  t,  the  rise  in  temperature  in  deg.  eent.  above  room  temperature; 
and  «,,  is  the  mass  resistance  temperature  coefficient  at  room  temperature 
(see  Sec.  4).  The  standard  room  temperature  is  26  deg.  cent.  Houghly, 
it  may  be  assumed  that  the  resistance  oi  copper  will  be  increased  1  per  cent, 
for  each  2.5  deg.  cent,  rise  in  temperature,  or  for  each  5  deg.  f ahr. 

M.  Ooili  Impregnated  with  high-melting  and  good  heat-eondueting 
eompounds  are  able  to  withstand  more  applied  power  than  untreated  coils. 
In  altemating-eurTont  magnets,  the  ferric  parts  also  beoome  heated  (see  Par. 
T8). 

BUOHST  WIBU 

tT.  Wire  Inmlatlon.  Wires  commonly  used  in  the  winding  of  electro- 
magnets are  insulated  with  enamel,  silk  or  cotton;  or  combinations  of  enamel 
ana  cotton,  or  enamel  and  silk. 

M.  Table  6(  Diuneten  Of  Hacaat  Wire* 

(The  Acme  Wire  Co.) 


Sise 
A.W.  G. 

Single- 
cotton 
covered 

Enamel 
and 

cotton 

covered 

Enamel 
and 
silk 

£iuiiiiel 

10 
11 
12 
13 
14 

.1069 
.0987 
.0858 
.0770 
.0691 

.1088 
.0975 
.0876 
.0787 
.0708 

.1038 
.0925 
.0836 
.0787 
.0658 

16 
16 

17 
18 
19 

.0621 
.0558 
.0503 
.0453 
.0409 

.0635 
.0573 
.0517 
.0468 
.0424 

.0585 
.0623 
.0467 
.0418 
.0374 

20 
21 
22 
23 
24 

.0360 
.0326 
.0294 
.0266. 
.0241 

.0372 
.0336 
.0306 
.0277 
.0262 

.0340 
.0305 
.0274 
.0346 
.0221 

.0352 
.0316 
.0285 
.0267 
.0232 

.0332 
.0295 
.0265 
.0237 
.0212 

25 
26 
27 
28 
29 

.0219 
.0200 
.0182 
.0166 
.0153 

.0229 
.0208 
.0190 
.0174 
.0160 

.0199 
.0180 
.0162 
.0146 
.0133 

.0209 
.0188 
.0170 
.0154 
.0140 

.0189 
.0168 
.0150 
.0134 
.0120 

30 
31 
32 
33 
34 

.0140 
.0180 
.0120 
.0111 
.0103 

.0147 
.0137 
.0126 
.0117 
.0109 

.0120 
.0109 
.0100 
.0091 
.0083 

.0127 
.0117 
.0106 
.0097 
.0089 

.0107 
.0097 
.0086 
.0077 
.0069 

3S 
36 
37 
38 

.0096 
.0090 

.0102 
.0096 
.0090 
.0085 

.0078 
.0070 
.0065 
.0060 

.0082 
.0076 
.0070 
.0065 

.0062 
.0056 
.0050 
.0045 

za 
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%%.  SpM«  f •otor.  The  moct  efficieat  winding  ia  that  which  oont«in«  the 
maximum  amount  of  oooduetinc  material;  benoe  a  thin  insulation  of  hisfa 
dielectric  atrensth  is  deairable.  The  apace  factor  or  aotivltj  eo«fflel«nt 
ifl  the  ratio  of  the  space  occupied  by  the  insulated  conductor  to  that  occupied 
by  the  bare  conductor.  This  is  conveniently  ezpreoeed  in  terms  of  turns  per 
square  inch.  The  Tables  (Par.  M,  lOt,  104,  IOC)  show  the  relative  values 
for  the  various  wires.  Enamel  and  gilk,  and  enamel  and  cotton,  are  designed 
to  replace  double-sitk- and  double-cotton-covered  wiree,  respectively;  the 
former  two  have  higher  activity  ooeffloienta  and  greater  dielectric  ttrenctha 
than  the  latter  two. 

WDTDINa  CALOULATIOirS 

100.  Windlnc  formulM.    In  what  follows  let 
d    —diameter  of  bare  copper  wire  in  inch, 
Rt  —ohms  per  linear  inch, 
di  —diameter  of  insulated  wire  in  inch, 
I"  —turns  per  linear  inch, 
n"  —layers  per  inch,  / 

J^«  — turns  per  square  inch, 
Rw  —  ohms  per  cubic  inch. 
Then  the  number  of  ohms  per  linear  inoh  is 

Ri-8,628d-»10->«  <8«) 

and  I" -di~>  (or  is  found  by  actual  count)  (86) 

For  layer  windings  with  no  paper  between  layers, 

n"-<"  (approT.)  (37) 

When  paper  is  used, 

n"-(d,+»,)->  (38) 

wherein  t,  is  the  thickness  of  the  paper  layer. 

The  tanu  par  square  inch  and  the  cinms  per  otibie  inch  are  given  by 

JV.-=("n"  (39) 

R.-NJI,  (40) 

The  properties  and  dimensions  of  bare  copper  wires  will  be  found  in  Sec.  4. 

Furthermore  let 

T  —  thiokneas  of  wall  of  winding  in  inches, 
h  —  sotual  lengUi  of  winding  in  inches, 
Pa  — average  perimeter  or  mean  length  of  turn  in  inches, 
S   —  longitudinal  cross-seetionsl  area  of  winding  in  sqture  inches, 
V  —  volume  of  winding  in  cubic  inches. 
The  winding  eroai-saction  and  the  winding  volume  are 

S-TL  (41) 

Y-Sp.  (42) 

In  all  usual  shapes  of  coils,  the  thickness  of  coil-wall  is  7*  -  n/n",  where 

n  is  the  number  of  layers.     For  coils  wound  on  cores  or  forms  of  the  shapes  in 

Fig.  35,  the  equation 

p.-2(o+6-(-1.57ir-0.8«9r)  (43) 


Flo.  35. — Core  shapes  and  dimensions  for  electromagnet  windings. 


is  general  and  gives  the  mean  length  of  turn  for  coils  with  cores  of  any  of 
these  shapes.     In  the  case  of  the  perfectly  square  or  rectangular  core,  the 
radius,  r,  is  sero;  whereas,  in  the  case  of  the  round  core,  it  is,  of  course,  equal 
to  one-half  of  the  diameter. 
For  a  round  core  only, 

p.-wi.Di+D  (44) 

where  Di  is  the  inside  diameter  of  the  coil.     In  all  cases,  the  dimensions  of 
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the  inaoUited  eores  are  anumed,  so  far  as  the  inside  dlmeodons  of  the  windinc 
ar«  concerned. 

The  total  nuinbar  of  tumi  in  a  winding  is  given  by 

N~TLIf.  or  AT  -  n'r'TL  (45) 

The  reaistano*  of  a  winding  is  expreaaed  by 

R-YR,oiB-P.NB,  (46) 

101.  Tormnlk  (or  wnpara-tuma.  The  calculations  of  windings  for  eleo- 
tromacneta  are  generally  controlled  by  the  ampere-turns  to  be  developed 
and  the  energy  Toes  in  watts  which  can  be  safely  allowed.  This  reduces 
to  the  problem  of  finding  the  sise  and  kind  of  insulated  wire  which  will  give 
the  proper  proportions  of  turns  and  resistance.  For  continuous-current 
el«etromagneta,  the  equation  for  the  ampere-turns  for  a  given  e.m.f .  is 


OT. 


pjit 


«r) 


Conversely,  tha  sise  of  wire  Is  found  from  the  table  opposite  the  nearest 
value  for  Bt—B/NIpt.  For  the  proper  dimensions  of  a  coil  to  radiate  a 
gtven  amount  of  heat  see  Par.  M. 

IM.  Table  of  Toms  per  Square  Inoh;  Solid  Larer  Windinc 

(The  Acme  Wire  Co.) 


Sise 
A.W.O. 

Single- 
cotton 
covered 

Enamel 

and 
cotton 

''St 

covered 

Enamel 
and 
sUk 

Enamel 

10 
It 
12 
13 
14 

87.6 
109 
136 
169 
210 

84.5 

106 

•130 

161 

199 

92.6 

117 

147 

184 

231 

■ 

1& 
18 
17 
18 
19 

260 
321 
396 
488 
598 

248 
304 
374 
4S8 
556 

292 

see 

458 
572 
715 

20 
21 
22 
23 
24 

772 

947 

1,155 

1,410 

1,720 

722 

890 

1,075 

1,303 

1.575 

865 
1,075 
1,330 
1,650 
2,045 

807 
1.010 
1.230 
1,510 
1,860 

907 
1.150 
1.426 
1,780 
2,220 

25 
26 

27 
28 
29 

2,080 
2,500 
3,020 
3,630 
4,270 

1,910 
2,310 
2,770 
3,300 
3,910 

2,520 
3,090 
3,810 
4,690 
5,650 

2,290 
2,830 
3,460 
4,220 
5,100 

2,800 
3,540 
4,440 
5.570 
6,950 

30 
31 
32 
33 
34 

5,100 
6,920 
6,960 
8,120 
9,430 

4,630 
6,330 
8,300 
7,300 
8,410 

6,950 

8,410 

10,000 

12,080 

14.500 

6,200 

7,300 

8,900 

10,650 

12,800 

8,730 

lo.eso 

13,600 
16,900 
21,000 

35 
36 
37 
38 

10,850 
12,350 

9,610 
10,860 

17,300 
30.400 
23.700 
27.800 

14,900 
17,300 
20.400 
23,700 

26.000 
31.900 
40,000 
49,300 

IM.  final  ealeolattona.    Having  found  the  proper  sise  of  wire,  it  is 
coatomary  to  make  pteUminaiy  caleulati<»s  for  turns,  resistance,  etc.,  and 
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then  to  make  the  final  oaloulationa  after  the  turn*  per  layer  and  number  oC 
layers  have  been  determined  from  the  preliminary  data. 

For  a  round  winding,  with  given  core,  length,  n>e  of  wire  and  reautsnce, 
the  outiid*  diameter  will  be 

(48) 


«-U^(l)+'"']* 


The  approximate  thlckneis  of  wall  of  winding  will  be 
D-Di 


T-- 


2 


(40) 


The  number  of  laTan  will  be  n—Tn",  and  a  new  value  for  T  will  be 
found  for  an  exact  number  of  layers,  by  T— n/n".  The  nuan  lanxth  of 
tuni  will  be  p,=t(.Di+T)  and  the  outiide  diunater  will  now  be  />•• 
Z>i+27'.  The  number  of  tumi  will  be  N-tW'L,  and  the  rMiltutO*. 
R-Nvjli.  For  round  windings,  the  radUtlnf  tvataat  i»  A'-rDL,  where 
A  is  tne  cylindrical  surface. 

104.  Ohmi  par  Cubic  Inch;  Solid  Larar  Windinc 
(The  Acme  Wire  Co.) 


» 


Sise 
A.W.G. 

Single- 
cotton 
covered 

Enamel 

and 
cotton 

covered 

Enamel 
and 
silk 

Enamel 

10 
11 
12 
13 
14 

.00727 

.0114 

.01-80 

.0282 

.0442 

.00702 

.0110 

.0172 

.0268 

.0418 

.00768 

.0128 

.0194 

.0307 

.0485 

15 
16 
17 
18 
19 

.0690 

.1072 

.167 

.260 

.401 

.0668 

.1017 

.158 

.243 

.373 

.0774 

.1225 

.193 

.305 

.479 

20 
21 
22 
23 
24 

.852 
1.01 
1.55 
2.30 
3.67 

.610 
.948 
1.45 
2.21 
3.36 

.731 
1.145 
1.788 
2.79 
4.37 

.682 
1.075 
1.652 
2.56 
3.97 

.767 
1.225 
1.916 
3.01 
4.74 

25 
26 
27 
28 
29 

8.60 
8.50 
12.93 
19.6 
29.1 

5.14 

7.85 

11.86 

17.8 

26.6 

6.79 
10.5 
16.8 
25.3 
38.5 

6.17 
9.62 
14.8 
22.8 
34.8 

7.54 
12.03 
19.0 
30.1 
47.3 

30 
31 
32 
33 
34 

43.8 
64.1 
94.9 

140 

205 

39.7 
67.7 
86.0 

125.8 

183 

59.6 
91.1 

136.6 

208 

315 

53.2 

79.1 

121.5 

183.5 

274 

74.8 
115. 3 
184.2 
291 
456 

35 
36 
37 
38 

297 
426 

263 
375 

473 

705 

1032 

1525 

408 

697 

888 

1300 

711 
1100 
1742 
2710 

1 

CONSTBUCTION  OF  COILS 

lOf.  Methods  of  winding.  There  are  two  standard  methods  of  winding 
ooils.  The  original  method  is  to  prepare  the  bobbin  for  the  wire  and  then  to 
wind  the  coil  by  rotating  the  bobbin  in  a  small  special  lathe  and  guiding  the 
wire  by  hand.  The  second  method  tavotTM  the  use  of  patented  antomatlo 
maohinery. 
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IM.  TkbU  ot  Ohnu  per  Pound 
(The  Acme  Wire  Co.) 


8iie 
A.W.Q. 

Single- 
cotton 
covered 

Enamel 

and 
cotton 

Sinile- 
covered 

Enamel 
and 
■ilk 

Enamel 

10 
11 
12 
13 
14 

.0314 
.0408 
.0789 
.1285 
.199 

.0312 

.0496 

.0784 

.125 

.198 

1 

.0315 
.0502 
.0797 
.1278 
.2016 

IS 
16 
17 
18 
19 

.315 
.500 
.792 
1.26 
1.99 

.312 
.496 
.787 
1.25 
1.98 

.3200 

.609 

.809 

1.286 

2.042 



20 
21 
22 
23 
24 

3.04 
4.98 
•  7.90 
12.5 
19.8 

3.02 

4.95 

7.82 

12.38 

19.5 

3.23 

5.15 

8.13 

12.95 

20.6 

3.19 
5.08 
8.05 
12.8 
20.3 

3.24 

5.16 

8.19 

13.02 

20.7 

36 

2a 

27 
28 
39 

•31.3 
49.4 

77.7 
121.8 
192 

30.8 

48.7 

76.3 

119.5 

188.5 

32.5 
51.5 
81.4 

129 

204 

32.1 
50.9 
80.5 

127 

201 

32.9 

52.2 

82.9 

131.6 

208.5 

30 
31 
32 
33 
34 

300 

472 

741 

1,135 

1,758 

206 

464 

718 

1,115 

1,710 

323 

509 

80S 

1,267 

1,990 

319 

503 

798 

1,248 

1.950 

334 

530 

840 

1,333 

2,115 

35 
36 
37 
38 

2,750 
4,270 

3.130 

4,940 

7,630 

11,920 

3,010 

4.740 

7.370 

11.580 

3.350 

5.320 

8,440 

13,400 





UT.  Insulation.  The  use  of  electrcmaKocts  on  lighting  and  power 
circuits  makes  it  neoeseary  to  provide  additional  insulation  between  adjacent 
lAjrera  of  wire  to  prevent  a  Sreakdown  at  the  points  of  maximum  e.m.f. 
between  layers*  when  the  circuit  is  suddenly  broken.  It  is  eustomary,  there- 
fore, to  plaoe  one  or  more  wraps  of  thin  paper  between  adiaeent  layers  which, 
aa  a  farther  advantage,  makes  it  poflsible  to  wind  coils  of  fine  wire  evenly  in 
layers.  Enameled  wire  is  particularly  adapted  for  this  form  of  coil  since  the 
e.ni.f.  between  adjacent  turns  in  a  layer  is  very  low;  consequently  more  turns 
per  layer  may  be  obtained  and  a  high  activity  for  the  coil  maintained. 

IM.  Form  winding.  Coils  with  paper  between  successive  layers  may 
be  wound  directly  into  the  bobbin,  or  into  forms,  and  the  coils  mounted 
Ittter.  It  is  customary  in  such  cases  to  guide  the  wire  by  means  of  a  traverse 
screw  or  a  cam.  In  one  well-known  patented  method,  several  coils  are 
simultaneously  wound  by  automatic  machinenr.  Coils  wound  in  a 
so-called  haphasard  manner  are  well  named,'  sinoe  the  e.m.f.  between 
adiacaent  wires  may  be  sufficient  to  puncture  the  insulation  under  sudden 
fluctuation  of  the  current. 

109.  MHjing  and  treating.  In  general,  coils  should  be  thoroughly 
dried  out»  dipped  in  insulating  varnish  and  baked,  or  else  treated  with  some 
nwltiiig  eom'>ound.  TUs  not  only  protects  them  from  moisture,  but  also  as- 
sets in  conducting  away  the  internal  heat.  Coils  wound  with  tape  as  a  finish 
sioald  be  treated  in  the  same  manner  as  the  field  coils  of  electric  machines. 

tl4,  ItonntiiMr-  A  good  method  of  mounting  direct-current  windings 
■fter  impi^gnatioD  is  to  wrap  a   thin  brass  tube  with  oiled  muslin,  fringed 
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at  the  endi  so  that  the  frisffM  wUl  overlap  one  another  when  bent  at  richt 
ancles  to  the  tube.  The  ooil  ia  then  mounted  on  the  miulin-oovered  tube 
and  several  oiled  mu^n  washera  are  placed  on  each  end.  A  slotted  fiber 
washer  Ib  mounted  at  the  end  with  the  inside  lead,  and  the  lead  is  bronjcfat 
out  throuffh  the  slot  after  being  wound  once  around  the  tube;  the  inside 
diameter  of  this  washer  should  be  sufficient  to  slip  over  the  turn  of  the  lead. 
More  oiled-muslin  washers  are  then  put  on,  and  the  fringes  are  fanned  out 
at  both  ends  of  the  coil,  after  which  heavy  fibre  end  washers  are  put  on  and 
the  ends  of  the  brass  tube  spun  over.  This  makes  a  very  solidly  constructed 
and  well-insulated  coil.  In  lUtematinff-current  coils,  the  brass  tube  must 
be  slotted  lengthwise.  When  flat  ribbon  leade  are  used,  it  is  not  necesaary 
to  use  a  slotted  washer. 

All  splices  shoiJd  be  soldered  and  thoroughly  protected  with  oiled  muidin. 
The  leads  should  be  tied  in  position  with  stout  twine. 

111.  CoTeiing.  Mounted  coils  are  covered  with  cord,  pressboard,  oiled 
muslin,  etc.,  and  are  often  dipped  in  black  air-drjdng  vamish  to  give  thexzi  a 
protecting  finish. 

TXSTINa  or  BCAOKXTB 

lis.  Measurement  of  pull.  The  attracting  effort  of  a  small  portative 
magnet  or  a  smalt  tractive  magnet,  with  the  armature  or  plunger  in  contact 
with  the  pole  faces  or  stop,  may  be  measured  with  a  spring  balanoe.  LarKo 
magnets  may  be  tested  by  direct  loading  or  by  loading  through  a  system  of 
levers.  The  pullout  point  is  not  preceded  by  any  warning  and,  in  order 
to  obtain  accurate  load  readings,  tne  load  must  be  applied  at  a  uniforni 
rate  and  under  perfect  control. 

A  simple  method  is  to  hang  a  bucket  below  the  weights  and  to  pour  water 
or  shot  into  it  until  an  amount  equal  to  a  weight  unit  is  exceeded,  when  ^e 
bucket  may  be  removed  and  tne  e<iuivalcnt  weight  placed  in  position; 
then  the  empty  bucket  is  again  hung  in  place  and  filled,  this  cycle  of  operas 
tions  beinfc  continued  until  the  pullout  point  is  reached,  when  the  total  weight 
is  determined. 

111.  The  pull  teitt,  for  varioui  lengths  of  air-ffapi,  may  be  made 
by  the  use  of  brass  discs  or  rings  of  thicknesses  arranged  in  decades.  Thus 
the  first  group  may  be  1  in.,  2  in.,  3  in.,  and  4  in.  respectively,  with  which 
any  combination  in  thickness  from  1  in.  to  10  in.  may  be  obtained.  This 
idea  may  be  carried  out  as  far  as  desired.  Twelve  spacers  will  give  1*000 
combinations.  The  measurement  of  the  pull  should  oe  made  as  outlined 
in  Par.  lit. 

114.  The  heatlnr  teat  requires  an  ammeter,  a  thermometer  (or  volt- 
meter), a  watch  and  a  rheostat.     Fig.  36  shows  the  connections  for  a  test 

where  the  temperature  rise  is  deter- 
mined by  the  change  in  resistance  (Sec. 
3) .  Instruments  and  general  measure- 
ments Are  treated  in  See.  3.  The 
temperature  rise  can  be  measured 
either  by  the  resistance  method  or 
*  with  a  thermometer  placed  againet 
T  the  outetde  of  the  winding.     In  nmkins 

Fio.  36.— Connections  for  heat  the  test  the  current  should  be  kept 
run.  determining  temperature  rise  by  at  a  constant  value  i  by  means  of  the 
resistance  method.  rheostat,  and  the  thermometer  (or,  in 

Fig.  36,  the  voltmeter)  read  at  regular 
time  intervals.  While  making  the  test,  either  the  temperature  or  the  e.ai.f, 
drop  should  be  plotted  with  time;  this  will  give  the  heating  curve  and  show 
when  the  final  temperature  has  been  reached. 

llf .  The  reilstanoe  test  is  usually  made  with  a  Wheatstone  bridge  or 
a  modification*  of  the  same  designed  to  test  the  coils  very  rapidly. 

IK.  Test  for  short-circuited  turns.  Coils  designed  for  use  on  alter- 
nating-current circuits  are  tested  for  short-circuited  turns  by  placing  them 
on  the  core  of  a  special  transformer,  whereby  a  high  e.m.f.  is  induced  in  thesa. 

117.  The  breakdown  test  for  direct-current  coils  is  accomplished  by 
placing  them  on  a  laminated  core  before  mounting;  then  heavily  overloading 

*  Underhitl,  C.  R.  "  The  Design  of  a  Quick-aotinc  Wheatstone  Bridge," 
BUctTical  TForW,  1910,  Vol.  LVI,  p.  29. 
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Uiem.  and  suddenly  intemiptiiiit  the  circuit  bo  as  to  induce  a  high  momentary 
e.m.!.  A  reduction  in  the  resistance  of  the  coil  is,  as  determined  by  Bul>- 
lequent  zaeasurement,  an  indication  of  punctured  insulation  in  the  winding. 
Coils  movnted  on  brass  tubes  covered  with  six  wraps  of  oiled  muslin  with- 
stand a  regular  commercial  test,  from  coil  to  tube,  of  3,500  volts  alternatinc 
effective  value. 
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OKKXKAI. 

US.  Indaetlon  eoUa  may  be  divided  Into  two  olauei:   those  with 

a  ivlmary  winding  only,  and  those  with  both  primary  and  secondary  wind 
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ings.  The  former  are  lued  almost  excluaively  in  oomiection  with  the  isni- 
tion  of  internal-combustion  motors.  The  function  of  both  types  is  to  respond 
to  very  sudden  fluctuations  of  the  e.m.f.  in  the  primary  circuit.  For  thie 
reason,  they  have  open  magnetic  cireuits,  which  partly  accounta  for  their 
generijly  low  efficiency. 

In  telephony,  the  function  of  the  induction  coil  is  to  accurately  tranaform 
the  complex  waves  of  e.m.f.  and  current  corresponding  to  the  sound  waves 
produced  by  articulate  speech.  It  is,  therefore,  in  this  particular  case, 
simply  a  transformer  witn  an  oi>en  magnetic  circuit.  Induction  coils  of 
the  secondary  type  are  also  used  in  radiography,  wireless  telegraphy,  internal- 
combuaUon  motor  ignition,  etc. ;  they  operate  on  the  princifHe  of  the  gradual 
or  progressive  storage  of  energy,  which  is  then  suadenly  discharged,  and 
the  cycle  repeated. 

ThiB  performance  of  the  primary  type  of  induction  coil  has  an  important 
bearing  on  the  behavior  of  seeondary-t^pe  coils  of  the  jump-spark  type 
and,  for  this  reason,  the  primary-type  coil  is  treated  first  and  separately. 

PUMABT-TTPB  INDUCTION  COIL8 

IM.  Definltioa.  A  ptimary-type  coil  is  a  reactor  (See.  6)  designed  to 
receive  electrical  energy,  then  convert  it  into  magnetic  energy,  storing  as 
much  of  the  latter  as  feasible,  and  finally  to  reconvert  it  suddenly  into 
electrical  energy.  The  ultimate  object  is  to  utilise  the  heat  of  the  resulting 
spark,  when  the  circuit  is  suddonly  broken.  The  rupture  of  the  circuit 
usually  takes  place  in  the  cylinder  of  an  internal-combustion  engine  or 
motor.        .      «   .   ,        . 

111.  Theory.  As  commonly  hiade,  the  primary-type  induction  coil 
consists  of  relativelT  few  layers  of  coarse  magnet  wire  wound  over  a  core 
consisting  of  a  bundle  of  soft-iron  wires.  When  the  circuit  is  closed  through  . 
a  battery,  current  flows  through  the  coil  and  magnetises  the  core;  the  counter- 
e.m.f.  generated  by  the  lines  of  flux  cutting  the  turns  of  wire  in  the  c<^ 
opposes  the  e.m.f.  of  the  battery,  so  that  a  definite  time  interval  is  required 
to  fully  charge  the  iron  core  with  magnetism. 

The  break  is  designed  to  have  a  snap^ction  which  causes  the  circuit  to 
be  oi>ened  very  rapidly,  as  soon  as  the  flux  in  the  core  attains  its  most  efficient 
value;  thereupon  the  current  and  the  flux  decrease  at  a  very  rapid  rate,  and 
at  the  same  rate,  to  aero.  This  sudden  rate  of  change  in  the  flux  induces 
a  high  e.m.f.  in  the  coil,  proportional  to  d^/d(,  in  the  same  direction  as  the 
battery  e.m.f.,  tending  to  retard  the  decrease  of  the  current,  and  thus  pre- 
vent the  sudden  collapse  of  the  magnetic  field.  Hence,  at  the  point  of  nip* 
ture,  or  break,  there  results  a  bright  spark  or  arc,  usuaUy  varying  from 
•ft  in.  to  A  in.  in  length,  the  energy  of  which  is  the  equivalent  (barring 
losses)  of  the  magnetic  energy  previously  stored  in  the  core.  The  value  of 
the  current  at  the  instant  that  the  metallic  circuit  is  broken  is  given  in 
Far.  10,  Eq.  6,  under  "Magnets." 

m.  Stored  maciMtle  enargr.  The  magnetic  energy,  in  joules,  stored 
in  time  ( is 

W-jI*  (joules)  (80) 

where  L  is  the  inductance  in  henrya  and  /  is  the  value  of  the  eurrent  in 
amperes  at  the  end  of  time  ( in  seconds.  This  is  the  energy  of  the  spark 
Gess  losses). 

Its.  The  Induotenoe  of  the  ooU  is  expressed  by 

L^aONVlOr*  (henrys)  (SI) 

approximately,  for  cores  having  ratios  of  length  to  diameter  between  10 
and  IS,  where  N  is  the  number  of  turns  in  the  coil,  and  d  is  the  diameter  of 
the  core  in  centimeters.*  The  time,  (,  required  for  the  current  to  attain 
63  per  cent,  of  its  final  value  is  the  time  oonituit  (See.  2)  of  the  circuit; 
it  is  numerically  equal  to  L/R-  By  assuming  that  the  rate  of  eurrent  increase 
is  nearly  uniform  between  0  and  L/R  seconds,  which  is  approximately  correct,  ■ 
the  value  of  the  current  strength  may  be  estimated  for  any  corresponding 
time  after  dosing  the  circuit. 

*  Armagnat,  H.  "  Induction  Coils  "  (Translated  from  the  French  by  0.  A. 
Kenyon);  New  York,  MoOraw-Hill  Book  Co,  Inc.,  1908. 
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IM.  T«St  eharMtariaUos.  In  Fig-  87  an  ihown  the  teat  ehsnoter- 
iatioa*  cl  s  eoil  with  oirouit  oonitanU  of  £>-9  ohnu,  uid  L  — 0.02  hanry. 
Wben  the  eireuit  wu  closed  for  0.02  neond,  with  an  e.m.f.  of  8  volt*,  the 
■torsd  energy  (or  spark  energy)  ww  0.026  watt-wcond.  The  curve  for 
12  volta  ia  auo  shown.  It  wiU  be  seen  that  the  current  at  any  instant  is 
directly  proportional  to  the   e.m.f. 

The  time  required  for  the  current  to  rise  from  0  to  03  per  cent,  of  it*  ulti- 
mate value  may  be  lessened  by 
reducing  the  iniductance  or  in- 
oreaaing  the  reaistanoe.  In 
general,  a  gain  in  time  causes  a 
correaponoing  loss  in  energy 
•torea.  The  voltage  should  be 
sufficient  to  overcome  varia- 
iioDs  of  the  resistance  of  the 
eontacts,  but  not  great  enough 
to  bold  the  arc  too  long  after 
the  contacts  are  separated.    In 

Sraotice,  battery  e.m.ftf.  of  from 
to.  12  volte  are  employed,  but 
•  good  rule  is  to  keep  tne  e.m.f. 
■s   low  a*  possible.     When  a 

K aerator  is  used  instead  of  a 
ttery,  the  tesistanoe  and  the 
inductance  of  the  generator 
must  be  added  to  the  constants 
of  the  rest  of  the  circuit. 

lU.  Instantansoui  current, 
testf  of  a  primary-type  coil. 
R-1  ohm,  I, -0.01    henry, 
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9Xime  of  Contact,  In  Seconds 
Fio,  87. — Current-time  curve*  of  a  primary- 
type  induction  coil. 

Fig.  38  show*  an  onUlatram  from  a 
The  constant*  of  tke  drouit  were  JE— 1  volt* 
n  —  A  \3uax^  Mj—\j.v^  uviuj,  and  the  final  value  of  the  current,  /,  4  amp. 
The  circuit  was  closed  at  A  and  the  current  attained  a  value  of  63  per 
cent,  of  4  amp.  at  B,  in  0.01  sec.  The  metallic  circuit  was  suddenly 
broken  at  B  and  current  had  ceased  to  flow,  i.s.,  there  was  no  ate,  after  the 
circuit  had  been  broken,  for  0.0015  sec.  The  circuit  remain«>d  broken 
from  C  to  il,  and  then  the  cycle  was  repeated.  If  the  circuit  had  been 
left  dosed  for  more  than  0.01  sec,  the  value  of  the  current,  for  varying 
time,  would  have  been  represented  by  the  dotted  logarithmic  curve. 

IM.  Variation  of  inductance  and  re- 

T  _      _,-^'"'"~^~  iUtance.     It  will  be  seen  that  the  amount 

A  i    Se'"'^        Jr  o'  energy,  V,  stored  magnetically,  for  a 

J  Jf"       '^\  /\  given  primary  eoil,  is  proportional  to  the 

J  2        /   \  /    \  time  that  the  circuit  is  dosed.     Owing  to 

"■  .  .  /      \\  /       1  the  fact  that  the  inductance  is  not  con- 

,  stant,  it  is  difScult  to  estimate  accurately 

^nia  the  time-constant  of  the  circuit.  A  certain 
amount  of  resistance  is  also  introduced  at 
the  contacts,  due  to  corrosion,  etc.  For 
these  reasons,  the  predetermination  of  the 
oharacteristics  of  such  a  coil  is  only  ap- 
prozimate. 
coil   circuit  is  broken,   several  variables 


LOlSw;.' 


*l|M>,«a6Sea. 


Fio.  38. — Curves  of  instantar 
neous  current  in  a  primary-type 
induction  cdl. 

UT.  xaeiensy.  When  the 
must  be  considered.  It  is  exceedingly  difficult  to  calculate  the  speed  of  the 
break  exactly.  The  reaistanoe  of  the  arc  at  the  break  depends  upon  the  tem- 
perature and  the  pressure  of  the  meditun  in  which  the  arc  occurs,  the  strength 
of  the  current,  the  seU-induction  of  the  drcuit  and  the  material  of  the  elec- 
trodes. All  of  these  faotox*  enter  into  the  determination  of  the  time  re- 
quired to  reduce  the  current  to  lero.  Prof.  Bailey  estimated  the  average 
e.mJ.  devdoped  at  the  break,  in  the  coil  tested  (Par.  IM),  to  be  30  volts, 
and  the  efficiency  to  be  S6  [>er  cent. ;  however,  he  conmdered  that  the  effidency 
might  be  increased  to  86  per  cent,  by  increasing  the  inductance  four  times 
and  permitting  the  current  to  rise  to  1.25  amp. 


•  Springer,  F.  W. 
IForW,  ■  ■ 


BUelnaU 


'  The  Design  and  Operation  of  Spark  Coils 

„^^,  19i57,  Vol.  Up.  1183.  „  .    ,„ 

t  Bailey,  B.  F.  "The  Induction  CoU;"  BUetrioal  World,  1910,  Vol.  LV, 
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siooHDAmr-TTn  imdvotioit  oons 

1st.  Theory.     FSf.  39  shows  the  circuit  diagram  of  a  typical  secondary-, 
type  induction  coil.     The  circuit  is  closed  at  iS  and  current  established  In 

C 


Fig.  39. — Tyincal  circuit  diagram 
for  secondary-type  induction  coil. 


BeoondaxT 
PiQ.  40. — Current  and  e.m.f.  curves 
of    a    secondary-type    induction    coil 
without  condenser. 


» 


the  primary  drouitj  this  current  produces  a  flux  in  the  core  and  when  the 
flux  reaohee  a  certain  value  the  pull  exerted  on  the  interrupter  contact  arm 


^ximarr  Oarrent 

leoondarf 
E.M.F. 

Ttme 


y^eeoondary   \/ 


Fio.  41. — Effect  of  loading   the 
aeoondary.    (No  condense.) 


Flo.  42. — Curves  o{  current  and  e.m.f. 
in  an  unloaded  secondary-type  ewl  srith 
condenser. 

is  sufficient  to  overcome  the  pull  of  the  spring,  8,  and  opens  the  circuit  at  C. 

The  circuit  being  open,  the  flux  quickly  decreases  to  zero  and  thus  generates 

a  high  value  of  e.m.f.  in  the  sec- 
ondary winding,  which  consists  of 
many  turns. 

When  no  condenser  (Par.  1S9)  is 
used  and  the  secondary  circuit  is 
open,  no  current  flows  through 
the  secondary  and,  consequently, 
the  effect  of  theBecondar^  upon 
the  primary  is  nil,  excepting  for 
the  neglinble  charging  current  in 
large  coils.  AU  actions  in  the  pri- 
mary take  place  exactly  as  though 
the  secondary  were  not  present. 
Fig.  40*  is  the  same  as  Fig.  38  with 
the  secondary  e.m.f.  curves  added. 
The  effect  of  loading  the  Moon- 
darr  (without  condenser)  is  shown 
in  ^g.  41. 

1S9.  Kfreet  of  eondflnter.  Fig. 
42  shows  the  effect  of  the  condenser 


Fia.  43. — Current  curves  of  a  loaded 
secondary-type  coil  with  condenser. 


•  Bailey,  B.  F.  "The  Induction  Coil;' 
843. 
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(FIc.  39)  with  ui  unloaded  secondary,  while  "¥%%.  43  reprMents  the  effecu 
of  loadixia  the  aeoondary.  These  curves  (^SB-  41,  42  and  43)  are  taken 
from  oaoulosranu  made  by  Prof.  Bailey.     The  condenser,  with  the  local 


inductance  of  the  primary,  constitutes  an  oarillatiDf  circuit.  The  self- 
inductioQ  in  the  primary  is  small;  hence  the  rate  of  osciHation  is  high.  The 
oaei nations  in  the  primary  react  upon  the  secondary,  producinx  an  oscillation 
•uperimposed  upon  the  logarithmic  current  curve. 

UO.  Operation  of  InWrruptar.  The  interrupter  should  be  so  desifned 
that  the  current  ma^  increase  to  it^  proper  value  and  the  circuit  then  sud- 
denly open  automatically,  in  order  tnat  the  rate  of  change  in  the  flux  nupr 
be  aa  great  aa  poaaible.  The  interrupter  is  usually  made  adjustable  for  this 
purpoae.  When  it  cannot  be  relied  upon  to  give  a  sufficiently  brief  duration 
of  contact,  it  is  safer  to  increase  the  resistance  of  the  primary  and  thiu  de- 
crease the  time-constant,  rather  than  to  increase  the  e.m.f.  of  the  battery. 
The  condenser  (Par.  1C9)  should  have  just  sufficient  capacity  to  prevent 
sparking. 

ISl.  Tha  daalffn  of  Induction  eoils  is  largely  empirical,  there  being 
many  points  upon  which  there  are  no  definite  data.  Prof.  Bailey  and  others 
have  publishea  some  excellent  papers  on  the  theory  of  induction  coils,  from 
which  part  of  the  foregoing  data  nave  been  taken  (see  "Bibliography"). 

UB.  Cora  daaign.  Fig.  44  shows  a  curve  plotted*  between  flux  In 
tines  per  aquare  inch  per  ampere-tum  per  inch  length  of  coil  [<SSl/NI),  and 
the  ratio  of  core  length  to  net  cross  sectional  area  of  eore  (U/Am).  It  must 
be  noted  that  the  net  area  is  used;  this  is  given  by 

A.-o^*-.  0.7  —  (sq.  in.)  (52) 

where  d  is  the  core  diameter  in  inches,  and  a  is  the  Space  factor  (Par.  &M). 
Tfaia  curve  was  plotted  from  data  taken  from  testa  made  on  cores  of  com- 
mercial annealed  round 
iron  wire  0.062  in.  in  ciia- 
meter.  In  every  case, 
the  exciting  coil  was  3  in. 
long,  and  consisted  of  191 
turns  of  No.  16  A.W.G. 
copper  wire  wound  in  4 
layers.  The  flux  waa 
meaatired  with  an  en>lor- 
ing  coil  of  20  turns  placed 
in  the  oentre  and  outaide 
of  the  exciting  coiL  The 
points  j^otted  on  the 
eurve  (rig.  44)  are  for  a 
set  ol  eorea  1  in.  in  dia- 
meter and  of  different 
lengths;    the   eirclea 
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jotted  on  the  curve  are 
for  a  aet  of  cores  4  in.  long 
and  of  various  diameters. 
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Fio. 


Net  Are* 
44. — Curve  for  estioiAting  ampere-turoB. 

It  iB  well  to  note  ttuit  tlie  eame  rmiio  of  length  to  dimmeter  can  correspond 
to  any  ratio  of  length  to  net  area,  and  that  the  &uz  denaity  producea  per 
ampere-tum  per  inch  length  of  coil  variea  with  the  latter  ratio. 

US.  rios  doultj.  Baaed  upon  the  testa  plotted  in  Ft*.  44,  the  flux 
density  along  the  middle  section  of  the  eore  of  a  straight-core  coil  lis,  accord- 
ing to  Mr.  O.  A.  Kenyon, 


.:^(6.lA+35) 


(BWiwalfc  per  aq.  in.)       (53) 


wfacfC  H  is  the  number  of  turns,  /  the  maximum  current  in  amperes,  I  the 
length  of  the  coil,  U  the  length  of  the  core,  and  A^  the  net  crosa-sectional 
area  of  the  eore.     All  dimensions  are  in  inches. 

*  Kenyon.  O.  A.  from  daU  by  Springer,  F.  W.    "The  Design  and  Opera- 
tion o(  %9»A.  CoOa;"  tU^ical  WerU,  1907,  Vol.  L,  p.  1163. 
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134.  Th«  ipaee  factor  of  th*  eor*  U  that  per  cent,  of  the  total  area  whioh 
is  oeoupied  by  iron.  In  the  cores  tested  by  Mr.  Springer,  the  space  factor 
varied  from  0.676  to  0.70  and  averaged  0.687. 


U3. 


Table  of  Core  Dimsnalozu  from  Practio* 

(Ehnert)  * 


SparlL  length 
(cm.) 

Core  length 
(cm.) 

Core-wire  diam- 
eter (mm.) 

8paoe-f actor 

8 
10 
16 
20 
26 
30 
36 
40 
60 
60 
70 

15-20 
20-25 
25-35 
80-42 
86-60 
48-60 
62-68 
62-70 
80-90 
100-120 
120-140 

0.8 
1.0 
1.2 
1.4 
1.6 
1.6 
1.7 
1.8 
1.9 
2.2 
2.6 

0.84 

0.82 

0.80 

0.78 

0.77 

0.76 

0.76 

0.74 

0.73 

0.716 

0.70 

U6.  TlM  (in  of  th*  (Mrimarx  wlra  should  be  so  chosen  as  to  produce 
heat  at  a  very  low  rate,  since  there  is  almost  no  ventilation  of  the  primary 
coil.  The  current  density  in  the  primary  coil  can  vary  between  600  and 
1,200  amp.  per  square  inch.  It  must  be  remembered  also  that  in  coils  with 
large  cores  the  hystereiU  loss  is  important.     See  Par.  79. 

117.  Table  of  Bins  of  Prlnxary  Wire  from  Praetioe 

(Ehnert)  • 


Spark  length,  om 

8 

10 

16 

25 

36 

60 

1 

1.2 

1.5 

2.0 

2.6 

3 

Nearest  siie  A.  W.  G 

18 

17 

15 

12 

10 

9 

8B00KDABT  WIKDZNOS 

IM.  Th«  n«eMMi7  nombar  of  secondur  tumg  to  give  &  oertain 
Becondary  e.m.f.  depends  upon  the  value  of  the  flux  in  the  core,  the  type  of 
Interrupter,  the  constantA  of  the  circuit,  etc.  As  yet  there  is  no  law  of  gen- 
eral application  which  will  permit  the  accurate  or  even  approximate  deter- 
mination of  the  number  of  secondary  turns.  When  the  magnetic  circuit 
and  the  primary  winding  are  finished,  an  experiment  can  be  made  which 
will  determine  the  approximate  number  of  secondarj^  turns.  Using  an  in- 
terrupter that  will  give  a  definite  and  invariable  duration  of  contact,  find  the 
value  of  e.m.f.  generated  per  turn,  in  a  coil  of  only  a  few  turns,  and  then 
divide  the  total  desired  e.m.f.  by  tMs  value  to  obtain  the  required  number  of 
secondary  turna. 

ISf .  T»bU  of  Dlmensiozui  of  Baoondary  Windlnff  from  Praotlee 

(Ehnert)  * 


6  to  10 

12 

16 

26 

86 

50 

t.  cm.  (Fig.  46) 

0.4 

0.6 

0.6 

0.7 

0.8 

0.9 

A.  cm.  (Fig.  46) 

1.5 

2.0 

2.6 

3to3.6 

4.6 

6to7 

*  Ehnert.  E.  W.  "Theorie  und  Vorausberechnung  der  Funkeninduktoren;' 
Etedrotechnik  tmd  Matehinmbau,  1007,  Vol.  XXV,  pp.  337,  361  and  377. 
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Pnoflcal  Toim 


4S. — Dialributioa  of  flax  and  general  form 
of  coil. 


IM.  T.i«»iM»n  th«  MMmdar*  e.m.f.     If  too  many  Moondary  tuma  are 

null,  the  maziinum  value  of  e.m.i.  can  be  limited  by  connecting  the  terminala 

to  a  sparlc-ffAPf  the  length  of  which  correeponds  to  the  maximum  permiwible 

cm.f. 
141.  TIm  ■!«•  of  leoondarr  wire  doea  not  rary  gieatly.     For  eoili  giv- 

iac    lone    sparka,    Ehnert 

atates  that  in  practice  the 

vire   TUies  in    aiiea  from 

tttoae  equivalent  to  No.  35 

to  No.  38  A.W.G.;  and  for 

thoae  eoila  giving  afaort  hot 
.^larka,  it  varies  from  No. 

10  to  No.  34  A.W.Q. 
14>.    AlTUir«ni«at  of 

wlndliica ;  Iftt  method. 

There     are     two     general 

nethoda   of  arranging  the 

wi  n  d  i  n  g  s ,   namely,  the 

layer  mathod  and  the  aec- 

tioB  or    "pie"   mathod 

(Far.  IM).     Fig.  4S  ahowe 

the  layer  method;  the  up-    Fio. 

per  half   ahows  the  theo- 

lecieml   form  of  the  major 

iaaolmtion  and  the  secondary  coil,  while  the  lower  half  shows  the  practical 

form.  The  curve  at  the  top  shows  the  e.m.f.  generated  per  turn  in  the  sec- 
ondary coil  at  different  positions  along 
the  core.  This  curve  shows  that  turna 
near  the  end  of  the  core  are  very  much 
less  effective  than  near  the  middle. 
,  Designers  differ  as  to  the  proper  length 
,  of  the  secondary  coil,  but  as  a  rule  it 
varies  from  0.25  to  0.50  of  the  length 
of  the  core. 

141.  Conatruotlon  of  Meondary- 
typ*  eoUi  for  Icnltion.  Immense 
<]uantities  of  induction  coils  are  used 
in  internal-combustion  motor  ignition.' 
These  coils  usually  have  secondaries 
consisting  of  two  sections  mounted  on  a 
tube  over  the  primary.  The  eoila  are 
wound  evenly  m  layers,  by  automatic 
machinery,  and  several  sheets  of  thin 
Flo.  40.— CoQ  iiroixirtions.  paper  are  inserted  between  suoceasive 

layers    during    the   winding   process. 
coils  ar«  subsequently  treated  with  paraffin  or  some  compound.        :  j 

144.  Arrancnmant  of  wlndinfi;  "pl«"  mathod.    Figs.  47  and  48 

era.    (3    in.)    generally  fiuuum^^W^lmwwwt^        uniiiiiuWWWWWwummu 

require   the   secondary 

wimfins  to  be  made  in 

several  sections.    In 

Hg.  47,    the  inside  of 

oas  "  fde"  is  connected 

to  the   outside  of  the 

adjseent    "  pie,"    etc., 

•rUe  in    Fig.    48,    the 

sdjacent  coQs  are  con- 

Bscted    alternately    at 

the  inside  and  outside. 

Bslow    the    cross-sections 

Uc  maximum  e.ni.f. 


Fio. 


tribution  of  e.m.f.  in  pancake  oodrs 


•iE 


are    shown   the  e.m.f.  diagrams.     In  the  first, 

„  ,_».„_„  ».„..  which  can  exist  between  two  adjacent  coils  or  "piej" 
■  eqoal  to  the  e-m-f .  generated  in  one  coil  and  is  the  same  in  all  parts  of  the 
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call;  in  the  second,  the  difference  in  potential  between  two  sdjaeent  coils  is 
■era  St  the  points  where  they  sre  connected  (alternately  inside  and  outside), 
and  increases  from  that  point  to  a  maximum  value  equal  to  twice  the  e.m.f. 
generated  in  one  coil. 

At  first  sight  it  appears  that  the  fint  system  would  require  only  half  the 
insulation  between  sections  or  "pies"  that  the  second  would,  but  in  prao- 
tioe  the  connecting  wire,  which  must  run  through  the  insulation  between  the 
ot^ls,  is  run  straigbt  out  through  the  middle  and  requires  sufficient  insulation 
on  each  side  to  resist  the  coil  e.m.f.;  thus  it  will  be  seen  tluit  both  systems 
require  the  same  insulation. 

141.  Detetll  of  windinc  prooeis.  The  pies  are  wound  in  thieknessee 
▼arying  from  0.0625  in.  to  0.26  in.  As  a  rule,  siUi-covered  wire  is  used  (Far. 
M>  tot,  104,  IM).  The  core  of  the  winding  form  is  given  a  bevel,  in  order 
to  teU  the  polarity  of  the  coil  at  a  glance,  provided,  of  course,  that  all  eoila 
are  wound  in  the  same  direction,  when  cotton-covered  or  silk-oovered  wire 
is  used,  it  is  passed  through  a  bath  of  melted  paraffin  wax  or  compound  while 
winding;  the  amount  of  wax  retained  by  the  wire  is  controlled  by  passing  the 
wire  from  the  bath  through  several  paper  slits,  varied  to  suit  the  require- 
ments; in  this  manner  the  wax  is  scraped  off  the  wire  to  any  desired  extent. 
Care  should  be  taken  to  have  the  temperature  of  the  wax  sufficiently  high  to 
prevent  cooling  before  it  is  in  place,  since  the  wax  serves  to  bold  the  wires 
together.  Before  winding,  the  wire  should  be  thoroughly  dried  out  in  an 
oven. 

14«.  Table  of  Dimenslona  of  Indnetlon  OoUa 


Authority 

Eddy* 

Eddy* 

Blec. 

12 

22 

2.126 
24 

6 

22 

1(T) 
12.5 

1.5 

1 
S 

CSire: 

sise  wire  A.W.G 

diameter,  inches 

length, Inches 

Primary: 

■ise  wire  A.W.G 

layora 

12 
2.5 
230 
22 

12 

n6(T) 

IKT) 

14 
« 

I*n£t^'ioil,  inrhftn 

Ebonite  tube: 

26 
3.5 
2.75 

14.5 
2.76 
2.25 

1.69 
1.38 

dia.  iniiide,  inQheff 

Seoondary: 

siie  wire  A.W.G 

No.  of  pies 

34 

«4 

75.256 

34 

84 

38,000 

1 

total  turns 

Total  lencth,  inches 

8 
6 

'4.25 
4.87 

3.5 

147.  Insulktlon.  The  properties  of  insulators  and  other  materials  are 
given  in  Sec.  4  (see  index).  The  major  Iniulktios  between  the  primary 
and  the  secondary  generally  consists  of  s  tube  of  such  material  as  ebonite, 
hard  rubber  or  micanite;  or,  ia  small  coils,  paraffined  paper.  The  new 
material  "Micarta"  may  also  be  used.  The  minor  IniuUtion  is  gener- 
ally obtained  by  impregnating  the  coils  with  paraffin  wax  or  some  compound. 
Over  each  layer  of  the  primary  winding  is  wound  a  ttiickness  of  paraffin 

*  Eddy,  W.  O.  "The  Deeign  of  a  12-in.  Induction  Coil;"  gUxtrical  World, 
1907.  Vol.  XLIX,  p.  40. 

t"Questiona  and  Answers;"  Blrrlrical  World,  1906,  Vol.  XLVIII.p.  1064. 

t  The  sise  or  number  of  turns  of  secondary  wire  is  not  given.  It  u  stated 
that  2  lb.  of  wire  are  required. 
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Wft  wmI  batmen  tba  Metiou  or  ")^<a"  of  luf*  Meondaria*  than  ara  dim 
built  up  of  aome  treated  materiaL  The  core  wires  should  alao  be  insulated 
br  dipiniis  tbem  in  some  kind  of  insulating  Tarnish. 

IHTXEBUFTHU 

IM.  Tn^ai  of  latanqptan.  Intemiptara  for  induction  eoils  may  bs 
Prided  into  two  distinct  classes,  namely;  maelutiile*!  and  alaetrelytle. 
The  simpler  form  of  mechanical  interrupter  (Fig.  49)  is  suitaUa  for  so-called 
nedical  coils.  It  is  also  used  on  small  spark  coils.  This  type  of  inter- 
rapter  is  not  easily  adjusted  to  different  speeds,  since  it  has  a  natural  fra- 
quaney  of  its  own,  and  possesses  considerable  inertia. 

149.  An  atonlo  intarmptar  is  one  that  can  be  ad- 
fnstad  to  operate  atany  fraquaDoy  within  very  wide  limita. 
A  sQcoeasf  ul  intemiptar  of  this  type  is  shown  in  I'ig.  SO. 
Hodifioationa  of  thia  type  are  used  on  nearly  all  icnition 


'm 


a  ^ 


^d 


Fio.  40.— Sim- 
pleat  form  of  in- 


aa  well  as  on  large  and  powerful  induction  coila. 

The  hsmmar  la  attracted  by  the  core  uid  hita  the  spfina 

contact,  makina  a  very  sudden  break.    The  duration  of 

contact  ia  reaiuated  with  the  spiinc, «,  and  the  duration 

of  the  break  u  controlled  with  tne  acrews.  r  and  r".    The 

aptinf ,  t,  is  so  attached  that  it  produces  a  pull  which  ia 

practically  uniform  throughout  the  range  of  action  and 

thaa  permita  the  magnetic  force  to  accelerate  the  hammer 

Tery  rapidly.     The  space  between  the  hammer  and  the    ^„^,  .v«iu 

contact  spring  permits  the  hammer  to  attain  an  appieei-   tOTupter 

sUe  velocity  and  strike  the  spring  a  blow  that  breaks 

the  einuit  very  suddenly.    The  contact  spring  is  light  and  short«  and  has 

a  rery  high  natural  frequency,  thus  making  the  "loet  time"  very  short. 

Thia  interrupter  can  be  adjured  to  operate  on  alternating-current  supply, 

biaaking  the  circuit  whan  toe  maximum  value  of  current  is  reached. 

IM.  OU-inuneraad  Intarruptar.  When  the 
e.m.f.  of  the  source  exceeds  20  or  30  volts,  the  con- 
tacts are  usually  broken  in  an  insulating  liquid,  which 
will  extinguish  the  arc. 

lil.  Xaroiir7_  Intarruptars.  For  higb-apeed 
work,  mercury  interrupters  are  extensively  used. 
There  are  two  distinct  kinds,  namely ;  the  raelpro- 
cattng  tjpa  and  the  turbine  t:^pe.     In  the  former, 

311— J,  a  reciprocating  eontact-point   is  plunged  into  and 

Vi^tx^  withdrawn  from  a  basin  of  mercury,  thus  making  and 

rll—J^a— f~l  .  breaking  the  circuit.  The  plunging  contact  may  ba 
UHBWMBJ'^  operated  in  a  variety  of  ways,  most  usually  with  a 
r  Wi  r-i  small  electric  motor.  The  maximum  speed  of  this 
U^BSSmH  I''  type  is  limited  by  the  tendency  of  the  mercury  to  fol- 
low the  plunging  contact  when  it  leaves  the  surface. 
In  the  turbina  ^pa,  a  stream  of  mercury  is  made 
to  play  on  a  number  of  saw-like  teeth,  by  revolving 
either  the  nostle  or  the  teeth.  When  the  stream 
passes  between  the  teeth  the  circuit  is  interrupted, 
and  while  in  contact  with  the  teeth  it  is  dosed.  Thia 
type  is  almoat  invariably  driven  by  an  electric  motor  and  ia  excellently 
wuptad  to  very  high-speed  work. 

in.  Motor-drlvan  Intamtptan  ean  be  adjusted  to  operate  with 
ahamating  current,  and  are  conveniently  driven  by  aynchronous  motors  for 
this  purpose. 

lU.  Baetrolytle  lataiTuptan  differ  greatly  in  their  characteristics 
from  the  mechanical  interruptera  described  above.  No  condenser  is  used 
with  thia  class.  The  beat-known  type  is  that  due  to  Wehnalt,  which  con- 
sists of  a  cathode,  generally  a  lead  plate,  immersed  in  a  dilute  solution  of 
Bulphurio  acid  together  with  the  anode,  which  ia.a  small  platinum  wire  pro- 
jecting into  the  electrolyte  from  a  porcelain  tube.  The  interrupter  is  ad- 
Jttstaa  by  moving  the  anode  up  and  down  so  as  to  change  the  amount  of 
surface  in  action. 

Whan  a  certain  current  density  at  the  anf>de  haa  been  reached,  the  gas 
Fslaased  li  the  itufaoa  of  the  anode  increases  the  resistance  at  that  pcnnt 


Fia.  SO. — Atonic  in- 
terrupter. 
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to  rash  an  extant  that  tlie  oirenit  beooniM  pnetisaDy  iniarruptad.  Am  mmh 
as  the  ourreut  density  falls  the  nsiatanoe  daoreaaee  and  the  ourreiii  acaii 
riaee  to  its  original  value.  Ezperimenta  ahow  that  eleotrolytie  intecruptan 
will  operate  in  aynchroniam  when  oonneoted  in  series  or  in  parallel. 
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CONDENSERS 

BT  OBAMUU  B.  UXDIBBZUi 

rms 

lU.  Typai  and  propartlai  of  condsnMrt.  There  are  thiae  principal 
types  of  condensers.  The  most  familiar  one  is  the  ordinary  plkta  eondanaar 
used  with  induotion  coils,  telephone  and  telegraph  apparatus,  where  a  very 
Urge  capacity  is  not  required.  The  plate  type  is  also  used  for  laboratory 
standards  (See.  3)  in  measurements  m  various  kinda.  Where  a  very  larga 
capacity  is  required,  the  tynotaronoua  condenaar  (synchronous  motor  or 
synchronous  converter  with  overexcited  fields)  is  employed;  such  apparatus 
is  outside  the  scope  of  this  Section  and  will  be  found  under  Sec.  0.  The  third 
type  ia  the  alactrolytle  oondanaar  which  is  treated  later  under  its  own  head 
(Kr.  lit). 

The  properties  of  a  condenser  are  covered  fully  in  Sec.  2,  but  in  brief,  tha 
ehief  function  of  a  condenser  is  to  store  electrical  energy  for  subsequent 
usage.  Such  storage  of  energy  may  take  place  in  a  variety  of  ways,  according 
to  etroumstances:  thus  it  may  be  constant,  if  the  condenser  is  connected  to  a 
source  of  continuous  e.m.f .,  or  it  may  be  intermittent,  as  in  tha  case  of  a  oon^ 
denser  in  a  telegraph  circuit  (Sec.  21) ;  or  it  may  be  transient;  or,  in  the  ease 
of  alternating-current  circuits,  it  may  be  periodic  In  conaequenoe  of  this 
property  of  atoring  electrical  energy^  condensers  can  be  used  in  numerous 
ways  to  alter  or  modify  the  characteristics  of  circuits  in  some  desired  manner, 
such  as  to  oban^  the  relative  phase  of  e.m.f.  and  current  in  an  alternating- 
current  eircuit,  improve  the  power-factor,  or  to  prevent  the  Sow  of  continuous 
currant  simultaneously  in  the  same  circuit  with  an  alternating  current. 

ruLTK  ooNomsnui 

IM.  Typo*  MMl  llmltt  of  lisa.  Plata  eondensen  are  made  eonuner- 
eially  in  a  number  of  types,  usually  designated  by  the  kind  of  dielectric  em- 
ployed. The  earliest  type,  still  used  in  laboratory  and  dan-room  work,  is 
the  laoyden  Jar,  which  is  merely  a  two-plata  condenser  with  a  glass  diewc- 
trio,  constructed  in  the  form  of  a  wide-mouthed  bottle  or  Jar  with  tin-foil 
aoatings  inside  and  out.    Other  types  of  simple  plate  eondensen  an  mad* 
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with  -ruious  dieleotiics,  nioh  u  air,  mioa  or  paper.  Incraan  of  capacity 
a  (Stained  by  building  up  alternate  layer*  of  oonduetor  (plate  or  sheet)  and 
^electric;  alternate  sbeete  or  plates  are  oonneoted  in  parallel  to  the  two 
reepective  terminals.  Boiled  OondaoMn  are  oonatructed  as  a  rule  of  tin- 
foil and  paper,  rolled  or  folded  over  a  mandrel  instead  of  being  laid  up  in 
flat  aheeta  or  stacka 

In  the  Maasbridge*  self-sealing  condenser,  foiled  paper  is  used  which 
makes  it  noesible  to  obtmn  a  high  capacity  for  small  volume.  Before  being 
lasemblea  into  the  condenser  the  foiled  p^>er  is  tested  out  electrically  by 
nmning  the  paper  over  a  metal  roll,  with  the  foiled  side  uppermost,  and 
applying  a  constant  e.mJ.  between  the  foil  and  the  roller.  Any  weak  spots 
■re  tnus  burned  out. 

The  capaei^  of  a  I/aydaa  Jar  is  onl^  a  very  small  fraction  of  a  microfarad. 
Plate  or  rolled  condensers  are  made  m  various  commercial  slses  from  a  few 
hundredths  of  a  microfarad  up  to  several  microfarads.  Condensers  having 
capacities  as  large  as  100  microfarads,  for  experimental  work,  have  been 
srruiKed  by  connecting  a  large  number  of  small  units  in  parallel. 

IIT.  The  seat  of  stored  energy  in  a  condenser  is  in  the  dielectric.  The 
storage  of  energy  is  a  consequence  of  the  dielectric  displacement,  or  elec- 
tric charge  in  the  dielectiic,  which  accompanies  or  oo-ezwts  with  a  state  of 
llaetrie  stress.    This  disfdaoement  is  expressed 

D-^B  (statcoulombs)  (M) 

where  D  is  the  electric  displacement  or  charge,  in  statcoulombs  per  cu.  cm., 
k  b  the  dielectric  constant  or  specific  inductive  capacity,  and  S  is  the  poten- 
tial gradient  in  statvolts  per  centimeter;  the  prefix  "stat"  implies  units  in 
the  e.g.B.  eleetroatatic  system  (Sec.  1). 

US.  UmlU  of  volt«w*.  When  the  deetric  stress  is  increased  indefi- 
nitely, a  j^int  is  reachea  at  which  the  dielectric  becomes  unable  to  sustain 
the  intensity  of  stress,  and  electric  rupture  occurs,  that  is  to  say,  the  dielectric 
breaks  down.  The  rupture  limit  is  termed  the  ultimate  dielectric  stre  igth. 
This  limit  is  not  a  constant  quantity  under  all  eircumatanoes,  for  a  given 
material,  but  is  affected  by  the  shape,  sise,  physical  condition,  temperature, 
etc.,  and  by  the  manner  in  which  the  stress  is. applied.  The  properties  of 
dielectrics  are  treated  in  Sec.  4,  under  "  Insulating  Materials.'*  The  follow- 
ing table  (Par.  IM)  gives  the  properties  of  some  of  the  dielectrics  oom- 
monly  used  in  condensers. 


in, 


Table  et  Vropartlaa  of  Oondanaer  Disleetrlca 

(Phillips  Thomas} 


Material  of  dielectric 


Bpectnc 

inductive 

capacity 


Per  cent, 
power- 
factor 


Breakdown 

strength, 

volts  per  mill 


Mica 

Para,  paper 

Bakehied  paper, 

Celluloid 

Aceto-oellulose. . 

Qelatine 

Kerosene 


«.»-  T.6 
2.0-  3.» 
4.8-  8.0 
4.3-lS.O 
4.S-  6.S 
4.0-  6.0 
l.S-  3.6 


0.05-0.11 
0.10-3.00 
0.10-4.20 
0.70-8.00 
0. 70-1. 10 
0.77-8.00 


700-1200 

400-700 

300-700 

400-900 

400-700 

400-800 


These  values  hold  only  for  sine-waves  at  80  cycles  per  second,  at  about 
30  deg.  cent. 
180.  Caletilatlon  of  required  dimensions  of  plate  condenaan.    The 

dimensions  of  a  plate  condenser  are  determined  by  the  formula 


*  Mansbridge,  G.  P.  "  The  Manufacture  of  Electrical  Condensers;" 
Journal  of  Proeetdingt  of  the  Institution  of  Electrical  Engineers,  1908,  Vol. 
XLI,  p.  S3S. 
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where  L$  U  the  dieleotrio  thickneas  in  inches,  after  impiegnation,  between 
eftoh  pair  of  met&l  strips:  N  la  the  number  of  such  dielectric  strips  Id  the  con- 
denser; C  is  the  desired  capacity  in  microfarads;  k  is  the  specific  inductive 
capacity  of  the  PM>Br  ^ter  impregnation,  and  I  is  the  short  dimension  of  the 
fou  (Fig.  01).  This  construction  insures  the  lowest  possible  internal  ohmio 
re^stance  and  also  permits  the  use  of  extremely  thin  metal  foil. 

ICl.  Internal  loues  and  leakage.  A  condenser  may  hare  internal 
losses  of  two  kinds.  The  first  is  due.  to  the  resistance  of  the  pl»t«s 
themselves,  and  this  is  most  prominent  in  rolled  condensers  of  very  thin  tin- 
foil, inasmuch  as  each  plate  is  one  long  continuous  strip  and  the  resistance  of 
the  whole  strip  from  outer  terminal  to  inner  end  may  be  appreciable.  The 
second  kind  is  the  loss  in  the  dielectric  itself,  due  to  dlelectrio  hyct^eals, 
so-called  (Sec.  4) ;  this  loss  can  be  expressed  as  an  equivalent  series  resistance, 
which  should  be  added  to  the  resistance  of  the  plates.  Both  forms  or 
resistance  absorb  energv  and  reduce  the  normal  angle  of  lead  of  current 
with  respect  to  terminal  e.m.f.  from  00  de^.  to  some  lesser  angle;  this  is 
equivalent  to  saying  that  the  power-factor  is  increased  from  a  value  which 
is  thecM'etically  (or  m  the  ideal  case)  sero  to  some  definite  value,  althouch 
not  usually  large. 

Besides  these  two  forms  of  loss,  there  also  may  be  a  pure  conduction  current 
flowing  through  a  condenser,  in  phase  with  the  terminal  e.m.f.,  which  results 
from  the  lack  of  perfect  insulation,  or  the  presence  of  leakage.  The  resistance 
of  the  condenser  to  a  continuous  e.m.f.,  after  the  steady  state  has  been 
reached,  is  termed  the  insnlation  resistance.  The  value  of  insulation 
resistance,  of  courae,  should  be  as  high  as  possible. 

,161.  The  power-factor  of  a  condenser  determines  to  what  extent  it 
will  be  heated  when  used  in  alternating-current  circuits.  The  power-factor 
is  the  cosine  of  the  angle  by  which  the  current  leads  the  impressed  voltage, 
with  simile  sine-wave  forms.  It  varies  with  the  frequency  and  impressca 
voltage,  with  the  temperature  of  operation,  and  with  the  dielectric  uaed. 
The  power-factor  of  a  condenser  may  be  determined  by  measuring  the  energy 
loss  or  b^  measuring  the  variation  from  00  deg.  phase  angle  direclJy.* 
The  specific  inductive  capacities,  power-factors,  and  breakdown  strenctha 
of  some  materials  suitable  for  condenser  dielectrics  are  given  in  Par.  iSf. 
The  constants  of  kerosene  oil  are  included  for  comparison.  The  values  given 
hold  only  for60-cycle  circuits,  at  about  20  deg.  cent.  The  breakdown  sine- 
wave  strengths  are  in  effective  (root^mean-squaro)  volts  per  mil  thickness  of 
dielectric.  In  connecting  condensers  in  scries  for  use  on  high*voltage  cir- 
cuits (static  voltmeters  and  the  like),  it  is  important  to  know  the  several 
power>factors,  as  the  distribution  of  voltage  is  affected  thereby.  The  vol- 
tage distribution  among  the  several  condensers  will  be  proportional  to  the 
product  of  capacity  by  power -factor,  for  small  power-factors. 

Its.  Absorption  of  charge.  Many  dielectrics  do  not  become  full^ 
charged  instantaneously,  nor  do  they,  when  fully  char^^d,  give  up  their 
complete  charges  instantaneously.  The  time  lag  in  receiving  full  or  com- 
plete charge  is  usually  referred  to  as  absolution.  It  is  noticeable  in  testing 
such  dielectrics  as  glass,  rubber,  ^utta-percha,  etc.  The  effect  of  absorption 
on  the  phase  of  the  current  is  equivalent  to  resistance  in  series  with  capacity. 

IM.  Glass  condensets  are  made  both  in  the  form  of  Leyden  jars,  and  in 
flat  plates.  Glass-plate  condensers  are  commonly  made  of  the  best  plate- 
glass  with  sheets  of  tin-foil  shellaced  to  each  side  of  the  plate.  The  edges  of 
the  surface  of  the  plate,  not  covered  with  the  tin-foil,  are  varnished  to  prevent 
leakage.  The  finished  plates  are  mounted  in  a  rack  and  connected  together 
by  flat  flprings  which  touch  the  foil  of  adjacent  plates.  Condensers  of  this 
class  are  employed  on  the  transmitting  side  of  wireless  telegraph  apparatus. 

L.  W.  Austint  summarises  the  results  of  his  teots  as  follows:  The  losses 
in  the  compressed  air  condenser  used,  at  a  pressure  of  15  atmospheres, 
amount  to  an  equivalent  resistance  of  between  0. 1  and  0.2  ohms.  Condensers 
in  which  "brushing"  (brush  discharge)  is  prevented  by  tbe-nature  of  their 
construction  show  no  change  in  resistance  between  the  limits  of  observation, 


•  Grovcr,  F.  W.  "  Simultaneous  Measurement  of  the  Capocity  and  Power 
Factor  of  Condensers;"  Bulletin  of  the  Bureau  of  Standaros,  1907,  Vol.  II], 
p.  371. 

t  Austin.  L.  W.  "Energy  IxMsee  in  some  Condensers  used  in  High-fre- 
quency Circuits;"  Bulletin  of  the  Bureau  of  Standards,  1912,  Vol.  IX,  p. 73. 
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4,000  to  20,000  volta,  indio»tiiis  that  the  internal  loaeee  are  independent  of 
tine  voltage.  Leydeu  jara  of  commercial  types  immersed  wholly  in  ml 
ahow  losses  but  sUffhtly  greater  than  those  of  the  compressed-air  condenser. 
The  pa^r  and  micanite  condensers  measured  show  very  much  larger  losaee. 
The  resistances  of  the  different  Leyden  jars  in  air  vary  between  I  and  1.8 
ohms  at  14,500  volts.  Between  10.000  and  20.000  volts  the  equivalent 
resiatanoe  increases  approximately  in  proportion  to  the  square  of  the  voltage. 
E'lacing  Leyden  jars  m  series  parallel,  the  capacity  remaining  the  same,  does 
not  dicainuh  their  brushing  losses  below  20,000  volts.  Immersing  only  the 
ed^es  of  the  conducting  coatings  of  Leyden  jars  in  oil  gives  an  equivalent 
resistance  midway  between  that  observed  when  wholly  in  air  and  that  when 
wfaoily  in  oil.  Brushing  losses  are  much  increased  by  any  semi-conducting 
msterial  on  the  surface  of  the  glass  at  the  edges  of  the  conducting  coatings  m 
Leyden  jars. 

16f,  SCie*  GOOdsnaers.  Those  condensers  in  which  mica  is  employed 
for  the  dielectric  are  more  constant  in  their  properties  than  those  made  with 
paper.  Therefore,  mica  condensers  are  used  as  Iftborstory  itmndardt 
ol  capsaty;  and  also  where  high  voltage  is  used,  on  account  of  the  greater 
ffielectric  strength  of  mica.  H.  L.  Curtis  has  shown*  that  with  good  mioa 
eondenaers  the  capacity  as  measured  with  continuous  e.m-fs.  docs  not  differ 
from  the  capacity  as  measured  with  alternating  e.m.fs.  more  than  0.1  per 
cent.,  for  any  frequency;  the  difference  is  usually  less  than  0.1  per  cent. 
For  the  effect  of  temperature  on  mica  condensers,  see  Far.  117  and  Par.  170. 
R.  Appleyard  has  shownt  that  with  mica  condensers  the  capacity  remains 
eoostant  with  increasing  temperature,  but  the  safe  voltage  limit  decreases. 
IM.  Paper    oondensen.     According   to   Mr.    Phillips   Thomas,   plate 


(S) 

Flo.  51. — Showing  the  prooew  of  building  up  a  multiple-plate  condenecr. 

condensen  are  made  most  conveniently  and  economically  aa  foUowe:  atripa 
el  metal  foil  and  squares  ol  unglaied  paper  of  close  texture  and  short  fibre 
■re  piled  up  in  alternation,  allowing  the  metal  strips  to  project  on  all  four 
Ades  ol  the  square  centre  portion.     These  projecting  enos  are  folded  down 

*  Curtiaa,  H.  L.    "Mica  Condensers  as  Standards  of  Capacity;"  Bulletin  of 

Oe  Bureau  of  Standards,  1910,  Vol.  VI,  p.  431.  .  ^  „ 

t  ;^>pieyard.  R.    "  Dielectrics;"  PhiXotophical  Magatine,  1896,  Vol.  XLII, 
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and  malted  into  one  aotid  bar.  The  whole  ia  then  Taoauzn  dried  and  impreg- 
nated with  paraffin,  beeiwaz  or  the  like,  and  oooled  under  a  preasure  not 
ezeeedins  10  lb.  per  sq.  in.  Fig.  51  shows  the  method  ofplaoinK  the 
sheets  of  foit  and  iwper.  The  i>aper  sheets  are  best  made  in  square  form, 
each  edge  being  augntly  wider  than  the  narrow  dimension  of  the  metal 
foil.  IMagram  ^1)  in  Fi^.  61  siiows  four  fibre  or  wooden  upright  pegs  form- 
ing a  iig,  used  in  buildmg  such  oondensers,  with  a  strip  of  metal  foil  laid 
one  way  between  the  pegs;  (2)  shows  a  square  piece  of  dieleetrio  (paper) 
laid  over  the  strip  of  foil  (the  pegs  are  reoessed  to  fit) ;  (3)  shows  a  second  piece 
of  foil  laid  between  the  pegs,  at  right  angles  to  the  first.  This  constitute* 
one  element  of  the  condenser.  This  process  is  repeated  until  as  many  sheets 
of  dielectric  aa  desired  have  been  used,  after  which  the  pzojeoting  sheets  of 

The  condenser,  ia 


foil  are  rolled  u^  and  melted  into  a  solid  bar, 
then  ready  for  impregnation. 


I  in  (4). 


KT.  Uaot  of  Temperature  on  Paraffln-papar  and  Hioa  Condensara 
(Abst.  from  Proo.  I.  E.  E.,  1896;  Vol.  XXV,  p.  723) 

Temp.  deg.  cent. . . . 

0.4 

12.5 

20.1 

26.9 

32 

37.8 

43.3 

Paraffin  paper. 

R 
C 
R 
C 

17,740 

7,216 

3,622 

1,947 

1,231 

792 

551 

0.98 

0.98 

0.98 

0.98 

0.97 

0.96 

0.95 

&Qea 

31,427 

28,427 

22,000 

16,272 

17,010 

16,270 

10,521 

0.5 

0.5 

0.5 

0.5 

0.5 

0.6 

0.5 

Jt— effective  seriee  resistance,  in  ohma.    C— oapaoity  in  miorofarads. 

IM,  Table  of  Oonunsrolal  Batinfi  and  81x*»  of  Talaphona  Condanaara 

(Paraffin  paper,  rolled  type,  commercial  telephone  condensers) 


CapMJty 
(mf.) 

Dimensions 

Safe  maximum  effective 
voltage 

Length 
(in.) 

Breadth 
On.) 

Thiokneas 
.    (in.) 

Continuous 
(volts) 

Alternating 
(volts) 

0.05 
0.10 
0.10 
0.25 
0.80 
0.60 
0.50 
1.00 
1.00 
1.00 
1.50 
3.00 
3.00 

4.44 
4.44 

4.44 
4.44 
4.44 
4.44 
2.88 
4.44 
3.00 
8.72 
4.44 
4.44 
4.38 

1.75 
1.75 
1.75 
1.75 
1.75 
1.76 
1.26 
1.75 
2.38 
6.25 
1.76 
1.76 
2.06 

0.94 
0.94 
0.41 
1.63 
1. 06 
0.53 
0.75 
0.94 
1.00 
1.48 
1.63 
1.63 
1.13 

1,200 
1,000 

600 

1,000 

760 

600 

1,000 

500 
500 

It  should  be  kept  in  mind  in  considering  the  above  dimensions  that  the 
eapacity  varies  directiy  as  the  area  of  the  plates  and  inversely  aa  the 
distance  between  them  (thickness  of  dideetiie  or  insulation).  Hence  the 
volume  per  unit  of  capacity  increases  rapidly  as  the  safe  maximum  work- 
ing voltage  increases.  Condensers  of  tne  ndled  paper  type  are  not  as 
a  mle  teeted  at  less  than  500  volts,  continuous  e.m.f .  The  insulation  resist- 
•nee  should  be  so  high  that  the  leakage  ia  entirely  negligible  in  comparison 
irith  the  charging  current.  The  coet  of  such  oondensers  ranges  from  about 
35  cents  for  the  0.06-mf .,  condenser,  to  about  85  cents  for  the  i^mf.  oondanser. 
Also  see  Par.  ITl. 

in.  Oondanaara  tor  usa  wlUi,  Induction  eella  and,  in  general, 
condensers  shunted  across  gaps  to  minimise  sparking,  are  usually  of  the  plate 
tyiw,  since  it  is  difficult  and  expensive  to  construct  rolled  condensers 
having  lufficienUy  low  ohmio  reeistanoe  in  their  conducting  plates.    The 
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table  of  cUmeoaions  (Par.  ITS)  appUn  to  oondensen  used  with  induction 
eoila. 

170.  BSact  of  traiiuuiey  aad  tampwktura  on  Mpar  oondanMn. 
F.  W.  G rover*  tuw  made  te«ta  o{  varioua  paper  eondenaen.  The  foUow- 
Ing  ia  abstracted  from  liis  summary.  The  capacities  and  phase  diflereneee 
of  13  commercial  paper  condensers  by  different  English.  French,  German  and 
American  makers  were  measured  at  temperatures  ranging  from  10  das.  to 
86  deg.,  and  at  frequencies  lying  between  33  and  1,000  cycles  per  second.    Tlia 


20°  »°  J0°  »' 

Tamperstnns 
Fio.  62. — The  capaoity  and  phase  difference  of  paraffin  paper  condensers, 
as  functions  of  temperature  and  trequency. 

lesnlta  of  the  measurements  are  presented  in  26  curves,  which  show,  (or  each 
of  the  condensers  studied,  the  onange  of  capacity  and  phase  difference  with 
eliange  of  temperature,  and  tlie  variation  of  the  capacity  and  phase  difference 
with  oliance  of  frequency,  the  oorresponding  curves  of  a  representative 
miea  condenser  being  appended  for  sake  of  comparison.  Fig.  62  shows  the 
eurvaa  for  the  mica  condenser  referred  to,  and  one  of  the  paper  ondensers. 

•  Crover,  F.  W.  "  The  Capacity  and  Phase  Difference  of  Para6Sne  Paper 
CondenseiB,  as  Functions  of  Temperature  and  Frequency,"  Bulletin  of  the 
Bureau  of  Standards,  1811,  Vol.  VII,  p.  496. 
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TfaeM  ourvea  show  that  the  changes  of  capacity  and  phase  difference  with 
chanffCB  of  temperature  and  frequency  are  much  Larger  than  the  correspond- 
ing changes  with  mica  condensers.  In  general,  these  effects  of  temperature 
and  frequency  are  larger  as  the  absolute  value  of  the  phase  difference  becomes 
larger.  The  phase  differences  observed  lie  between  6  min.  and  the  enor- 
mous value  of^22  deg.  A  phase  difference  of  several  degrees  is  not  uncom- 
mon in  commercial  telephone  condensers.  It  is  shown  that  the  internal 
resistance  of  the  plates  and  leads  of  a  paper  condenser  are  often  large,  espe- 
cially in  the  case  of  telephone  condensers  made  by  rolling  together  sheets  of 
tin-foil  and  paper.  In  one  example  the  energy  loss  in  the  ooaoenser,  external 
to  the  dielectno,  at  1,000  cycles,  was  three  tunes  as  great  as  the  energy  lost 
in  the  dielectric. 

ITl.  Batingi  of  oommardal  paper  oondezuerc.  A  2-mf.  condenser 
made  by  one  American  manufacturer,  using  paraffin  paper,  is  4.5  in.  long, 
2  in.  wide  and  1  in.  thick,  and  the  price  is  about  56  cents.  The  volume  per 
microfarad  Is  4.5  in.  The  rated  voltage  limit  is  400  volts,  alternating;  one 
of  these  condensers  failed  on  test  at  650  volts,  alternating.  The  energy  loaa 
was  from  1  per  cent,  to  2  per  cent.  Another  condenser  of  the  paper  type,* 
built  to  stand  10,000  volts  (alternating),  occupied  2  cu.  ft.  per  microfarad. 
Generally  speaking,  the  ordinary  paper  condensers  of  the  rolled  type  used  in 
telephony  and  telegraphy  are  built  to  stand  about  500  volts,  alternating,  and 
range  in  sise  from  a  few  hundredths  of  a  microfarad  up  to  4  mf.  to6mf.; 
some  of  these  condensers  are  built  to  stand  1,000  volts,  alternating.  The 
higher  the  voltage  limit,  the  more  bulky  and  expensive  the  condensers  be- 
come. The  table  (Par.  168)  gives  the  sites,  oimensions,  voltage  limits, 
and  approximate  costs  of  rolled  paper  condensers  used  in  telephone 
practice. 

17t.  Table  of  Dimensions  of  Condensers  Used  with  Induction  ColU 

(Ehnert)t 


Spark-lonsth,  om      

5 

10 

16 

20 

25 

30 

35 

so 

No.  of  layers 

60 

65 

70 

75 

80 

90 

100 

ISO 

Dimeosions  of  tin-foil  sheet*,  om. 

'i 

22 

22 

2S 

25 

5? 

27 

5S 

32 

ELXOTSOI.TTIO  CONDBMBSSS 

ITS.  Ilements  of  electrolytic  condenser.  Certain  metals  such  as 
aluminum,  magnesium,  and  tantulum,  when  immersed  in  an  electrolyte, 
possess  the  property  of  allowing  electricity  to  flow  in  one  direction  and  not 
in  the  other,  providing  a  certain  critical  value  of  e.m.f.  is  not  exceeded.  Two 
electrodes  of  this  kind  practically  prevent  all  flow  of  electricity  and  consti- 
tute a  condenser  which  is  known  as  an  electrolytic  condenser.  Such 
condensers  are  usually  constructed  with  aluminum  electrodes  and  can  be 
made  in  large  units  at  a  cost  well  within  commercial  economic  limits.  -  The 
greatest  disadvantage  of  the  aluminum  eleotrolvtic  condenser,  as  compared 
with  dry  condensers,  is  that  it  has  an  appreciable  energy  loss.  Electrolytic 
condensers  used  as  lightning  arresters  are  usually  connected  in  series 
with  a  spark  gap  so  as  to  avoid  the  energy  loss  wnich  would  exist  were 
the  line  voltage  continually  impressed  across  its  terminals. 

174.  The  critical  voltage  of  an  electrolytic  condenser  is  the  maximum 
value  of  impressed  e.m.f.  which  it  will  stand  without  permitting  an  appre- 
ciable leakage  current.  The  table  in  Far.  ITi  gives  the  critical  voltages  for 
aluminum  electrodes  with  different  electrolytes. 


*  Mordey.  W.  M.  '*  Some  Tests  and  Uses  of  Condensers;*'  Journal  of  Pro* 
eeedinaa  of  tne  Institution  of  Electrical  Engineers.  1909,  Vol.  XLIII,  p.  618. 

t  Ennert,  E.  W.  "  Theorie  und  VorausbereohnuncEderFunkeninduktoren;" 
Blektrotechnik  und  Matchinmbau.  1907,  Vol.  XXV,  pp.  337.  361  and 
877. 
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ITI.    Oritiaal  Voltacu  far  Aluminnm  and  Tarioui  BMrtrolytw 
{EttctTochemical  A  Mttallurvieal  Indtulry,  Vol.  VII,  p.  216,  1900) 


NaiBOi 

40 

KCN 

295 

NH.HPO. 460     1 

KMnO. 

112 

NH^HCOa 

425 

Ammonium  citrate . 

470 

(NH.)iCr04. . 

122 

NuSiOa . . 

445 

NuBiOt 

480 

176.  Tbe  Tftlve  sflaot  of  the  aluminum  anode  is  due  to  an  exceedingly 
thin  oxide  or  hydroxide  film  on  the  aluminum  pbite,  eoTered  by  a  thin  gaa 
layer,  tlie  resistanae  of  which  per  square  oentimeter  amounts  to  millions  of 
ohms.  Such  an  anode  may  be  considered  as  a  oondenser.  In  comparing 
such  an  anode  to  an  ordinary  solid  oondenser,  the  gas  layer  corresponds  to  the 
dielectric,  while  the  aluminum  electrode  and  the  deotrolyte  correspond  to  the 
two  plates  of  the  condenser. 

177.  The  upaclty  of  this  condenser  depends  only  upon  th*  Toltafo 
of  formation  and  the  material  of  the  anode,  and  is  independent  of  the  nature 
of  the  electrolyte.  Fig.  53  gives  the  capacity  as  a  function  of  the  formation 
vdtage  for  aluminum,  tantalum  and  macneaium.     The  abscissas  are   the 

▼oltage  of  formation,  the  ordi- 
nates,  the  capacity  per  square  cen- 
timeter of  surface.  The  second 
set  of  curves  in  Fig.  53  shows  the 
increase  of  the  oslflulated  ratio 
(l/k)  at  thickness  of  the  gas  layer 
to  the  specific  electrostatic  eapaaty 
with  increasing  formation  voltage. 
By  passing  from  lower  to  higher 
voltages  the  thickness  of  tbe  gas 
layer  increases  and  assumes  its  new 
vuue  within  a  few  minutes.  In 
passing  back  from  higher  to  lower 
voltage,  however,  it  requires 
months  before  the  thickness  of  the 
gas  layer  is  reduced  again  to  its 
former  value.  For  short  experi- 
ments the  thickness  of  the  gss  layer 
may  be  considered  as  constant  as 
long  as  the  voltage  remains  below 
the  voltage  at  which  the  anode 
was  formed.  In  this  case  the  elec- 
trolytic condenser  behaves  like  a 
condenser  with  interchangeable 
dielectric.  However,  if  the  forma- 
tion  voltage  is  increased,  the  ca- 


200  400  COO 

YoUage  of  Formation 
Pia.  53. — Capacity  of  electrolytic  con- 
densers, and  ratio  of  the  thickness  of  gas 
layer  to  specific  capacity  (per  sq.  cm.) . 


padty  is  inversely  proportional  to  the  formation  voltage. 

ITS.  CapaeitT  with  ravened  eurrents.  An  electrolytic  condenser  has 
not  necessarily  the  same  capacity  in  opposite  directions  of  the  current.  To 
insure  equal  capacity  in  both  directions,  both  electrodes  must  have  an  equal 
surface  in  the  electrolyte  and  must  be  formed  at  the  same  voltage. 

ITS.  Preeantlons  In  manufacture.  In  the  practical  manufacture  of 
electrolytic  condensers,  attention  is  paid  to  the  fact  that  tbe  oxide  film  and 
the  gas  layer  adherent  to  it  cover  only  tboee  parts  of  the  aluminum  olee- 
toode  which  are  in  the  electrolyte.  From  those  points  of  the  aluminum  sur- 
face which  are  just  above  the  electrolyte,  tbe  electricity  tends  to  jump  or 
arc  from  the  aluminum  plate  into  the  electrolyte,  causing  eonsiderable  heat 
and  corrosion  of  the  aluminum.  It  is,  therefore,  important  to  make  this 
aluminum  boundary  line  between  electrolyte  and  air  as  short  as  possible  and 
to  insulate  it  very  carefully. 

ISO.  Bcctrolytie  oondenaora  for  altamattng-current  dreulte 
should  be  formed  with  continuous  e.m.fs.,  equal  to  the  maximum  value  of  tbe 
alternating  e.m.f. 

181.  The  energT  loaaei  are  small  at  low  voltages  and  do  not  increase 
appreciably  when  the  condenser  is  connected  in  the  circuit  for  a  long  penoa 
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of  tima,  but  aa  tba  T<dtage  is  inoreaaed  the  loaaei  insnaae  with  time  at  aa 
iner«aun£  rate.  In  oaaes  where  condensera  are  to  be  tued  continuoudjr,  it 
is  advisable  to  conneot  several  low-voltage  condensers  in  series.  DrTuun- 
ther  BohuUe  *  carried  out  an  extensive  investigation  of  electrolytic  condensers 
in  Uie  Reiehsanatalt  which  was  described  and  discussed  in  an  article:  "  Alumi- 
num Eleotrolytio  Condensers  of  Hich  Capacity,"  published  in  £Isc(rocA<inwiii/ 
and  UMOartied  /mhutry.  Vol.  VII,  p.  316  (IMS). 
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MARSBBinoa,  Q.  F. — "The  Manufacture  of  Electrical  Condensers;" 
Journal  of  Prooeedings  of  the  Institution  of  Electrical  Engineers,  1908,  Vol. 
ZLI.p.636. 

K£SISTORS  AND  RHXOSTATS 

BT  LBONABD  KXBUB 
TTPI8  or  BBX08TAT8 

ISI.  Plate-type  rhaoitata  have  a  resistance  in  the  form  of  a  teflezad 


metal  wire  or  ribbon  attached  to  a  plate  of  porcelain-covered  cast  iron,  or  to 
,  a  plate  of  insulating  material  such  as  soapetone,  by  means  of  a  coating  of 
fused  enamel  or  by  cement.  They  are  used  almost  universally  for  small 
field  rheostats,  theatre  dimmers,  small  motor^peed  controllers,  battery  charg- 
ing rheostats,  eto. 

184.  Boz-tjriia  rhaoitata  have  a  resistance  in  the  form  of  wire-wound, 
enamel-ooverea  porcelain  tubes;  cast-iron  ^rids;  coils  of  bare  wire;  metallic 
ribbon;  carbon  aises,  or  a  conducting  liquid.  They  are  used  for  large  field 
rheostats,  motor  starters,  large  motor-speed  controllers,  battery-charging 
rheostats  ot  the  larger  sises,  etc.     (Also  see  Par.  ItT.) 

nxi.D  BBB08TAT8 

188.  nald  rhaoitata  are  used  in  series  with  the  fields  of  dynamos  for 
regulating  the  field  strength  Ad  in  turn  the  voltage  of  the  dynamo,  or  in  the 
fields  of  motors  for  varying  the  field  strength  and  in  turn  the  speed. 

188.  Oanarator  field  rhaoitata  for  direct-current  machines  usually  are 
provided  with  such  a  value  of  total  resistance  that  it  is  about  equal  to  that 

*  Sehulse.  O.,  "Kondenaatoren  Qrober  Kapaaittt;"  BUktroUchttik  und 
Mttiduntnbau.  1900,  Vol.  XXVII.  p.  247. 
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of  tha  field  to  be  n«iilated,  thus  ciTinc  »  rsristion  in  field  atreogth  from 
maximum  to  one-iuuf  imiinnim  with  a  oonstant  exdtins  voltage. 

JkJUrBMMnt-mUTUBt  guamtion  hare  field  rbeoetau  whoee  reaistanrc 
ia  uaually  about  twice  that  of  the  field,  thua  giving  a  variation  in  field  ampem 
from  maximum  to  one-third  maximum,  at  eonstant  voltage. 

18T.  Motor  field  rhaoitati  have  reeiatanoes  of  a  value  determined  by  the 
control  deaired.  The  resiatanoe  ia  about  equal  to  that  of  the  field  when  26 
per  eent.  speed  inereaee  is  wanted  and  may  oe  eight  or  ten  times  that  of  the 
field  when  about  400  per  cent,  increase  is  wanted. 

1S8.  The  eunrent  capAeltr  of  a  field  rheostat  should  chaue  by  an  equal 
amount  as  eaeh  additional  step  of  resistance  ia  inserted.  If  /mc  is  the  cur- 
rent when  the  rheostat  i*  short-eirouited,  Imiit  the  current  when  all  resist- 
ance is  in  circuit,  AT  the  total  number  of  steps  and  J^  the  change  in  am- 
peres per  step,  then 

nf.J-^^-i'-.  (amp.)  (86) 

and  the  current  /■»  when  n  steps  are  in  circuit  is 

I.-I^~nIN  (amp.)  (87) 

The  total  resistance  of  the  rheostat  when  n  steps  are  in  cdrouit  ia 

and  when  (a— 1)  steps  are  in  eiretdt  tha  total  resistance  of  the  rheostat  is 

S.-i— 7 ^-    ,,,  (ohms)  (89) 

The  renstonoe  <rf  the  nth  «t«p  10  therefore  R^^Rn^x  ohma.  In  eaeh 
caae  E  is  the  e.zxL.f.  in  YoliM  at  toe  terminaU  of  the  fi^d  circuit. 

IM.  The  mmzlinaiia  niunbar  of  wfttti  to  b«  disaipated  by  any  on* 
lt«p  will  be  approxiraately  constant,  if  the  change  in  amperea  per  etep  olf 
reautance  inaerted  ia  constant,  and  the  resistance  of  each  atep  ia  Bgurea  aa 
above. 

ItO.  Tha  rsdUtlnr  lurfaoo  on  one  side  of  a  plate-type  field  rheosUt 
in  square  incbee,  should  be  about  one-fifth  of  the  total  product  of  /m** 
/«<■  and  the  total  reaistance  of  the  rheostat  (ezpreaacd  in  amperes  and  ohms 
respectively). 

1*1.  Tha  antomatle-releftM  featura  on  motor  field  rhaostata  is 
sometiraee  provided.  This  usually  conaists  of  a  magnetic  device  connected 
acroea  the  armature  terminals  which  ahort-cirouita  the  rheostat  resistance 
when  the  motor  stops,  so  as  to  prevent  starting  under  weakened  field. 

KOTOS  SPnD-BIOVLATIirO  ftSBOSTATB 
19S.  Bpoad-ragiilating  rhoott&ts    for   main   armature   oirouita   hav« 
varying  amounts  of  resistance  for  varying  oondiUona. 

IM.  Tha  raqnirod  raslstanoa  for  a  certain  per  eent.  of  speed  reduction, 
with  a  constant-potential  ihunt-woand  mot^,  ia  determined  aa  follows: 
Let  8  be  the  normal  speed  in  r.p.m.,  St  the  reduced  speed  in  r.p.m.,  E  the 
line  voltage,  /  the  current  taken  at  reduced  speed,  R  tne  rheostat  resistance 
in  ohms  required  to  aeoure  the  desired  speed  reduction  then 

E-IR  -  ^  (81) 

o 

"«*  *-f  (» -.f  >  <•*> 

IM.  Motor  emrent  rsquironMitti  at  rednood  ipood.  For  pump, 
maehine  duty,  etc.,  the  current  taken  at  reduced  speeds  is  approximately 
that  at  normal  speed.  For  large  ventilating  fans  the  torque  varies  as  the 
siMiare  of  the  speed,  but  for  venulating  fans  of  less  than  20  D.p.,  the  current 
Wul  vary  more  nearly  as  the  speed. 
35 

Digitized  byCjOOQlC 


Sec.  S-195 


SBSISTOSS 


in.  Temperature  rijM  of  pUt«-t7p«  rlieoiteti.  For  euh  watt 
dissipated  per  sq.  in.  of  free  raaiatiag  surface,  the  rheostat  plate  will  riae 
about  100  deg.  fahr.,  and  usually  but  one  side  of  a  plate-type  rheostat  can 
radiate  freely.  Therefore  where  A  is  the  area  of  one  side  of  the  rheostat 
(sq.  in.),  I  the  current  Sowing  (amp.)  and  B  the  resistance  of  the  rheostat 
(ohms)  in  circuit,  the  temperature  rue  will  be  100  il'R/A)  in  deg.  fahr. 
(approz.). 

U6.  A  reasonable  temperature  rise  for  box-type  rheostats  is  reached 
when  there  is  1  cu.  in.  of  contents  for  each  watt  to  be  dissipated  continuously 
and  1  sq.  in.  of  external  surface  for  each  2  watts  to  be  dissipated  continuously. 

19T.  Calculations  of  resistance,  eurrent-earrylnc  capacity,  etc., 
for  box-type  rheostats,  regardless  of  the  use  to  be  made  of  them,  may 
be  carried  out  in  the  same  manner  as  for  plate-type  rheostats. 

198.  Automatic  features  on  armatore  speed  controllers  ooaaist  of 
no-voltage  release,  overload  release  and  overload  circuit-breaker.  No  Tol- 
tage  release  and  OTerload  release  are  used  with  contact  arms  which  are 
held  in  the  operating  position  against  the  action  of  a  spring.  On  no-voltage 
or  overload  the  spring  is  magnetically  released  and  moves  the  arm  to  the  open- 
circuit  position. 

An  overload  circuit-breaker  on  armature  speed  controllers  consists  of 
a  separate  switch  arm  held  closed  by  a  latch.  On  overload  this  latch  ia 
tripped  by  a  magnet,  the  switch  is  opened  by  a  spring  and  breaks  the  main- 
line circiut  irrespective  of  the  movement  of  the  resistance  controlling  arm. 

199.  Speed  regulators  for  series-wound  motors.  For  series  motors 
the  calculation  of  the  exact  resistance  for  a  definite  speed  variation  reauires 
a  curve  of  the  motor  characteristics.  Lacking  this  it  will  be  found  tnat  a 
controller  designed  as  above  for  a  shunt  machine  (Par.  191)  will  give 
approximat-ely  the  same  regulation  for  a  series  machine  running  under  con- 
stant-torque conditions. 

THXATKI  PnHMBBB 
too.  Theatre  dimmers  are  made  of  a  number  of  plates  mounted  In  a 
bank  and  each  plate  controlled  by  its  own  lever.    A  master  lever  is  usually 
arranged  with  cams  so  that  it  may  control  all  or  any  number  of  the  plates 


.n  -  Master  Lover 
B-  IndlvlduBl  Plato  Lever 
C-  Plate 
O^Biod  Oonaeotiiui  Lever  idth  Contact  Arm 

Fio.  54. — Bank  of  theatre  dimmers. 

at  once.    A  typical  bank  is  shown  in  Fig.  54.    The  circuit  operated  by  one 

ftlate  seldom  carries  more  than  50  amp.  except  in  the  case  of  the  dimmer 
or  the  auditorium  lights.     The  latter  often  carries  300  to  400  amp. 

101.  For  dimming  carbon-lllament  lamps  a  resistance  equal  to  about 
3.4  times  that  of  the  Tamps  in  the  circuit  at  full  candle-power  will  dim  suffi- 
ciently so  the  lamps  have  no  illuminating  power.  In  order  that  the  dimminc 
may  be  done  smoothly  and  without  Sicker,  50  steps  are  required. 

101.  Vor  dimming  tungsten-filament  lamps  a  resistance  equal  to  4 
times  that  of  the  circuit  at  full  candle-power  should  be  used.     In  order  that 
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tungsten  lamps  shall  be  dimmed  smoothly  and  without  ffiolcer,  the  dimmer 
must  have  at  leaat  110  steps. 

MOTOB'STABTIHO  EBIOSTAT8 

lOS.  Motor-itertinx  rheostats  should  be  so  iiroportioned  that  the 
total  resistance  and  the  resistance  per  step  admit  sufficient  current  to  start 
the  motor,  but  not  to  exceed  certain  limits. 

KM.  The  normal  current  is  that  necessary  to  keep  the  motor  armature 
turning  over  after  it  is  once  started,  and  is  less  than  the  current  required 
to  overcome  the  torque  plus  the  friction  of  rest  in  starting  from  standstill. 

M>.  The  starttnc  current  is  equal  to  the  normal  current  plus  a  current 
neoesaary  to  overcome  the  friction  of  rest  at  starting,  overcome  inertia 
and  proouee  the  desired  rate  of  acceleration.  In  general  the  starting  cur- 
rent IS  assumed  to  be  one  and  one-half  times  the  normal  current. 

MM.  Calculation  of  rMlttwDCa  rtopt  for  ahont  motcn.  Referring 
to  Fig.  65,  I  is  the  normal  full-torque  eiurent,  /.u  the  necessary  starting 
current,  and  £7  to  £1  are  the  several  resistance  steps,  denoting  the  total 
rheostat  resistance  when  the  contact  arm  is  on  eaeh  resjpective  point.  If  the 
motor  field  flux  is  constant  (shunt  or  compound  wound),  the  total  resistance 
in  the  rheostat  is  Ri  —  B/Imti.  On  the  first  notch,  the  motor  starts  with  the 
current  /m«x,  and  as  it  accelerates  the  counter-e.m.f.  reduces  the  current 
finally  to  7.  If  s  is  the  counter-e.m.f.,  then  the  potential  drop  in  Ri  is  J  — «. 
When  the  second  notch  is  rsaehed,  the  total  resistance  is, 

«.-:^^-i^  (ohms)  (88) 

Kmilaiiy,  whan  the  third  notch  is  reached, 


IR* 
and  finally 


«i-f=^  (84) 


«.-/^  (6») 

i  Mas 

If  the  ratio  Jmtll  is  taken  as  K,  then  it  follows  that 
Xt-itKi 
RfKRfK^ftx 
Rt-.KR,-.K'R,-K*Ri 
and 

/  R,-K»-'Ri 

For  practical  purposes  the  ratio  K  can  be  taken  as  equal  to  1.5,  which  is  the 
ratio  of  lut*  to  I. 

tut.  number  of  itajM.  In  small  motors  where  the  armature  resistance  is 
comparatively  high,  5  steps  are  sufficient;  9  steps  will  be  ample  as  long 
as  the  difference  between  the  line  voltage  and  the  counter-e.m.f.  at  full 
speed  is  not  over  4  volts,  while  in  starters  for  30-h.p.  motors  or  largeri 
more  than  9  steps  are  needed  to  prevent  arcing  of  the  contacts. 

lot.  Currant-carrTing  capacity.  The  resistance  material  is  only  in 
(urcuit  during  the  period  01  starting,  so  it  need  not  be  capable  of  carrying  the 
full-load  current  indefinitely.  It  should  be  capable,  when  cold,  of  carrying 
SO  per  cent,  more  than  the  normal  current  for  1  min.,  or  100  per  cent,  mora 
than  the  normal  current  for  20  sec. 

.  9M.  Bcrtrtanee  material  and  filler.  The  form  of  the  resistance 
«|.Bt«4>l  is  usually  eoils  of  bare  wire,  refiexed  ribbon  or  cast-iron  grids.  Sand 
is  often  used  to  surround  the  wire  or  ribbon,  the  sand  acting  as  a  reservoir 
to  store  the  heat  generated  during  starting  and  then  to  conduct  the  heat  to 
the  walla  of  the  box  where  it  is  radiated. 

110.  Supports  and  grids.  Porcelain  tubes  or  other  tubes  of  insulating 
material  are  used  to  support  the  wire  or  ribbon  when  no  sand  is  used,  and  the 
resistance  is  enclosed  In  a  sheet-iron  case.  When  cast-iron  grids  are  used 
they  are  usually  mounted  in  a  separate  case  and  connected  by  cables  to  the 
rheostat  faees>utta. 

HI.  Antomfttle  teaturca  for  motor  starters  are  the  same  ss  for  arma< 
tore  speed  controllers,  discussed  in  Par.  198. 
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SIS.  8tart«ri  for  teriea  motors.     When  th«  resistance  u  reduced  by 
cutting  out  a  step,  the  current  inoreaaes  from  /  to  /mm  as  in  the  case  of  the 

shunt  motor  (Par.  SOC).  At 
onoe  the  oounter-e.m.f.  in- 
creases due  to  the  increase  in 
the  field  current.  Conse- 
quently, if  the  same  Iwtax  is  to 
be  usea  as  in  the  case  of  shunt 
motors,  the  decrease  in  resis- 
tance as  a  stei>  is  cut  out,  must 
be  larger  than  in  the  case  of  the 
shunt  motor. 

In  calculating  resistance 
steps  for  a  series  motor  which 
will  give  the  same  current  curve 
as  shown  in  f^.  55,  the  charac- 
teristic curves  of  the  motor 
must  be  known.  The  counter- 
e.m.f.  for  any  given  current 
is  directly  proportional  to  the 
speed  and  vice  versa.  In  gen- 
rneo- 
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Pio. 65.— Renstanee steps formotoretm^ra!'  Uoned  for  a  shudt  motor  may 

be    Batisfactorily  used  with  a 
aeries  motor  of  the  same  horse  power  and  voltage. 

BATTIBT-OKASOWO  SHlOSTATa 
Hi.  The  reiiatanea  of  a  batt«i7-olurclii(  rhao«t»t,  for  eharciiic 
storage  batteries  from  a  constant-potential  source,  may  be  determined  ■■ 
follows:  If  £  is  the  e.m.f.  of  the  charging  circuit  (volts),  Bmtm  the  lowest 
e.m.f.  of  the  battery  during  charge  (volts),  />f»  the  lowest  value  of  eharginc 
current,  then  the  total  rheostat  resistance  R  will  be 

B  _  ?r_^J!^  (ohms)  (67) 

i  mi» 

A  certain  amount  of  this  resistance  must  carry  the  maximum  charging  current 
JTiM*;  this  amount  is 

The  balance  of  the  resistance  will  have  a  current  carrying  capacity  varyinc 

from  Jau  to  Imln. 

MUCILLAinOTni  BHIOSTAT8 
114.  Wire  rhaoiUtg.  Wire  can  be  wound  in  coils,  or  stretched  over 
insulated  frames.  Wires  larger  than  No.  6  A.W.O.  are  difficult  to  wind 
in  spiral  form  and  wires  smaller  than  No.  21  A.W.G.  must  be  wound  upoa 
an  insulating  core.  When  it  is  desired  to  increase  the  current  capacity  of  a 
coil  resistor  beyond  that  of  No.  6  wire,  several  coils  may  be  connected  in 
multiple.  The  table  in  Par.  US  gives  the  mechanical  dimensions  of  coila 
made  of  different  sised  wires. 

SIS.  Table  of  Dtmanilons  of  Wixt  Colli  tor  Kheostati 


Sise, 
A.W.G. 

Max. 

Feet 

Turns 

Max.  coil 

mandrel, 
inches 

per 
turn 

per 
inch 

length, 
inenes 

6-8 

1.25 

0.38 

4.0 

18 

9-n 

1.00                  0.30                    4.5 

13 

12-14 

0.75                 0.23                    7.0 

12 

IJV-IS 

0.50         1         0.16                   9.0 

12 

1»-21 

0.2S                  0.082       1         14.0 

6 

22-30 

Must  be  wound  on  insulated  ec 

>re 

NoU. — The  maximum  diameter  of  mandrel  given  in  the  table  corresponds 
to  the  length  given  therein,  and  if  a  stiSer  cou  is  desirad  a  smaller  mandrel 
must  be  used. 


STO 


yGoogle 


RESISTORS 


Sec.  5-216 


tit.  HotmtlXkff  of  wir*  eoUt.  Th«  finished  coils  are  generally  mounted 
ID  an  iron  frame.  They  are  suspended  Vertically  from  insulated  supports 
ssd  interconnected  so  as  to  give  the  pr(^)er  current  capacity,  and  resiataoce. 
The  total  resistance  should  be  divided  into  units  containing  a  sufficient  num- 
ber of  coils  in  multiple  to  give  the  required  current  capacity  and  then  enough 
of  these  units  in  series  to  give  the  required  resistance.  The  terminals  of 
each  unit  should  be  brought  out  and  so  arranged  that  the  unit  can.  be  cut 
out  or  short-circuited  when  it  is  desired  to  vary  the  resistance. 

Only  fire-proof  material  should  be  used  in  construction  of  the  rheostat. 
Resistors  which  are  not  used  oontinuouslv.  such  as  starters,  etc..  can  have 
their  heat  cai>acity  considerably  increased  oy  using  plenty  of  heat-conducting 
material,  which  will  delay  the  attainment  of  the  final  temperature.  The 
beat  capacity  and  effective  radiating  surface  of  a  coil  resistor  can  be  increased 
by  placxDg;^  the  coils  In  an  iron  box  filled  with  sand,  oil  or  some  other  in- 
sulator which  is  a  fair  conductor  of  heat.  Coils  may  l}e  submerged,  tempo- 
rarily, in  water  when  it  is  desired  to  increase  their  capacity  for  some  special 
purpose.  Wire  under  these  conditions  can  be  worked  at  about  four  times 
its  normal  capacity. 

SIT.  Kadlation.  When  coils  are  to  be  enclosed  in  a  weather-i>roof  box, 
0.5  sq.  in.  to  1  sq.  in.  of  box  surfaoe  should  be  allowed  per  watt  dissipated  by 
the  resistor.  With  a  good  ventilation  and  about  1  sq.  in.  per  watt  the 
temperature  rise  will  be  about  100  deg.  falir.     See  Par.  19S  and  Par.  IM. 

wires  which  contain  sine  should  not  be  used  where  the  resistor  is  likely 
to  be  overheated,  because  they  will  become  brittle. 

SIS.  Water-eooled  rheoctatt  for  f enerator  testa.  Rheostats  made  up 
of  galvanised  iron  wire  mounted  on  wooden  frames  and  submerged  in  run- 
ning water  are  often  used  to  absorb  enersy  when  making  acceptance  tests 
of  Urge  apparatus  in  the  power  house.  In  this  case  the  power  dissipated 
can  be  assumed  as  directly  proportional  to  the  surface  of  the  resistor. 

Slf .  Carbon  rheoatata  of  the  compression  type  have  the  advantage 
of  fine  adjustment.  These  rheostats  are  generally  made  up  of  plates  held 
in  a  frame  and  the  resistance  varied  by  varying  the  pressure  between  the 
plates  with  a  screw  clamp.  Carbon  has  a  negative  coefficient  of  resistance 
change  with  temperature.  Carbon-filament  incandescent  lamp|S,  if  heated 
appreciably,  do  not  make  satisfactory  rheostats  because  of  the  rapid  change  of 
renatanoe  with  current  changes. 

ISO.  Uauld  rheoitata  are  especially  adapted  to  the  absorption  of  large 
amounts  of  power  and  are  often  used  as  an  artificial  load  in  testing  dynamos 
or  as  starting  rheostats  for  large  motors  starting  under  load.  The  adjustment 
is  perfectly  continuous,  but  unless  there  is  a  provision  for  short-circuiting  the 
eleetrodea  outside  the  solution  it  is  impossible  to  cut  out  the  resistance 
entirely. 

SSI.  XUctrodM  for  liquid  rheottaU.     The  electrode  material  is  not 
important  so  long  as  it  is  a 
good  conductor  and  is  not    1.0  ~ 
attacked    by    the    liquid. 
Lttsd  or  carbon  plates  are  ^  .8 
used   with  sulphuric  acid,  P 
copper    with    copper    sul-  ^  q 
pnate.  and  iron  in    most  «' 
other  eaaes.     The  current  ,  . 
dnuitir  should  not  exceed  J  - 
1  amp.  per  sq.  in.  J 

SSS.  Th«  solution  de-  >-•  -^ 
paods  upon  the  voltage  and 
upon  the  ouantitv  neces- 
•ary  to  radiate  the  heat. 
Pure  water  is  seldom  used 
for  pressures  under  1,000 
Tolts.    For  voltages  below 
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thia,  aulphuric  acid,  or  some  salt  is  added  to  the  water  to  increase  its  cooduc- 
lirity. 

Fig.  56  shows  the  relative  conductivity  of  various  solutions  expressed  in 
iaehes  between  the  plates  with  a  current   density  o(    1   amp.    per   sq.  in. 
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Ordinary  water  gives  a  drop  from  2,500  to  3,000  volts  per  in.  sap  at  this 
current  density. 

EKBIBTANCK  UNITS 

Its.  RetUtance  unite  are  used  wherever  a  resistance  that  is  not  vari»> 
ble  is  desired.  These  units  are  made  in  many  forms  and  types  for  the  use  cH 
those  who  desire  to  purchase  the  units  and  assemble  tbem_  in  rheostats;  foi 
UM  in  the  speed  reguJators  of  desk  and  ceiling  fans;  for  testing  purposes,  etc 

SS4.  The  reiiflt&nce  material  is  usually  of  German  silver  or  some  simi- 
lar material  of  low  temperature  coeflQcient.  This  is  usually  wound  on  tubea 
and  is  then  covered  w-ith 
a  cement-like  coating  or 
with  a  fused  vitreous  en- 
amel.^ The  tubes  on  which 
the  wire  is  wound  consist  of 
pottery,  asbestos  paper, 
lava,  enameled  iron,  etc. 
The  enameled  iron  and  pot- 
tery tubes  are  used  when 
the  resistance  wire  is  to  be 
hermetically  sealed  in  a 
fused  vitreous  enamel. 

MB.  Carbon  reiUtance 
unite  are  sometimes  used 
where  exceedingly  high  re- 
sistances with  a  very  low 
watt  dissipating  capacity 
are  desired. 

Uft.  The  watt  diuipat- 
Ing  capacity  iI*R)  of  such 
tubular  units  as  are  com- 
mercially manufactured 
and  listed,  varies  from  1  to 
300  watts.  The  resistance 
of  these  units  can  be  made  as  high  as  16,000  ohms  on  an  enameled  wire  wound 
tube  4  in.  long  and  i  in.  diameter. 

117.  Large  retlltance  unite  are  made  of  cases  enclcMing  a  number  of 
the  tubular  units  described  in  Par.  114,  or  enclosing  cast-iron  grids,  German 
silver  ribbon,  etc.     (See  Fig.  57.) 

lie.  The  temperature  rUe  of  resistance  units  is  as  discussed  in  Par. 
199  and  196. 

119.  Mounted  reiistance  unite  are  manufactured  with  various  attach- 
ments for  readily  mounting  in  special  apparatus  or  for  giving  various  com- 


Fio.  57. — Large  resistance  unit. 


Fio.  58. — Mounted  resistance  units. 

binations,  etc.  Units  designed  to  replace  resistance  lamps  in  order  that  a 
resistance  may  be  secured  that  does  not  change  with  time,  or  on  account 
of  heat,  are  so  made  as  to  screw  into  a  standard  Edison  socket.  (See  A,  Fig- 
58.)  Other  units  are  made  with  ferrules  on  the  ends,  so  they  may  be  readily 
inserted  in  the  conventional  type  of  fuse  clips  (See  B,  Fig.  58);  still  others  are 
mounted  in  brackets  (See  C,  rig.  58);  on  porcelain  bases  See  D,  Fig.  58),  etc. 
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SECTION  6 


TRANSFORMERS 

INTBODUCTIOK 

1.  A  tr&naformer  is  &  device  for  tranafening  energy  in  an  altematin«- 
current  system  from  one  circuit  to  mnotber.  It  consists  essentially  of  two 
independent  electric  circuits  linked  witli  a  common  ma|Enetio  circuit. 
Thus  energy  at  low  voltage  may  be  transformed  to  energy  at  hi^h  vf^tage.  or 
vice  veraa.  In  Like  manner,  current  of  a  given  value  in  one  circuit  may  b« 
transformed  Into  current  of  another  value  in  a  different  circuit.  Th« 
winding  of  the  transformer  connected  to  the  supplv  otrcuit  is  referred  to  as 
the  pnnuurr  winding,  and  those  windings  of  the  transformer  that  are 
connected  to  the  receiver  circuits  are  referred  to  as  leoondaiT  wlndincs* 

%.  1i  %  traniformer  with  open  secondary  windln|r  hu  its  primary 
circuit  connected  across  alternatingKiurrent  supply  mains,  only  a  snnall 
current  will  flow  through  the  ]primary.  This  current  is  alternating  and  pro- 
duces an  alternating  magnetic  flux  in  the  iron  core  of  the  transformer, 
which  iuterlinks  both  the  primary  and  the  secondary  windings  and  by  its 
rate  of  chan^  induces  an  e.m.f.  in  each.  If  the  two  windings  are  closely 
associated  with  each  other,  the  e.m.f.  induced  in  each  will  be  proportionu 
to  their  respeetive  numbers  of  turns.  The  e.m.f.  induced  in  the  primary 
winding  is  known  as  the  eounter  e.m.f.  of  self-induction  of  the  primary, 
or  back  e.m.f.,  and  is  equal  in  magnitude  to  the  e.m.f.  of  the  mains  leas 
the  IR  drop  due  to  the  current  passing  through  the  winding.  There- 
fore, if  the  permeability  of  the  magnetic  circuit  of  the  transformer  is  high 
and  the  resistance  of  the  primary  winding  is  low,  the  counter  e.m.f.  will 
be  very  nearly  equal  in  magnitude  to  the  e.m.f.  of  the  supply  circuit,  and 
it  follows  also  that  the  secondary  induced  e.m.f.  will  be  nearly  equal  to  the 
e.m.f.  of  the  supply  circuit  multiplied  by  the  ratio  of  the  number  of  turns  in 
the  secondary  winding  to  that  of  the  primary  winding, 

i.  If  the  secondary  circuit  is  completed  through  an  impedaiUM  or 
load,  current  will  flow  through  the  secondary  and  the  load;  this  will  tend  to 
demagnetise  the  core,  so  that  the  efTective  impedance  of  the  primary  winding 
is  at  once  lowered  and  more  current  flows  into  it.  The  extra  eurrenl,  being 
just  sufficient  to  overcome  the  demagnetiiing  effect  of  the  current  flowing 
ID  the  secondary  winding,  will  have  the  same  time-phase  as  the  secondary 
current  and  the  ratio  of  the  magnitudes  of  the  two  currents  will  be  equal  to 
the  reciprocal  of  the  ratio  of  the  numbers  of  turns  in  the  respective  windings, 

4.  The  ieoondary  current  causes  a  drop  in  e.m.f.  in  the  secondary 
winding,  partly  due  to  the  resistance  of  the  winding  and  j^artly  due  to 
magnetic  leakage  caused  by  the  fact  that  all  of  the  flux  which  interlinks  the 
primary  turns  docs  not  interlink  all  the  scoondary- turns. 

5.  The  primary  current  likewise  produces  a  drop  of  e.m.f.  in  th« 

f primary  winding,  due  to  the  resistance  of  the  primary  winding  and  to  the 
act  that  there  is  a  portion  of  the  magnetic  flux  which  interlinks  some  of 
the  primary  winding  without  interlinking  any  of  the  secondary  winding. 

€.  The  induced  e.m.f.  will  therefore  be  proportional  to  the  e.m.f.  of  the 
supply  circuit,  less  the  drop  in  the  primary  winding;  and  the  secondary 
terminal  e.m.f.  will  be  eoual  to  the  secondary  induced  e.m.f.  less  the  drop  in 
the  secondary  winding,  the  drops  being  taken  in  their  proper  phase  relations. 
The  total  drop  from  supply  e.m.f.  to  secondary  terminal  e.m.f.  is  usually  quite 
small  in  power  transformers,  so  that  the  product  of  the  secondary  current 
and  terminal  e.m.f.,  measured  in  kilovolt-ara]>ere8,  differs  from  that  of  the 
primary  by  2  or  4  per  cent,,  only,  at  full  load,  while  the  ratio  of  the  output 
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t«  the  input,  or  oonuneroUl  efficiency,  may  be  as  high  ae  90  per  cent,  at  lull 
load. 

T.  Tba  ratio  of  truuftxrmation  !■  the  ratio  of  primary  *oItaf«  to 
IMOndarj  TOlta^e,  or  very  approziznately  the  ratio  of  primary  turns  to 
Mcondary  turns;  it  is  also  approximately  the  same  aa  the  ratio  of  the  second- 
air  current  to  the  primary  current. 

t.  Conatant-potentlal  truufonnan,  or  transformers  having  nearly 
constant  ratio  at  iJI  loads,  are  moat  generally  used  for  transmission  and  di^ 
uibution  of  power;  they  are  then  designatea  power  transformers  (Par.  M). 
When  used  for  the  purpose  of  raising  the  voltage  they  are  referred  to  as  atap- 
op  transformers,  and  when  used  for  lowering  the  voltage  are  referred  to  aa 
■tap-down  transformers.  If  it  is  desired  to  call  attention  to  the  windings  of 
straosformer  without  considering  their  relation  to  the  supply  circuit  they  sra 
termed  the  high-tension  winding  and  the  low-tension  winding. 

t.  Conataat-corrant  tranafonnars  are  those  in  which  the  (urrent  in 
Ike  secondary  or  receiver  circuit  is  automatically^  maintained  constant  when 
the  primary  is  connected  to  a  constant-potential  source  of  supply.  The 
■antoal  inductance  varies  with  the  load. 

U.  laatrummit  trangforman  are  those  employed  to  connect  measuring 
isstnunenta  or  relays  with  power  mains,  the  primary  being  connected  to  Iha 
sHuns  and  the  secondary  connected  directly. to  the  instrument.  When  their 
fosetion  is  to  transform  from  the  voltage  of  the  supply  circuit  to  a  voltage 
■sitable  for  operating  instruments  or  relays  they  are  termed  ahunt-type  or 
yotmttial  tranaforman.  When  their  function  is  to  transform  the  current 
u  the  supply  circuit  to  a  suitable  value  in  the  secondary  or  instrument  circuit 
(ley  sre  termed  •arlai-tTP*  or  current  tranaforman. 

11.  Aato-transformar*  are  those  in  which  the  primary  and  secondary 
RreinU  are  electrically  connected  so  that  part  of  too  load  in  the  receiver 
•ireuit  is  supplied  directly  from  the  supply  circuit  through  the  primary 
linding,  the  remainder  being  supplied  indirectly  tiirough  the  secondary 
winding  by  electromagnetio  induction. 

U.  Tlraiiaforman  may  b«  conveniantl^  olasslfled  as  follows: 

(a)  Towar  tranaforman  for  the  transmission  and  distribution  of  rela* 
lively  large  quantities  of  energy. 

(b)  Inatminont  tranaforman  for  use  with  measuring  instruments  and 
irisyi. 

(e)  Anto-tranaformen  for  general  power  purposes,  balancing  electric 
rirmits,  etc. 

(d)  Congtant-eorrant  tranaformara  and  regulators,  used  for  street 
Eghting. 

(e)  Tolta^o  rayulaton,  used  for  regulating  the  voltage  of  alternating 
ciectric  circuits. 

U.  All  Umm  diflsrent  elasaas  of  trangforman  haT«  ths  lama 
"Oaaaral  Thoory,"  which  will  first  of  all  be  discussed:  certain  conaidera- 
tions  in  design  common  to  all  will  next  be  taken  up;  and  finally  the  charactec- 
iities  peculiar  to  each  class  will  be  presented  in  the  order  given,  together  with 
commercial  data. 

OXHXBAL  TRXOBY 

14.  Tho  macnltnda  and  dlreetlon  of  the  inducad  e.m.t.  in  a  circuit 
an  given  in  toe  two  laws  known  as  Naumann't  Iiaw  and  Lenx'l  Law 
(See.  3).  If  theae'laws  are  applied  to  the  case  of  the  transformer  on  open 
ortait  the  following  relations  are  obtained. 


RiU+^lLiU)- 


(1) 


•fare  (Jah)  and  (Mh)  are  the  numbers  of  interlinka|[es  of  tubes  of  induction 
s4th  the  primary  and  seeondary  windings  respectively,  is  is  the  primary 
Ofttn-circuit  or  exciting  current,  £1  is  the  resistance  of  the  primary  winding. 
<■  is  the  e.m.f.  impressed  on  the  primary  winding,  and  <t  is  the  e.m.f.  induced 
in  the  secondary  winding. 

U.  Practical    tormala    tor   tranaformara.    If    it  is   asauraed  that 
sU  ths  turns  of  the  primary  and  the  secondary  winding  completely  snoiroie 
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a  mainetio  oircuit  of  uniform  eron  Motion  and  infinite  permeability,  and 
that  ei,  the  inatantaneoua  value  of  the  e.m.f.  imprened  on  the  primary,  ii 
a  aimple  harmonic  time-function  of  the  form 

«i-10«xV2JJi  C06U*  (2) 

where  Et  is  the  root-mean-equare  or  effective  value  of  the  impreued  voltage 
and  u  i*  equal  to  2r/  where/  is  the  frequency  of  the  alternatini  e.m.f.; 
It  becomea  aero,  and  the  resulting  solution  of  these  equations  will  give 

(£iu)  •'niAiB  sin  ut 

(.iiit)  ~ntAiB  sin  ati 


ni 


(3) 


where  ni,  ni  are  the  number  of  turns  in  the  primary  and  secondary  windings 
respectively,  St  is  the  effective  value  of  the  secondary  voltage,  ^i  is  the  cross- 
sectional  area  of  the  magnetic  circuit  and  B  the  maximum  instantaneous 
value  of  the  induction  in  C.Q.S.  lines  per  unit  area.  The  relations  between 
Si  and  B  are  given  by 

„     v'2«iX10«        BiXlO*     ...  ..        « 

B  ~  . —  .  ..  . — ; —  (cg.s.  lines  per  unitarea) 


A- 


uniAi 
aniAiB 


-  4.44 


4.44 /nMi 
/niAiB 


(volts) 


(4) 


V'2X10»  "■■"  lO* 
These  are  the  equations  used  to  determine  the  value  of  the  open-circuit 
secondary  voltage  and  the  induction  in  power  transformers.  Even  if  the 
rduetanee  of  the  magnetic  circuit  be  taken  into  account  the  value  of  £  is 
not  materially  altered,  and  since  exigencies  of  manufacture  may  cause  larger 
errors  in  this  quantity  than  that  due  to  the  assumption  of  infinite  permeabil- 
ity, greater  refinement  is  useless,  Ths  srror  in  the  value  of  Jit  due  to  this 
assumption  is  not  of  consequence  in  most  conunereial  trknsformen. 

16.  The  primary  op«n-oireult  «lMrMt«rittlM  of  powsr  tranif ormari 
may  be  obtained  with  sufficient  accuracy  by  means  of  a  curve  giving  the 
log!  par  unit  maas  of  iron  at  different  induc- 
tions (See.  4),  and  another  giving  the  Moitiiic 
volt  amp«rM  pw  unit  nwig  at  different 
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lent 

inductions.  The  latter  curve  is  preferably  obtained  from  the  average  of 
tests  on  a  number  of  transformers.  Sometimes  tests  are  made  on  different 
sises  of  transformer  cores  and  the  resulting  curves  plotted  separately^;  this  is 
done  to  take  care  of  the  variations  due  to  building,  which  are  greater  in  small 
transformers  than  in  large  ones.  The  value  of  the  exciting  current  obtained 
in  this  manner  is  known  as  the  equivalent  linc-waTe  value.  The  relationa 
between  these  equivalent  sine-wave  values  of  core-loss  current  and  ezcitins 
current  as  obtained  above  is  shown  by  vector  diagram  Fig.  1.  Typical 
core-loss  and  exciting  volt-ampere  curves  are  shown  in  Fig.  2  and  Fig.  3. 
respectively. 

IT.  Th«  current  In  the  primary  winding  of  an  unloaded  trana- 
(ormar,  which  has  a  sine-wave  e.m.f.  impressed  across  its  terminals,  is  not  a 
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(bk^wave,  but  haa  harmonio  oomponants.  This  i«  due  to  the  Tsiiable  per- 
meability of  iron  at  different  inductions  and  to  its  retentiveneas.  Tlie 
study  of  the  wave  distorl4on  due  to  iron 
magnetic  circuita  assumes  importance  in 
instrument  tranaformera  on  account  of 
the  possible  introduction  of  error  thereby. 
A  knovledce  of  the  properties  of  different 
kinds  of  transformer  steels  is  therefore 
essential  to  the  design  of  instrument 
transformers  (Sec.  4). 

IS.  Tbe  Mcondary  open-circuit 
ToHa^e.  Referring  to  Kqs.  I,  Liio  and 
Mi*  are  Tariables  of  time,  but  Li  and  M 
should  also  be  considered  as  variables  de- 
pending on  the  instantaneous  value  of  the 
induction.  Then  assuming  unity  ratio  of 
primary  and  secondary  turns, 

«.--«+K«.+^  ((£i-AO»)     (6) 
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where 

inga. 


R^  (Lrm  (X^t'M) 


the  quBDtity  (Li  — Jtf)  dependa  on  the  leakage  flux  through  the  wind* 
This  flux  will  vary  directly  with  the  current  in  the  primary,  provided 
that  the  relative  reluctance  of  difTerent 
parts  of  the  magnetic  circuit  remains 
unchanged  throughout  the  cycle. 
HcQce,  if  the  dimensions  of  the  winding 
space  are  large  and  the  permeability  en 
tne  core  is  lugh,  even  wide  fluctuation 
of  value  in  the  latter  will  produce  an 
inappreciable  effect  on  the  total  re- 
luctance of  the  leakage  paths.  It 
may  therefore  be  safely  assumed  that 
\L\  —  M)  is  constant  at  all  inductions 
and  Eq.  V*  becomes 

e«- -ei+iJiw  +  (Li -  V)-^ 
The   equations 


(6) 


of   ; 


(7) 


(8) 


Fio.  4. — Equivalent  simple  aUer- 
natins-current  circuit  for  a  trans- 
former. 

19.  ChwacUxistles  of  %  loaded  traniformM', 
transformer  supplying  a  load  of  resistance  Rq  and  inductance  Lo  are 

Riix + —(X-i*!)  +|-/^H)  -  «i 

From  these  equations  the  following  is  derived: — 

The  quantities  (Li  — 3f)  and  {Li—M)  are  very  nearly  conatant,  but  the  value 
of  JU*  is  dependent  on  the  inatantaaeoua  value  of  the  induction.     If  tt  be 

taken  eaual  to  —is  to  repre- 
sent the  load  component  of  the 
primary  current  the  trans- 
former may  be  represented  by 
the  following  simple  alternat- 
ing current  diagram,  Fig.  4, 
where  Y  is  an  admittance  of 
such  a  character  as  to  give  an 
exciting  component  O'l  — ti), 
which  includes  the  core-loss 
current.  This  is  known  as  the 
"Steinmets  equivalent% circuit 
for  a  traneformer."  The  cur- 
rent and  voltage  relations  may 
be  given  by  the  vector  diagram. 
Fig.  5,  on  the  assumption  that 
y  IS  a  simple  admittaaoe. 


Fio.  6. — Vector  diagram  of  current  and  volt- 
*ja  relations  in  equivalent  circuit. 
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Sec,  e-20  TRANSFORMERS 

10.  ThA  ihott-circult  oluractorlgtiot  of  a  tranfform«r  u«  obUilii«d 

from  thoee  of  the  loaded  traQaformer  by  making  Ro  and  Lo  equal  to  lero. 
It  IB  usual  to  consider  the  Quantity  uM  in  the  reaulting  equation  as  in- 
finite in  which  case  the  short-circuited  transformer  may  be  treated  as  a 
simple  impedance  so  that  the  effective  reaotanoe  of  a  transformer  of  unity 
ratio  when  short-circuited  is  the  sum  of  u{Li  —  M)  and  w(Li— Af).  More- 
over under  load  conditions  the  effective  transformer  impedance  differs  from 
the  short-circuit  value  only  on  account  of  the  influence  of  the  normiU  induc- 
tion on  the  permeability  of  the  core,  and  since  the  effect  of  uAf  may  be  ignored 
in  the  short-oirouit  reactance,  the  effect  due  the  difference  of  uM  under 
short  circuit  and  when  there  is  normal  induction  in  the  iron  being  of  still 
smaller  order  of  magnitude  may  also  be  ignored.  The  quantities  which 
in  tranaformMV  undw  load  are  the  equivalents  of  the  sh<vt-cireuit  cojpper 
loss  and  impedance  have  l^en  measured  with  vaiying  inducUons  in  the  iron 
and  have  been  invariably  found  to  be  practically  constant. 

11.  T^9  current  in  the  geeondary  wlndinf  of  a  transformer  suppljriog 
a  load  may  be  obtained  by  means  of  the  rimple  alternating-current  circuit 
shown  in  Fig.  4.  But  since  the  admittance  r  in  not  readily  expressible,  it 
is  inconvenient  to  use  this  circuit.  Moreover  the  quantity  (Li  —  M)  cannot 
be  evaluated  very  exactly  and  therefore  more  or  less  error  is  introduced  when 
it  is  used.  The  followmg  formula  derived  mathematically  from  Eq.  G 
and  7  with  the  assumption  made  in  the  preceding  paragraph  nas  the  advan- 
tage of  great  simplicity 

where  R,  and  L$  are  the  effective  resistance  and  effective  inductance  wbea 

load  current  is  circulated  in  the  secondary  with  the  primary  short-circuited. 

U.  With  line-wave  Hcondary  open-circuit  Toltafvs  Eq.  9  be- 
comes that  of  a  simple  reactive  circuit  having  resistance  equal  to  the  sum 
of  the  load  resistance  and  the  secondary  effective  short-circuit  resistanoe 
and  having  reactance  equal  to  the  sum  of  the  load  reactance  and  the  secon- 
dary short-circuit  reactance.  The  secondary  current  may  then  be  multi- 
plied by  the  ratio  of  transformation  to  obtain  the  primary  load  current, 
and  from  this  the  primary  current  is  obtained  by  adding  the  equivalent 
sine-wave  exciting  current  in  proper  phase  relation.  Eq.  0  under  these 
circumstances  may  be  represented  ■ymoolically  as  follows: 

ft-  l(f*+r.)+y(«»-|-*,))/«  (10) 

where  Et  and  Is  are  both  vectors,  The  vector  diagram  and  current  loci  for 
all  loads  are  given  in  Fig.  6. 

U.  The  conitructlon  of  Tig,  6  may  be  explained  as  follows:  OA  »  -  £i 
or  the  primary  impressed  e.m.f.,  reversed  in  time  phase.  OB  «•  Bt,  or  the 
secondary  oi>en-circuit  e.m.f.  The  radius  of  the  heavy-line  circle  with  B 
OS  centre  represents  the  secondary  short-circuit  impedance  of  the  trans- 
former, drawn  to  the  same  scale  as  OB.  To  obtain  the  loci  of  the  secondary 
terminal  e.m.f.  for  any  load,  bisect  OS,  at  Ci  and  draw  the  line  Ci,  Ci. 
Cm  at  right  angles.  The  locus  of  all  loads  having  a  ^ven  power-factor  is  a 
circle  passing  through  B  with  its  centre  at  some  uoint  on  the  line  C$,  Ci. 
C».  The  unity-power-factor  centre  Ci,  is  obtained  by  making  Ci,  Cs  equal 
to  C\B  multiplied  by  the  ratio  of  the  secondary  short-circuit  resistance  to 
the  secondary  Bhort-circuit  reactance;  the  centres  Ci,  Ci,  Ci,  etc.,  for  loads  of 
other  powor-tactor  are  obtained  by  making  cos  ai^  cos  on,  etc.,  equal  to  the  re- 
spective power-factors,  making  the  an^le  lag  behind  or  lead  the  phase  of  BCt, 
according  as  the  ^wer-factor  is  lagging  or  leading.  The  loci  are  then  ob- 
tained by  describmg  circles  pa8.<ting  through  B  with  these  centres.  The  loci 
for  different  load  currents  are  concentric  circles  having  B  as  centre  and 
radii  proportional  to  the  respective  short-circuit  impedance  drojM  at  these 
loads.  Thus  the  secondary  terminal  e.m.f.  with  full-load  secondary  current 
and  99  per  cent,  leading  power-factor  is  represented  in  time-phase  and  mag- 
nitude Dy  the  vector  drawn  from  O  to  tne  point  C  where  the  90  per  cent, 
leading-power-factor  circle  intersects  the  full-load  impedance-drop  circle.  To 
obtain  the  loci  of  the  current  vectors,  describe  with  centre  O  a  circle  of 
radius  to  represent  the  effective  full-load  secondary  current  on  any  suitable 
scale;  with  the  same  centre  draw  another  circle  of  radius  equal  to  that  of  the 
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fint  one  multiplied  by  the  ratio  of  one-half  the  seoondary  opeiiTeirciiit  voltaae 
to  the  woondary  ihort-circuit  impedanoe  volu  at  full-load  current  Take 
OB  e^ual  in  time-phaae  and  magnitude  to  the  secondary  open-circuit  voltage, 
draw  Oci  at  right  angles  to  OB  and  make  the  angle  «iOei  such  that  its  cosine  in 
.  .      short-circuit  reactance      ,  •         i-  .  .-  i  .     .. 

equal  to    t ; . — : i ;  draw  also  aline  t^tiei  tangential  to  the 

flhori-riTciut  impedance 
second  circle  at  the  point  ei;  this  line  is  the  locus  of  the  centres  of  the  circles 
paaaing  through  O,  which  are  the  loci  of  the  secondary  toad  currents  for 
different  power-factors,    ei 
is  the  centre  for  the  circle  ^v 

passing  through  O  which  is  \'^n. 

the  locus  for  the  currents 
for  all  loads  of  unity-power- 
f actor;  the  other  centres 
are  found  in  the  same  way 
as  for  the  secondary  vclt- 
age  loci  The  loci  for  dif- 
ferent values  of  secnndarv 
load  current  are  circles  with 
O  as  centre  and  radii  pro- 
portional to  the  effective 
values  of  the  load  currents. 
The  vector  for  any  given 
value  of  load  current  and 
power-factor  of  load  ia 
therefore  the  line  drawn 
from  O  to  the  point  of  in- 
tersection of  the  load'cur- 
rent  circle  and  the  power- 
factor  circle.  The  approxi- 
mate primarr  current  is 
then  obtained  by  combin- 
ing this  vectQr  with  the 
vector  OB  representing  the 
open-circuit  exciting  cur- 
rent- 

14.  The  ihort-cireult 
eopp«r-lou  with  full-load 
current  circulated  in  the 
secondary  winding  is  not 
the  true  copper-loss,  but  a 
cofToction  must  be  made  on 
account  of  the  I^R  lose 
caused  by  the  exciting  cur- 
rent. Part  of  this  extra 
loss  is  practically  constant 
at  all  loads  and  is  included 
in  the  core-Uiss  measure- 
ments; the  other  part  varies  with  the  load.  If  9  be  the  angle  corresponding 
to  the  secondary  power-factor,  a  the  angle  of  hysteretic  lead,  /•  and  /•  the 
effective  values  of  the  exciting  current  and  the  component  of  the  primary 
current  corresponding  to  the  secondary  current,  respectively,  then  the  cor- 
rection to  be  added  is 

Correction  -  2/»/iAi  sin  (tf  +  a)  (watts)  0 1  ^ 

In  substituting  values  of  Ri  the  effective  primary  resistance  should  be  used. 
The  correct  value  of  induced  e.m.f.  at  which  to  take  the  core-loss  is  the  voltage 
across  the  admittance  Y,  Fig.  4,  and  it  can  be  found  in  the  usual  way  by 
Etq.  10  after  {Lx  —  M)  has  been  obtained.  But  it  is  not  usual  or  necessary 
in  practice  to  go  to  such  refinements.  The  core-loss  measured  at  the  rated 
voltage  plus  tm  secondary  IK  drop  iti  sufficiently  close  for  practical  work. 

SI.  TIm  •ffloivnej  may  now  be  obtained  by  the  usual  formula 

„„  .  Omput  Output  ,,„. 

Efficiency -i-^ — ^-- —  (11') 

Input        Output -f-lost*ea 

St.  The  r«cal*tion  may  be  defined  as  the  difference  between  the  fuU-load 
and  the  no-load  secondary  voltage  of  the  transformer,  for  the  same  primary 


Fia.  0. — Vector   diagram    showing   voltage  and 
current  relations  in  a  transformer  at  all  loads. 
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voltage,  expressed  as  a  percentage  of  the  {ulMoad  seoondary  voltage,  which 
ia  also  the  rated  voltage.  If  IR/S  and  IX/E  are  respectively  the  effeetivs 
short-circuit  ohmic  and  the  reactance  drops  expressed  as  fractions  of  the 
rated  voltage,  then 

fix         „     IR 
„       ,  ..         IR          ,^IX    .    ,^  (-g-cosg— ^, 
Regulation  «i -^  coe  »  +  -=- Bin  tf  H _         (13) 

asNsaAi.  DB810N 

ST.  Tho  deiUrn  of  lucceatful  oommerclal  truuformera  requiros  the 
selection  of  a  simplo  form  of  structure,  so  that  the  coila  may  be  easy  to  wind 
and  the  magnetio  circuit  easy  to  build.  At  the  same  time  the  mean  length 
of  the  windings  and  of  the  magnetic  circuit  must  be  as  short  sa  possible 
for  a  given  cross-sectional  area,  so  that  the  amount  of  material  required 
and  the  losses  shall  be  as  low  as  possible.  The  form  of  construction  should 
permit  of  the  easy  removal  of  heat  by  means  of  ventilating  ducts,  it  should 
admit  of  being  insulated  in  a  simple  and  economical  manner,  and  the  wind- 
ings should  be  of  such  forms  ss  may  bo  easily  reinforced  to  withstand 
mechanical  stresses. 

t8.  Two  types  of  truisformars  are  in  oommon  use.  When  the  mag- 
netic circuit  talces  the  form  of  a  single  ring  encircled  by  two  or  more  groups  of 

primary  and  secondary  windings  dis- 
tributed around  the  periphery  of  the 
ring,  the  transformer  is  termed  a  core- 
type  transformer.  When  the  primary 
and  secondary  windings  take  the  form 
of  a  common  ring  which  is  encircled 
by  two  or  more  rings  of  magnetic  ma- 
terial distributed  around  its  periphery, 
the  transformer  ia  termed  a  ehell-type 
transformer. 

99.  TlM  eharaotorlsttc  featUTM  of 
the  core-^pe  transformer  are  a  long 
mean  length  of  magnetic  circuit  and  a 
short  mean  length  of  windings;  those 
of  the  shell-typs  are  short  mean  length  of  magnetic  circuit  and  long  mean 
length  of  windings.  The  result  of  these  features  is  that  for  a  given  output 
ana  performance  the  core-type  will  have  a  smaller  area  of  core  and  larger 
number  of  turns  than  the  corresponding  shell-type.  As  a  general  rule  the 
core-type  construction  is  more  economical  for  small  high-volto^  trans^ 
formers  than  the  shell-type  construction,  the  dividing  line  for  size  being 
de[X9ndcnt  on  the  voltage.  In  the  matter  of  relative  weights  of  iron  and 
copper,  the  two  types  tend  to  merge  into  each  other  if  steps  are  taken  to 
alter  the  construction  so  that  their  features  are  more  nearly  alike.  Fig.  7 
and  Fig.  8  illustrate  the  forms  of  magnetio  circuits  that  have  been  found 
to  result  in  the  most  economical  and  saiislaotory  designs. 

50.  Electrical  design. 
The  fundamental  formula  in 
the  electrical  design  of  a  trans- 
former are  thoso  given  under 
**  General  Theory/'  Par.  19, 
Eq.  4.  If  a  certain  current- 
density  and  induction  be  as- 
sumed, the  allowable  thickness 
of  the  coils  for  the  proper  cool- 
ing may  be  predetermined. 
The  electrical  stress  between 
layers  and  between  adjacent 
coils  m^y  also  be  predicted 
with  suflicient  accuracy  to  spec- 
ify the  amount  of  insulation 
that  it  will  be  necessary  to  use 
in  each  case. 

51.  The  ftrea  occupied  by 
a   primary  or  a  feoondary 


Sbsfli  BMtucnlw 

Fio.  7. — Forms  of  magnetic  circuits 
of  transformers. 
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8. — Shell-type   distributed   magnetic 
circuit. 
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eondnetor,  including  the  duct  apaoe  and  the  insulation  deanmoes  neoeasary 
to  injun  proper  cooling  and  insulation  respectively,  and  the  proper  me- 
chonieol  ollowanoea  may  be  accurately  calculated.  Denote  these  two  areas 
by  ai  and  as  respectively  and  the  corresponding  net  area  of  the  conductors 
fay  71  and  71.  Then  if  P  be  the  out-put  of  the  transformer  in  iratt*  and 
Iri  and  Wt  the  PR  loes  per  lb  in  the  primary  and  secondary  windings 
*  at  rated  output  and  temperature  0  centigrade 

P  0.0014-\/l+0.00428»  ,    ^ 

^■-i. vH (") 

and  yt  may  be  found  by  substituting  £i  for  £i  and  Wt  ftfr  TTi.  If  At  and 
At  be  the  gross  areas  of  the  magnetic  circuit  and  the  windings  respectively 
and  if  Sa  and  Sh  be  the  corresponding  space  factors  the  following  relations 
ore  obtained 

A,A,-  V^«!«+|»>><10i  (16) 

This  may  be  put  in  the  form 

^«^«  -  ^''^^T,  0-OOU  Vl +0.004289  (-^  +-T=A  <") 

where  the  mean  length  of  both  windings  is  the  same  Wb  the  mean  I*R  loss 
per  lb.  wUl  be 

Wi  -  VmWl  (17) 

It  is  in  general  advantageous  to  have  W\  equal  to  Wt.     Denote  the  ratio 

At/At  by  X  and  let  the  ratio  of  the  dimensions  of  the  cross-section  of  the 

winding  Space  and  magnetic  circuit  be  Y  and  Z  respectively.     The  area  and 

dimensions  of  the  magnetic  circuit  and  winding  space  will  then  be 

ill  =   l^)  \  Dimensions  -  hj\  ^  by  (ZA,)*  (18) 

ill  -  (.XAiAi)i,  Dimensions  -  |  y)   *>y  (KXi) 

The  volume  of  iron  and  copper  for  any  type  of  transformer  may  be 
obtained  from  the  formulas 

Volume  of  iron-S.(iliAi)t/i  {  X,Y,Z, ^i  }  (20) 

'  (XiXt)    '     ■ 

Volume  of  copper-a(iliili)'  /«  { X.T.Z,     ^'     .  }  '  (21) 

UiAt)* 
where  Ci  and  Ct  are  determined  from  the  insulation  constants  and  /i  and  ft 
denote  that  the  quantities  preceding  it  are  to  be  multiplied  by  a  function 
of  the  quantitiea  in  the  bracket.  The  quantities  in  the  brsclcets  are  not 
dimensional  quantities  and  therefore  fi  and  ft  will  be  independent  of  the  sice 
of  the  transformer  but  will  vary  with  different  forms.  If  conditions  for 
minimum  cost  and  lora  are  introduced,  Y  and  Z  become  definite  functions  of 
the  remaining  variables  so  that  the  functions  /i  and  ft  may  be  plotted  in 

sets  of  curves  having  X  as  the  independent  variable  and  ■  ■  .^ .  ^  and 
j^j  a.  parameters. 

n.  Th«  relatioiu  between  th«  output  of  a  troiuformer  and  iti 
dimansiona,  w«l(ht,  and  eort  of  copper  and  iron,  derived  from  the  above 
formulas,  assuming  no  change  in  the  space  factors,  densities  and  proportions, 
and  provided  that  the  insulation  clearances  between  windings  are  very  small, 
are  approximately  as  follows: 


,^i 


(19) 


Area  of  core  varies  as 

Area  of  winding  space 

Weight 

Cost 

Per  cent,  loss 

Tolta  pet  turn 


(22) 
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M.  Cora  maXurlti.  SlUeon  itMl  U  used  almoct  entinly  for  power 
sod  diatributing  traniformers.  For  the  first  olaaa  of  trsnaformen  ohiefly 
on  aocount  of  its  non-aceins  charaoteristice.  For  the  seooad  clan  on  aooount 
of  ita  extremely  low.  hyateresia  and  eddy  current  lorn.  A  great  deal  of  in- 
vestigation ia  being  carried  on  by  various  manufacturets  with  a  view  of 
Sroduoing  steels  having  characteristics  suitable  for  different  classes  of  work, 
complete  discussion  of  various  classes  of  sheet  steel  for  electrical  ap- 
paratus will  be  found  in  Sec.  4. 

M.  Inaulation,  cooUnc  sad  maoluuileal  straiMl.  These  factor* 
will  have  a  large  influence  on  the  form  and  dimeosions  of  transformer  and 
are  taken  up  in  detail  under  separate  headings  below. 

DKUOH  or  IH8UI.ATIOH 

M.  Sch  tniulktlon  itrenfth  is  one  of  the  most  important  requirement* 
of  a  weU-deaigned  transformer.  However,  provided  that  the  proper 
strength  is  obtained  at  every  point,  the  lese  insulating  material  used  tha 
better,  because  the  insulatinjg  material  is  the  chief  factor,  limiting  the  tem- 
perature at  which  it  is  permissible  to  operate  and  it  is  also  the  main  factor 
in  producing  the  rise  of  temperature  of  the  windings. 

S6.  The  eleotrlc  itreiMt  to  wUoh  a  trmnaformar  to  inbjeotod  in 
ienrice  may  be  transient  in  nature,  or  they  may  be  steady.  Belonging  to 
the  former  class  ore  surges  set  uji  by  switching,  breaking  down  of  line  insulat- 
ors, arcing  grounds,  and  short'circuits.  Steady  electno  stresses  are  caused 
by  such  accidents  as  the  grounding  of  one  line  of  a  transmission  circuit, 
and  will  be  preceded  by  a  surge  or  transient  wave  due  to  the  change  in 
the  electric  field  brought  about  by  the  new  condition  of  stress.  Thua 
high  electric  stress  to  ground,  in  a  transformer,  may  be  preceded  by  high 
stresses  between  coils  and  turns  of  the  high-potential  parts  of  the  wind- 
inga.  A  breakdown  between  turna  in  a  high-voltage  transformer  may  there- 
fore be  due  to  a  combination  of  the  two  forms  of  stress.^  Another  form  of 
stress  that  may  cause  breakdown  of  the  low-tension^ winding  is  likely  to 
occur  when  the  electrostatic  capacity  between  the  high-tension  ^and  low- 
tension  windings  is  hi^h  in  comparison  with  that  of  the  low-teaaion  wind- 
ing to  ground,  in  which  case  a  dissymmetry  of  the  high-tension  circuit 
such  as  that  due  to  a  ground  on  one  une  may  cause  a  potential  elevation  of 
the  low-tension  winding  sufficient  to  break  down  the  uiaulation,  or  to  oausa 
loM  of  Ufe. 

n.  The  truistent  Btrenat  are  difficult  to  estimate  with  any  degree 
of  certainty  and  the  desi^er  usually  has  to  satisfy  himself  with  resulta 
obtained  by  experience  with  transformers  in  service, 

U,  The  itekdy  Itrenai  may  be  easily  calculated,  and  the  usual  practice 
is  to  design  the  insulation  so  that  it  will  withstand  a  difference  of  potential 
between  the  low-tension  and  high-tension  windings  and  between  case  and 
high-tension  winding,  ranging  from  two  to  two  and  one-half  times  the  poesible 
Steady  stress  under  service  conditions. 

■9.  The  Insulation  between  adjacent  coll>  and  adjaeant  turna  of 
tha  tranatormar  must  be  capable  of  withstanding  with  an  ample  margin 
of  safety  the  norma]  and  transient  streeses  that  occur.  It  is  customary  in 
large  tranaformera  to  give  an  overpotential  teat  of  double  volta^,  mainly 
for  the  purpoee  of  mULing  sure  that  there  are  no  weak  spots  in  the  coil 
insulation. 

40.  Waet  of  poilaritr  of  windlnc*'  Pdaiity  in  a  transformer  depends 
upon  the  relative  direction  of  the  induced  electromotive  forces  in  the  pnmary 
and  secondary  windings  considered  with  respect  to  the  two  adjacent  ends  of 
the  two  windings.  *  In  a  single-phase  transformer  under  normal  conditions 
of  service,  the  middle  points  of  both  primary  and  secondary  windings  are  at 
ground  potential;  but  the  maximum  difference  between  adjaoentprimary  and 
secondary  coils  may  be  half  the  sum  of  the  primary  and  secondary  voltages 
or  half  toeir  differences  according  to  the  polarity.  This  factor  becomes  of 
extreme  importance  in  the  design  of  tranisformer  for  interlinking  two  high 
voltage  systems. 

*  A  full  discussion  of  this  question  will  be  found  in  an  article  by  C.  Fort- 
escue,  SUebrie  Journal,  1907,  and  also  one  by  Wm.  McConahy,  XlscMe 
Jtwnal,  1910. 
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41.  Method*  of  UuraUttac.  The  metbods  emiiloyad  in  inwiletim  • 
traosformer  will  depend  largely  upon  the  type,  upon  the  bish-teneion 
voltase,  and  upon  the  method  of  cooUng,  employed.  Small  traneformen  . 
to  operate  on  2,200-volt  eirouits  are  uaually  inaulated  between  the  Ugh- 
tenaion  and  low-tenaion  windings  with  a  cylindrical  barrier  of  mica  and 
fibrous  material  about  ^  in.  thick.  The  usual  way  of  applying  this  banier 
is  to  wrap  it  over  one  winding;  the  second  winding  is  then  wound  on  top  of 
it.  One  company  usee  a  tube  of  mica  with  a  pure  shellac  bond  which  has 
been  mouldea  from  a  circular  cylinder  under  heat  to  the  proper  form  with 
which  to  insulate  the  high-tension  and  low-tension  windings  from  each 
other.  The  adjacent  ends  of  the  two  windings  are  insulated  from  each  other 
by  T^^^mt  of  collars  or  spacing  pieoes  and  hesTy  paper  corner  pieces.  The 
complete  coil  may  be  vaouum  dried  and  impregnated  with  a  compound  in- 
soluble in  ml,  before  the  iron  is  built  in,  or  the  iron  may  be  built  in  first 
and  the  whole  transformer  impregnated. 

4S.  Inatilation  between  turns  and  layen.  In  small  transformers 
ia  which  round  wife  is  used,  and  where  the  volts  per  turn  are  small, 
and  the  windings  are  not  subjected  to  high  stresses,  the  cotton  cover- 
ing is  sufficient  for  insulation  between  turns,  and  with  proper  subdi- 
Tision  of  the  coils  only  a  little  additional  insulation  need  be  used  between 
layers.  In  larger  ttansformets  where  round  wires  ate  used,  the  layers  must 
be  heavily  inaulated.  In  bigh-roltage  transformers  the  line  coils  are  some- 
time* wound  with  cord  between  adjaoent  turn*  to  secure  high  insulation 
strength.  In  large  transformers  where  the  conductors  are  copper  straps, 
the  eoib  are  wound  spirally  with  the  eonductor  flat,  and  the  conductor  ia 
either  heavily  sleeved  with  cambric  or  cloth,  or,  according  to  the  practice  of 
one  comMtty,  the  adjacent  turns  are  insulated  from  each  other  by  micanite 
strips.  The  turns  of  the  coils  next  to  the  line  are  always  heavily  rein- 
iorctd.  In  wire-wound  coils  the  voltage  per  layer  rarely  exceeds  150  volts 
in  the  inner  coils  and  is  much  less  than  this  in  the  coils  nearest  the  line. 

41.  Ooil  Ingnlfttion.  In  order  to  reduce  the  stress  and  thereby  obtain 
more  eOeotive  insulation,  the  windings  are  subdivided  into  coils.  The 
adjacent  ooils  may  be  insulated  from  each  other  by  taping,  or  by  insulatins 
wasiaer  and  edge  strips  or  angle  pieces.  For  insulating  the  coils  of  smaJI 
transformers  knd  air-blast  transformers  the  former  method  is  used  by  some 
manufacturers,  the  coils  first  being  impregnated  with  an  oil-proof  gum.  For 
insulating  the  coils  of  lar^  oil-insulated  transformers  the  oil  spaces  between 
duets  and  one  or  more  i-in.  fuller^board  washers  are  depended  on. 

M.  The  tauDlstlon  between  the  hlch-teniion  Mid  ktw-tenglon 
wlndiZKB  in  large  transformers  of  the  shell-type  is  constructed  of  sheets  of 
fttUer-boaid  about  i  in.  thick  and  angje  pieces  of  the  same  materiaL  The 
sheets  of  fuller  board  and  the  an^de  pieoes  are  arranged  in  the  form  of  a  box- 
ing surrounding  each  group  oihigh-tension  or  low-tension  coils;  all  joints 
sie  lapped  and  in  high-voltage  transformers  the  corners  of  the  coils  are 
insulated  by  specially  formed  angle  pieces  so  that  when  the  insulation  of 
a  group  of  coils  is  completed,  it  forms  a  boxing  around  the  group  which 
completely  isolates  it  from  the  adjacent  group. 

M.  B*vi7  ayllndrleal  tnbM  of  paper  are  used  between  the  high- 
— ' —    and  the  low-tension   windings   in  large  oore-type  tranaformen. 


One  company  uses  a  paper  tube  rolled  with  Bakelite  as  a  bond,  the  completed 
tube  being  "bakeliaed  after  it  is  rolled;  another  company  uses  fibre  or 
fuller- board  tubes.  Small  hlch-TOltac*  oore-type  tranaformen  may 
have  their  high-tenaiott  winding  wound  directly  on  one  of  these  tubes;  this 
fumiehes  a  cheap  and  effective  method  of  manufacture. 

M.  The  Inmlatlnsf  vain*  of  the  oil.  In  oU-inanlated  tranatormart, 
is  depended  on  very  largely  to  help  insulate  the  transformer;  this  is  done 
by  interspersing^  the  oil  and  the  fuller-board  in  all  the  barriers.  At  the  ends 
Of  the  hi^h-tension  coils  the  insulation  is  effected  mainly  by  oil  spaces  rein- 
forced With  corner  pieces  of  fibrous  material. 

47.  In  •ir-blaat  traniformen  the  same  general  method  of  construc- 
tion is  used,  but  in  addition  the  coils  are  heavily  taped  and  treated  with 
waterproof  compounds.  In  air-blast  tranaformers  the  insulation  rlear- 
aacea  are  very  much  larger  than  in  oil-insulated  transformers,  particularly 
at  the  ends  Of  the  coils  where  distance  insulation  must  be  used  to  a  great 
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48.  Oatlat  terminal*.  One  of  tha  matt  difficult  proUenu  enoounterad 
in  high-voltage  inaulation  design  in  the  past  wm  the  proviiion  of  a  aiiitable 
outlet  lead.  Tbia  problem  has  been  solved  in  two  different  ways:  one  is 
by  the  use  of  the  condenser-type  terminal  (Par.  4t),  and  the  other  is  by 


the  use  of  an  oil-filled  bushing  (Par.  (0). 

4*.  The  oondenMr-tnM  tarmiiul  eoniint  (Fig. 
deis  of  thin  tin-foil  and  shellac-treated  paper,  rolled  hot  on  a  central  brass 


inal  eoniliti  (Fig.  8)  of  alternate  cyKn- 


rod  of  the  proper  diameter:  they  are  so  arranged  that  the  capacities  be- 
tweeo  adjacent  tin^foil  ovlinders  are  the  same  throughout,  and  the  tin-foil 
rylindera  differ  in  length  oy  equal  steps.  The  potential  stress  is  distributed 
evenly  over  the  whole  length  of  the  terminal. 
The  addition  of  a  disc  at  the  top  of  the  terminal 
and  an  external  cylinder  of  insulating  material 
extending  between  the  flange  and  the  disc,  the 
space  between  the  condensers  and  the  cylinder 
ming  filled  with  gum,  complete  the  outlet  lead. 
SO.  The  oU-lnsuUted  terminal  i¥ig-  9) 
depends  upon  oil  aa  an  insulator  and  as  a 
means  for  insuring  equal  distribution  of  heat  in 
the  terminal.  It  consists  of  segments  of  porce- 
lain or  moulded  material  cemented  together  to 
form  an  enclosure  for  the  oil;  a  conducting  rod 
extends  from  top  to  bottom  of  this  enclosure. 
The  oil  space  is  subdivided  by  insulating  cyl- 
inders  to  prevent  lining  up  of  particles  in  the 
oil. 

81.  la  tnuisformen  for  high-Tolt»ge 
tranimiMton  the  coils  adjacent  to  the  line  ter- 
minals are  more  heavilv  insulated  from  one  an- 
other than  the  rest  of  tne  coils.  In  large  trans- 
formers the  normal  stress  between  adjacent  coils 
is  seldom  permitted  to  exceed  15,000  volts.  As 
the  sise  of  a  transformer  is  increased,  keeping  the 
current  density  and  the  coil  thickness  the  same 
the  voltage  per  coil  will  vary  inversely  as  the 
fourth  power  of  the  output.  Since  the  thickness 
of  the  coils  and  the  spacing  between  them  are 
usually  determined  by  the  cooling  requirements, 
a  large  transformer  is  more  easily  insulated  thsD 
a  smiul  one. 

M.  Oroundlng  of  the  neutral  point.  A 
considerable  saving  in  cost  of  insulation  may 
be  obtained  if  transformers  are  designed  for 
operation  with  the  neutral  point  of  the  line- 
circuit  grounded.  The  insulation  stresses  to 
,.     Ti    ,         y>      %  which  a  transformer  may  be  subjected  in  service 

Oil-filled         Condenser      ^re  thereby  greatly  reduced  and   the  danger  of 
terminal      type  terminal  breakdown  of  low-tension  insulation  due  to  the 
Fio.     9. — Oil-filled      and    effect    described  in  the  latter  part  of  Par.  Sft 
condenser-type  terminals,    is  entirely  eliminated,  in   polyphase    transfor- 
mations. 

9S.  The  effeot  of  Insulation  on  eooUnf  is  negligible  except  in  small 
transformers  where  the  heat  has  to  be  conducted  through  thick  insulatias 
barriers,  tape  on  the  coils,  and  heavy  layer-insulation;  and  in  air-blast 
transformers  where  the  temperature  gradient  through  the  heavily  tf4>ed 
coils  may  be  very  large.  — 

COOLING  8Y8TBH8 
f4.  The  loiiei  in  a  transformer  appear  as  heat  in  the  windings  and 

the  core.  Means  must  therefore  be  provided  for  removing  it;  otherwise 
high  temperature  will  result,  which  will  destroy  the  fibrous  materials  used 
for  insulating  the  various  parts  of  the  transformer.  Methods  of  remoTlnff 
heat  may  be  classified  as  follows: 

(a)  By  natural  convection  of  air  and  radiation.  This  method  ia 
employed  in  certain  special  cases  for  small  distributing  transformers  up  to 
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S5  kv-k.  It  is  the  method  generally  used  (or  cooling  instrument  and  small 
switchboard  transformers. 

(b)  By  foroad  eonTSOtlon  of  air.  Transformers  in  which  this  method 
>•  used  are  commonly  called  alr-blait  traiuformen.  They  may  be  built 
with  raUngs  up  to  5,000  kv-a.  and  voltages  not  exceeding  35,000  volts. 

(o)  B7  natural  oonTSOtlon  and  radiation  with  two  fluids.  Oil- 
insulated  aiiwsooled  transformers  are  cooled  in  this  manner.  This  method 
may  be  applied  to  transformers  for  all  voltages  and  for  ratings  up  to  4,000 
kr-a. 

(d)  By  a  eomblnatlon  of  natural  oonT«etlon  of  a  fluid  madinm 
witb  forced  oonvaction  of  ooolinc  air.  This  method  has  not  been  used 
in  this  country  to  any  great  extent,  but  is  in  great  favor  in  Europe. 

(e)  By  natural  oonTsotion  of  an  Insulatlnr  fluid  which  if  eoolad 
artlflclally  by  another  fluid.  This  method  is  used  in  oil-insulated  water- 
cooled  transformers. 

(f)  By  forced  oonTsetion  of  an  insulating  fluid  which  may  be  cooled 
in  any  conTcnient  way.  This  method  has  been  employed  to  oool  large 
transformers  b^  forcing  the  cooled  fluid  through  the  windings. 

Forced  oil  euculation  with  the  oil  cooled  by  air-blast  may  be  employed 
in  one  self-contained  unit. 

H.  Oondaetton  outward  to  the  lurfaoe  azpoaad  to  the  ooolinf 
msdlnm  is  the  first  step  in  the  removal  of  heat  from  the  winding  of  a  trans- 
former. This  conduction  will  partly  be  through  copper  and  partly  through 
insulation.  The  flow  of  heat  between  parallel  faces  of  any  material  for  a 
difference  of  temperature  of  1  deg.  cent,  may  be  given  in  watts  per  sq. 
in.,  and  in  this  work  it  is  conyenient  to  express  it  in  this  form.  The  tom- 
paratnrc  gradient  at  any  point  of  the  coil  will  therefore  be  opposite  in 
oireetion  and  proportional  to  the  maximum  value  of  the  heat  flux  (expressed 
in  watts  i>er  sq.  in.)  at  that  point. 

M.  The  mazimnm  temperature  rise  throurh  a  coil  at  any  pdnt 
will  be  the  line  integral  of  the  temperature  gradient  in  the  direction  of  the 
heat  flow  to  that  p<nnt. 

■7.  Tha  aTarac*  temperature  rise  through  a  coil  at  any  i>oint  of  its 
surface  is  the  weighted  average  temperature  rise  of  all  the  portions  of  the 
conductors  contributing  to  the  heat  flow  at  that  point. 

U.  Ooolinc  by  conTcction  is  the  next  step  in  the  removal  of  heat 
conducted  to  the  surface  of  the  coiI._  Convection  currents  are  caused  by 
the  upward  motion  of  the  heated  fluid;  thereby  permitting  unheated  fluid 
to  displace  it.  Therefore,  it  is  essential  in  order  to  obtain  efficient  cooling 
of  the  coil  surface,  that  the  windings  be  so  constructed  that  they  present 
vertical  surfaces,  forming  paths  free  from  obstructions  to  the  Sow  of  these 
convection  currents.  After  the  heated  fluid  has  risen  to  the  surface  it  must 
be  cooled,  and  in  older  that  this  may  be  done  efficiently  ita  temperature  must 
be  aa  high  as  compatible  with  the  Smiting  value  set  for  the  maximum  tem- 
perature of  the  transformer.  _  The  winding  must  therefore  be  so  constructed 
that  no  part  of  the  fluid  flowing  past  a  surface  shall  be  far  removed  from  it; 
.  furthermore,  the  difference  in  velocity  between  the  fluid  in  intimate  contact 
with  tlie  surf acea  of  the  winding  and  that  furthest  removed  must  be  kept  aa 
Mnall  aa  pcaaible. 

W.  The  itruetural  raqulramenti  are  tnUllIed  by  arranging  the  wind- 
ings so  that  the  exposed  surfaces  are  concentric  cylinders  with  vertical  axes 
or  parallel  vertical  planes.  The  thickness  of  the  coils  is  determined  by  the 
enrrent-densi^  in  the  copper  and  the  permissible  maximum  temperature- 
rise  through  the  coiL 

•0.  The  phyiieal  charactarlitica  requisite  in  a  cooling  fluid  in  order 
that  it  shall  be  an  efficient  cooling  agent  for  transformers  are: 

(a)  It  must  be  a  good  insulator. 

lb)  It  must  have  good  thermal  conductivity. 

(e)   It  must  have  Ugh  specific  heat. 

(dn  It  mtist  hare  a  high  coefficient  of  expanuon. 

je)  Its  viaeoaty  must  ne  aa  low  as  passible, 

(0  It  must  tw  capable  of  withstanding  the  operating  temperatures  witlwut 
eanmnisiiic  or  PToandiig  gummy  depoats  on  the  coil  surfaces. 

(c)  It  moat  be  atable,  dlffleult  to  ignite,  and  free  from  acids  or  any  other 
Ingredient  that  will  attack  fibrous  materials,  iron,  copper,  or  varniahea. 
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The  reason  for  moet  of  these  requtrements  are  obvious,  but  (b),  (c),  (d)  and 
(e)  require  some  explanation,  which  is  given  in  the  next  pftragraph. 

•1.  BzpUnatlon  of  heat  tranifert  In  ooollnr  fluid.    Conrider  two 
adjacent  surfaces  of  a  winding  taking  the  form  of  two  paraUel  planes  a  small 
distance  apart,  and  assume  that  all  the  heat  is  emitted  in  a  direction  normal 
to  the  planes.     The  fluid  directly  in  contact  with  the  surface  wiU  first  be- 
come heated  and  expand,  thereby  becoming 
lighter  and  rising.     It  will   thus    at  every 
point  of  its  passage  assume  a  temperature 
which  will  increase  progressively  along  the 
vertical.     At  the  lowest  point  of  the  coils 
the  oil  nearest  the  surface  will  perform  all 
the  cooling,  but  as  it  rises  the  temperature 
gradient  through    the  fluid    normal  to  the 
surface  will    increase,   thus  permitting  the 
conduction    of    heat    to   the   fluid     further 
removed  from  the  surface.    The  temperature 
gradient  through    the  oil  at  the  top  of  the 
coils  will  therefore  depend  upon  the  velocity 
of  the  fluid  and  its  distance  from  the  surface. 
The  more  nearly    uniform  the  velocity  of 
the  fluid  at  each  point,  the  less  will  be  the 
temperature  gradient.     The  velocity  of  the 
fluia  at  each  point  depends  among  other 
thingfl  upon  the  viscosity  of  the  fluid  being 
more  umform  the  lower  the  viscosity.    High 
specific  heat  is  important  because  it  permits  a 
given  amount  ot  heat  to  be  removed  per 
unit  time  at  lower  velocity  and  lower  temper- 
^  ature  rise  along  the  surface.     High  thermal 
-^   conductivity  is  necessary  so  that  heat  may 
Fig.  10. — Oil-insulated  self-    be  tran.smitted  through  the  fluid  normal  tt> 
cooled  transformer.  thesurface  withasmalltempcraturcgradient. 

It  should  be  noted  that  where  the  fluid  is  a 
gas,  a  certain  amount  of  work  is  absorbed  during  expansion,  so  that  the 
specific  beat  at  constant  pressure  should  be  used. 

•S.  The  t»mpcratur«  difl«reiio«  between  the 
fluid  at  the  top  of  the  coil  and  that  at  the  bot- 
tom is  a  measure  of  the  force  required  to  circulate 
the  fluid.  Part  of  this  force  is  used  up  in  overcoming 
the  friction  offered  by  the  surfaces  and  the  viscosity 
of  the  fluid. 

•S.  In  traaefonnen  cooled  by  free  oonvee- 
tlon  In  air  the  remainder  of  this  force  is  that 
necessary  to  bring  the  velocity  of  the  air  up  to  the 
required  value  to  effectively  remove  the  losses.  In 
oU-imulated  eelf-cooled  typei  (Fig.  10),  where 
the  transformer  is  immersed  in  a  liquid  which  circu--*- 
lates  by  free  convection,  cooling  the  surfaces  of  the 
windings  and  being  cooled  in  turn  at  the  surface  of  *** 
the  container  by  convection  of  the  air.  the  hydraulic 
force  or  head  developed  in  the  windings  due  tn  the 
difference  in  temperature  has  to  overcome  not  only 
the  resistance  to  flow  within  the  windings  them- 
selves, but  also  that  external  to  the  windings  due  to 
the  sides  of  the  case.  In  addition  to  this  there  is  a 
back  pressure  or  counter-head  which  represents  the 
force  required  to  overcome  the  friction  resistance  of 
the  external  surface  of  the  case  to  the  convection 
currents  of  air  and  that  required  to  set  them  in 
motion. 

•4.  In  the  air-blatt  method  of  cooling  (Fig. 
11).  instead  of  depending  solely  on  free  convection 
of  air   to  cool  the  transformer,  pressure    is   used  and  air  is  forced  through 
the  windings.     The  temperature  rise  of  the  hottest  part  of  the  surfaces,  above 


Fio,  11. — Air-blast 
transformer. 
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the  ineoming  *ir,  may  therefore  be  made  a«  email  ae  dedred  by  nains  luffi- 
eient  prewure,  and  the  limita  of  this  method  of  cooling  will  be  aet  only  by 
the  cost  of  maintaining  a  larse  flow  of  air  at  sufficient  pressure,  and  by 
the  temperature  gradient  through  the  coils  and  insulation. 

•1.  Artiflelal  eoollnc  of  tha  hot  oU  after  it  flows  from  the  top  of 
the  coils  affords  the  same  advantage  in  oit-immersed  transformere  (Par.  64). 
In  water-cooled  transformers  (Fig.  12)  this  is  done  by  placing  a  coil  of  pipe 
near  the  surface  of  the  oil,  through  which  cold  water  is  circulated. 

••.  In  foread  oU  elroulatioa  (Fig.  13),  the  liquid  is  circulated  as 
wpU^as  cooled  artifldally.  and  a  still  further  gain  can  be  made  in  efficiency  of 
cooling,  but  it  ia  only  in  transformers  of  lar^  capacity  that  the  gain  in 
*~  cooling  efficiency  overbalances  the  in- 

creased outlay. 
<T.  Umitktiolu     In     dMifn     on 
I  account  of  oooUnr.     As  the  aise  of 
the    transformer    is    increased,    keep- 
ing   constant  the  current    density,  the 


Tia. 


12. — Oil-insulated  water- 
cooled  transformer. 


FxQ.  13. — Forced-oil  circulation  system 
of  cooling. 

induction  and  the  watts  loet  per  sq.  in.  of  effective  coil  surface,  the  dimea- 
•iona  will  be  proportional  to  the  one-fourth  power  of  the  output.  The 
duet  area  per  watt  lost  will  therefore  become  less,  and  the  length  of  path 
the  cooling  fluid  must  travel  will  be  greater. 

M.  In  truiaformon  cooled  by  natural  oonTOCtlon  a  larger  difference 
in  temperature  will  be  required  between  the  top  and  the  bottom  of  the 
coils  to  set  up  the  necessary  circulation  of  air,  the  greater  the  capacity  of  the 
transformer,  on  account  of  the  decrease  of  the  duct  area  per  watt  lost  and 
the  increase  of  the  mean  length  of  flow  path,  with  increasing  capacity  or 
rating.  Consequently,  unless  these  factors  are  changed  in  proportional 
ratio  with  the  losses,  the  temperature  rise  of  this  style  of  transformer  will 
increase  as  the  sixe  increases. 

n.  In  oU-iniulatad'  laU-eooled  tranatonnan  as  the  capacity  or 
rating  is  increased  there  is  more  resistance  to  the  flow  of  oil  in  the  ducts  on 
account  of  their  greater  length.  Moreover  since  the  dimensions  of  the 
ease  are  determin«l  largely  by  the  dimensions  of  the  coils  and  these  an 
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approximatoly  proportional  to  the  one-fourth  power  of  the  output  while  the 
losses  increase  as  its  three-fourth  power,  the  additional  surface  necessary 
to  dissipate  the  heat  must  be  obtained  by  corrugating  the  tank  surface. 
The  air  flow  has  therefore  to  encounter  a  more  constrirted  area  of  entry  and 
a  longer  path  of  higher  resistance.  The  volume  of  air  per  wait  lost  will 
consequently^  decrease  and  the  average  tempwraturo  of  the  air  flowing  over 
the  surface  increase,  resulting  in  a  higher  average  temperature  of  the  oil, 
unless  the  gradient  between  the  oil  and  cooling  air  has  been  sufficiently  de- 
crearcd  by  increasing  the  tank  area  per  watt  lost.  The  maximum  tem- 
perature of  the  oil  will  tend  to  be  higher,  and  therefore  the  maximum 
tempersture  of  the  windings  which  is  the  limiting  factor  in  any  electrical 
appsratus  will  also  tend  to  be  higher.  Accordingly  in  larj^e  transformers 
the  difference  between  the  average  temperature  of  the  air  flowing  over 
the  surface  and  the  average  temperature  of  the  oil  must  be  kept  lower  for  a 
given  temperature  rise  in  the  coils  than  in  small  transformers,  and  there- 
fore a  larger  tank  area  per  watt  lost,  will  be  required,  or  else  the  tempen^ 
ture  gradient  through  the  coils  themselves  must  do  decreased. 


F I Q  .  14.  —  Oil-insulated 
self-cooled  transformer  (tu- 
bular type). 


Fio.  15. — Oil-insulated  self-cooled  tian»> 
former  (radiator  type). 


70;  The  Uiual  coune  is  a  compromise  between  these  two  methods  of 
keeping  down  the  temperature  rise  in  the  coila,  but  with  very  large  trans- 
formers this  becomes  costly  and  more  efficient  cooling  tanks  must  be  used, 
good  examples  of  which  are  the  tubular  and  radiator  types  of  tanks  (Figs. 
14  and  15)  or  else  recourse  must  be  hod  to  artificial  methods  of  cooling  such 
as  water  cooling,  forced  circulation,  etc. 

71.  The  watta  loit  per  iq.  in.  of  coil  lurfaoe  for  cylindrical  coUa 
of  large  radius  and  for  disooidal  coils,  may  be  obtained  by  very  simple  formo- 
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Iks  from  the  eunent-deiuity  or  the  loss  in  vatta  i>erlb.  at  operating  tem- 
xwrature. 

W,  —  watts  loM  per  aq.  in.  of  coil  surface  at  S  deg.  oent.. 
If  t  ~  watta  loaa  per  lb.  of  coi>per  at  t  deg.  cent., 
y  M  area  of  ban  condaetor  in  aq.  in.* 
6i  —  thickneaa  or  diameter  of  wire  uninaulated, 
61  —  thiokneaa  or  diameter  of  insulated  wire  plus  layer  insulation, 
n  ~  number  of  turns  per  layer  in  layer-wound  001]   01  number  of 

layers  in  cylindrical  coil, 
dt>»  width  of  rectangular  conductor  uninsulated. 

6tdt  ^  7  +  e  (for  rectangular  wire)  > 

&-  .i  -  iy  (for  round  wire)  |  ^^ 

where  c  is  the  difference  in  area  between  a  circle  having  a  diameter  equal  to 

double  the  radius  of  the  corners  of  the  conductor  and  its  inseribed  square. 

71.  Th*  Taluei  of  W,  (Par.  Tl)  (or  diSerant  typM  of  layor-wonnd  ootU 

with  one  surfaoe  exposed  are 


_      0.3212nWi„  ,    ^         ,        .    . 

W,~ r- w»  (rectangular  wire) 

_     0.252  iit«>  ,          ... 

If  • j: Wt  (round  wire) 

VI 


(24) 


When  two  sides  are  exposed  the  results  given  above  are  divided  by  two. 

n.  The  tempwature  (radiant  through  a  eoll  having  on*  iiufae* 
ezpoaed  may  be  obtained  on  the  assumption  that  it  is  Domogeneous, 
has  a  thermal  conductivity  Xa  and  thickness  it  and  that  the  insulation 
covering  has  thermal  conductivity  Xi  and  thickness  >i.     In  which  case 


•-'^•(^+s)    '■"«■''•"*• 


(25) 


OoUa  with  two  turtaeaf  exposed  are  considered  as  two  coils  of  ons- 
half  the  thickness  with  one  surface  only  exposed. 

r4.  Tba  Muatlon  o(  eoolini  (or  an  oU-ini4lated  wU-eoolod  trana- 
fomiv  may  be  baaed  on  the  assumption  that  the  emissivity  of  the  case  is  a 
constant.  The  calculation  is  made  in  two  steps:  first,  the  calculation  of  the 
mean  temperature  reached  by  the  oil  above  the  mean  air  temperature; 
second,  the  calculation  of  the  mean  rise  of  the  windings  above  the  mean  oU 
temperature.     Let 

P(— total  loss— Pi4-/'i,   ~  iron  loss  +  copper  loss, 

at* emissivity  of  tank  in  watts  per  sq.  in.  per  deg., 

a.  ••  emissivity  of  coil  surfaoe  in  watts  per  sq.  in.  per  dag., 

Acarea  of  cooling  surface  of  tank  in  sq.  in., 

^••area  of  cooling  surface  of  soils  in.  sq.  in., 

••••specific  beat  of  oil, 

r«*  specific  heat  of  coils, 

•■  •  initial  temp,  rise  (cent.)  of  oii  above  air, 

•1  -  rise  of  oil  temp,  (cent.)  after  Ume  fa, 

•a  —  initial  rise  (cent.)  of  coils  above  oil, 

#»— rise  of  coil  tamp,  (eent.)  after  time  (1  (houn), 

O9  "  weight  of  oil  (pounds), 

61  —  weight  of  coils  (pounds), 

b  m  time  measured  in  hours  to  raise  temp,  of  oil  from  *•  to  0t 

(-1'--)  -«, 
,../•    .IJ^^'J-^       (deg.  cent.)        (26) 

lOV      'Om        ) 
fOws  ,  \a,A,    ^) 


fc-1.216(i=!^")logi. -3-"/* '-  (hour.)  (27) 

VatAt/  /  Pg  \ 
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The  same  aqaktiona  apply  to  *•,  aad  It  \t  we  substitute  these  values  (or 
tt  and  4i  raspectiTely;  and  also  substitute  P,  Aa,  rt,  Q,  and  a,  lorPtAt,  n,  Ot, 
and  on  respMSCtively;  we  shall  then  have  the  temperature  rise  of  the  coils 
above  the  ml  at  the  end  of  an  interval  ti,  starting  with  a  temperature  rise  tt. 

n.  In  water-CGOlMl  truutonnen  the  lencth  of  eooUnx  ooil  reauired 
will  depend  upon  the  rate  of  flow  of  the  water.  Using  the  same  symbols  as 
before,  except  that  the  temperature  rises  will  be  measured  above  tJie  incom- 
iuK  water,  we  shall  have,  if  radiation  from  the  surface  of  the  tank  ia  neglicible 
and  taking  9w  as  the  temperature  rise  of  the  water,  F  as  the  flow  in  gaUons 
per  niin.,  L  as  the  length  of  cxmling  coil  in  feet  and  a»  the  emisdvity  of 
the  surface  of  the  cooling  coil  in  watts  per  ft.  per  deg.  cent.. 

1,-606^  logit   j^j  (foot)  (29) 

Temperature  rise  above  1  q  0038P, 


) 
» 


'[•; 


entering  water  under } 

steady  conditions        J       Ffi 1 T        (deg.  cent.)         (30) 

'         /0^16S<«J,\  I 

10  V"        F~        )j 
Denote  the  brackpted  portion  nf  the  denominator  of  the  above  fraction 
by  C:  then, 

*'-C   -      IuBFCT,.  <"-«•"•«•)  (»') 

lol     Om     / 

Otrt               C 
'"2165JfC  °*'%" (hours)  (32) 

C  is  constant  for  a  given  length  of  pipe  and  flow  of  water.  The  temperature 
rise  of  the  coils  above  the  t>n  may  be  obtained  by  the  formulas  given  in  the 
lait  paragraph.  The  above  formulas  with  acme  modification  may  be  used 
for  forced  circulation. 

TC.  Tha  oooUnc  ■urtaoa  raqnlrad  (or  a  transformer  having  a  rise  of 
40  deg.  cent.,  based  on  a  room  temperature  of  25  deg.,  will  vary  from  4 
sq.  in.  per  watt  lost,  to  8  or  B  sq.  in.,  aceording  to  the  aise  of  the  tnuie- 
former.  The  value  of  at  will  vary  from  0.008  to  0.004  watts  per  sq.  in.  per 
deg.  cent. 

TT.  The  toUewliiv  ralatlona  will  b«  (onnd  uMtul  to  truufonnar 
deiignan.     Energy  dissipated  in  1  lb.  of  copper  at  the  rate  of  1  watt  will 


raise  the  temperature  of  the  copper  at  the  rate  of  H  deg.  cent,  per  min.  if 
no  heat  l>e  permitted  to  escape.  Water  flowing  at  the  rate  of  3.8  gal.  Mr 
min.  will  absorb  1,000  watts,  with  a  temperature  rise  of  1  deg.  eent.     Air, 


at  atmospheric  pressure,  flowing  at  the  rate  of  1,650  cu.  ft.  per  min.  wtif 
absorb  1,(X)0  watts,  with  a  temperature  rise  of  1  deg.  cent. 

UORAMIOAI.  DB8ION  AHD  OOIL  OBOUPIHO 

T8.  Maehanieal  atrwsM  in  wrrio*  are  due  to  the  heavy  currents  de- 
veloped in  electrical  apparatus  under  short-circuit,  caused  by  the  tremendous 
amount  of  energy  developed  in  modern  electrical  systems.  Reactance 
in  a  transformer,  on  account  of  the  great  length  of  the  leakage  paths  in  air, 
furnishes  practically  the  same  protection  to  connected  apparatus  as  an  air 
reactance. 

T>.  GoU  grouplnr  and  reactasM.  The  reactance  of  a  transformer 
depends  on  the  grouping  of  the  high-tension  and  the  low-tension  windings. 
The  same  general  pnnraples  apply  to  the  grouping  of  the  windings  of  any 
type  of  transformer.  Tne  element  of  a  given  grouping  is  formed  by  a  set 
of  high-tension  and  low-tension  coils  of  equivalent  number  of  turns,  generally 
an  even  submultiple  of  the  total  number  of  turns,  placed  as  near  tafethar  ai 
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the  inauUtion  will  permit.  This  is  tarmad  •  croup  and  ia  deeisiutad  thua: 
HL  or  LH.  A  grouiiins  trranged  thus,  LHHL,  is  a  symmetrical  'iHL  group- 
ing: a  group  arranged  thus,  LHHLLHHL,  is  a  symmetrical  ^HL  grouping, 
and  to  on.  Given  a  stated  number  of  turns,  and  a  thickness  of  insulation 
between  high-tension  and  low-tension  windings  very  thin  compared  with  the 
ooil  spaces,  the  reactance  varies  approumately  as  the  reciprocal  of  the  S9ua(e 
of  the,  grouping.  A  convenient  method  of  calculating;  reactance  is  to 
consider  botn  the  high-tension  and  the  low-tension  colls  in  a  given  element 
as  each  concentrated  into  a  thin  shell  one-third  of  the  combined  thickness 
of  the  coils  from  the  surface  next  to  the  insulating  barrier  between  the 
high-tension  and  low-teni>ion  coils. 

to.  Influenes  of  maehanloal  itreH  on  dsiign  of  irindins.  High 
reactance  ma^  be  obtcdned  in  three  ways:  (a)  By  reducing  the  grouping: 
(b)  by  increasins  the  number  of  turns;  (c)  by  increasing  the  spacing  between 
coils.  The  metnods  (a)  and  (b)  increase  the  mechanical  stress  for  a  given 
value  of  current,  while  the  method  (c)  decreases  it,  but  the  latter  is  costly:  a 
compromise  between  these  methods  is  best.  All  of  the  coil  groups  are  sub- 
jected to  compressive  forces  during  short-circuit,  and  must  therefore  be 
properly-  supported.  To  prevent  buckling  of  the  coils  under  short-circuit, 
one  company  uses  two  heavy  T-beams,  spread  apart  by  two  end-Btuds 
equipped  with  threads'  and  nuts  for  the  purpose.  The  end-frames  should 
be  provided  with  heavy  brackets  against  which  the  outer  coils  can  be  braced 
by  set  screws,  and  a  heavy  wooden  board  backed  by  boiler  plate  or  a  piece 
of  channel-iron. 


81.  rormulai  for  reaotanee, 
where  L  is  given  in  henrys. 
The  value  of  L  may  be  ob- 
tained    by     the    following       / 
formulas:  / 

(Fi«.  165: 

10.6n'(li  +  KX^Ne+b) 
^"       Ar»(oi-t-oi)X10« 

(henries)  (33) 
BhoII-typ*  cylindrical 
eoUa  (Fig.  17): 

10.6nt(2JVe  -^  o) 
^"  ^«5X10« 

(henries)  (34) 
Coro-tTpo  rtetancnUr- 
eor*  eoneontrte  ooila 
(Fig.  18); 


The  reactance  in  ohms  ia  equal  to  oL, 


Fio.  16.— ^hell-type  discoidal  coils. 
10.6»«(Ji  -I-  fc)(2Arc-(-o-<0 


iV«(6i-H>t)X10» 


(henries)    (35) 


Fio.  17. — Shell-type  cylindrical  coils. 


Fio.  18. — Core-typo  rectan- 
gular core  concentric  coils. 

Where  n  is  the  number  of  turns  >n  the  winding,  Ii  Ii  are  the  primary  and  sec- 
ondary mean  length  of  winding,  I  ia  the  mean  length  of  complete  winding. 
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N  it  the  number  of  HL  groupa,  c  ia  the  epaae  between  adjacent  hich-tension 
and  low-tenaion  windings,  and  m,  at,  ii,  &i,  b  and  d  are  as  ahown  in  Figa. 
le  to  18. 

SS.  TormuUs  for  meehanioal  force  exerted  on  colli.  In  a  trana- 
former  the  eleotrokinetio  energy  ia  given  by 

W-^Ll'^  (Joules)  (3« 

where  Xi  ia  the  primary  current,  and  therefore  ainoe  F  "—- 

ax 

F-^^l]- XIO  (dynes)  (87) 

X  being  in  the  direction  of  the  maximum  force,  that  is,  at  right  angles  to  the 
surface  of  the  coils.     For  shell-type  transformers  with  discoidal  coils* 

•S.  Mechanical  deiign  of  catcf.  Where  fluted  oases  are  used  they 
should  be  made  of  ingot  steel  at  least  0.079  in.  thick,  except  for  transformers 
below  100  kw.,  then  V«  in-  may  be  used.  Cases  for  oil-insulated  self- 
cooled  transformers  have  the  sides  cast  in  a  base  of  cast  iron.  Boiler- 
iron  cases  such  as  are  used  for  water-cooled  transformers  are  usually  guar* 
anteed  to  withstand  a  pressure  of  50  lb.  per  sq.  in.  The  covers  of  large  toan^ 
formers  are  provided  with  vents  to  release  the  pressure  if  an  ezptosion  should 
take  place.  The  tank  ia  provided  also  with  a  large  gate  valve,  so  that  the  oil 
may  be  drawn  off  verv  quickly.  The  cases  of  large  transformers  should  be 
made  as  neariy  air-tight  as  pomble,  as  this  prevents  dirt  or  moisture  finding 
its  way  into  the  tank. 

M.  In  the  deilgn  of  end-frunM  for  large  transformers  there  is  a 
tendency  to  replace  cast  iron  by  structural  and  cast  steel;  the  weight  of  the 
end-frame  is  thereby  much  reduced  for  a  given  strength;  mcveover,  when 
structural  steel  is  used,  or  a  combination  of  structural  steel  and  steel  castings, 
a  much  greater  latitude  is  given  the  designer,  as  he  then  has  freedom  to 
make  the  proportions  of  the  core  anything  he  pleases.  The  nooling  coils  of 
water-cooled  transformers  are  usually  made  of  )- to  1-in.  brass  or  iron  pipe 
and  are  tested  up  to  250  lb.  per  in.  hydraulic  pressure. 

TBANSrOBMIBS  TOB  POWBB  BIBTICK 

$•.  Oeneral  consideration  in  design.  The  most  important  quality  in 
a  power  transformer  is  durability ;  it  should  be  able  to  witiistand  the  most 
exacting  conditions  to  be  met  in  service  without  being  sensibly  weakened. 
It  is  important  that  the  insulating  material  shall  not  be  subjected  to  excessive 
temperatures,  and  therefore  every  porUon  of  the  coil  surfaces  should  be  well 
exposed  to  the  cooling  medium.  The  coils  directly  connected  to  the  Uneg 
in  high-voltage  transformers  should  have  reinforced  insulation. 

86.  The  cheapest  transformer  consistent  with  durability  that  has  a 
ressonably  good  performance,  ia  what  ia  generally  required.  Such  featuree 
as  efficiency  and  regulation  are  luually  of  secondary  -mportance.  The  flux- 
density  in  the  iron  of  such  a  transformer  will  be  made  as  high  as  consistent 
with  a  reasonable  exciting  current;  the  loss  per  lb.  at  commercial  frequencies 
in  silicon  steels  is  so  low  that  the  core-loes  is  seldom  a  limiting  feature.  The 
current-density,  on  the  other  hand,  is  limited  chiefly  by  considerations  of 
cost,  because  when  the  density  is  increased  beyond  a  certain  jxnnt,  for  a 
transformer  designed  to  operate  at  a  given  temperature  rise,  the  cost  begins 
to  increase  again. 

87.  Types  and  characteristics.  Power  transformers  differ  mainly 
in  the  methods  used  to  cool  them:  the  characteristics  pertaining  to  <lifferent 
methods  of  cooling  are  taken  up  under  "Cooling"  (Par.  84  to  Par.  77). 
Transformers  cooled  by  natural  circulation  of  oil  and  air  must  be  designed 
on  a  more  liherRl  scale  than  water-cooled  transformers,  or  those  cooled  by 
forced  oil  circulation,  and  therefore  the  losses  will  be  lower  in  the  former 
than  in  the  latter.  Air-blast  transformers,  on  account  of  the  heavy  insula-' 
tioi)  and  large  insulation  clearances  needed,  are  not  as  efficient  as  other  poww 
transformers  of  the  same  voltage-class. 
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n.  L«r>«  truuformarf  tor  renaral  powar  farrloa  are  usually  built 
in  one  of  tne  following  t^pes:  self-cooled  in  tubular  or  radiator  tanks ;  water- 
cooled;  oil-insulated  with  forced  circulation  of  air;  forced-oU-circulation 
tjrpe;  or  air-blast.  Their  characteristics  are  moderate  efficiehcies,  low  tem- 
perature rise,  and  durability.  They  may  be  cither  of  the  shell-type  or  the 
core-type  of  construction,  according  to  siie  and  voltage;  if  of  the  latter 
type,  cruciform  cores  are  used. 

89.  Three-phaie  transforman.  Two  types  are  in  general  use,  via., 
the  core-type  and  the  ihall-typa.  The  core-type  is  illustrated  in  Kg.  10. 
It  consiata  of  a  magnetic  circuit  haring  three  "legs,**  each  of  which  carries 
the  flux  due  to  the  winding  of  one  phase;  since  these  fluxes  flow  toward  a 
common  point  the  third  harmonic  must  be  entirely  absent.  It  is  possible, 
therefore,  to  use  astar-ster  connection  with  this  type  of  transformer 
without  producing  voltage  distortion.  The  shell-type  three-phase  trans- 
former does  not  differ  materially  from  three  single-phase  transformers;  Fig. 
20  illustrates  such  a  type  of  transformer. 
It  will  be  noted  that  a  small  amount  of 
iron  is  saved,  but  the  total  saving  over 
three  single-phase  transformers  is  small. 
But  there  is  a  decided  gain  in  cost  of  in- 


19. — Core-type  three-pha 
transformer. 


Fia.  20. — Shell-t3rpe  three- 
phase  transformer;  shell-type 
single-phase  transformer  of  one- 
third  rating  shown  tor  compari- 
son. 

Btallation  of  one  three-phase    transformer   over    three  single-phase  trans- 
formers, and  it  occupies  considerably  less  floor  space. 

M.  Truutormen  deiicnad  tor  outdoor  sarrice  may  be  installed  at 
a  lower  cost  than  the  standard  type,  since  no  housing  is  required.  They 
are  particularly  applicable  to  casee  where  the  amount  of  energy  sold  per 
annum  does  not  warrant  a  large  outlay  in  installation.  A  transmission 
company  by  using  these  transformers  is  enabled  to  sell  energy  to  small 
eooaumera  along  the  right  of  way.  In  electrical  design  they  differ  in  no  re- 
spect from  the  standard  power  transformers,  excerpt  that  the  outlet  terminal 
is  designed  for  outdoor  service. 

M.  Th*  dadsn  ot  the  outlat  tenninal  tor  outdoor  Mrrica  is  not 
very  different  from  the  design  of  an  indoor  bushing  except  (hat,  on  account 
of  the  rain  test  it  must  needs  stand,  it  is  usually  lonKer  and  in  the  condenser 
type  the  terminal  proper  is  encased  in  a  sheath  of  porcelain  petticoats  or 
bens  nesting  into  each  other  and  sealed  with  a  cement.  The  space  between 
the  terminal  and  the  porcelain  sheath  is  filled  with  a  gum  of  high  specific 
inductive  capacity  and  high  melting-point. 

fS.  Voltace  elAssiflcatioii.    Standard  transformers  are  classified  accord- 
ing to  the  voltage  of  the  transmission  lines  on  which  they  are  intended  to 
operate,     llie  voltages  which  are  considered  standard  are  as  follows: 
2,200  22,000  88,000 

6,600  33,000  100,000 

11,000  44,000  110,000 

16,600  66,000 

Transformers  designed  for  these  voltages  are  usually  provided  with  tkpi 
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so  that  they  ruy  be  used  for  lower  voltages.  The  usual  leeoDdary  distrib- 
uting voltages  are  considered  standard.  Transformers  used  for  intercon- 
necting two  high-voltage  systems  are  considered  special. 

SS.  A    itan'dard    tramaformar   ia  completely  ipeeiflad  whan   tha 

method  of  cooling,  the  frequency  of  the  circi^t  (either  25  or  60  cycles),  the 
voltage  class,  and  low-tension  voltages  are  given.  Manufacturers  have 
type  numbers  or  letters  for  their  standard  lines,  and  in  some  cases  they 
have  two  lines  to  offer,  or  two  different  lines  may  overlap  for  a  few  sises. 
In  general,  however,  no  ambiguity  will  exist  if  the  method  of  cooling  is 
specified  with  the  other  data  required. 

M.  Tabtof   flvlnr   rattnxi,  afllelaiioiea,  r«(uUtloa  and  weichts 
typloal  of  itandard  tinf  la-phaie  oU-lncuIated  air-ooolad  tranitorm- 

•n.  These  transformen  nave  a  guaranteed  temperature  rise  not  exceeding 
40  deg.  cent,  at  eontinaoua  full-load  rating,  when  run  continuously  at 
one  and  one-fourth  load  the  guaranteed  rise  is  65  deg.  cent,  above  the  air; 
room  temperature  to  be  25  dec.  cent.  The  insulation  tests  are  in  aoeordanoa 
with  the  Standardisation  Rules  of  the  A.  I.  E.  E.  The  Ubles  follow  in  Par. 
M  to  Par.  im. 

.  tt.  aincla-pbase— «0  Cyolaa— 11,000-Tolt  Claw 


Kv-a. 

Efficiencies 

Regulation 

Net 

weight 

including 

(load 

iload 

iload 

Full 
load 

1  iload 

100% 
p.f. 

80% 
p.f. 

100 
150 
200 
300 
500 
760 

94.9 
95.5 
95.8 
96.2 
96.6 
07.1 

96.9 
97.3 
97. 4 
97.7 
98.0 
98.2 

97.5 
97.8 
97.9 
98.2 
98.4 
98.5 

97.6 
97.9 
98.0 
98.3 
98.5 
98.6 

97.5 
97.8 
97.9 
08.2 
98.5 
98.6 

1.65 
1.3 
1.2 
1.1 

0.9 
0.8 

1 

3.55 

3.6 

3.6 

3.6 

3.6 

8.75 

3,8001b. 

6,200  lb. 

6,1001b. 

8.300  lb. 
12,800  lb. 
18,500  lb. 

•S.  Stnfle-phai*— M  Cyelaa— 11,000-voIt  Class 


Kv-a. 

Efficiencies 

Regulation 

Net 

weight 

including 

oil 

iload 

iload 

{load 

•Full 
load 

11  load 

100% 
p.f. 

Vi. 

100 

160 
200 
300 
500 
750 

94.4 
95.0 
95.4 
96.1 
96.5 
96.9 

96.7 
97.1 
97.3 
97.7 
97.9 
98.1 

97.3 
97.6 
97.8 
98.1 
98.3 
98.6 

97.4 
97.7 
97.9 
98.2 
98.4 
98.6 

97.3 
97.6 
97.8 
98.1 
98.4 
98.6 

1.6 
1.4 
1.3 
1.1 

0.9 
0.8 

3.7 

3.7 

3.75 

3.8 

3.8 

3.9 

4,800  lb. 

6,100  lb. 

7,000  lb. 
10,000  lb. 
13,500  lb. 
19,000  lb. 

•7.  ainde-phasa— «0  Cyolas— U.OOO-Tolt  CUss 


Kv-a. 

100 
150 
200 
300 
600 

Efficiencies                      |      Regulation 

Net 

weight 

including 

oU 

iload 

iload 

iload 

07.1 
97.6 
97.6 
97.8 
98.2 

Full 
load 

li 
load 

100%    1    80% 
p.  f.      1    p.  f. 

93.8 
94.9 
94.9 
95.7 
96.4 

96.4 
97.0 
97.0 

97.4 
97.8 

07.3 
97.8 
97.8 
97.9 
98.3 

97.3 
97.8 
97.8 
97.8 
98.3 

1.6 
1.4 
1.3 
1.2 
1.2 

4.8 
4.6 
4.4 
4.2 
4.2 

8,200  lb. 

6,600  lb. 

8.000  lb. 
11,0001b. 
16,000  lb. 
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M.  Bln«l»-phM«    to  Cyele»— 44,0ea-TOlt  OUu 


Kt-». 

100 
160 
200 
300 
500 

Efficiencies 

Regulation 

Net 

weight 

including 

oil 

6,400  lb. 

7.100  lb. 

8,000  lb. 
12,000  lb. 
16500  lb. 

(load 

93.5 
94.5 
95.0 
95.5 
96.1 

iload 

I'o--'  ss 

u 

load 

100% 
p.  f. 

80% 
p.  f. 

96.2 
96.8 
97.0 
97.3 
97.6 

97.0 
97.4 
97.5 
97.8 
98.0 

97.2 
97.6 
97.8 
98.0 
98.2 

97.1 
97.6 
97.8 
98.0 
98.2 

1.8 
1.5 
1.4 
1.3 
1.1 

5.0 
4.8 
4.8 
4.6 
4.6 

•*.  Bincl«-phMe— IB  Oyelei— 11.000-Tolt  Clan 


Kr-a. 

100 
150 
200 
300 
SOO 
750 

Bfficiendee 

Regulation 

Net 

weight 

ineluding 

oil 

iload 

iload 

{load 

Full 
load 

lii. 

100% 
p.  f. 

80% 
p.f. 

94.8 
98.5 
98.6 
96.0 
96.5 
97.0 

96.7 
97.3 
97.2 
97.4 
97.7 
98.1 

97.1 
97.4 
97.5 
97.7 
98.1 
98.3 

97.1 
97.4 
97.6 
97.7 
98.1 
98.3 

96.9 
97.3 
97.5 
97.6 
98.0 
98.2 

1.8 

1.6 

1.6 

1.36 

1.1 

1.06 

3.1 

3.16 

3.1 

3.0 

3.4 

3.9 

6,150  lb. 

7,600  lb. 

9,200  lb. 
13.700  lb. 
19.500  lb. 
36,000  lb. 

100.  Sincla-plwM— 1(  Cyelea— tt.OOO-Tolt  Olau 


KT-a. 

Efficiencies 

Regulation 

Net 

weight 

including 

oil 

iload 

iload 

ilowl 

Full 
lottl 

u 

load 

100% 
p.  J. 

80% 
P-f- 

100 

ISO 
200 
300 
SOO 

M.2 
04.9 
96.4 
96.9 
96.4 

96.3 
96.8 
97.1 
97.4 
97.7 

96.8 
97.3 
97.5 
97.8 
98.1 

96.9 
97.3 
97.5 
97.8 
98.1 

96.8 
97.2 
97.4 
97.7 
98.0 

1.8 
1.7 
1.6 
1.4 

1.2 

8.4 
8.3 
3.2 
3.3 
3.4 

6,700  lb. 

7,600  lb. 

9,6001b. 
14,000  lb. 
22,000  lb. 

101.  Ilnclo-phmia— H  Cyolaa— U.OOO-ToIt  Olus 


Efficiendea 

Regulation 

Net 

weight 

including 

oU 

KT-a. 

iload 

iload 

{load 

Full 
load 

96.7 
07.1 
97.2 
97.6 
98.0 

load 

100% 
p.f. 

80% 
p.f. 

lOO 
ISO 
200 
300 
SOO 

04.0 
04.6 
98.2 
98.8 
96.3 

96.2 
96.6 
96.8 
07.3 
97.7 

96.7 
97.1 
97.2 
97. B 
98.0 

96.6 
97.0 
97.1 
97.5 
97.9 

2.2 

2.0 

1.9 

1.65 

1.30 

4.8 
4.8 
4.8 
4.8 
3.6 

7.150  lb. 

9.500  lb. 
10,800  lb. 
15,0001b. 
25,000  lb. 

IM.  Mnfflc-pliMa 

'— M  Oyolaa— 44,000-Tolt  Claia 

KT-a. 

Efficienciee 

Regulation       j      Net       | 

iload    iload 

iloMl 

Full 
load 

li 

load 

100% 
p.f. 

1    weigui 
80%    1  including 
p.  f .            oil 

lOO 
ISO 
200 
300 
SOO 

03.9     06.1 

94.5  96.5 
96.0      96.8 

95.6  97.2 
9«.0      07.4 

96.7 

§?:? 

97.8 
97.7 

96.7 
97.0 
97.1 
97.5 
97.7 

96.6 
96.9 
97.0 
97.4 
97.6 

2.1 
1.9 
1.8 
1.7 
1.4 

4.9  7,3001b. 
4.9  9.6001b. 
4.9  11.0001b. 
4.3  '15,500  lb. 
4.0     |26,0001b. 
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lOS.  Tablet  (ivlac  r»tlncf ,  elBolaneiM,  racuUtiea  and  waUthU 
typical  of  itandard  (liixle-phaa*  oU-inaulatad  watw-oooled  trani- 
formert.  The  temperature  guarantees  of  these  transforiners  are  usually 
40  deg.  cent,  above  incoming  vater  with  continuous  full  load,  and  65  deg. 
cent,  above  incoming  water  with  a  continuous  load  one  and  one-fourth 
times  full-load.  The  insulation  tests  are  made  in  accordance  with  the 
StandardiBation  Rules  of  the  A.  I.  E.  E.  The  tables  follow  in  Par.  104  to 
Par.  lis. 


104.  ainxla-phaie— M  Cyolea— 11,000-Tolt  Clau 


Kv-a. 

Kffioiendes 

Regulation 

Net 
weight 
inel.  ul 

Water  rates: 
gal.  per  min. 

load 

load 

load 

Full 
load 

u 

load 

100% 
p.  f. 

80% 
p.f. 

'^J 

'^ 

500 
1,000 
1,600 
2.500 
4,000 

96.7 
97.3 
97.4 
97.7 
98.0 

97.9 
98.3 
98.4 
98.6 
98.8 

98.2 
98.6 
98.7 
98.8 
98.9 

98.3 
98.6 
98.7 
98.9 
99.0 

98.2 
98.6 
98.7 
98.8 
98.9 

1.2 
1.1 

0.95 
0.86 
0.76 

4.1 
4.0 
3.9 
3.8 
3.8 

6,900  lb. 
10,400  lb. 
13,500  lb. 
20,400  lb. 
26,000  lb. 

ill 

4    • 

8 
12 
16 

lOB.  8inrl*-phaM— M  CreleiH-14,000-TOlt  OlaM 


Kv-a. 

Efficiencies 

Regulation 

Net 
weight 

Water  rates: 
gal.  per  min. 

} 

i 

f 

Full 

li 

100% 

80% 

inel.  ml 

100% 

126  % 

l<4d 

load 

loLi 

load 

load 

p.f. 

p.f. 

load 

load 

500 

95.9 

97.6 

97.9 

98.0 

97.9 

1.3 

4.5 

8,600  lb. 

4 

6 

1,000 

96.8 

98.1 

98.4 

98.4 

98.4 

1.2 

fi.2 

12,500  lb. 

6 

7 

1,500 

97.2 

98.3 

98.6 

9H.6 

98.5 

1.0 

3.4 

17,0001b. 

8 

10 

2,500 

97.5 

98.5 

98.7 

98.8 

98.7 

0.9 

3.9 

20,000  lb. 

11 

12 

4.000 

97.8  98.6 

98.8 

98.9 

98.8 

0.75 

3.7 

29,000  lb. 

14J 

17J 

loe.  Slncle-phata— M  CyelM— OO.OOO-Tolt  Clan 


Kv-a. 

Efficiencies 

Regulation 

Net 
weight 
inel.  oU 

Water  rates: 
gal.  per  min. 

iJLd 

load 

)     1  Full 
load  1  load 

1} 
load 

100% 
p.  f. 

ft 

100% 
load 

125% 
load 

500 
1,000 
1,500 
2,500 
4,000 

95.3 
96.1 
96.7 
97.2 
97.7 

97.2 
97.6 
97.9 
98.3 
98.5 

97.6 
98.0 

98.3 
98.6 
98.7 

97.7 
98.1 

98.3 
98.6 
98.8 

- 

97.7 
98.1 
98.3 
98.6 
98.7 

1.6 

1.2 

1.05 

0.95 

0.85 

6.7 
4.6 
4.6 
4.7 
4.9 

11.5001b. 
16.600  lb. 
21,000  lb. 
26.500  lb. 
32.000  lb. 

^7* 

ll» 
16 

11 
16 
IS 
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lOT.  Sioflc-phu*— «0  Oyoles— M,ao»-Tolt  OlMl 


KT-a. 

Effidendea 

Regulation 

Net 
weight 
ind.  oil 

Water  ratea: 
gal.   per    min. 

IcU 

iJtd 

.old 

Full 
load 

liid 

100% 
p.  f. 

80% 
p.f. 

100% 
load 

125% 
load 

750 
1,000 
1.500 
2,500 
4,000 

95.6 
95.9 
96.4 
97.0 
97.4 

97.297.6 
97.4  97.8 
97.8  98.10 
98.198.40 
98.3.98.6 

97.7 

97.9 

98.2 

98.45 

98.6 

97.7 

97.8 

98.20 

98.4 

98.6 

1.4 
1.4 
1.2 
1.1 
0.95 

6.6 
5.6 
5.6 
6.7 
6.0 

19,900  lb. 
21,0001b. 
26,000  lb. 
29,0001b. 
38,0001b. 

}2t 

18 

6i 
10 
121 

ie{ 

21 

106.  Bhif  l»-phBa»— 40  07cle»— 1M,000-Talt  Olau 


Kr-a. 

Effidendea 

Regulation 

Net 
wdght 
ind.  oil 

Water  rates: 
gal.  per  min. 

load 

lAd 

load 

Full 
load 

1^ 

100% 
p.f. 

80% 
p.f. 

100% 
load 

\fal- 

1,000 
1,500 
2.500 
4,000 

95.6  97.2 
96.0197.6 
96.7:98.0 
97.198.2 

1 

97.6 
97.9 
98.3 
98.5 

97.7 

97.9 
98.3 
98.6 

97.6 
97.9 
98.3 
98.6 

1.5 
1.4 
1.15 
1.0 

6.7 
6.6 
6.4 
6.3 

31,0001b. 
33,000  lb. 
35,000  lb. 
46,0001b. 

10 

}?» 
22 

12 
151 
20{ 
26 

IM.  Blncla-phai*— SI  Cycle*— »,000-TOlt  OUm 


Kr-a. 

Effidendes 

Regulation 

Net 
wdght 
ind.  ml 

Water  rates: 
gal.  per  min. 

load  load 

load 

Full 
load 

u 

load 

100%    80% 
p.  I.      p.  f. 

100% 
load 

125% 
load 

500 
1,000 
1,500 
2.500 
4,000 

06.8 
97.0 
97.2 
97.6 
98.0 

97.7 
98.0 
98.1 
98.4 
98.6 

97.8 
98.1 
98.2 
98.5 
98.7 

97.0 
98.0 

98.1 
98.5 
98.6 

97.4 
97.9 
98.0 
98.4 
98.5 

1.9 
1.6 

1.5 
1.4 
1.2 

4.7 
5.2 

6.2 
5.3 
4.5 

10,900  lb. 
16,700  lb. 
21,0001b. 
31,0001b. 
48,500  lb. 

5 

i5' 
^1 

IM.  Binrla-phaaa— 1»  C7el«»-4«,000-TOlt  OUn 


Kr-a. 


Effidendes 


load 


load 


load 


Full 
load 


U 
load 


Regulation 


100% 
p.f. 


80% 
p.f. 


Net 
weight 
ind.  oil 


Water  rates: 
gal.  per  min. 


100% 
load 


125  % 
load 


500 
1,000 
1.500 
2,500 
4.000 


96.4 
96.9 
97.2 
97.5 
97.8 


97.5  97.7 
07.9  98.1 
98.1  98.3 
98.3  98.4 
98., •;  98.fi 


97.6 
98.0 

98.2 
98.4 
98.6 


97.4 
97.9 

98.1 
98.3 
98.5 


1.9 

1.65 

1.5 

1.35 

1.2 


4.8 

5.90 

5.8 

5.9 

4.9 


12,6001b. 
18,5001b. 
2 1. .WO  lb. 
31,500  lb. 
48,300  lb. 


n 

10 


''\ 


20 


5 

8 

12 

16 

25 
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111.  Slncla-pbkM— SS  OyelM— M,MO-Tolt  OImi 


Kv-B. 

Efficienciefl 

Regulatioa 

Net 
wei«ht 
ind.  oU 

Water  rate*:  | 
gal.  per  min.  i 

load 

loid 

lotd 

Full 
load 

1} 

load 

100% 
p.f. 

80% 
p.f. 

100% 
load 

125% 
load 

750 
1,000 
1,500 
2,500 
4,000 

96.6 
96.8 
97.0 
97.4 
97.6 

97.6 
97.8 
98.0 
98.2 
98.3 

97.8 
97.9 
98.1 
98.3 
98.  S 

97.7 
97.9 
98.0 
98.2 
98.4 

97.5 
97.7 
97.9 
98.1 
98.3 

1.92 

1.7 

1.6 

1.4 

1.2 

5.0 
8.7 
6.3 
6.0 
5.2 

21,500  lb. 
23,000  lb. 
28,000  lb. 
34,6001b. 
49,000  lb. 

8 
10 
15 
21 

6 

9 

12 

18 

26 

111.  flinfU-pluue— «  Orolaa— M,m)0-ToU  CUu 


Kv-a. 

Effidencies 

Reculation 

Net 
wnght 
ind.  oU 

Water  ratee; 
gal.  per  mia. 

^L 

load 

load 

Full 
load 

li 
load 

100%  80% 
p.  f.     p.  f. 

100% 
load 

125% 
load 

760 
1.000 
1,600 
2,500 
4,000 

98.2 
96.6 
96.7 
97.2 
97.4 

97.4 
97.7 
97.7 
98.1 
98.2 

97.6 
97.8 
98.0 
98.3 
98.4 

97.5 
97.8 
97.9 
98.2 
98.4 

97.3 
97.6 
97.8 
98.1 
98.3 

2.0 

1.9 

1.65 

1.3 

1.3 

6.6 
6.8 
4.7 
4.6 
6.0 

26,600  lb. 
28,000  lb. 
35,500  lb. 
45,500  lb. 
59,500  lb. 

7 

17 
22i 

8 
11 
13 
19t 
27l 

lis.  aincto-pluuM— M  C7elM— 110,000-Tolt  ClMt 


Ky-a. 

EtBdeneies 

Regulation 

Net 
weight 
ind.  oil 

Water  ratea:  1 
gal.  per  min.  1 

load|la«d  load 

Full 
load 

load 

100% 
p.f. 

80% 
p.  f. 

100% 
load 

125% 
load 

1,000 
1,S00 
2,500 
4,000 

96.3;90.4 
96.5197.6 
97.198.1 
97.3:98.2 

97.6 
97.8 
98.20 
98.4 

97.5 
97.7 
98.10 
98.4 

97.3 
97.6 
98.0 
98.3 

1.95 
1.75 
1.5 
1.30 

5.8 
5.8 
5.7 
6.9 

35,700  lb. 
42,800  lb. 
66,000  lb. 
72,000  lb. 

12 

}?♦ 

24 

14 

it 

114.  BSei«noiM,  ragulation  uid  weishta  typicftl  of  thras-phaae 
oU-insulatad  w»t*r-«ooUd  truuformeri  may  be  obtained  with 
reawnabh)  accuracy  by  taking  the  values  for  single-phase  transformera 
of  one-third  the  rating;  the  water  ratea  and  ^-eights  being  multipliod  by 
three. 

TftANSrOBHBSS  rOK  OISTKIBOTIHa  8T8TBKB 

111.  0«n«ral  eoiuid«r»Uoiia  In  daiint.  Transformers  for  distributing 
systems  should  be  of  high  efficiency.  Competition  has  brought  about  a 
certain  degree  of  standardisation  of  the  losses  of  earh  sise  of  transformer. 
The  problem  is,  therefore,  to  produce  a  design  having  a  minimum  cost  which 
is  durable  in  service  and  conforms  to  definite  performance  specifications. 

11*.  Th«  ralatlTa  valuM  ot  core-Iou  and  ooppar-lot*  in  lighting 
transformers  have  been  largely  determined  by  competition,  but  it  is  prohnhle 
that  the  present  values  give  about  the  beat  average  results  in  service. 
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Sec.  9-117 


UT.  Tk*  two  tarpM  of  truufomwn,  tIs.,  Um  ilMU-tjpa  and  Um 
eon-tnw  we  botb  nsad  tor  dlatrtlmttaic  truuformon.  The  form 
of  •h«al-type  shown  in  Fig.  (8)  haa  shorter  mean  lensth  (rf  winding  and 
fflsgnetio  circuit  than  the  usuiil  form.  The  dividing  line  between  shell- 
tjrpa  and  oore^ype  design  depends  both  upon  voltage  and  rating.  The 
former  being  more  eeonomiealfor  low-voltages  and  large  ratings  and  the 
latter  for  high  voltage  and  low  ratings.  It  is  usual  however  to  have  one 
type  for  a  line  of  transformers.  The  core-type  is  better  adapted  for  direct 
cooling  in  air  than  the  shell-type. 

lit.  Standard  llchtlii|i  and  power  taransformari  are  designed  for 
opetation  on  aO-cycle  circuits  and  have  a  nominal  primary  voltage  of  2,300 
nlu  and  secondary  voltages  of  320  volts  and  110  volts.  The  temparatura 
fOirantaaa  for  theee  transformers  are  usually  45  deg.  cent,  above  at- 
nwaphere  after  8  hr.  full-load  run,  and  65  deg.  after  continuous  full- 
load  run.  Some  manufacturers  guarantee  a  temperature  rise  of  60  deg. 
cent,  at  25  per  cent.  overloaoT  for  4  hr.,  starting  with  the  oil  tem- 
perature obtained  under  no-load  conditions.  The  iniulation  tait  is  usually 
10,000  volts,  for  1  min.,  between  bigh-tenaioa  and  low-tension  windings 
•Bd  ground;  an  overpotential  test  varying  with  different  manufacturers 
from  double  to  five  times  normal  voltage  is  also  applied. 

lU.  Bfi*lTjr*  and  afleianeiaa.  The  accompanying  data  (Par.  UO  to  Par. 
IM)  on  standard  lighting  transformers  have  oeen  onosea  as  giving  a  fair 
lepiasentation  of  the  general  practice  in  the  United  States.  Two  types 
are  nannfa^iirad  for  2,200-volt  60-eycle  service,  namely,  a  "  High-efficiency 
Type"  or  (standard)  and  a  "Low-efBciency  Type."  The  former  type  should 
be  used  when  the  eost  of  energy  is  high  and  when  it  is  desirable  to  operate  at 
high  elBdaney  both  allniay  and  underload.  The  latter  tyi^  is  justifiable 
for  iastatlation  when  the  eost  of  envgy  is  low,  and  where  it  is  not  so  es- 
sential to  have  a  high-operating  efficiency.  The  table  (P^.  ISO)  gives  per- 
fomanees  of  "standard"  or  "High-efficienoy"  lighting  transformers.  The  re- 
■— '"'"g  60-cyele  transformers  are  designed  for  operation  on  drcuita  of 
Ugher  voltage  than  2,200  volts  and  therefore  have  correspondingly  lower 
pcfformancea. 

IM.  Tsifimiiarir-if    of    lO-aycIe  Ughttnc    Traniforman;    Standard 
Voltacaa  MM-l,100/tSfr-110 
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(watte) 
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i 

2 

i 

Kv-a. 

1 

a 

n 
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On.) 

1 

1 

1 

1 

1 
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1 

1 

1 

30 

24 
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12   XIO 

12) 

82 

l.S 

24 

33 

93.5 

06.8 
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96.4 
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12   XIO| 

13 
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2 

29 

40 
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13   Xlli 
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2.S    32 

51 
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3 

33 

57 
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96.9 
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4 

37 

70 
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97.4 

97.6  97.4  1.81:2.75 

16   X13 

205 

5 

43 

82 

96.3 

97.6 
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2.51 

16   X13 

20A 

233 
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57 

no 

96.7 

97.7 
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17   X15 

23J 
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10 

70 

140  96.9  97.0 
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2.6 

18X16 
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15 

95 

192 

97.2  98.1 

98.2 

98.1 

1.35 

2.42 
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K 
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25 
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20   X21 

33 
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M 
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3.2 

29   X21 
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37.6 
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98.5 
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32   X24 
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iO 
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46 
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.11. 


VarfOTiiuuteM    of  ti-erole  Tranaformwi;  Staadwd  VoIttrN 
1,M0-1,100/M0-110 


Loflsea 

Efficienciee 

Repu- 
Istion 

(W»tt8) 

Floor  Bpaee 
(ln.r 

Height 
(in.) 

Net 

wei(ht 
Ob.) 

Kv-a. 

§ 

1 

1 

1 

1 

1 

a. 
8 

d 

i 

A 

U 

•4* 

•m 

~ 

b* 

1.0 

16 

46,92.994.8 

94.7,94.1 

4.60 

4.00 

13IX11U 

151 

150 

1.S 

23 

72  93.2  94.8 

94.7  94.0 

4.81 

4.80 

16 

X13 

17} 

200 

2.0 

23 

94  94.6  95.5 

95.2  94   5 

4.72 

4.88 

16 

X18 

"I 
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31.105,94.3,95.6 

95.5  94.8 
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16 

X18 
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3.0 

35  125|94.6|96.7 
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4.14 

16 

X18 
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45 
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B4.8 

96.0  95.9  95.3 
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23 
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».o 

52 
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27 
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7.S 
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95.6 
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32 
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30 
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36 
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821X24 

381 
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2.13 

3.04 

321X24 

48 
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30.0 

290  580 

95.8  97.2  97.3  97.2 

1.93 
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34{x32 

85 

1,600 

37.5 

335;670.96-.2  97.4  97.5  97.4 
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1.90 

37   X36 

87 

2,020 

50.0 

400  800,96.5  97.6  97.8  97.7 

1.60 

1.75 

37   X35 

44 

2,200 

111 

roitacw 

6.600-(.SOO-*,OM/t»>-110 

Loeses 

(watu) 

Efficieocin 

Regu- 
lation 

Floor 

Height 
(fa.) 

Net 

weight 

(lb.) 

Kv-». 

, 

i 

1 

1 

1 

1 
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d 

►H 

o 

•4* 

HR 

«. 

h 

1.0 

22 

27 

1         1         1         1 
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18 
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39 
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2.95  16 

XU 

18 
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2.0    34 

46 
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21 
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38 
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18 
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21 
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3.0 

40 

68 
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18 
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21 
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45 

81 
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23 
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50 
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23 
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25 
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X17 

31 
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32 

748 

25.0  166 
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30.0  183 
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42 
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1,300 
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Ut. 

PerfonnanaM  of  60-«rel»  Truutorman :  VoltMMi 

ll,<00-10,i0fr-10,000/44«^tt» 

Kv-a, 

Loaaea 
(watts) 

Effioieneies 

Reitu- 
lation 

Floor 
apace 
On.) 

Heiclit 
(in.) 

Net 

weisbt 

Ob.) 

§ 

I 

J 

1 

1 

1 

3 

P. 
f 

6. 

A 

U 

•~ 

-" 

«•• 

fx 

6.0 

66 
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04.5 

1 
9«.4  96.7 

9«.S 

2.17 

2.51 

24   X15 
24    X15 

27 
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7.5 
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150 

93.7 
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96.9 

97.0 
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27 
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10.0 
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48 
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IM.  Farformmneei  of  M>-eyeto  Tranatormwi;  VoItacM 
lS,IOO-lt,«IO-lI,000/tSfr-110 


Kv-a. 

Loaaea 

(watte) 

Efficienciefl 

Net 

weight 

(lb.) 
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iload 

iload 
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p.  f.- 

80% 
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US.  7«rf onnaneai  of  tO-CTcle  Tranif ormeri ;  Voltacai 

l«,IOO-lt,T6O-16,0OO/nO-110 
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Sec.  6-125 
iw. 

TRANSFORMERS 
U,IM-l(,TiO-l(,000/tM-110.— (Con(>nii«{) 

Kv-B. 

homt 

Efficiendea 

R«cu- 
Udon 

Floor 
apaoe 
On.) 

H«isht 

Net 
wditht 
(in.) 

1 

1 

1 

>*• 

1 

1 

1 

*•* 
a 

8 

37.5 

M.O 

76.0 

100.0 

336 
370 
.600 
800 

660 
700 
840 
980 

96.3 
96.8 
96.8 
96.7 

97.6  97.8 
97.9  98.0 
97.9  98.1 

98.0  98.2 

97.7 
97.9 
98.1 
98.2 

1.82 
1.4S 
1.20 
1.06 

2.97 
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2.70 
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36  X24t 
87  X90l 
40  XMi, 
40  X34A 

48 
44i 

61 
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1,320 
1,480 
1,9«6 
2,226 

U6.  Kanhole  trMuforman.  It  {■  the  general  prutiee  in  large  citiea  to 
■upply  energy  for  lighting  b^  meana  of  underground  eablea.  Manhole 
iranaformers  ax«  aamply  lighting  tranaformera  fitted  with  oaaee  of  a  type 
auited  for  operation  in  a  manhole.  Theae  eaaet  are  rendered  water-tight  and 
air-tight  and  have  an  extra  amount  of  radiating  aurfaoe.  The  oover  ia  pro- 
videa  with  a  rent  eovered  by  a  thin  air-tight  metal  diafihragm,  ao  that  if 
the  preaaure  in  the  caae  beoomea  exceaaiTe  the  diaphragm  will  rupture.  The 
outlet  buahinga  ahould  be  ao  deaigned  that  they  are  moiature  proof  and  yet 
admit  of  ready  diaconneotion  of  the  tranaformer.  The  rating,  efiBciency  and 
regulation  are  the  aame  aa  for  atandard  diatributing  tranaformera. 

XULTiriA  OPBBATIOll 
117.  a«n«ral  prinelplM.  In  Par.  It  o(  this  aecti'on  it  ia  ahown  that 
the  tranaformer  m  unity  ratio  may  be  lepreaented  by  a  simple  alternating- 
current  circuit  ahiuted  b^  an  admittance  Y.  Where  the  raao  ia  not  unity, 
thia  equivalent  dreuit  atiU  holda,  if  one  winding  ia  taken  aa  the  reference 
winding  and  all  admittances  are  reduced  to  terma  oif  thia  winding;  thia 
may  be  done  by  multiplying  (or  dividing)  all  theae  quantities  in  the  other 
winding  by  the  aquare  of  the  ratio.  The  admittance  Y  does  not  enter  the 
problem  of  relative  division  of  the  load  and  may  therefore  be  ignored; 
the  eOeotive  impedance  of  the  transformer  with  respect  to  the  reference 
winding  will  then  be  the  same  aa  the  short-circuit  tmpedanoe  with  that 
winding  considered  as  the  primary  and  the  other  ahort-circuited. 

It  ia  ahown  in  Sec.  2,  that  in  a  branched  circuit  the  current  in  each 
branch  will  be  inveraeljr  proportional  to  the  impedance  of  the  branch. 
Since  the  eflFecta  of  the  primary  and  the  aeoonduy  reaiatanoe  and  the  mag- 
netic leakan  of  the  transformer  may  be  represented  by  a  simple  impedance, 
the  rule  of  Dranch  circuits  will  also  apply  to  parallel  operation  of  transform- 
ers. In  actual  calculations  the  problem  ia  \iauaUy  to  determine  how  a 
fiven  number  of  tranaformera  will  divide  a  load  of  given  kv-a.  and  power- 
actor.  It  will  be  found  convenient  in  most  cases.  Instead  of  using  actual 
impedances  or  admittances,  to  use  the  ohmic  and  reactance  drops  expressed 
aa  fractiona  of  the  seoondarv  voltage.  Admittanees  derived  from  these 
are  proportional  to  the  actual  admittance. 

lis.  Formulas.  Let  the  kv-a.  rating  of  the  transformers  be  Pi,  Pi, 
Pt,  etc.,  and  let  the  impedance  volts  of  each,  expressed  as  a  fraction  of  the 
rated  voltage,  be  ia+jdi),  (ei+/di),  («+><'■),  etc.,  respectively,  then  the 
admittances  (in  —jbt),  (gt  —ftn),  (st  ~jb*),  etc.,  will  have  tne  following  vsluen; 

"V««-H<f,«)'  Cft+ft+ft+/'''"\n«+dr«/'  \K+Pi+Pi+) 


\ci'+diV     \Pi+P%+Pt+/'    '     \n'+di'J     \Pi+P,+Pt+ 
""W+d?)'  (i>i-|-ft+ft+)'  **■  W-hdi»/    (ft+ft+Pi+) 
"'Ket^+dt*)'  \Pi+Pt+Pt+) '  *•"  V«t«-hdt«/'  \Pi+Pt+P*+) 


(39) 
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S«c.  6-129 


The  Joint  admittaDoe  Y  U  equal  to  the  sum  of  all  the  admittances,  or 

Y-g-ib-gi+t,+f,+    .    .    .    -j(ln+bt+bl+    .    .    .   )  (40) 

The  loads  taken  by  the  fint,  second,  and  third  transformers  eipressed  as 
fractions  uf  the  total  kv-a.  are  respectively 


+  6i«^ 
+  6«  ' 


Vgi'  +  b,t 


(41) 


The  power-factor  of  the  load  supplied  by  the  transformers  when  the  power- 
factor  oCthe  combined  load  ia  cos  a  are  respectively 

COs(a  -1-  #1  -  »),  coa(a  +  0t  —  0),  CO«(«t  -(-»>-»)  (42) 

where  t,  *i  and  tj  are  given  by 


»-tan-'- 


«i-tan->- 


■tan  '     ,  etc. 


(43) 


IM.  Whan  Um  trmniforniatloii  ratios  of  two  tramforman  aro 
allfhtly  dlftoront  they  may  be  operated  in  multiple,  without  incunini 
miieh  trouble.  The  currents  7i  and  It  taken  by  the  two  transformers  will 
depend  upon  the  transformation  ratios  mi  and  mi,  the  two  transformer 
impedances  Zt  and  2>  and  the  load  impedance  Zt.  The  following  formulas 
may  be  readily  used  by  those  familiar  with  complez  imaginary  quantities: 


Ii--. 


m\Zt+  (mi  —  mt)Zt 


V, 


ZiZt  +  ZolZi+Zi) 
tntZi—  (mi  —  tiui)Zt 

^'~z,z,+z,iz,+z,)y' 


(44) 


Flo.  21. — Vector  diagram  of  two  transformers  operating  in  multiple. 

ISO.  Oompoiuation  for  dlSaraneoa  in  impedance  may  be  made  by 
adding  external  reactance  and  resistance  to  the  transformers  whose  react- 
ance and  resistance  are  too  low.  The  amount  to  be  added  in  each  case  is 
obviously  that  which  will  make  the  percentage  value  of  the  reactance  drop 
and  the  ohmxc  drop,  at  the  rated  currents,  the  same  in  all  transformers. 
WlMro  tho  ratio  !•  diSoront,  compensation  by  external  reactances  cannot 
be  used,  but  resort  most  be  had  to  balance  coils  or  autortransformers.  This 
case  win  be  dealt  with  under  auto-transformers  (Par.  ITS).  Auto-trans- 
formera  may  be  used  for  producing  proper  distribution  of  load  in  all  esses. 

Ml.  liplMiatiea  of  Ttetor  diagram,  n<.  11,  tor  multipU  oparation. 
In  the  above  diagram  AB  it  taken  of  any  arbitrary  length  to  represent 
the  eombined  impadanee  drop.     ADi  and  ADt  are  each  taken  the  same 
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fracUon  of  AB  that  the  resistance  drops  of  the  respective  traiuformers  baaz 
to  their  impedance  drops.  ACi  is  taken  equal  to  the  cxirrent  that  wUl 
produce  the  drop  ADi  in  one  transformer,  and  ACt  is  taken  equal  to  the 
current  that  wiU  produce  the  drop  ADt  in  the  other  transformer.  Th« 
resultant  AC  is  the  combined  current.  The  corresponding  combined 
resistance  drop  is  AD.  The  line  AC  will  then  represent  the  combined 
load  current  on  a  certain  scale,  and  ACi  and  ACt  will  represent  the  currenta 
in  the  respective  transformers,  in  magnitude  and  phase,  on  the  same  scale. 
Since  the  currenta  are  known,  the  value  of  the  impedance  drop  is  known, 
and  therefore  the  scale  on  which  AB  represents  the  impedance  drop  is 
known  also:  we  may  take  a  certain  length  to  represent  the  magnitude 
of  the  secondary  open-circuit  voltage  on  the  same  scale,  and  with  B  as  a 
centre  strike  an  arc  EOF;  then,  extending  CA  to  E,  draw  AO,  making  the 
angle  a  with  AEj  where  coa  a  is  the  power-factor  of  the  load.  OA  represents 
the  secondary  terminal  voltage  and  OB  represents  the  secondary  open* 
circuit  voltage,  or  approximately  the  primary  e.ra.f.  multiplied  by  the 
ratio  of  transformation,  and  writh  phase  reversed. 

POLTPHA8B  T&ANSPOKICATIONB 


Generator  Bos  ban 


;    Phaae^ 


m 


mz: 


ISS.  General  considerations.    Polyphase  systems  may  be  olasslfled 

as  symmetrical  and  untymmetrical.     A  symmotrical  system  may  be 
defined  as  follows:  if  the  system  be  n-phaae,  it  will  then  consist  of  n  e.m.fs. 

of  equal  intensity  diEFering  from  each  other  in  phase  by  -th   of   a  period. 

n 
If  Ei^Bxei^*  is  one  of  the  e.m.fs.  and  if  1,  eri,  on,  an-\  are  the  n  roots  of  the 
equation  z<*  — 1  — 0,  we  may  write  the  n  e.m.fs.  symbolically  as  follows: 

Ex^Eu  Bt^aiEu    Et^atEi,    Sn~am-iEi  (45) 

In  such  a  system  we  shall  have 

Ei-\-Bt-{-E»-{-.. .  .  +B,-0  (46) 

and  the  rules  pertaining 
.  to  branched  altematinr- 
,  current  circuits  «-ill  also 
,  hold  true  for  all  polyphase 
.  circuits,  vis.. 

(a)  The  vector  sum  of  all 
currents  flowing  toward  a 
common  point  is  sero. 

(b)  The  vector  sum  of  the 
electromotive  forces  taken 
round  any  closed  circuit  is 
sero,  the  eEfect  of  resistance 
and  reactance  being  con- 
sidered as  counter  e.m.fs. 

The  directions  in  the  wind- 
ing of  the  transformers 
which  are  taken  as  positive 
must  be  maintained  consie- 
tently  in  the  vector  dia^am. 
or  symbolic  representation  <q 
the  eleotromotiTe  force. 

Its.  Two-phase  to  two-phase  transformation.  The  .usual  trans- 
formation ia  effected  by  transforming  each  phase  independently  by  means 
of  a  transformer;  the  four  secondarv  leads  are  indepenclent,  forming  the  ter^ 
minala  of  a  four- wire  non-interlinkeo  two-phase  system.  If  the  middle  points 
of  the  secondary  bindings  be  connected  together  the  four-wire  symmetrical 
interlinked  two-phase  system  ia  obtained.  If  two  ends  of  the  secondary 
winding  be  connected  together  the  re.<iult  is  the  two-phase  three-wire  system 
which  la  an  unaymmctrical  interlinked  polyphase  system  and  therefore 
not  suitable  for  long  distance  transmission.  In  this  system  the  e.m.f. 
between  the  other  two  ends  of  the  windings  is  y/2  times  the  e.m.f.  iKross  the 
windings.    Fig.  (22)  illustrates  these  systems. 


Z  Fiuse.      t  Phase.  4-Wire.      2  Phaae^ 
4  Wire  Interlinked  8  Wire 

Fia.  22. — Two-phase  systema. 
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IM.  Two-ph*M  to  thrav-phsM  tnkaifoniuttion.  niothaiDtorlinked 
two-phaae  lyBtem  the  middle  point  of  one  winding  be  connected  to  a  point 
on  tne  other  winding  86.6  per  cent,  of  the  total  number  of  turna  from  one 
end,  thia  end  of  one  secondary  winding  and  the  terminals  of  the  other 
secondary  winding  vriM.  form  the  three  terminals  of  a  symmetrical  system. 
The  four  secondary  terminals  form  a  two-phase  unsymmetrical  inter- 
linked system  (Fig.  23).  The  three-phase  connection  is  known  as  the  Scott 
Connection  (ng.  25).  Balanced  three-phase  currents  in  this  system  will 
produce  balanced  two-phase  currents  in  the  primary  winding. 


IM.  Thraa-phaia  to  two- 
pbaaa  traiuformatlon.  If 
the  primary  winding  of  the 
two  transformers  be  connect- 
ed in  the  manner  described 
in  the  preceding  paragraph 
and  a  balanced  three-phase 
em.f.  be  impressed  on  the 
three  wires,  toe  two  second- 
ary e.m.fs.  will  be  in  two- 
phase  relation  (Fig.  26). 

IM.  FormnlM  for  Scott 
two-pbaia  to  three-phai* 
Uid  tlirea-phau  to  two- 
phmM  tnuufomuitloiu  nt 
any  load.  Four  impedanoea 
ace  inrdred  in  the  operation 


Oenaiator  Bns-baa 


PbasOjA 


I  Phased 


TBW)    fMW 


Jl. 


Three  Phase 
Scott  Oonnootlon 


of  this  oonnection  (Fig.  23), 
vis.,  the  impedanoea  of  AD 


23. — Evolution  of  Scott-connection  from 
interlinked  two-phase  connection. 


tPhsae 
tTnajmunetrical 

Inteittnked 

and  CB  wito  their  primaries 

■hort-drcnitad;     the    impe-  Fio. 

dance  of  CD  with  the  primary 

of    that    transformer     short- 

idrcuited;  and   the  imi;>edance   obtained  by  connecting  C  and  B  together 

and  circulating  current  through  this  winding,  connected  in  this  manner. 

Designatliig   theee   four   impedances  by    Zi  Zj    ZiZi^  the  following   re- 
lation exists  between  the  last  three  impedances: 
Zt-i(.Zt-Zi) 


Let  the  three-phase   currents  in   the  lines  A, 
and  designate  the  voltage  across  these  phases  by  £  . 


(47) 
B  and  C  be  I  .  {^and  I„ 

primary  of  AD  have  a  voltage  B\  and  the  primary  of  CB  a  voltage  B, 

and  let  the  ratios  be  im  and  nu;  we  shall  have,  lince  I ,  I „  and  /-  meet 

•A  •a  "v 

at  a  p<ttnt,  the  relationahip 


^X  +  ^B+^C-*' 


(48) 


The  expressions  for  the  three-phase  e.m.fs.  in  terms  of  the  line  currents 
and  the  two^haae  e.m.fs.  are 


By  sabatituting  from  the  relations 


(49) 


(60) 
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what*  /i  and  It  are  the  two-phaae  currents,  the  corresponding  relation*  (or 
three-phase  to  two-phaae  transformation  are  obtained. 
When  the  currents   I ,,  I„  and  / -  are  balanced, 
•  A    '  IS  •  V 

(M) 

and  therefore  in  order  that  the  three-phaae  o.m.f.  may  be  balanced  inde- 
pendently of  the  load, 

<62) 


Tc-iB-/2©^4 


or  rj -  (ri -f  r4) f  -*) 
\tni/ 

and  x»-(xi+x<)f~) 
Vmi/ 


(53) 


Fio.  24. — Two-phase  to  aiz-phase 
transformation. 


nrnm 

"1 

I 

Fia.    2S. — Soott  three-phase  to 
two-phase  transformation. 


The  necessary  adjustment  must  be  made  to  the  two-phase  side  of  the  bank 
of  transformers.  As  a  general  rule  no  compensation  is  needed  in  practical 
work,  aa  the  unbalancing  due  to  the  translormet  is  trifling  compared  with 
that  due  to  other  causes.  The  ratio  mi/mt  for  symmetrical  two-phase  to 
threo-phase  transformation  is  '\/3/2  so  that  (mi/mi)*  is  1.33. 

1ST.  Tvo-phaae  to  liz-phaas  tranaXormaitlon.  This  transformation 
may  be  accomplished  by  using  two  Scott-connected  banlcs  of  transformers, 

but  a  mora  satisfactory 
B  IFhaM  Lines  B  method  is  that  shown  in 
Fig.  24  in  which  two  trans- 
formers are  used.  Refer- 
ring to  Fig.  24,  FB  and  EC 
represent  two  secondary 
windings  of  one  transformer, 

supplied  by  one  phase;  AD 

laaift/ijflflja/UUUUxJ  represents  the  secondary  of 
the  other  transformer  sup- 
plied by  the  other  phase. 
The  currents  inGA.  OB,  UC, 
HD,  //£,  and  OF  are  the  six- 
phase  line  currents.  The 
current  in  Cr//,  when  the  load 
is  balanced,  is  equal  to  twice 
that  in  GA,  GB,  etc.  The 
magnitude  of  the  voltace 
that  must  J>e  developed  In 
FB  is  V3/2  times  that  in 
AD.    AQ  and   HO  contain 


Tartar  Oonaeotlon        1  Phass  to  2  Phase 
a  Phsae  to  2  Phase  with  with 

8  Tianstormers  >  Tranafarmaii 

Fio.  26.  Fio.  27. 

Fios.    26  and  27.— Three-phase  connections    •*"■    ^^  »»?   ""  contain 
luin.  thrm  inknXrmKm.  one-fourth     the    number    of 

turns  tliat  are  m  AD. 


using  three  transformers. 


IM.  Thr*«-pham  to  two-phaa*  traiutonnatlon  with  thra*  trMU- 
forman.  These  methods  of  trafuiforniation  offer  some  advantages  in  small 
installations  where  the  cost  of  a  spare  unit  is  prohibitive,  and  it  is  desired 
(o  provide  against  the  possibility  of  complete  interruption  of  service  due  to 
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the  low  of  one  unit  of  •  bank.  They  also  are  u*ef  ul  in  initallationi  when  it 
ia  the  intention  at  a  later  period  to  change  over  from  two  phase  to  three 
phase  and  it  is  desired  to  have  standard  three-phase  connections.  That 
shown  in  Pig.  26  is  known  as  the  Taylor  conneotlon.  Another  connection 
of  equal  practicability  is  that  shown  in  tig.  37. 
in.  Tht  connsetlona 


dlacusMd  abort  (Vif.  M  f, 
to  riff.  M)  whan  aupplr-  Jn . 
inc  •  buuiced  load  m  i^   ^ 

I  w 


mw  lyitam  will  nrodneo 
a  bauaeod  load  Im  tho 


^ 


1   i 

S  Phase 


S 


^r 


yk 


:  Phase 


tPbase 


(Phase 

Fia.     28. — Three-phase    to    two-phase  tranr 
formation  systems. 


Tnrri  pnsfr\  iidbti 
c      U       ]B 


Delta  Ooaaccted 
Wiaallud 


npnrn  rrrnn   O'lri 


(•ISI1   tfsit)  rennn 
ill  o     fe     c\ 

»  OonBMted 
WIndlBii 


B 


othar  iTitoin.  There  are 
numerous  connections  to 
etfect  these  transforma- 
tions, however,  which 
have  not  this  advantage. 
They  are  not  of  sufficient  importanoe  to  be  dealt  with  in  detail,  but  Fig.  28 
illttstrstea  a  few  of  the  moat  important  of  them. 

140.  Thrao-phaaa  to  three-phase  tranaformatlona.  The  two  most 
commonly  used  are  illustrated  in  Fig.  29  and  are  usually  designated 
delta  connection  and  star  connection;  these  connections  are  alao  referred 

to  as  meah  and 
Y-c  o  n  nections, 
respectively. 
See  Par.  141. 
The  relative 
merits  of  these 
two  connections, 
or  their  combi- 
nations have,  in 
the  past ,  been 
the  subject  of  a 
great  deal  of 
controversy ;  and 
even  to-day, 
when  their  re* 
spective  fields 
well  under- 
sjwcial 
prejudice  in  fa- 
vor of  one  or  the 
other  sometimes 
appears. 

141.  DiMIU- 
•  ion  of itar 
and  delta 
e  o  n  n  •  etions. 
For  high  trans- 
mission voltagea 
the  star  connec- 
tion is  most  de- 
29. — Standard  three-phase  to  three-phase  transfor-  sirable  because 
mation  systems.  the  windings  are 

made  up  of  large 
conductors  and  are  therefore  stronger;  the  average  stress  on  the  insula- 
tion is  less  with  the  star  connection,  and  the  insulation  between  coils  and 
layers,  which  is  subjected  to  lower  stresses,  is  also  stronger  on  account  of 
tM  greater  mechanical  strength  of  the  coils.  The  only  advantage  possessed 
by  Uie  delta  connection  is  that  in  case  one  transformer  of  a  bank  becomee 
inoperative,  it  may  b«  cut  out  and  the  other  two  be  used  in  "  open  delta" 
er  **¥  "-connection  to  supply  energy  to  the  lines  at  a  reduced  rating.  Thi 
vaiiue  where  spare  units  are  available,  as  is  uu 


tjuuuJ  UiaaJ  UuuJ  i 
iVtsii   nnfiir>   pnrnn  are  we 

^O    To  li         e\  prejudi 


Oetta-Dslta 
OOBOiectteB 


Stsi'Btar 

Oonasctioa 


\jJiijJ\u3itJ\sUlUJ 

fTnrrr|  ptnii  rmn 

oio        1*        \c 
Delta-Stsr  . 
Oonaaetlea 


Pio. 


This 
case 


advantage  is  of  little 
in  large  inat«nation*. 

141.  Star-atar  eonnaetion.     This  arrangement  is  not  generally  adapt- 
abla  for  bigb-voltage  transmission,  for  the  following  reasons.     The  arrange- 
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ment  of  Uie  windinsa  in  suoh  that  the  thiid-harmomo  oomponentc  of  th«  exoii- 

in^  currents  of  the  three  transformers  cannot  flow  therein,  coBMqueDtly  9^ 
third-harmonic  component  appears  in  the  wave-form  of  each  e.m.f.  between 
the  neutral  and  line-  Since  tne  impressed  e-m.f.  between  may  two  termiDalfl 
cannot  have  a  third-harmonio  component,  and  since  this  e.m.f.  roust  be 
equal  to  the  vector  difference  of  the  e.m.fs.  between  neutral  and  the  two 
terminals  across  which  the  e.m.f.  is  impreaaed,  these  third-harmonic  comiM- 
nents  in  the  two  e.m.fs.  from  O  to  X  and  from  0  to  £  (Fig.  20)  must  be  equal 
and  in  phase.  The  same  statement  applies  to  the  third  harmonic  of  the 
e.m.f.  between  O  and  C.  There  is  therefore  in  each  of  the  e.m.fs.  OA^ 
OC  and  OB  a  third-harmonic  component  of  a  value  dependin^on  the  satura- 
tion of  the  core,  and  having  exactly  the  same  time  phase.  T'his  triple  fre- 
quenev  e.m.f.  while  not  in  itself  serious,  becomes  so  if  the  neutral  of  the 
seoondary  windings  be  grounded  for  then  it  sets  u]^  a  triple  frequency  charg- 
ing current  through  ground  which  interferes  with  neighboring  telephane 
circuits. 

14B.  Another  defoet  of  this  conntfetlon  (Par.  141)  li  instability  of  the 
neutral  point  which  renders  it  unsuitable  for  four-wire  three-phase  distribu- 
tion ;  furthermore  if  one  transformer  becomes  short-circuited  an  overroltage  of 
73  per  cent,  is  impressed  on  the  remaining  two  transformera.  This  defect 
may  be  overcome  by  connecting  the  primary  neutral  point  to  that  of  the 
generator,  but  this  will  not  Eeneralljr  permit  grounding  tne  seoondary  neuU«l 
point  because  there  is  usually  a  third  harmonic  in  the  generator  wave  be- 
tween neutral  and  ground. 

144.  There  are  seTeral  waji  In  which  thetriple-ffequency  pnlifttioit 
In  the  Mcondary  may  be  remoTed.     One  of  them  is  to  Interconaeet 

the  eeoondaries  of  the  three  transformers  as  shown  in  Fig.  34.  Another 
method  is  to  provide  a  small  delta  winding  for  the  purpose  of  supplying  the 
necesearv  triple-harmonic  component  of  the  exciting  current;  tnis  action 
of  the  delta  connection  in  combination  with  the  star  is  discussed  under 
delta-star  connections,  Par.  148.  All  of  these  schemes  add  to  the  coat, 
and  more  than  counter-balance  any  gain  that  might  be  derived  from  ludng 
this  (star-to-star)  connection. 

141.  In  star-star  connected  three-phase  core-typ*  transformers 

the  third  harmonic  component  of  the  e.m.f.  between  neutral  and  lines  does 
not  occur  on  account  of  the  mutual  inductance  between  phases. 

144.  Delta-delta  connection.  This  connection  is  widely  used.  Each 
transformer  has  its  exciting  current  directly  supplied  by  the  generator, 
so  that  there  is  no  e.m.f.  wave  distortion.  The  load  taken  by  each  trana- 
f  ormer  in  this  connection  will  depend  uponitsimpedancc,  so  that  transformers 
of  different  characteristics  should  not  in  general  be  connected  together  to 
form  a  delta-connected  bank.     If  f^^n  <uid  I^  are  the  secondary  line 

currents  and  /  .  ^  ^ort  &°^  ^n  a  '^^  ^^®  currents  in  the  transformer  seoond- 

•  AB  •  BC  •  Ki  A 

aries,  fig.  20,  and  Zi,  Zt*  Zt  are  the  impedances  of  the  different  tranaformera 
we  shall  have  the  ft^lowing  relations: 

Z  i/b  -  Ztl  j^ 


(54) 


14T.  Belta-ttar  and  star-delta  eonneettona.  These  methods  of  con- 
necting a  bank  of  transformers  are  the  best  for  hlf h-ToltafS  transmission, 
the  delta-etar  connection  being  used  for  stepping-up  and  the  star-delta 
for  stepping-down.  When  the  voltafre  is  stepped-up  with  a  delta-etar 
connection,  the  neutral  of  the  star  may  be  grounded  without  introducing  any 
trouble,  because  the  third-harmonic  e.m.f.  and  its  multiples,  which  are  the 
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chief  8oaro«  of  trouble  in  threo-phaaa  lines*  are  iherebv  almost  completely 
^iminated  from  the  e.m.f.  between  the  neutral  point  and  the  three  eecondary 
termiziaJfl. 

148.  The  actions  which  take  place  In  the  delt>- connected  leeond- 
aries  of  the  star-delta  atep-down  transformers  are  of  importance.  The 
neoeesary  triple-harmonio  eomponente  of  the  exciting  currents  cannot  flow 
in  the  primary  windings  because  they  are  star  connected,  and  a  third- 
hanaomo  component  in  the  primary  e.m.fB.  between  phase  lines  and  neutral 
cannot  exist  on  acoount  of  the  secondary  delta  connection;  but  instead  a 
triple-harmonie  current  is  set  up  around  the  delta  which  effectively  supplies 
the  place  of  the  missing  third  component  of  the  exciting  current  in  the 
primary.  This  current  is  of  the  same  order  of  magnitude  as  the  true  third- 
narmonio  component  of  the  ecoiting  current. 

149.  When  the  wsTs-form  of  the  e.m.f.  between  phase  linei  Is 
distorted  by  hsrmonics,  the  wave-form  of  the  secondary  when  stepped- 
down  by  a  bank  ci  etarnlelta  connected  transformers  will  not  be  the  same  as 
that  of  ^the  e.m.f.  between  lines  of  the  primary.  It  will  be  found  that 
harmonics  which  peak  the  e.m.f.  between  phase  lines  will  cause  the  e.m.f. 
between  line  and  neutral,  impressed  on  the  transformer,  to  be  flattened— 
and  9£c0  vtrta.  If  the  e.m.fs.  between  phase  lines  are  sine-waves,  the  e.m.fs. 
between  lines  and  neutral  will  also  be  sine-waves  and  will  have  values  equal 
to  0.577  of  the  line  e.m.fs.  and  will  lead  one  of  them  in  time  phase  by  30  deg: 
Theee  relations  wiU  also  be  true  of  the  effective  values  when  star-delta  con- 
nections are  used,  no  matter  how  badly  the  wave  form  of  primary  e.m.f. 
mfty  be  distorted,  but  the  relations  will  not  hold  for  maximum  values. 

190.  rormulu  for  currents  In  dtits-star  uid  star-delta  connected 
teantfonners.  In  the  delta^tar  connection  the  line  current  is  e9ual  to 
the  secondiury  oorrent  and  the  primary  current  is  obtained  by  multiplying 
it  by  the  ratio  of  tnutsformation  (Par.  7).  The  regulation  may  then  be 
calculated  in  the  same  way  as  in  single-phase  transformers.  In  the  etar- 
dslta  connecUoDi  conridering  the  aeoondary  windings*  the  respective  currents 
in  the  windings  being  /«a,  !»«,  /m  and  the  currents  in  the  terminals  being 
7«,  It  and  Te  we  have  the  relations 

/.»  -  i(/»  -  /.),  Tu  -  i(Tc  -  lb),  J«  -  i((.  -  Ic)  (55) 

The  primary  impressed  e.m.fs.  are  related,  as  follows: 

Asenmii^  unity  ratio  of  transformation  in  windings  and  transformer  impe- 
dances, Zi,  Z«,  Z»  the  secondary  voltages  Eah,  Ehc,  Eea  are  related  to  the  cor- 
responding primary  vdtagea  as  follows: 

2Zi  Zi  Zt  , 

,  2Zf  Zt  Z\  \ 

Bk.^\\S^^-S^^-^iU-U)-k-^  <(--{«)  +-^ (/»-{-) J      (57) 

Theae  equstions  become  very  simple  when  Zi,  Zt  and  Zi  are  equal.  For 
thi*  condition  the  following  relations  also  hold: 

^OA'  i^^CA-  ^AB^-  ^.OB  -  i<?^B-  ^Bc'>-^OC'  i^^BC'  ^CA>  (**) 
151.  ViUTmiiMtrlesl  thrte-phsM  to  three-phaie  eonnectioiu; 
"T"-  and  "T"-oonnflctlon  (Fig.  SO),  The  most  commonly  used  of  the 
ttMymroetrical  connections  is  the  "V  -connection,  not  becnuse  it  has  any 
inherent  advantage  over  the  others,  but  for  the  reason  that  when  it  is  desired 
to  increaae  the  capacity  of  the  bank  a  third  transformer  may  be  added  and  a 
delta-delta  oonoeotion  obtaiaed. 
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in.  7annulat  for  "V'-eonnaetwI  trazuformart.     Taldns  Z  u  the 

transformerimpedanceand^To  as  that  of  the  load  on  each  phase,  and  S  .    £_ 

*  ^»     ' B 
and  Sf^  as  the  primary  star-c.m.fa.,  and  auuminit  the  ratio  of  traosformatioD 

to  be  unity,  the  primary  currents  will  be 


B 


■AB     Z 


3+- 


B„ 


Z, 

B  . 


he' 


(SO) 


_B 

Z      Z,      '       Z. 

3^3        -3 

If  we  place  in  the  primary,  at  B,  a  reactance  equal  to  \Z  (Fig.    30),   th« 
ratio  being  assumed  to  be  unity,  we  shall  have 

■AB~  Z,      ~  Z, 

?+-3  ?  +  -3 


he-- 


?B+?X 


<60) 


Zt  Zt 

?+3  ?+3 

Tha  eonneetion  is  now  balanced  and  gives  exactly  the  same  secondary 
e.m.ts.  at  a  load  of  any  im|>edance  as  a  bank  of  delta-connected  transformers 
having  equal  impedances  of  value  3Z. 

IM.  The  "T"-eonnaetloii  U  •conomical  in  flnt  coat.     It  oonsiata 
of  two  transformers,  one  of  which  has  both  its  primary  and  secondary  wind- 


iJEm, 


UUIL 


Tfm\   prrnnr| 


(a)    OorrMtWsjr  (&)  Wrong  Wif 

'^"  Ooaaectad  Tranrformers 
Fio.  30. — Unsymmetrical  three-phase  to  three-phase  transformations. 

ings  designed  for  87  per  cent,  of  the  three-phase  voltages;  the  other  is  de- 
signed -for  the  full  voltage,  and  both  primary  and  secondary  windings  are 
provided  with  taps  at  the  middle  points.  The  transformers  are  connected 
as  shown  in  Fig.  30. 

IM.  Vorznulaa  for  "T"-eonnaota4  trantformeri.  Assuming  unit 
ratio  the  currents  in  the  primary  winding  will  be  equal  in  magnitude  and 
opposite  in  time-phase  to  the  line  currents  in  the  secondary.  It  Zi  is  the 
impadanoe  of  the  87  per  cent,  transformer  and  Zx  is  the  impedanoe  of  one- 
half  of  the  primary  of  the  other  transformer,  with  the  corresponding  half  of 
the  secondary  short-circuited,  and  if  Bj^q,  Bqq  and  Be  A  ^^^  ^^^  primary 
impressed  e.m.fs.,  the  secondary  e.m.fs.  will  be 
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«».-  -    *BC+?'<fB-^C)  I  (81) 

Th«  oondition  whioh  must  b«  Oiled  by  the  impedances  ao  that  there  ihsll  be 
no  unbaUnoiiic,  it  that  Zi  muat  be  equal  to  Zi.  If  this  oondition  doea 
not  eziat,  additional  impedance  may  be  introduoed  ao  as  to  produce  the 
desired  equality. 

IH.  In  tha  dMicm  af  traufomMn  (or  "T"-eoiin«etloiia,  that  one 
whieh  has  the  tap  at  the  middle  point  of  the  winding,  should  have  the  two 
halves  of  the  primary  and  secondary  windings,  which  carry  currents  of  oppo- 
site time-phase,  weU  interlaced  with  each  other.  The  rsIatlTS  polari^  of 
the  two  transformers  plays  an  important  r&le  in  the  operation  of  thli  oon- 
neetion.  For  transformers  of  like  polarity  Uie  proper  connection  is  that 
•hown  at  "a"  in  Fig.  30.  That  shown  at  "6"  in  Fig.  30,  is  incorrect  and 
win  eauM  poor  regulation,  because  the  eurrents  that  are  in  phase  in  the  pri- 
mary and  secondary  windincs  of  the  transformer  No.  1  flow  in  the  halves 
that  are  not  interlaced  and  tlierefore  encounter  high  impedance.  The  trans- 
former No.  I  could  be  designed  so  as  to  operate  equally  well  with  either 
eounection,  but  this  would  Involve  interlacing  the  primary  and  secondary 
winding  in  a  manner  that  would  be  extremely  costly. 

IH.  PAIaritgr  In  polyphaas  transformation.  It  is  important  to  know 
the  polarity  of  the  transformers  in  a  bank  connected  for  polyphase  trans- 
formation, when  parallel  operation  with  other  banks  of  transformers  of 
different  manufacture  is  to  be  considered. 

in.  Csrtaln  polyphais  oonnsotions  cannot  ba  operated  In  multipla 
with  oartatn  othan,  as  for  instance  star-delta  or  delta-star  connection 
with  star4tar  or  delta-delta.  In  three-phase  transformers,  when  the 
polarity  of  one  is  reversed  from  that  <tf  another,  it  may  be  difficult  to  get 
at  the  oonnections  to  change  them;  eare  should  therefore  be  taken  in  design- 
ing such  transformers  for  parallel  operation  with  others.  (This  problem 
and  that  of  polarity  is  discussed  in  detail  under  "Installation,  Care  and 
Operation  of  Transformers,"  Par.  m  to  Par.  MT.) 


Fia.  31. — Three-phase  to  six-phase  Fia.  32. — Three-phase  to  six-phase 

transformation,  double  delta.'  transformation,  double  star. 

Its.  Thras-pbasa  to  sls-phasa,  doubla  delta.  If  two  delta-connected 
banks  of  transformers  be  taken,  and  the  polarity  of  one  bank  is  reversed, 
the  two  banks  together  will  furnish  siz-pliase  e.m.f.  The  relations  between 
the  secondaries  is  indicated  in  Fig.  31.  Instead  of  using  two  banks  of  trans- 
formers, it  is  ostial  to  place  two  eqtial  secondary  windings  on  each  trans- 
former and  connect  one  set  so  as  to  give  opposite  polarity  to  the  other  set. 

in.  Thraa-phaaa  to  sU-phasa,  dlamatrleal  or  doubla  star.  _  Simi-  - 
lariy,  if  the  two  acts  be  connected  in  star,  one  set^  having  its  windings 
reversely  connected  with  respect  to  the  other  set  (Fig.  32),  we  shall  have 
flix-phase  e.m.f8.  It  is  not  necessary  in  this  transformation  when  the  neutral 
ronnection  is  required,  to  have  two  secondary  windings; instead  a  middle 
lap  may  be  brought  out,  all  the  middle  taps  of  the  three  transformers  being 
connected  together  to  form  the  neutral. 

IM.  Thrsa-phasa  to  aix-phasa,  doubla  taa.  A  method  of  obtaining 
NX-phase  currents  from  a  three-phase  aystem,  by  means'  of  a  double  tee  or 


_;-pJ 

T"  connection,  is  shown  in  Fig.  33. 
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Xtl.  Th*  int«reoniL«cted-itar  eonnectloii  shown  in  F^.  34  ia  lued  in 
connection  with  direct-current  three-wire  t 

distributing    syBtems.      Thia    connection    — « k- 

permits  continuous  current  in  the  neutrsl    — ^ ^-~ 

wire   to   flow   through    the   transformers 
without  magnetising  them. 


FiQ.  33. — Three-phase  to  six-phase 
transformation,  double  tee. 


^ 


Fia.    35. — Constanl'current  regula- 
tor transformer. 


FiQ.  34, — Interconnected  star 
connection. 

CONSTANT-CUKKSNT 
TRAHSro&MXBS 

lU.  The  con  St  ant- current 
transformer  dependa  for  Itarent- 
Utlon  on  tlie  force  of  rapuUlon 
between  the  primary  and  the 
secondary  coils  which  carry  cur- 
rents that  are  in  opposite  time-phase, 
lief  erring  to  Fig.  35  and  Fig.  4,  as  the 
load  impedance  decreases,  the  current 
will  first  increase,  if  the  quantitiea 
(Li  — 10  and  {X/i  —  Af)  remain  constant, 
but  if  the  Utter  increases  in  the  right 
proportion  the  current  will  remain 
constant.  As  the  load  impedance 
r«+jx«  isdeoreased.the  total  reactance 
in  the  seoond&r^  circuit  will  decrease, 
and  the  sbort-cu-cuit  reactance  of  the 
primary  circuit  will  increase  a  corre- 
sponding amount.  The  ratio  of  current 
transformation  will  therefore  rem&in 
practically  constant  throughout  the 
range.  The  apparatus  may  thus  be 
considered  as  a  device  to  maintain  a 
constant  effective  primary  impedance, 
indei>endcnt  of  the  load.  The  short- 
circuit  impedance  with  full-load  coil 
aeparation  should  be  as  low  as  consis- 
tent with  a  ressonable  cost  or  satisfac- 
tory operation,  but  with  no-load  sepa- 
ration it  should  bo  high  enough  to 
limit  the  current  to  its  normal  value. 
Sometimes  the  trannformer  ia  designed 
with  regulation  to  tako  care  of  the  cut- 
ting out  of  a  portion,  only  of  the  load 
impedance,  in  which  oast  the  short-cir- 
cuit impedance  voltage  of  the  primary 
circuit  for  normal  current  will  be  less 
than  the  primary  impressed  voltage. 


412 


Diyihiclhy^^iDU^lC 


TRANSFORMERS 


Sec.  fr-163 


Itt.  In  ths  d«sifn  of  oozutuit-eurrent  truuformon  for  tun^ton 
Xamps,  requiring  a  given  total  number  of  kv-a.,  a  smaller  tranaformer  is  re- 
quired than  that  for  arc  lamps  of  the  same  kv-a.  rating,  on  account  of  the 
low  power-factor  of  the  arc  lamp,  and,  a  current  regulator  for  use  with  a  mer- 
cary-vtLpoT  rectifier  to  supply  airect-current  arc  lamps  ^-ili  require  a  BtUI 
larger  transformer.  ,The  procedure  for  obtaining  the  exact  kv-a.  of  trans- 
former required  consists  in  working  out  from  the  cbaraoteristics  o(  the  load 
and  the  assumed  characteristics  of  the  transformer  the  open-circuit  secondsjry 
voltage;  the  product  of  this  and  the  required  secondary  current  is  the  kv-a. 
rating.  The  design  may  then  be  made  along  the  same  general  lines  as  for 
power  transformers,  except  that  the  short  dimension  of  the  coil  space  will  be 
oetermined  from  the  effective  shorts-circuit  impedance  of  the  regulator  with 
full-load  ooil  separaUon,  while  the  loiig  dimension  will  bo  determined  by  the 
no4oad  8hort-«ircuit  impedance  required,  and  the  length  of  the  coils.  The 
Taloe  of  the  product  AiAt  (Par.  SI)  may  be  varied  and  the  cheapest  design 
obtained  in  each  ease,  theloss  in  watts  per  sq.  in.  of  surface  being  in  each 
case  suoh  as  will  prodtioe  the  same  rise  of  temperature  above  the  cooling 
medium.    In  this  manner  the  most  suitable  design  may  be  obtained. 

IM.  Mvthodt  9i  eooling.  Qenerally,  in  constant-current  regulators 
for  tungsrten  lamps  and  altemating-^ur^ent  arc  lamps,  natural  air.  cooling  is 
tmd,  but  this  is  chiefly  on  account  of  the  fact  that  tne  kv-«.  ratings  required 
are  quite  low.  For  higher  ratings,  above  100  kr-a.,  the  regulator  Is  immersed 
in  <m,  and  in  some  oases  is  cooled  by  water. 

lU.  Mechanical  design  and  adjostments.  Usually  the  design  con- 
sists of  one  stationary  coil  and  a  moving  coil,  the  latter  being  generally  the 
immary  coil.  Sometimes  both  coils  are  movable,  in  which  case  they  may  be 
arranged  to  counter-balance  each  other  by  means  of  two  wheels  or  lever 
anus  arranged  as  shown  in  Fig.  58.  When  there  is  one  movable  coil  only,  it 
must  be  counter- weigh  ted,  but  where  both  coila  are  movable  a  counter- weight 
win  not  be  required,  although  in  adjusting  it  will  be  found  necessary  to  add 
weight  to  the  upper  coil  to  obtain  tne  proper  balance  against  the  repulsive 
force.  Besides  toese  adjusting  weights,  adjustment  may  be  found  necessary 
in  the  relative  lengths  of  the  lever  arms  at  different  positions,  or  in  case 
wheels  are  used,  it  may  be  found  necessary  to  add  weignt  at  different  points 
of  the  rim.  A  dashpot  should  be  provided  to  damp  the  motion  of  the  coils, 
otherwise  the  instability  of  the  arc  lanops  would  cause  ** pumping"  of  the 
regulator  and  flickering  of  the  lamps.  The  mechanical  desisn  should  permit 
of  easy  and  accurate  adjustment.  In  addition  to  the  nominal  voltage,  the 
primaries  are  often  wound  for  voltages  10  per  cent.  aboTO  and  below  the 
nominal  value. 

IM.  Types  and  ehar- 
ftcteristtcs.  The  con- 
stantr-current  transformer 
does  not  admit  of  much 
variation  in  form,  and 
therefore  one  genersil  type 
is  in  use,  which  experience 
has  shown  to  be  most 
efficient.  This  type  con- 
sists of  either  movable 
primary  or  secondary  coil, 

or  both  maybe  m<»vable.  Ft  0.3  6. — Magnetic  Fio.  37. — Uross-see- 
and  a  sb^l-type  magnetic  circuit  of  constant  cur-  tion  of  onioifOTm  oore  of 
circuit  which  may  have  a  rent  regulator.  constant  current  regu- 

rectangular  or  oruciform  later. 

cross-section. 

IfT.  VormnlM  for  oonstani-cuiTent  transformers.  The  formulas 
for  tlkO  effective  primary  inductance  and  repulsive  force  are  given  below: 
the  symbols  refer  to  the  dimensions  shown  in  Fig,  36  and  Fig.  37.  The 
indootanoe  for  a  rectangular-core  regulator  is 


L  - 


4rCJV»  1  5,Q&d 
"id*"]       6 


■*-'^('+i+^)l 


(henrys)         (62) 
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The  inductance  for  a  cruoiform-oore  regulator  is 
4iCAr>    /       7.6 


L  - 


IC 


For  each  case  the  repulsive  foroe  F  is 


\0.23  +  lot  ^J 


(hanrri)      (63) 


^-*^Kt4^~"     ^ 


(pounds)    (64) 


The  value  o(  C  is  obtained  by  adding  to  the  soil  separs 
clearanee  between  o<m1ii  plus  0.45  times  the  length  of  each  ooil. 


I.45X2.54XC/ 

ration  the  insulation 
_      All  dimen- 

sions are  to  be  measured  in  inches. 

IM.  Se(til»tlon,  of  aonatant-oorrant  traaifonnan  for  arc-lightiac 
is  usually  guaranteed  over  a  range  bom  full  load  to  no  load.  If  properly 
adjusted,  the  current  should  be  within  0.1  amp.  of  the  normal  value  oif 
current  for  any  number  cf  lamps  between  fuU  load  and  no  load. 

IM.  The  iktlitmetory  working  o(  altomatinr-euirant  are  lamp* 
demands  a  certain  amount  of  reactance  in  the  lamp  circuit.  This  is  provided 
in  the  transformer  by  its  own  effective  reactance.  The  full-load  operating 
power-factor  of  an  alternating-current  arc-lamp  system  seldom  excelis 
70  per  cent.;  at  sm^  loads  the  power-factor  is  very  much  leas.  A  table  of 
efBoJency  and  rating  is  given  in  Par.  ITl. 

ITO.  Oonatent-eurrent  reculfttori  for  lariei  tuacitaa  lamp  Uchtinc 
are  similar  in  design  to  the  alternating-current  series  arc  lamp  constant- 
current  transformerMizcept  that  the  dosbpot  is  omitted.  Ratings  and  effi- 
ciencies are  given  in  Par.  ITS. 

in.  Ooiutant-euirant  Truuf onneri  f or   Are-Uxhtliix;  Ratings  uid 

Iffleienoiei 

60  Cycles 


No.  of  lamps. 
No.  of  lamps. 
No.  of  lamps. 
No.  of  lamps. 
No.  of  lamps. 
No.  of  lamps. 
No.  of  lamps. 
No.  of  lamps. 


Secondary  amp. 


6.6 


6 
13 
20 
27 
88 
S5 
83 
110 


7.6 


5 
11 

17 
24 
34 
48 
72 
96 


10.0 


6 
12 
18 
26 
35 
50 
75 
100 


FuU-load 
efficiency 


90.2 
02.6 
92.7 
93.3 
93.0 
94.6 
95.3 
95.7 


in.  Batlogs,  Powar-faetori  and  BffloioneiM  of  Oonatant-Omront 
Truuformeri    (or    Operating   SerlM    Tungstan   LamiM 

60  Cycles 


Kw. 

Efficiency  per  cent. 

Primary  power-factor  per  cent.  1 

iload 

iload 

Iload 

full  load 

Iload 

iload 

iload  fullloadj 

4.0 

8.0 

12.0 

17.0 

24.0 

78.7 
78.7 
79.7 
81.2 
82.8 

86.5 
89.2 

80.8 
90.7 
91.6 

90.6 
92.5 
93.0 
93.5 
94.2 

91.7 

93.65 

93.8 

94.5 

95.0 

22.9 
23.1 
23.3 
23.6 
23.8 

50.6 
51.8 
62.8 
52.5 
52.7 

76.6 
77.4 
78.1 
78.5 
79.0 

83.7 
84.9 
85.2 
S6.4 

85.6 

25  Cycles 

4.75 
7.0 
10.0 
14.0 
20.0 
28.0 

71.9 
74.5 
76.4 
77.0 
79.1 
82.6 

86.0 
87.6 
88.7 
89.1 
90.3 
92.0 

90.3 
91.3 
92.0 
92.5 
93.3 
94.5 

91.0 
92.0 
92.3 
93.1 
94.0 
9«,0 

24.5 
24.0 
25.3 
26.6 
25.8 
25.0 

51.2 
62.7 
S3. 6 
54.3 
54.8 
55.1 

76.8 
78.8 
79.8 
80.7 
81.3 
81.4 

M.3 

86.7 
87.0 
8S.1 
88.6 
88.7 
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Tha  abore  Talon  of  patfbrmaDea  are  baaad  on  oonatani-eiirrant  traoa- 
iorman  daaicnad  to  oparata  on  a  2,200-Tolt  ainuit;  tba  numbar  of  lampa 
eompriainc  tba  aaoondary  load  will  impmA  upon 
tbair  operatinc  enmat  and  Toltaie. 

laipiaaaad 

AUTo-nuanroBiiBBS 

m.  Oamaral  prinalpla*.  Tba  anto-trana- 
lormar  ia  notbinc  mora  tban  a  tranaformer  ao 
eonzkectad  that  part  of  tbe  load  ourrent  ia  aup- 
pliad  by  tbe  pnmary  etimnt,  and  part  by  tha 
aaconda[ry  current.  The  ralative  amount  aup- 
pKed  by  aach  will  depend  upon  tbe  ratio  of 
tianatonnation.  If  the  ratio  of  tranafcrmation 
ia  larca,  tha  eorrani  in  tbe  aaoondary  will  ba 
brae  compared  with  that  in  the  primarjr,  and 
tba  proportion  of  tbe  load  current  eontnbutad 
by  tbe  primary  eonent  will  be 


PilaaiT 

M»BW(Ht 


SI 


F I  o .    3  8. — Tranaformer 
.  on  tha  ahown  connected  as  an  auto- 
otber  hand,  if  tbe  ratio  of  tranaformation  ap-  tranaformer. 
proachea  unity  the  primary  current  will  be  larga 

compared  wsui  tba  aeeonoary  currant,  and  therefore  the  primary  current 
wiD  aupply  the  sreatar  portion  of  tbe  load.  FIc.  18  iUnatrataa  the  ooancc- 
tiona  of  a  tranaformer  for  nae  aa  an  auto-tranaformer,  and  (i  vaa  alao  a  phyaieal 
aooeaption  of  the  current  relationa  in  the  lattar.  The  primary  roltaae 
ia  the  diSetanoe  between  tbe  roitaaa  of  tbe  aupply  circuit  and  that  of  the 
aaoondary  drcuit.  Tbe  load  curreDt  ia  auppUed  from  tbe  primary  and  the 
aaeondarr  in  approximately  invetae  proportion  to  the  reapective  number 
of  tuma  in  their  windinca.  Therefore,  the  lower  tha  ratio  of  tranaformation, 
the  amaller  will  be  the  tranaformer  re<|uired  to  deliver  a  (iTcn  load,  and  tbe 
more  efficient  wW  be  the  tranaformation.  The  method  of  conaaction  mav 
be  modiBad  from  that  ahown  in  Fig.  38,  but  the  principle  ia  unchanced. 
Aa  tbe  load  on  the  aeoondary  ia  inrrwaaed  the  pnmuy  Toltace  becomes 
creator,  so  that  tbe  regulation  of  an  auto^ranaformer  ia  vary  much  better 

than  when  uaed  aa  a  aimple 
Baa  bar  tranaformer. 

1T4.  Tjrpaa  and  eliarM- 
tartotlcs.  Auto^anaform- 
eta  may  be  uaed  for  every 
porpoae  for  which  tisnaform- 
era  are  uaed,  but  there  i* 
little  to  be  gained  by  uaing 
them  for  large  ratioa  ol  truia- 
formation,  and  on  higb-vol- 
tage  work  their  uaa  requirea 
■  a  grounded  syatcm  for  the 
sake  ol  aafety  In  operation. 

ITf.  Auto-trMufomMn 
far  power  purpoaas  may 
be  uaed  instead  of  traas- 
focman  to  step-op  or  step-down  the  voltage  of  a  grounded  tranamisrion 
line.  Such  an  arrangement  ia  found  very  convenient  when  supplying 
power  to  a  groundea  system  from  a  grounded  supply  dreuit.  A  good 
examnla  of  tbe  use  of  auto-tnnaf ui  mei  a  tor  power  puipoaes  ia  aflardea  by 
the  New  York,  New  Haven  and  Hartford  Railroad  system,  in  which  the 
ll,aOO-volt  trolley  circuit  ia  auppUed  through  auto-tranaformera  at  each 
aection  from  tbe  32,000  volt-feeder  drcuita.  Auto-transformers  may  alao 
be  uaed  as  a  means  of  interlinking  two  systems  of  different  voHagaa;  the 
tbree-pbaae  auto-tranaformer  ia  commonly  uaed  for  this  purpose. 

ITI.  Anto-tnaatanaara  or  h»l>ini>  Mils  are  often  employed  to  ob- 
tain tha  middle  wire,  or  neutral  wire,  of  a  three-wire  altemaUng-«urrei\t 
system,  Tbe  sise  of  balance  coil  used  ia  ordinarily  one  that  will  take  care  of 
3ft  per  cant-  intka'w"**"!  of  the  system. 

ITT.  Aat»-ttsatf orman  or  balMiea  ai»lls  for  thra»-wira  diraet-enr- 
raat  gygtom*,  The  connection  shown  in  Fig.  33  of  Sec.  9  ia  sometimes  uaed 
to  obtain  tbe  neutral  of  a  tbn»-wire  direct-current  system. 


Fio. 


Bna-bar 

30. — Use  of  auto-tranaformers  for  par- 
alleling tranaformera. 
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ITI.  Auto-trftnaforoMri  (or  produoinr  a  propar  dlTislon  of  the  lomd 
between  truiafonnen  oiieratiiif  in  parallel.  There  are  several  ways 
in  which  auto-tranaformers  may  be  used  for  this  purpose;  one  of  these,  by 
which  a  group  of  any  number  of  transformers  of  ooo  design  may  be  connected 
so  as  to  operate  in  multiple  with  a  group  of  any  number  of  transformers  of 
^___^___^^^^________    another  design,  is  illustrated 


M 
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-Use  of  auto-transformera  for  par- 
alleling transformers. 


by  Tig.  39.  The  Illustration 
shows  only  single-phase 
groups,  but  polyphase  groups 
may  be  paralleled  in  a  sim- 
ilar manner. 

Another  method  of  paral- 
KTA  leling  two  groups  of  trans- 
formers is  illustrated  in  Fi^. 
40.  In  this  method  it  is 
iif  I  nnsiinij"  to  have  an  auto- 
transformer  with  a  number 
of  tape,  BO  that  the  proper 
tap  may  be   used  for  each 


combination  of  groups.  When  paralleling  two  transformers  of  unequal  im- 
pedance drop  at  their  rated  currents,  the  voltage  across  the  whole  winding  of 
the  auto  transformer  will  be 


Vam-/in)«-(-(/ixi-/«i)«  (64) 

The  winding  should  be  designed  to  have  the  turns  in  each  portion  inversely 
proportional  to  the  rated  current  of  the  transformer  connected  to  it. 

m.  The  refulaUon  of  an  auto-trangformar  is  illustrated  molt 
clearly  by  means  of  a  vector  diagram.  Fig.  41  shows  the  vector  diagram  of  a 
step^own  auto-transformer.    I^g.  42  shows  that  of  a  step-up  auto-trana- 


ci^: 


Fia.  41. — Step-down. 


Fia.  42. — Step-up. 


FioB,  41  and  42. — Vector  diagrams  of  voltage  relatione  in    step-down  and 
step-up  auto-tranaformers. 


former.  TheconstructionisasfoUow8:OAistheprimary countere.m.f.  OBit 
equal  to  OA  multiplied  by  the  ratio  of  transformation.  The  impedance  drop 
Bb,  in  the  case  of  the  stcp^own  auto-transformer  (Fig.  41)  is  equal  to 
(l  —  m)  times  the  short-circuit  impedance  voltage  of  the  auto-transformer 
considered  as  a  transformer  with  the  primary  short-cirouited,  the  Aeoondary 
of  the  transformer  being  that  portion  of  the  winding  which  forms  the  sec- 
ondanr  of  the  auto-transformer,  the  primary  being  the  remaining-portion, 
'm'  being  the  ratio  of  transformation.  In  the  vector  diagram  tor  tne  step- 
up  auto-transformer  (Fig.  42)  the  impedanoo  droo  BE  is  equal  to  the  short- 
circuit  impedance  of  the  secondary  with  the  primary  winding  short-cir- 
cuited, the  secondary  being  that  of  the  auto-transformer  eonsideted  as  a 
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Imiflfonner.  In  each  case  OB  ia  the  ucondary  e.m.f.  at  100  per  cent,  power- 
faetor  andOO  ia  the  e.m.f.  across  the  remaining  portion  of  the  winding.  The 
triangle  HOK  ia  equal  to  BSF.  The  vector  diagrams.  Fig.  41  and  Fig.  42, 
ihow  the  regulation  for  a  load  of  100  per  cent,  power-factor;  the  loci  for  any 
load  of  any  power-faetor  may  be  obtained  by  foUowing  the  oonstruotion 
■faown  in  ^^g.  6,  described  under  "  General  Theory,"  Far.  U. 

ISO.  Tbe  eott  of  an  auto-truuformer  designed  to  deliver  a  given 
amount  of  power  f,  dei>ends  upon  the  ratio  of  transf ormaUon.  The  actual 
rate  at  which  energy  is  transformed  electromagnetically  in  the  auto-trana- 
(ormer,  ia  the  true  criterion  of  its  cost;  this  rating  may  be  conveniently 
referred  to  as  the  eqxiivalent  transformer  rating,  though  it  should  be 
kept  in  mind  that  in  the  auto-transformer  the  insulation  stresses  may  be 
different  from  those  that  occur  in  the  transformer.  If  m  be  the  ratio  of  the 
low-tenaion  e.m.f.  to  the  high-tension  e.m.f.  of  the  auto-tranaformer  at  no 
load,  the  equivalent  transformer  rating  will  be  (1— m}/*,  wherePia  the  auto- 
tnnsformer  rating.  If  m^^},  the  transformer  rating  of  the  auto-trans- 
formcr  ia  one-half  ita  auto-tranaformer  rating,  y  m  be  very  small,  the  two 
ratings  approach  equality;  if  m  be  larger,  the  transformer  rating  ia  very  small 
eomparea  with  the  auto-tranaformer  rating.  The  cost  of  the  auto-trana> 
former  may  thus  be  expressed  in  terms  of  a  two-winding  tranaformer  with 
eertain  conditions  of  insulation  stress  to  \fe  considered.  Since  .auto- 
transformers  are  moist  generally  used  on  low-voltage  circuits,  the  effect  of 
the  ^fference  in  insulation  stress  is  usually  negligible. 
,  Ul.  Induction  starteri  are  auto-trantformen  connected  for  oper»- 
tion  on  polyphase  circuits,  to  reduce  the  voltage  applied  to  an  induction 
motor  at  starting.  Usually  a  number  of  starting-points  are  provided,  so 
that  the  aame  design  may  be  used  for  di£ferent  starting  conditions. 

IHBTmUMEirT  TBANBrOKMBSB 
in.  Shunt-tgfpe  (potential)  tranaformen  are  used  for  many 
dssses  of  work,  such  as  operating  relays  for  voltage  regulation  and  protec- 
tion, operating  recording  instruments,  power-factor  meters,  and  switchboard 
inetruments,  including  voltmeters  ana  wattmeters.  For  accurate  work  a 
potentiml  transformer  should  carry  the  load  of  one  instrument  only,  and 
should  be  compensated  for  this  loaid. 

ISt.  In  the  design  of  shunt-type  (potential)  transformers  it  is 
important  to  keep  the  weight  of  iron  and  the  effective  impedance  as  low  as 
possible;  therefore  the  insmating  material  \»ed  must  be  highly  efficient  as  an 
insulator,  and  the  coils  must  be  so  subdivided,  wound,  and  insulated  as  to 
occupy  the  minimum  amount  of  apaee.  The  induction  must  be  fairly  low,  so 
>■  to  avoid  diatortion  of  wave  form  due  to  the  exciting  current. 

IM.  Compensation  for  the  effect  of  the  load  current  and  the  ez- 
dtlng  current  may  be  calculated  from  the  equivalent  circuit  as  discussed 
in  Par.  19,  under  Getaeral  Theory."  '  No  definite  rules  can  be  laid;  the 
best  guide  is  a  comparison  between  calculated  values  and  teet  results. 

lU.  Shunt-type  instrument  transformers  are  manufactured  to 
operate  on  all  vutages,  up  to  1(X),000  volts.  For  very  high  volta|[es  the 
dengn  of  a  reliable  transformer  of  low  cost  becomes  exceedingly  difficult; 
the  cost  of  the  terminals  alone  is  a  very  large  item. 

IM.  8eriea-type  (current)  transformers.  It  has  been  shown  that  in 
tnch  transformers  the  effect  of  wave-form  distortion  of  the  secondary  cur- 
rent on  ^e  accuracy  of  meaaurementa  is  so  small  as  to  be  undetectable,  even 
wiUi  the  most  accurate  instruments  available.  It  follows  that  in  considering 
HOT  particulM*  load  the  wave  form  of  the  secondary  current  m^y  he  assumed 
to  be  a  sine-wave  and  the  equivalent  sine-wave  value  of  the  exciting  current 
>na^  be  taken.  It  will  be  found  convenient  in  practical  work  to  consider  the 
rttio  aa  unity,  and  the  luimary  current  reversed  in  time  phase  so  as  to  be 
eeariy  in  phase  with,  instead  oi  being  nearly  in  opposition  to,  the  secondary 
current,  H  being  of  course  understood  that  the  phase  of  one  of  them  must 
be  reversed  in  a  transformer.  Then,  referring  to  Fig.  4  under  "General 
Theory'*  (Par.  If  to  Par.  11),  weVnd  that  the  induced  voltage  in  the  sec- 
°Bdary  voltage  in  the  secondary  circtiit   under  load  of  impedance  Zo   « 

^•■¥ji*U  ia 
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The  mean  induction  in  the  oore  will  depend  on  thia  t.m,t.  uid  may  b»  found 
by  meana  of  Eq.  4.  Let  the  ancie  of  lag  of  the  exciting  current  behiod  the 
loduced  e.m.f .  be  a  and  let  ite  value  oonaiderad  with  reference  to  the  aecond- 
ary  winding  be  /at:  then  if  the  angle  of  lead  of  the  induced  e.in.f.  over  It 
be  >,  determined  by  the  formula, 

we  shall  have 


/. -/.['y/l+  (J-)  '+2^  CO.  (»-«)  ] 


>»' 


(68) 


where  t  anda  are  already  defined,  and  the  value  of  «i  is  found  from  the  formula 
-,  -  sin  (♦  —  a) 

tan.,--S- <«•> 

l+Jj"  CO.  (»-<.) 

The  quantity  under  the  radical  in  Eq.  67  i.  the  factor  by  which  the  ratio 
turn,  must  be  multiplied  in  order  to  get  the  ratio  of  transformation,  and  Vi 
is  the  lead  of  the  primary  current  over  the  secondary  current. 

1ST.  The  importiuit  tmeton  in  tha  daaign  of  lartaa  (earrent)  traaa- 
(ormen  are  the  load  impedance  and  the  effective  secondary  imi>edanoe  for 
these  together  determine  the  mean  induction  in  the  iron  for  a  ipven  seeondary 
current.  These  facton  being  fixed  the  exeellenoe  of  the  design  will  depend 
on  the  quality  of  the  iron  and  the  care  taken  in  building  which  should  be 
such  as  to  make  />  as  small  as  possible.  Care  should  be  taken  in  the 
mechanical  design  to  avoid  eddy  ourrents  in  the  end  frames,  and  in  the 
electrical  design  that  in  the  endeavor  to  make  the  induction  low  by  using  a 
large  number  of  turns  this  purpoee  is  not  defeated  by  the  large  increase  in 
secondary  reactance  produced  thereby. 

ISS.  The  «aeot  of  thaw  (aeton  ftnd  of  diSarant  quaUtlM  of  iron 
may  be  studied  by  means  of  curves  of  ratio  and  phase  disdlacement,  sueh  as 
that  shown  in  Fig.  43  which  was  made  by  a  method  similar  to  thoas  raeom- 
mended  by  Crawford  and  Sharp,  Agnew  and  others  (see  Sec.  3). 


Bni.Bai 


tS  T  >lt.Amp. 


Tne. 


BatI 


P(  toei  t  B  itto 


io 


4000/6  Aaps 


at  n  0  «• 


Oil  pla<  8m«  St 


40'    60    60    70    80    M  100  110   UO  UO  IM  UO 
Fanant  Bated  Prlmarr  Onrrent 
Fia.  4<1. — Calibration  curve  of  a  standard  bus-bar  type  series  transformer. 

Itt.  Sarief  (ouirent)  truuforman  for  hlg h-Toltac*  eireult*  are 

rnerally  costly  on  account  of  the  necessity  of  insulating  them  heavily    and 
they  are  (ril-immeised  they  require  in  addition  a  high-voltage  terminal. 
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A  MW  dadcn  hu  bMB  developed  for  hisli  voltaces  which  is  len  costly. 
It  conoiata  o(  B  con  which  is  wound  with  the  ncondsry  winding,  while  the 
piimary  winding  is  wound  ttirough  a  condenser  ieftd  which  passes  through 
tlw  opening  of  the  core. 

IM.  Oorraetion  taeton  for  power  makiuromanti.  Erron  introduced 
in  meuurements  made  with  the  use  of  aeries  (currant)  and  shunt  (potential) 
transformers  are  usually  negligible,  if  the  power-factor  of  the  load  measured 
is  high.  On  low  power-factors  the  results  will  be  inaccurate  to  an  appraoiable 
degree  and  the  calibration  curves  of  the  tiwutformers  should  be  used  in 
order  to  malie  the  necessary  corrections.  If  the  power-factor  of  the 
load  be  cos  a  and  the  angle  of  lead  of  the  secondary  eumnt  of  the  series 
(current)  transformer  be  $\  and  the  antfe  of  lead  at  the  saeondary  e.m.f. 
of  the  shunt  (potential)  transformer  be  fc,  and  if  pi  and  pi  are  the  corrections 
to  l>e  applied  to  their  name-plate  or  nominal  rstioa  as  indicated  on  the 
correction  curve  (Fig.  43),  and  further  if  Et  and  It  are  the  obeerved  values  of 
the  secondary  e.m.f.  of  the  shtint  (potential)  transformer  and  the  secondary 
cnmnt  of  the  aeries  (current)  transformer,  respectively,  then 

/       i.   I  *  V     wattmeter  reading  ,,„. 

co8(a-«i+*i)- ^-f —  (70) 

The  correct  value  for  tite  power  meaaured  will  then  be  obtained  by  multiply- 
ing the  obeerved  reading  by  the  factor 

r ,  "_'«XX;\j"'»  multiplied  by  (product  of  nominal  ratios) 

Ml.  Stendard  wrta*  (eviront)  truufonnen  are  designed  to  give  a 
enrrent  of  S  amp.  in  the  secondary  winding  with  full-load  currant  in  the 
primary  winding,  and  a  load  of  25  volt-amp.  Thev  an  made  for  use  on 
ctrcttits  from  2,200  volts  up  to  20,000  volts,  air-cooled,  and  for  primary  cur- 
KOU  of  5,  10,  15,  20,  30,  40,  50,  00,  75,  80,  100,  120,  200,  300  and  400  amp. 
Transformers  designed  to  slip  over  a  stud  or  cable  which  constitutes  a 
one-turn  winding,  ara  mode  for  primary  currents  from  600  amp.  up  to  8,000 
amp.  Series  (current)  tranaformers  for  higher  voltagea  than  20,000  volts 
are  usually  oil-insulated. 

IM.  All  Instrument  trmnsforman  ihould  have  their  leeondary 
vindloo  grounded,  because  a  high  potential  may  be  induced  in  the 
Kcondary  winding  deiiending  on  the  mean  potential  of  the  primary  winding 
to  xround  and  the  ratio  between  the  electrostatic  capacity  of  the  secondary 
winding  to  ground,  and  the  electrostatic  between  primary  and  secondary 
windings.  In  addition  to  this  in  the  caae  of  series  transformers  precaution 
Bbould  be  taken  to  see  that  the  tec&ndarjf  vfinding  ia  8hort-eireuited  before 
an  inatrutnent  ia  removed,  otherwise  an  excessive  e.m.f.  will  be  inducea  in 
the  seeondanr  winding  due  to  the  line  currant  now  becoming  the  magnetis- 
ing current  of  the  transformer.  This  ia  true  of  all  seriee  (currant)  transform- 
eii,  but  the  e.m.f.  becomes  particularly  high  in  transformers  designed  for 
a  high  degree  of  accuracy,  and  in  bus-bar  type  transformers  for  I,CI00  amp. 
and  above. 

TkAKBrOUOBS  FO»  inBCKU.AHIOUB  UBIB 

IM.  Track  traaaforman  tor  oparatinc  signals  are  small  transformers 
iiiiiilar  in  design  to  those  used  for  sign  lighting,  hereafter  described.  The 
•econdarics  of  the  transformer  are  connected  across  the  two  rails  of  a  track 
while  the  primaries  are  supplied  from  110  volt  feeders  which  are  in  turn 
nipplied  by  small  step-down  transformers  similar  to  standard  lighting  trans- 
formeis  from  60  cycles  or  25  cycles  2,200-  or  6,600-volt  tranamiasion  lines. 

If4.  A  line-drop  eompeoiator  is  a  device  for  obtaining  with  a  volt- 
meter located  in  the  generating  or  substation  the  volta^  at  the  end  of  a 
line,  or  at  some  predetermined  point,  and  conaista  essentially  of  a  reactance 
and  a  resistance  in  series,  which  may  be  varied  by  means  of  tape.  A  current 
proportional  to  the  line  current  ia  circulated  through  them  by  means  of  a 
series-type  (current)  transformer,  and  the  secondary  of  a  shunt-type  (po- 
tential) transformer  is  connected  to  the  proper  point  of  one  of  them  by 
nttaos  of  a  dial;  the  voltmeter  or  potential  relay  is  connected  between  the 
remaining  terminal  of  the  shunt-type  transformer,  and  the  proper  point 
cf  the  other  element  of  the  compensation,  by  means  of  a  dial.  With  a  proper 
ooice  of  curreot  transformer  and  with  proper  connections  aod  adjustment 
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of  the  dials  the  ▼(dimeter  or  potenti&l  relay  will  indicate  the  voltage  at  the 
desired  p<uni  of  the  feeder  or  line  for  any  load. 

196.  Theory  of  Une-drop  compezuaton.  Refer  to  Fig.  6  (under 
*' General  Theory'*)*  The  voltage  at  the  station  is  represented  hy  the 
eeoondary  O|>en-oircuit  voltaget  and  the  voltage  at  the  end  of  the  line  or 
centre  of  distribution  is  represented  by  the  secondary  full-load  voltage;  the 
reactance  drop  and  the  ohmio  drop  of  the  compensator  are  represented  by 
the  secondary  short-circuit  reactance  drop  and  resistance  drop,  respectively. 

194.  In  order  to  obtain  liie  hlffheit  accuracy  with  line-drop  com- 
pensat<ffSf  it  is  necessary  that  the  voltmeter  operate  on  a  small  current 
compared  with  that  passing  through  the  compensator.  Compensators 
for  use  with  potential  regulators,  shoiild  be  designed  for  larger  currents  than 
those  for  use  with  indicating  instruments. 

197.  Compengatlng  transformers  for  neutraliBlnc  InduettTe  dU* 
turbanees  in  telephone  and  telegraph  lines.  Where  telephone  or 
telegraph  circuits  parallel  an  alternating-current  traction  system,  high 
voltages  may  be  induced  In  them  due  to  electromagnetic  induction 
from  the  railway  ssrstem.  To  overcome  this  trouble,  a  number  of  extra 
pairs  of  wires  are  placed  among  the  other  telephone  wires  so  that  their 
mutual  inductance  to  the  railway  circuits  is  the  same  as  those  of  the  regular 
telegraph  or  telephone  wires.  These  extra  wires  are  grounded  at  various 
points,  and  connected  to  the  primary  windings  of  a  special  transformer, 
so  that  the  e.m.fs.  induced  in  them  magnetise  the  transformer  in  the 
same  direction.  The  telephone  or  telegraph  wires  are  then  connected  to 
secondary  coils  of  this  transformer,  so  that  the  induced  e.m.f.  of  the 
transformer  opposes  and  neutralises  the  induced  e.m.f.  due  to  the  railway 
s^tem.  Since  the  two  wires  of  any  pair  encircle -the  core  in  the  same  direo- 
tion,  the  secondary  windings  are  practically  non-inductive,  as  far  as  the 
telephone  currents  are  concerned.  The  tranaiformers  are  usually  of  the  core- 
type  construction  and  differ  from  ordinary  transformers  only  in  the  largo 
number  of  secondary  coils  and  the  manner  in  which  they  are  wound  so  as  to 
obtain  freedom  from  cross  talk.  * 

199.  Insulating  transformen  for  telephone  Unet  are  designed  to 

f)rotect  both  the  telephone  and  the  user  from  high  voltages,  due  either  to 
nduction  or  accidental  contact  with  a  high-tension  line.  This  device  con- 
sists of  a  shunt  transformer  provided  with  a  condenser  across  the  primary 
tcrminalst  the  j)urpose  of  the  condenser  being  to  supply  the  greater  portion 
of  the  magnetizing  current  of  the  transformer  under  normal  operation.  The 
secondary  terminals  are  connected  to  the  telephone  in  the  usual  way.  Such 
transformers  are  usually  built  to  stand  a  25,000-volt  test,  for  1  min., 
between  the  windings,  and  between  windii^s  ana  case.  A  lightning  arrester 
and  special  fuses  are  generally  providea  for  the  primary  circuit.  The 
secondary  may  be  grounded  if  desired,  or  an  insulated  sto<d  provided  for  the 
user  to  stand  upon. 

199.  Eztra-hlgh-Toltage  testing  transformers.  Test  voltages  as 
high  as  375.000  volts  above  ground  potential  are  becoming  common,  such  a 
test  voltage  reauires  a  testing  transrormer  equivalent  in  insulation  strength 
to  one  designed  for  750,000  volts  with  the  middle-point  grounded.  In  the 
testing  of  insulators  an  artificial  ground  is  commonly  used  for  the  lugher 
voltages.  This  method  of  testing  is  economical  in  the  respect  that  it  requires 
a  transformer  insulated  for  only  one-half  the  potential  necessary  when  test 
specifications  require  that  one  terminal  be  grounded;  but  it  is  open  to  doubt 
whether  tests  made  in  this  manner  sre  as  exacting  as  those  made  with  one 
side  of  the  circuit  grounded.  _  Testing  transformers  may  now  be  obtained 
suitable  for  intermittent  testing  up  to  600,000  volts  with  one  terminal 
grounded,  and  up  to  750,000  volts  with  the  middle-point  grounded.  One 
testing  trEmsformer  in  present  service  has  been  tested  up  to  720,000  volts, 
effective  (by  spark-gap  measurement),  with  one  end  grounded;  another  has 
been  tested  momentarily  up  to  900,000  volts,  effective  (by  spark  gap),  with 
the  middle-point  grounded.  The  voltage  imprciiiBed  on  the  primary  is 
raised  either  by  cutting  out  resistance  as  in  the  potentiometer  method  of 
contrail  or  by  employing  a  dial  and  a  separate  regulator  transformer. 

too.  Bell-rlnginff  transformers.  The  bell-ringing  transformer,  con- 
nected to  a  110-voit,  OO-cycle,  lighting  circuit,  produces  at  its  secondary 

*See  article  In  Bleetrie  Journal  for  October,  1014,  by  Shaw. 
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terminala  ■  Toltage  tuitkble  for  operating  door-bella,  busiers,  annunciator*, 
miniatxire  incandesceDt  lampa,  or  for  any  purpose  for  which  dry  or  wet-oeli 
batteries  are  used.  The  tranflformer  has  tne  advantage  over  batteries  that 
it  requires  no  attention  after  it  has  been  Installed,  and  there  is  no  further  ex- 
pentutura.  since  its  life  is  probably  indefinitely  long;  and,  furthermore,  the 
annoyance  of  having  bells  out  of  order  due  to  battery  failxires  is  done  away 
with.  The  amount  of  energy  consumed  at  no  load  is  very  small,  being 
about  1  watt.    Voltages  of  16  or  24  volts  are  obtained. 

101.  Truutormar  aqulpmenti  (or  ttuwinc  w»tar  pipes  by  elaetrle- 
Itf.  These  equipments  consist  of  a  transformer  having  high  reactance,  or 
a  transformer  and  an  external  reactance  combined,  v^hen  in  operation, 
the  high-tension  leads  are  connected  to  the  main-Une  feeders.  The  sec- 
ondary leads  may  be  connected  to  any  convenient  points  in  the  piping  sy^ 
tem,  so  that  the  frosen  portion  is  included  in  the  circuit.  The  transformera 
are  generally  air  cooled  and  portable. 

IM.  Bicn-Ughtiiic  truuformen.  The  standard  practice  in  lighting 
deetric  signs  is  to  use  10-volt  tungsten  lamps  of  about  4  o-p.,  which  have  a 
watt  consumption  per  candle-power  of  only  a  little  over  one-fourth  that  of 
earbon-filament  lamps  of  the  same  candle-power,  and  to  operate  these  lamps 
in  multiple,  using  a  step-down  transformer  by  which  the  pressure  of  tne 
no-volt  or  220-voIt  supply  circuit  is  reduced  to  a  suitable  value.  These 
transformers  are  designed  for  use  on  60  cycles,  at  voltages  of  240,  220,  or 
300  volts,  or  at  120,  110,  or  100  volts,  and  will  deliver  their  full  rated  load 
at  either  10  or  20  v<^t8.  The  ratings  and  efficiencies  of  these  transformers 
are  as  follows,  in  Par.  SOS. 

SOS.  Table  of  Batingi.  Kffloieneiai  Mtd  Wotghtl  of  Slcn-Uchtlng 
Tyanfforman 


Rating  in 
watta 

Efficiency 

Wt.  lb. 

iload 

iload 

)load 

FuUload 

160 
250 
376 
500 
1.000 
2,000 

85.3 
84.1 
87.1 
87.8 
91.3 
91.6 

90.6 
90.2 
91.9 
92.4 
94.4 
95.0 

91.5 
92.0 
93.1 
93.5 
95.1 
95.9 

91.5 
92.6 
93.3 
93.7 
95.0 
96.2 

17.0 
28.0 
31.0 
34.0 
70.0 
86.6 

104.  Trmifoimii  for  op«ratlzLff  series  inoftndescent  lamp  from 
urlee  ero-lamp  dreulti  are  eflsentially  seriea-type  (current)  tranuormere 
of  tuitable  dimensiona  and  windings  (or  the  service  required.  They  are 
dengned  to  transform  the  current  from  the  value  in  the  seriee  arc-lamp 
circuit  to  a  value  suitable  for  aeries  tungsten  lamps.  Besides  ipving  good 
regulation,  a  transformer  of  this  kind  must  be  arranged  so  that  in  event  of 
the  secondary  becoming  open-circuited  while  the  primary  current  is  at  normal 
value,  the  rise  in  Toltage  will  not  be  excessive.  These  characteristics  are 
Mcured  by  contracting  the  section  of  the  core  at  several  points,  so  that  the 
iron  becomes  saturated  at  full-load  primary  current  and  thus  limits  the 
secondary  voltage  to  a  value  approximately  150  per  cent,  of  its  normal 
fnlMoad  value.* 

TBAHSrOKMEft   TISTXNa 

106.  Trazufonaer  taatlnf  may  be  oonTenlentlr  olaHlfled  as  follows: 
,  (a)  Shop  tests  made  diuin{{  process  of  manufacture  for  the  [>urpoee  of 
<Uscovering  any  groes  defects  in  the  winding  of  coils  and  in  the  insulation 
of  the  completed^ tranaformer.     See  Par.  S06. 

(b)  Specifieation  tests  to  determine  whether  the  factory  has  correctly 
(oUowed  the  engineer's  specifications.     See  Far.  107  and  108. 
,  (c)  Measurements  of  losses  and  determination  of  performance  and  regula- 
tiea.    Tlieee  must  meet  the  manufacturer's  guarantees.     Par.  109  to  111. 

(d)  Heat  tests  to   determine   running   temperature.     The   temperature 


*  Oetwai  Bleetrie  Review,  June.  1011,  p.  203. 
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rises  under  oertftin  specified  conditions  must  meet  the  guaranteed  values. 
Par.  tit  to  tie. 

(e)  Insulation  tests.  These  comprise  the  overpotential  teat  which  ia 
made  for  the  purpose  of  expoains  any  defect  or  injury  in  the  insulation 
between  turns,  between  layers,  and  between  coils;  the  disruptive  test  for 
determining  wnether  the  insulation  between  the  primary  and  the  secondary 
windings  and  between  these  two  windings  and  ground  is  sufficiently  strong. 
Par.  m  toltO. 

(0  Tests  on  instrument  transformers;  calibration. 

IOC.  Shop  tMta.  In  the  case  of  large  power  transformers  these  t«ata 
are  sometimes  omitted,  but  in  their  stead  each  coil  is  very  carefully  inspected 
during  the  course  of  winding  and  insulating.  The  tests  to  determine  any 
defects  in  winding  are  made  by  placing  each  coil  on  a  core  which  is  furnished 
with  a  removable  yoke,  and  inducing  in  each  turn  of  the  coil  a  specified  e.iu.f- 
A  test  to  determine  whether  the  insulation  is  intact  after  the  ccula  are 
assembled  and  the  iron  built  in,  is  made  by  subjecting  the  insulation  between 
the  primary  and  the  secondary  windings,  and  between  each  of  these  windings 
and  ground,  to  a  test  of  several  thousand  volts.  The  transformer  is  then 
ready  for  the  testing  department. 

lOT.  Teita  to  determine  wbether  the  truutormer  tt  eorroctlr 
wound  and  astembled.  The  first  test  to  make  is  the  ratio  teat.  This 
determines  whether  the  transformer  has  been  wound  correctly  and  the  leads 
and  tap  brought  out  in  the  right  places.  The  methods  used  in  making  this 
test  will  depend  upon  the  transformer  to  be  t«ited.  Large  power  trans- 
formers are  tested  for  ratio  by  having  a  fraction  of  the  normal  voltage 
impressed  on  a  winding  while  the  voltage  between  taps  is  meaHured  by  means 
of  a  voltmeter,  and  the  ratio  of  the  tap  voltage  to  the  total  ia  thus  obtained. 
The  ratio  of  the  primary  voltage  to  the  secondary  voltage  is  obtained  in 
the  same  manner.  Small  transformers  for  lighting  and  small  power  service 
may  be  tested  by  balancing  against  a  standard  of  known  ratio.  The  same 
method  applies  to  shunt-type  (potential)  transformers  for  instrument. 

i08.  Polarity  tost.  In  power  transformers  this  test  follows  the  ratio 
test,   and  is   made  by  connecting  two  adjacent  primary  and  secondary 
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Fig.  44. — Connection  for  making  iron-loss  test. 

leads  together  and  noting  whether  the  secondary  e.m.f.  is  thereby  added 
io  the  primary  e.m.f.,  or  subtracted  from  it.  In  the  case  of  small  trans- 
formers, the  ratios  of  which  are  tested  by  comparison  with  a  standard,  the 
pcriarity  is  given  at  once  by  reference  to  that  of  the  standard.  Thus  the 
apparatus  for  testing  may  be  so  arranged  that  if  the  polarity  of  the  trans- 
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former  to  be  tested  is  wrong,  a  red  pilot  lamp  becomes  eoergised.  This 
method  of  determiniEME  polarity  is  onaraoteristio  of  aU  balanoe  methods 
applied  to  alternating-current  work,  such  as,  for  instanoe,  the  shuat-reaist- 
aace  method  of  testing  the  ratio  and  the  phase  displaoement  of  series-tyi»e 
(current)  transformers. 

Mt.  MMtforeinents  of  loaaas  oompiise  those  for  oore-loss,  and  those 
for  copper-loas  and  impedance  volts.  The  core-loss  consists  of  both  hys- 
teresii  and  eddy-ciurent  losses  in  the  iron.  Since  the  "flux-linkages"  are 
the  time  integral  of  the  induced  e.m.f.,  and  since  all  commercial  e.m.f. 
wrp4i>nxtB  contain  the  odd  harmonics  only,  the  maximum  value  of  B  will 
be  determined  by  the  average  value  of  a.  And  therefore  the  hysteresis 
loss  will  depend,  not  on  the  root-mean-square  value  of  S.  but  on  its  average 
nlue.  The  eddy-current  loss,  on  the  other  hand,  will  aei>end  on  the  root- 
mean-square  value  of  B.  Hence  the  oore-loss,  to  be  measured  accurately, 
most  either  be  obtained  on  a  circuit  having  an  e.m.f.  wave,  whose  average 
Tslos  and  root-mean-square  value  have  a  specified  ratio  (the  standard  wave 
is  sine-wave  and  the  standard  ratio  of  root-mean-square  to  average 
Tslue  is  1.11),  or  else  compensation  must  be  made  for  any  deviation  from 
this  ratio  by  aome  device  which  indicates  how  much  to  raise  or  lower  th» 
rottage  to  obtain  the  correct  loss.  It  is  essential  in  the  former  case  ^at 
the  wave  form  at  the  terminals  of  the  transformer,  after  correction  has 
been  made  for  wave  distortion  due  to  voltage,  regulating  devices,  etc.,  shall 
be  such  that  this  ratio  is  equal  to  1.11.  The  second  method  may  be 
nsed  with  the  aid  of  an  *'1ron-lou  ToUmeter"  (Sec.  3).  Fig.  44  shows 
ih/t  connections  used  for  measuring  iron-loss.  When  the  iron*los8  voltmeter 
i*  nsed  it  riiould  be  connected  in  circuit  with  the  root-mesn-square  voltmeter: 
both  readings  should  be  noted  and  oorreotion  made  for  the  shunt  loss  of  the 
wattmeter  from  the  readings  of  the  root-mean-square  voltmeter.  Strictly 
speaking,  the  loss  should  be  taken  with  both  voltmeters  in  circuit  and  eorree- 
Uons  made  for  their  losses  also.  The  iron-loss  vidtmeter  is  provided  with  a 
scale  by  which  its  loss  may  be  read  directly. 

tlO.  In  mttftfurlng  the  oore-lou  ev  shonld  be  taken  that  when  a 
potion,  only,  of  the  winding  of  the  transformer  is  used  it  is  so  situated  that 


Flo.  45. — Ccmnections  for  making  copper-loss  and  impedance-drop  test. 

ths  magnetic  leakage  is  practically  the  same  as  under  normal  open-circuit 
conditions.  In  general  it  is  better  to  sacrifice  a  little  in  convenience  and  use 
the  whole  winding,  than  run  the  chance  of  error  by  using  a  portion  of  the 
winding.  The  v^ue  of  impressed  voltage  used  when  the  measurement  is 
made  on  the  secondary  side  should  be  the  rated  voltage  plus  the  secondary 
in  drop.    The  •qulTalent  iln«-wave  exoitinff  current  is  obtained  by 
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tb«  ammeter  reading,  and  the  true-watts  component  is  obtained  by  dividing 
the  observed  core-loss  by  the  value  of  rated  secondary  voltage  plus  the 
secondary  IR  drop. 

Sll.  Copper-lou  and  Impedance  Tolti.  This  measurement  is  made 
by  short-circuiting  one  winding  (properly  it  should  be  the  primary  winding) 
and  circulating  rated  full-load  current  in  the  other,  observing  the  loss  in 
watts  and  the  impressed  voltage.  The  connections  for  the  test  should  be 
made  as  shown  in  Fig.  45.  The  current  should  be  adjusted  with  the  volt- 
meter and  the  wattmeter  shunt  winding  disconnected.  The  wattmeter 
may  then  be  read  first,  followed  by  the  voltmeter.  If  the  exciting  current 
of  the  transformer  is  high,  a  correction,  obtained  from  Bkj.  11,  Par.  S4, 
must  be  added  to  the  copper-loss  measured  as  above.  The  copper-loss  so  ob- 
tained  will  be  the  true  copp^r-loas  of  the  transformer  and  inchidee  the  eddy- 
current  loss  in  the  conductors.  By  dividing  the  coppeMoea  by  the  rated  out- 
put, the  effective  TR  drop,  expressed  as  a  fraction  of  the  rated  voltage,  will  be 
obtained.  Divide  the  observed  voltage  by  the  rated  voltage,  and  the  effective 
impedance-drop,  expressed  as  a  fraction  of  the  rated  voltage,  will  be  obtained : 
the  effective  reactance  drop,  expressed  as  a  fraction  of  the  rated  voltage,  may 
then  be  obtained  by  taking  the  square  root  of  the  difference  of  the  squares 
of  these  two  quantities.  Efficiencies  and  regulation  may  then  be  computed 
from  these  results  by  the  usual  formulas,  which  are  given  under  "General 
Theory."  Par.  %A  to  Par.  16. 

IIS.  Teita  for  afflclency  of  cooling  include  the  measurement  of  tempera- 
ture rise  above  the  cooling  medium  at  various  loads.  Resistance  measure- 
ments are  also  included,  because  they  are  necessary  to  determine  the  rise  in 
temperature  of  the  copper. 

118.  Beilstanca  meaaurementi  may  be  made  with  a  Wheatstone  or 
a  Kelvin  bridge  of  the  proper  range.  The  conditions  for  measuring  the 
oold  resistance  should  be  carefully  prepared,  so  that  the  apparatus  whose 
resistance  is  under  determination  will  be  at  the  temperature  of  the  sur- 
rounding air.  If  the  temperature  of  the  room  fluctuates,  it  is  recommended 
that  an  idle  unit  be  employed,  of  the  same  design  as  those  on  test.  The 
resistance  of  the  winding  of  the  idle  transformer  may  then  be  used  as  a 
basis  from  which  to  measure  the  temperatiire,  by  increase  of  renstance  of  the 
loaded  transformer. 

S14.  Methods  of  loading.  There  are  various  methods  of  artificially 
loading  transformers.     The  best  method,  where  two  or  more  transformers 
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Fio.  46. — Method  of  artificially  loading  a  transformer  (opposition  method), 
are  obtainable,  is  the  oppoiltlon  method.  The  simplest  arrangement  of 
this  method  is  illustrated  in  Fig.  46.  Two  transformers  are  connected  as 
if  for  multiple  (Operation;  then  one  of  the  connections  of  one  set  of  windings  is 
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opened  ttod  (ulMoad  ounent  ia  droulated  in  the  cireuit  from  an  eztarnM 
wuRX  of  enarty.  Either  pair  of  windings  is  then  excited  from  a  suitable 
•ouree  at  proper  voltage  and  frequency.  It  is  preferable  that  the  time-phase 
relations  of  the  exciting  e.m.f.»  and  the  current-circulating  e.m.f.,  should  be 
capable  of  yaziation,  so  that  the  conditions  of  load  may  be  varied  to  suit 
different  requirements.  Another  method  of  loading  is  the  "Altarnata  op«n- 
drsoit  and  iliort-eijreiilt  method."  A  full  discussion  of  this  method 
may  be  found  in  the  proceedings  of  the  A.  I.  E.  E.,  Feb.,  1913,  in  papers  by 
Forteacue,  McConahey  and  Madden. 

Sli.  Kawrareinenta  of  temparatora.  After  steady  conditions  have 
been  reached,  as  indicated  by  thermometers  placed  at  various  points  in 
the  windings,  preparations  should  be  made  for  taking  the  hot  resMtenoa. 
To  insure  prompt  measurement,  the  instruments  should  be  set  before-hand 
for  the  expected  values,  so  that  a  quick  sdjuBtment^may  be  made. 

US.  In  maMng  tha  haat  tact  both  wattmatan  and  ammatari 
niaj  ba  naad.  Tne  wattmeters  may  be  arranged  to  read  the  total  core- 
loss,  tba  total  coppeMoas,  and  the  power  input  or  output.  The  power-factor 
of  the  load  may  De  obtained  and  adjusted. 

11 T.  Inanlatlon  taita  include  orarpotantial  taiti  for  the  purpose  of 
determining  whether  the  insulation  between  turns  and  coils  is  intact;  and 
diirupUTa  taata  to  determine  the  condition  of  insulation  between  primary 
asd  secondary  windings  and  between  these  windings  and  ground.  Some- 
tiaies,  also,  the  Inanlatlon  raiUtanoa  between  primary  and  secondary 
windings  is  measured. 

Sit.  Orarpotantial  taat.  For  large  transformers  an  overpotential 
ef  double  the  rated  low-tension  voltage  is  usually  applied  for  5  min. 
Co  the  low-tenaon  terminals.  It  is  desirable  when  making  this  test  on  high- 
Toltage  transformers  to  disconnect  the  high-voltage  winding  so  as  to  reduce 
the  voltage.  In  small  transformers  an  overpotential  of  five  times  rated 
voltage  at  fiOO  cycles  mav  be  used.  The  overpotential  test  should  be  made 
while  tba  transformer  is  hot. 

lU.  DiwptlTa  taft.  In  making  this  test  on  power  transformers  the 
low-tendon  winding  ia  connected  to  the  iron  and  to  ground,  and  the  primary 
vindiny  is  connected  to  one  end  of  a  tesdng  transformer,  the  other  end  of 
which  IS  grounded.  A  sphere  spark-gap  should  always  be  used,  with  tests 
above  50,000  volta,  for  measuring  the  voltage,  as  a  rise  in  voltage  is  likely  to 
occur  in  the  testing  transformer.  The  usual  test  is  from  two  to  two  and 
one-half  times  line  voltage.  The  Standards  Committee  of  the  A.  I.  E.  E. 
give  definite  recommendations  in  regard  to  the  tests  to  employ,  and  it  is 
customarr  to  follow  them.  Small  transformers  for  o_peration  on  2,200-volt 
areuita  anould  receive  a  test  of  10,000  volts  for  1  nun. 

no.  Toita  on  Instmmant  tranaforman.  Instrument  transformers. 
If  they  are  to  be  used  for  precise  measurements,  must  have  a  calibration 
curve  made  for  the  conditions  of  load  under  which  they  will  be  operated. 
These  calibration  curves  Dve  the  ratio  and  the  phase  displacement  for 
different  current-values.  For  methods  of  obtaining  calibration  curves  on 
ioatniment  transformers,  see  Sec.  3. 

ttl.  Inatrumanti  uiad  tor  taitilng  ihould  ba  carefully  ehoaan. 
The  use  of  series  (current)  transformers  and  shunt  (potential)  transformer* 
•hoold  be  avoided  unless  they  have  been  calibrated  for  the  particular  inatru- 
Bsats  to  be  used.  In  tasting  with  high-voltage  transformers  at  pressures 
•fcpve'SO.OOO  volts,  a  sphere  spark-gap  should  alwa.vs  be  used,  both  for  meas- 
iniag  the  maximum  of  the  applied  voltage  and  also  for  the  protection  of  both 
the  testing  transformer  and  the  apparatus  to  be  taatad.  The  sphere  gap 
can  be  relied  on  as  an  accurate  method  of  measuring  the  maximum  value  of 
the  applied  voltage.  * 

nrSTALUkTION,  OABE  AITB  OPiaATIOH 
,ttt.  Qanaral.     A  transformer  is  usually  very_  rugged  and  is  capable  of 
vithstanding  a  great  deal  of  abuse;  neverthelees,  it  will  be  found  to  reepond 
to  good  treatment  by  exhibiting  longer  life  and  higher  operating  efficiency. 

'Famsworth,  S.  W.  and  Forteacue,  C.  L.  O.  "Sphere  Spark  Gap;" 
IViuM   A  I.  E.  E.,  Vol.  XXXII,  pt.  1,  p.  733. 

Chobb,  L.  W.  and  Forteacue,  C.  L.  Q.  "  Calibration  of  the  Sphere-gap," 
Trmu.  A.  I.  E.  E.,  VoL  XXXII.  pt.  1,  p.  730.     Discussion  by  Peek,  p.  812. 
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>M.  Shlppillf  KOA  tmpaclriiig.  Before  lekving  the  factory,  truu- 
formen  are  carefully  packed.  Thejr  are  now  generally  shipped  in  their 
tanlu  with  oil,  and  are  ready  for  operation  t*  aoon  as  they  arrive;  but  it  ii 
alwayi  a  wiae  precaution,  particularly  with  high-TOltage  tranaformeis,  to 
draw  off  from  tne  bottom  of  the  tank  some  of  tne  oil  and  give  it  the  usual 
disruptive  test.  If  the  dielectric  strength  is  not  high  enough  the  oil  should 
be  dehydrsted  (Par.  Ul).  This  may  be  done  without  removing  the 
transformer  from  the  tank,  by  drawing  the  oilfrom  the  bottom  of  the  tank 
through  the  dehydrating  outfit  and  returning  it  at  the  top;  this  should  be 
continued  until  repeated  tests  show  the  oil  to  be  in  ^t>od  condition.  If  the 
transformer  has  been  shipped  in  a  packing  ease,  and  is  one  of  a  bigh-voltace 
type,  it  should  b«  dried  out  before  installation,  unless  it  is  hermetically 
sealed  in  an  air-tight  metal  casing.  The  safest  and  best  method  that  can 
be  used  to  dry  out  a  tranoformer  is  to  force  dry  air  at  a  temperature  of  90°  C. 
through  the  windings.  Grid  resistances  may  be  used  for  heating  the  air,  and 
it  may  be  foroed  through  the  windings  by  a  blower. 

tti.  PrcMkOtloiu  in  ""^""g  oonnaetioiu.  When  installed  ready  for 
operation  the  transformers  should  be  carefully  inspected  to  see  that  they  are 
all  connected  properly,  both  internally  and  externally;  that  all  switching 
apparatus  is  in  good  working  order;  and  if  new  banks  are  to  run  in  multiple 
with  previously  installed  banks,  it  should  be  noted  that  they  are  eonnertad 
at  the  proper  operating  taps,  and  so  as  to  have  the  same  polarity  as  the  older 
banks.  If  the  new  transformers  are  of  the  same^  manufacture  as  the  old, 
the  polarity  will  be  the  same  as  that  of  the  old,  if  the  banka  are  similarly 
connected.  If  they  are  of  different  manufacture  from  the  old,  the  polarity 
when  similarly  connected  may  be  such  as  to  make  parallel  operation  impoa- 
aible.  It  is  therefore  a  wise  precaution  to  check  up  the  relative  polarity  of 
the  old  and  the  new  banks  befoi«  connecting  together.  This  may  be  dona 
by  connecting  the  new  bank  on  the  high-tension  side  and  connecting  one  of 
the  low-tension  terminals  to  the  common  bus  bar;  then,  with  a  voltmeter, 
and  if  necessary  with  the  aid  of  a  shunt  (potential)  transformer,  measure 
the  voltage  between  the  other  two  terminals  and  the  respective  busses  with 
which  they  are  to  connect  (a  bank  of  lamps  may  be  used  instead  of  a  volt- 
meter, with  110- or  220-volt  connections)  and  observe  the  following  riilei: 

(•)  If  the  polaritlag  are  alike  the  voltmet«r  will  read  sero,  in  each  case. 

(b)  If  the  polarltlei  are  rereriad  the  voltmeter  will  read,  in  each  case, 
double  the  secondary  voltage.  The  remedy  is  to  reverse  the  connections  of 
the  low-tension  leads  of  each  transformer  in  the  new  bank.  (In  three-phase 
transformers  it  may  be  found  more  convenient  to  reverse  the  connections 
of  the  high-tension  coils.) 

(e)  In  three-phaie  tranaformen  the  following  cases  may  be  met, 
in  addition  to  the  above.  Having  two  similarly  located  low-tension  ter- 
minals, of  the  old  and  new  banks,  connected  together,  the  high-tennon 
termiuals  of  each  bank  being  similarly  connected  to  the  same  source  of 
e.m.f .,  measure  the  voltage  between  corresponding  free  low-tension  terminala. 

(e-1)  If  one  voltmeter  readi  the  leoondary  Toltara  correctly  and 
the  othtf  read!  double  thla  Talue,  the  external  polarity  of  the  two  trans- 
formers is  the  same,  but  the  terminals  are  in  different  order.  The  remedy  is 
to  interchange  the  internal  low-tension  connections  to  the  terminals  of  the 
new  transformers,  so  that  the  lead  ooimeeted  to  the  terminal  for  wUch  the 
voltmeter  reads  double  voltage  will  take  the  place  of  the  lead  eonnected  to 
the  terminal  tied  to  the  corresponding  terminal  of  the  old  transformer. 
Equivalent  external  transposition  may  be  made  instead. 

(c-S)  If  one  Toltmeter  read*  aero  and  the  other  readi  l.Tt  time* 
the  MeondMrr  v^tace,  then  we  have  a  case  of  reversed  external  iwlarity 
and  transposition  of  terminals,  combined.  The  remedy  in  the  case  of  a 
delta  connection  is  to  disconnect  the  ends  of  the  two  coils  from  the  terminal 
ahowing  high  voltage  and  connect  the  other  ends  of  these  two  coils  to  this 
terminal;  the  ends  previously  removed  should  then  be  connected  to  the  two 
remidninig  terminals,  so  that  a  ctnl  that  was  originally  connected  to  any  one  of 
these  two  terminals  will  now  be  connected  to  the  other  one.  An  equivalent 
change  of  connections  must  be  made  in  the  case  of  a  star  connection. 

SM.  Multiple  eonneotloni.  Transformers  having  like  primary  and 
secondary  connections  may  be  run  in  multiple  with  one  another,  but  trane- 
formers  having  unlike  primary  and  secondary  connections  cannot  be  made 
to  ma  is  multiple  with  the  former  except  by  the  use  of  auxtliary  devioM, 
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neli  u  kato-tnnilaniian.  It  i*  of  great  importanoe,  thenfon,  whan  bojint 
inmfonnera  for  multiple  opention  with  swerioiMly  ioetalled  bank*,  that 
the  eoniieetioiu  of  the  latter  are  (iven. 

tM.  Wta«r«  indapandant  aturnr  aonreai  supply  saoh  bank  of  trana- 
tmnara,  raUttra  polarl^  ia  of  no  eonaaqnanea,  nor  U  it  of  any  impor- 
tuee  wliether  the  piiraanee  and  the  neonaaiies  are  both  delta-eonnected, 
or  one  delta-conaeeted  and  the  other  itar-oonneeted. 

m.  Canaaa  of  Inaulation  failnraa.  Fint,  inadequnte  insulation 
•tnacth  at  the  point  of  failure.  Beoond,  imperfect  meohanieal  eupportinc 
■ad  bracinc  of  ooile,  so  that  when  lubieoted  to  the  tbort-eirouits  that  oeeur 
imder  operation,  the  coils  are  defleetaa  or  buckled,  thereby  teaiins  or  weak- 
taiac  the  insulation,  which  otherwise  would  be  quite  adequate.  Third, 
poor  deaicn  in  the  mattar  of  cooling,  such  that  while  nhowing  a  normal 
temperatnra  by  thermometer  or  by  rise  of  resistance,  the  windings  have 
portions  that  are  blanketed  or  far  remored  from  the  cooling  medium;  in 
other  words,  have  "bot  spots."  Such  a  condition  will,  in  the  course  of  time, 
cause  a  weskaning  of  the  mechanical  strength  of  the  fibrous  materials  of  which 
the  insulation  is  composed,  so  that  with  the  least  Jar  the  insulation  is  broken 
snd  an  internal  short-dreuit  results.  Fourth,  imperfect  operation  of  appara- 
ta  on  the  line,  such  as  einrait-breakers,  electrolytic  lightning  arresters,  etc. 
Rfth,  improper  operating  conditions,  such  as  overloading,  or  multiple  opera- 
tion  without  a  proper  diVisian  of  load,  ffixth,  lack  of  care  in  regard  to  eondi- 
tioBs  of  on,  dirt,  moisture,  ete.  Seventh,  direct  stroke  of  lightning.  Assum- 
ing that  the  transformer  has  been  carefully  derigned  in  every  feature,  only 
the  last  fbur  causes  need  receive  considerauon. 

Mt.  Lino  distorbuiea*.  The  operation  of  dreuit-breakers,  charging 
of  electrolytic  arresters,  breaking  down  of  line  insulators,  and  short-dreuits 
oo  the  line,  all  cieata  distnrbaneas  wUeh  produce  more  or  less  stress  on 
the  transformer  insulation;  but  transformers  arc  insulated  to  withstand  the 
itTHses  due  to  the  above  causes  as  they  arise  under  normal  working  con- 
ditions. When,  however,  rircuit-breakers  tail  to  operate  properly,  these 
•trcases  may  bo  unusually  severe.  It  is  therefore  Important  to  see  that  all 
proteetiw  oevicea  are  in  perfect  working  order.  With  certain  connections, 
•oeh  as  the  Scott  connection  and  the  "  i"'-connection,  the  charging  of  elec- 
trolytic lightning  arresters  may  cause  unusually  severe  stresses.  The 
behavior  at  the  transformers  under  such  conditions  should  be  carefully 
observed  and  if  any  unusual  conditions  are  present  they  should  be  looked 
into. 

tn.  Imprepor  opantlnc  oondHtoni  are  very  often  the  source  of  trans- 
former failures;  parncularfy  due  to  the  fact  that  lack  of  care  in  other  matter* 
goes  hand  in  hand  with  rareiessness  in  operation.  Conditions  sometimes 
arise  under  which  it  is  imperative  that  a  transformer  be  overloaded  for  a 
eonrideriUile  length  of  time.  After  such  an  overload,  the  transformer  at 
the  first  opportunity  should  be  examined  to  see  that  the  dueta  have  not  be- 
come clogged  by  any  depodts  from  the  oil.  Transformer*  should  not  be 
operated  for  any  great  length  of  time  on  a  sjntem.  one  line  of  which  has 
become  grounded;  the  factor  of  safety  in  such  operation  is  only  oii»'half 
d  that  under  normal  operating  conditions. 

tM.  OroTindad  saeondariaa.  Troubles  may  be  caused  when  supplying 
energy  for  lighting  from  high-voltage  polyphass  circuits,  due  to  the  relative 
deetrostatic  capacity  of  the  higfa-tension  and  low-tenaon  drcuits,  to  each 
other  and  to  earth.  This  conaition  may  cause  high  inaulation  stresses  in 
the  low-tendon  circuit,  and  mav  shock  anyone  touching  the  low-tennon 
drenit  suffldcntly  to  cause  deata.  The  only  remedy  for  this  condition  is 
to  ground  the  secondary  drcuit,  preferably  at  the  neutral  pdnt.  (See 
National  Elsetrieal  Code,  and  also  Sec.  13  and  13.) 

tn.  Oar*  of  trMufonaar  oil.  Lack  of  attention  to  such  details  as 
the  periodic  inspection  of  tramformers,  and  testing  of  the  oil,  is  respondble 
for  most  transformer  failures.  The  oil  in  a  high-voltage  transformer  should 
be  tested  once  a  month  and  if  its  strength  is  below  par  it  should  be  dehydrated 
(Par.  ttt).  It  must  be  remembered  that  the  oil  furnishes  ime-haU  the 
insulation  strength  of  the  trsnsformer. 

iSt.  Tbo  boot  mothod  tor  dahTdrsMac  oU  is  by  the  use  of  the  filter- 
prsis  type  of  dahydrator.     In  tUs  type  the  oil  is  pumped  through  several 
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thiokneues  of  a  blotting  paper.  When  uainc  thU  apparatus  it  should  be 
seen  that  the  paper  is  carefully  dried,  and  it  is  better  to  soak  it,  first  of  all. 
in  dean  oil  that  is  perfectly  dry.  Fis.  47  shows  this  form  of  oil  dehydrator. 
When  the  oil  is  in  very  bad  condition,  -the  paper  should  be  changed  from  time 
to  time,  as  often  as  found  necessary.  Oil  in  nrst-class  condition  should  break 
down  at  not  less  than  40,000  volts,  with  a  gap  of  0.15  in.  between  {-in. 
spheres. 


Fio.  47. — Filter  press  type  of  oil  dehydrator. 


tSS.  EagiUation  of  quantity  of  oooUng  medium.  When  water- 
cooled  transformers  are  subjected  to  heavy  overloads  the  water  rate  should 
be  increased  correspondingly.  Any  oil-Immersed  transformer  will  with- 
stand a  heavy  load,  for  a  short  period  very  much  belter  than  an  air-cooled 
transformer.  ^  Allowance  should  therefore  be  made  in  operation  for  the  cool- 
'  ing  characteristics  of  the  transformers,  and  where  artificial  means  are  used 
(or  cooling,  the  cooling  may  be  improved  under  abnormal  load  conditions 
by  using  more  of  the  cooling  medium. 

1S4.  The  oU-pipiuf  layout  of  tranaformera  wLen  installed  should  be 
arranged  so  that  the  oil  in  any  unit  may  be  filtered  without  disturbing  the 
others;  there  are  several  obvious  methods  of  accomplishing  this.  Whatever 
scheme  be  used,  eare  should  be  taken  that  all  the  air  is  removed  from  the 
oil  in  the  transformer  tanks;  this  may  be  done  by  creating  a  vacuum  under 
the  cover  during  the  process  of  pumping.* 

ISf .  A  tranaforxner  when  burned  out  or  defeotire  should  immediately 
be  replaced  by  a  spare  unit  if  one  is  available.  A  careful  examination 
should  then  be  made  of  the  windings;  if  nothing  is  disclosed,  the  transformer 
should  be  returned  to  ita  tank  and  measurements  made  of  its  open-circuit 
losses.  If  there  are  any  short-circuited  turns  or  layers,  the  open-circuit 
losses  will  be  abnormally  high.  The  location  of  the  trouble  can  i^enerally 
be  traced  by  the  blackening  due  to  smoke,  and  by  feeling  the  coils,  alter 
first  removing  the  exciting  voltage,  for  the  point  of  highest  temperature. 
If  either  of  these  methods  fail,  measurement  may  be  taken  of  the  resistance 
of  primary  and  secondary  windings;  a  short-circuit  will  be  indicated  by  a 
lower  resistance  than  normal.  In  many  cases,  however,  a  short-circuit 
which  cripples  the  transformer  may  involve  only  a  few  turns  in  a  large  total 
number,  so  that  the  continuous-current  resistance  measurement  may  not 
be  sensitive  enough  to  detect  it- 

SS6.  7ormatton  of  scale  In  ooolinff  colli.  A  water-cooled  transformer 
may  progresoively  increase  in  temperature  and  appear  to  be  defective,  due 
to  no  apparent  cause.  In  such  a  case  the  cause  of  the  trouble  can  generally 
be  traced  to  the  water  supply,  which  will  be  found  to  contain  foreign  matter 
in  solution,  such  as  lime  and  carbonates:  these  impurities,  when  the  water  be- 
comes heated  in  passing  through  the  tubes,  are  precipitated  in  the  form  of 


*  BUctruxU  World,  Feb.,  1913,  p.  360. 
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scftle.  which,  in  mddition  to  being  a  bad  conduotor  of  heat,  chokes  the  flow  of 
water. 

1S7.  Criterion  for  rvpUeixkc  inelBeient  transformer!  ^th  unite  of 
U^her  elBeien^.  A  transformer  should  be  retraced  by  another  of  higher 
cmcieney  when  the  difference  in  cost  of  operating  the  two  is  greater  than  the 
iatereet  on  the  additional  capital  that  would  be  invested  in  the  change.  It 
is  in  most  cases  exceedingly  difficult  to  calculate  the  cost  of  operating  a 
transf orzner,  and  for  that  reason  it  is  well  to  be  conservative  in  makiog  such 
rhangea-  Lower  operating  cost  may  be  disclosed  in  either  of  the  following 
ways:  Decreased  total  plant  depreciation;  decreased  coal-bill;  decreased  total 
iavMtment  per  kv-a.  oi  peak  load;  and  increase  in  energy  sold  per  annum 
per  dollar  of  investment-  In  the  case  of  transformers  for  residence  lighting, 
It  ii  well  to  bear  in  mind  that  very  few  U^fthtlng  and  power  plants  have  as 
much  day  load  as  they  can  carry  economioally,  but  the  majority  of  them 
have  all  the  peak  loacf  they  can  carry.  The  losses  of  transformers  during 
the  slack-4oaa  period  are  therefore  not  of  much  importanoe,  whereas  at  the 
time  of  the  peak  load,  whm  every  kw-hr.  of  available  energy  meana  revenue, 
the  coet  of  Mwfa  kw-hr.  of  iron  and  copper  losses  in  transformers  is  very  high. 

REGULATORS 

POTENTIAL  BiaULATOES 

tSt.  Oeneral  principles.  The  principle  of  operation  of  all  potential 
regulators  consists  in  chan^ng  the  mutual  inductance  between  the  pri- 
mary and  the  secondary  windings  of  a  transformer  or  auto-transformer, 
either  by  mechanical  means  or  by  changing  the  ratio  of  the  two  windingp. 

in.  The  TAriable-ratio  type  of  regulator  is  simply  a  transformer 
provided  with  means  for  ohanging  the  secondary  e.nLf.,  either  by  cutting  out 
pordons  of  the  winding,  or  by  opposing  or  adding  the  e.m.f.  of  auxiliary 
windings  of  the  transformer  provided  for  this  purpose.  These  auxiliary 
windings  are  provided  with  taps,  so  that  their  voltage  may  be  increased  or 
decreased,  step  by  step.  The  secondarv  winding  proper  has  only  a  few 
taps,  the  voltages  of  which  are  "bucked'*  or  '* boosted "  by  the  auxiliary 
ooUs,  according  to  the  position  of  the  regulator  drum.  Id  this  way  a 
large  range  of  regulation  may  be  provided  with  a  comparatively  simple 
ttimpmeDt-  Auto-transformers  are  some- 
times used  instead  of  the  auxiliary  wind- 
ings.   They  have  some  advantage  over  the 

wuiliary    winding    scheme  because    finer 

■t«pt  are  obtainable  thereby. 
MO.  The     lincle-phase     induction 

rtffnlator     depends     upon     mechanical 

meaos  to  produce  this  change  in  mutual 

indactanoe  (Par.  IM).     It  consists  usually 

of  a  stationary  primary  wound  in  a  slotted 

Md,  and  a  secondary  wound  on  a  drum- 

ihaped  core  which  is  rotatable  with  re- 

>|wet    to    the    primary.    The    secondary 

cin.f.  is   always  practically  in  time  phase 

*itlL  or  in   time  phase  opposition  to,  the 

t-HLf.  in  the  primary  circuit. 
Ml.  The  simplest  conception  of  an 

i&daetton  regulator  is  a  transformer  with 

Tuiable  mutual  inductance,  and  it  may 

therefore    be   represented  by  the  circuit 

•hown  in  Kg.  4  (Par.  1»).     When  Af  be- 
comes lero,  the  secondary  inductance  is  Z^, 

which  u  very  high:  to  overcome  this  defeot  another  independent  winding, 

wort-circuit«l   on  itself,   is  wound  on  the  primary  core  in  electrical  space- 

(jtttdrature  with  the  primary  winding.     A  current  is  induced  in   this   ter- 

*i*ry  winding,  depending  upon  the  electrica]  Hpace-phase  difference  between 

It  Bad  the  secondary  winding,  which  redueea  the  self-inductance  of  the  latter. 

ML  Definitions  of  currents  in  a  potential  regulator.  ^  The  secondary 
^^I'^Kot  is  the  line  current,  and  the  primary  load  current  is  that   current 


'Frinur;  Calls 

Fia.  48.— Horisontal  cross-sec- 
tion of  single-phase  induction 
regulator. 
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which  oounterbftUooes   the    mmcnetiiinc   ur    demaanetUiiic   effect    of   tba 
Moondary  current. 

t4f.  Tlu  TtflAtloii  of  Moondary  a.m.f.  with  chance  in  angular  poai- 
tton,  tot  a  certain  type  of  single-phace  potential  regulator  is  shown  in  Fig. 
49.    A  TWtioal  crooB-eectionifl  shown  in  Fig.  40. 

•44.  The  polTpb^M  raraUtor  in  erery  essential  detail,  is  a  polypkuMa 
induction  motor,  the  polyphase  coil-wound  rotor  of  which  can  be  locked  in 

any  position  desired.  The  primary 
winainRw  arc  ronnpcfrd  urro.'^s  tlie 
supply  linL'f*,  preciwly  like  thfl 
pnmary  windings  of  a  polypbasS 
induction  motor;  however,  tbii 
Bccondary  p ha m*- windings  of  thri 
induction  regulator,  iniiteaa 
of  being  closed  upon  themselvesj 
aa  is  true  of  the  secondary  wind'il 
ingfl  of  sn  induction  motor,  aro 
separately  insulated  and  sepa^ 
rat^ly  connected  in  series  with  tha 
delivery  circuits  from  the  regu- 
lator. When  polyphase  e.m.fs. 
are  impressed  upon  the  priniarjr 
windings,  the  e.m.f.  generated  ivk 
each  secondary  coil  is  of  the  sanitt 
frequency  as  the  primary  e.tn.fJ 
and  its  value  is  entirely  indepen-j 
dent  of  the  mechanical  position 
of  the  movable  member;  the  tim«- 
phase  position  of  their  e.m.fs., 
nowever,  varies  directly  with  tha 
electrical  space  position  of  the 
movable  member.  (Compare 
with  the  single-phase  induction 
regulator;  see  Par.  140.) _  The 
resultant   delivered  e.m.f.  is  the 
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Fig.  49. — Vertical  cross-sertion  of 
single-phase  induction  regulator. 


Fio.  50. — Secondary  voltage  of  sin- 
gle-phase potential  rogtdator  of  vary. 
iog  positions  of  rotating  mauler. 


vector  sum  of  (or  difference  between)  the  primary  and  the  secondary 
e.m.fs. :  it  is  not  constant  in  value  but  varies  largely  with  the  position  of  this 
movable  member. 

S4f .  Ourrenta  and  m.m.fa.  In  polTphu*  ragulatori.  The  current 
in  the  delivery  circuit  (which  is  the  same  as  that  in  the  secondary  coil) 
depends  directly  upon  the  delivered  resultant  e.m.f.  and  the  impedanes 
of  tha  delivery  circuit.  In  the  polyphase  induction  regulator  there  it  no 
special  "tertiary"  circuit,  but  each  primary  phase-winding  acts  in  part  ai: 
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the  tertiary  circuit  for  the  remaining  primary  phaae-vittdingfl  and  the  sev- 
enJ  aecondary  phase- wiadinga.  Thus  the  m.m.f.  of  the  current  in  any  sec- 
ondary phase-winding,  in  any  position  whatsoever,  is  fuUy  counterbalanced 
(except  lor  magnetic  leakage)  by  the  m.ra.f.  of  the  current,  or  ourrenta,  of  one 
or  more  primanr  phase-windings,  and  the  reactance  of  the  secondary  is  re- 
duced to  that  due  to  the  magnetia  leakage  between  the  stationary  and  the 
movable  members. 

tM.  Ye«d«r  voltaga  regulators,  of  either  the  step-by-step  type  or  the 
induction  l^pe,  may  be  operated  by  a  motor,  which  in  turn  may  be  controlled 
h^  a  ventage  relay  arranged  to  start  the  motor  in  positive  or  negative  direc- 
tion accorcung  as  the  voltage  is  low  or  high.  A  polyphase  induction  motor  is 
usually  emploved.  except  when  polyphase  energy  is  not  available;  in  this 
case  a  singie-pnase  series  motor  may  be  used.  The  motor  is  stopped,  when 
the  relay  opens,  by  means  of  a  magnetically  operated  brake.  The  relay  may 
be  uaod  in  connection  with  a  line-drop  compensator  (Par.  194).  so  that  the 
voltage  at  the  centre  of  distribution  may  be  automatically  kept  constant  at 
any  desired  value. 

t4T.  Fole-type  feeder  Toltage  regulaton.  Small  feeder  voltage  regu- 
lators arranged  for  mounting  on  poles  have  been  brought  out  by  one  firm 
of  manufacturers.  In  many  lighting  systems,  consumers  may  be  supplied 
from  one  eommon  feeder  in  such  a  way  that  there  is  no  definite  centre  of 
ifistributioii;  thus  consumers  on  short  branch  feeders  may  receive  per- 
fectly satisfactory  service,  whereas  others  served  from  long  branches  may 
reoMTO  pONor  serviee  due  to  the  larger  drop  in  such  branches.  It  is  claimed 
that  a  eaving  may  be  effected  by  installing  one  of  these  pole-type,  automatic, 
feeder  Wtage  regulators  instead  of  increasing  the  croaa-section  of  the  branch 
feeders.  The  r^ulator  proper  oonsiste  of  a  shuttlo-shaped  rotor  on  which 
the  primary  is  wound  in  one  coil;  the  rotor  also  carries  the  tertiary  short- 
circuited  winding.  The  secondary  is  a  single,  form-wound,  undistributed 
winding*  fitting  in  two  slots  in  the  stationary  core. 

The  regulator  is  operated  by  a  single-phase  induction  motor  provided  with 
a  starting  elutch,  and  is  controlled  by  a  voltage  relay  which  may  be  adjusted 
for  any  voltage  from  10  per  cent,  above  to  10  per  cent,  below  normal.  The 
relay  may  also  be  used  m  connection  with  a  Une-drop  compensator,  which 
has  to  be  installed  outside  of  the  regulator.  The  regulator  and  mechanism 
are  suspended  in  a  cast-iron  tank,  and  the  lower  part,  containing  the  regu- 
lator core  and  coila,  is  filled  with  oil. 

14t.  Tsetor  diagram  of  e.m.fi.  in  polyphase  regulator.  Referring 
to  Fig.  51,  let  OA  represent  the  e.m.f .  of  a  certain  primary  phase  both  in  value 
and  time-phase  position.  Let  OE  (or  OD)  represent  the  e.m.f.  of  the  cor- 
responding secondary  phase- winding  in 
the  maximum  positive  (or  maximum  neK- 
ative)  boost  poeition.  Let  OB  (or  OD) 
■raultaneously  represent  the  mechan- 
ical position  (in  electrical  space  degrees)  ^^^ 

of  the  moving  member  when  the  second-  h — ^ Jr ^^ 

Sfj  e.m.f.  is  in  time-phase  with  (or  time-  ■»'*'*'  A 

^use  opposition  to)  the  primary  e.m.f.  Fia.  51. — Vector  diagram  of  poly- 
In  any  mechanical  position  of  the  mov-  phase  inductor  regulator, 

ing  member,  such  as  OD,  the  secondary 

e.m.f.  has  a  value  equal  to  OE  (or  Ou)  and  its  timephase  position  is  cor- 
recthr  represented  by  the  line  OL  provided  that  the  "revolving  field" 
which  is  Uke  resultant  of  the  fluxes  set  up  by^  the  separate  primary  phases  i» 
constant  in  magnitude.  In  Fig.  51  the  primary  e.m.f.  i.i  0.4  and  the  sec- 
ondary e.m.f.  is  OBt  the  resultant  e.m.f.  is  AB. 

CVBBXirr  BIOVLATOES 
t4f.  Oeneral  principles.  This  apparatus  Kenerally  consists  of  an  ad- 
Instable  reactance,  which  may  comprise  a  winding  on  an  open  magnetic 
t^enit.  The  coil  is  counterbalanceu,  so  that  with  a  change  in  the  load  re- 
setanoe  the  coil  will  so  adjust  itself  with  respect  to  the  core  that  there  will 
be  no  change  in  the  value  of  the  current.  If  a  Urse  reactance  be  placed  in 
Mries  with  a  lesser  non-inductive  resistance, -and  a  con.<itant  e.m.f.  be  im- 
prened.  the  ourrent  will  vary  but  slivhtly  with  this  resistance  "all  in"  or 
'sU  out "  of  circuit.     The  actual  ratio  of  the  currents  with  resistance  "  all  in 
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and  "all  out"  will  be  equal  to  the  value  of  Vl  —  (power-factor)',  the  power- 
f actor  being  the  value  with  reeUtance  all  in.  It  is  evident  that  if  the  operat- 
ing power-factor  be  made  low  enough,  a  series  system  of  iDcandeecent  lampe 
may  be  operated  at  constant  current,  from  a  constant-potential  source*  with 
very  little  variation  in  the  series  reactance. 

110.  Limltktlona.  The  constant-current  regulator  is  manufactured  aa 
i  standard  apparatus  by  a  few  companies,  but  it  cannot  advantageously 
take  the  place  of  the  constant-current  transformer,  since  it  requires  an  addi- 
tional transformer  for  insulation  purposes  (see  National  Electrical  Code); 
it  may,  however,  be  used  to  advantage  instead  of  the  constant-current  tran*- 
former  where  it  is  not  required  that  the  receiver  circuit  be  insulated  from  th* 
supply  circuit. 

Ml.  Trpei  and  oharacterlaUet.  The  usual  type  manufactured  la 
aii^^oolea  and  of  the  form  described  in  Par.  t4f .  An  automatic  constant 
current  regulator  may  also  be  made  by  connecting  in  opposition  two  eoih 
which  surround  a  dosed  magnetic  circuit,  using  their  leakage  reactance  for 
the  regulating  reactance.  The  two  coils  are  pivoted  so  as  to  approach  each 
other  at  the  middle  of  the  core.  In  action  they  will  repel  each  other  with  a 
force  nearly  proportional  to  the  current,  for  any  position;  with  proper  counter- 
weight, therefore,  the  current  will  automatically  be  kept  constant. 

Ml.  A  inotor-oontroUed  potential  raftilator  may  b«  usad  ■■  » 
eonatutt-eurrant  ngulktor  by  controlling  it  from  a  constant-current 
relay;  it  is  usually,  however,  too  sluggish  in  operation  to  give  i>erfeot  aatls- 
faeuon. 

REACTORS 

tw.  OeiMTkl  tntm.  Baaeton,  ehoka  eolli,  or  raaetanoM  for  powor 
purpOfM  maj  b«  olTided  Into  two  claaMI,  vis.,  those  in  which  iron  is  used 
and  those  in  which  no  magnetic  material  whatever  is  used.  The  first  type 
consists  of  a  coil  encircling  a  circuit  of  iron  which  is  usually  broken  by  an 
air-gap  or  a  series  of  air-gaps.  The  second  type  is  simply  a  carefully  con- 
structed, circular  coil  of  rectangular  croaa-section,  of  smtable  proportions 
for  cooling,  and  well  supported  mechanically. 

M4.  Iron  cor*  reaotancaa.  The  fundamental  equations  and  general 
design  are  the  same  as  for  constant-potential  transformers.  The  air-gap 
should  be  subdivided  so  as  to  avoid  concentrated  leakage,  which  causes  eodpr 
currents  in  the  conductors  (which  are  difficult  to  eliminate)  and  also  makes  it 
difficult  to  calculate  the  reactance  accurately.  The  relative  amount  of 
copper  and  iron  will  be  determined  largely  b}^  the  condition  for  minimum 
cost,  but  where  the  conductors  are  very  large,  it  is  advisable  to  increase  the 
area  of  the  core  and  reduce  the  number  of  turns  in  order  to  keep  down  the 
eddy-current  losses  in  the  conductors.  In  winding  with  multiple  conductors 
every  care  should  be  taken  to  see  that  the  reactance  of  each  conductor  and 
its  resistance  is  the  same;  this  may  be  accomplished  by  properly  distributinc 
the  "start"  and  "finish"  leads  of  the  conductors. 

If  the  length  of  the  air-gap  is  I,  the  required  inductance  L,  the  current  /,  tim 
number  of  turns  n,  the  effective  area  of  the  air  gaps  must  be  obtained  and 
it  will  depend  on  their  number  and  distribution.     The  value  of  (B  may  then 
be  calculated  from  this  area  by  Eq.  4,  Par.  f. 
Thus  the  value  of  t  will  be 

l-*~  (in.)  (71) 

where  3  is  the  induction  in  lines  per  sq.  in. 

M(.  The  current  dangltlet  and  the  flux  daniltiai  will  be  about  the 
same  as  for  transformers.  The  methods  of  insulating  the  coils  are  very  simi- 
lar and  need  no  special  treatment  hare,  aa  they  are  covered  under  the  heading 
of  "Insulation,"  Par.  il  to  Par.  4T. 

MS.  OooUngmay  be  effected  by  any  of  the  various  methods  applied  to 
transformers.  ^The  problem  is  the  same  in  every  particular  and  ia  treated 
under  that  heading,  Par.  61  to  Par.  TO. 

HT.  Application*.  Iron  raaotora  for  power  porpoaea  are  moatly 
used  in  connection  with  compound-wound  rotary  converters  to  obtain  com- 
pounding or  overcompounding  of  the  voltage  at  the  continuous-current 
tMndiHua.    Iron  nactots  are  abo  used  to  shunt  the  seriea  eoQa  of  compound- 
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wound  oontinuoua-onmnt  m«i'>iin««,  in  which  OM  they  an  known  ■■ 
InduetlT*  Bhuata.  Thay  may  be  used  for  ianumenble  purpoaa*,  auoh  aa 
compenaating  for  the  leaAina  current  in  cable  teating;  tor  compemaiing 
long  telephone  circuita  (Pupm  eoila);  shunting  aeriea  incandeacent  lampa 
(•Gononiy  ooUa)  to  prevent  an  open  circuit  ai  the  reault  of  a  lamp  failure, 
etc. 

BM.  Air  raftetors  for  precise  meaaureroents  are  made  of  a  aiiule  layat 
of  fine  enameled  wire,  caraully  wound  on  a  marble  cylinder  that  haa  bean 
made  aa  nearly  perfect  aa  poanble;  such  reaoton  are  used  aa  abaolute  atand- 
arda.  Power-limiting  reaetora  are  described  in  Par.  tn  and  tM.  The  ra- 
■ctene*  etrcnit-brekker  makea  use  of  an  air  reactance  to  limit  the  current 
at  the  initial  break  so  that  a  circuit  may  be  opened  in  two  stuee;  the  first 
atage  being  the  introduction  of  the  reactance,  and  the  secona  stage  being 
the  complete  opening  of  the  circuit.  Air  reactors  have  also  been  put  into 
aervioe  for  supplying  lagging  current  to  eompenaate  for  the  leading  current 
due  to  the  distributed  capacity  of  tranamission  lines;  and  are  inserted  in 
aeriea  with  transmission  lines  (elioka  eoUa),  fpr  protection  against  lighting 
diaturbance.  Their  office  in  the  last  instance  is  to  choke  back  any  line  surge 
that  may  arise  and  prevent  it  from  injuring  the  station  apparatus. 

U*.  Fow«r-ll mltlng  raacton  are  now  usually  made  with  no  magnetic 
material,  although  the  first  reactors  made  for  this  purpoae  and  instailedln  the 
Coa  Cob  atation  of  the  New  York,  New  Haven  &  Hartford  Railroad  Co. 
were   of   the  iron-core  type 
with  diatributed  windings. 

MO.  Method!  of  wlnd- 
inc  power-llmltlnc  reaet- 
ora. The  methods  of  wind- 
ing adopted  by  the  varioua 
manufacturers  do  not  differ 
materially,  Thua  one  firm 
winda  with  long  cylindrical 
layers,  using  wooden  cleata 
aa  separators;  another  firm 
naea  flat  discoidal-ehaped 
layers  or  sections,  each  con- 
ductor of  which  fits  into  a 
groove  in  porcelain  cleats;  the 
eleata  when  clamped  together 
inaulate  and  separate  the  in- 
dividual layera.  A  third  firm 
oaea  methods  similar  to  the 
aecond,  but  for  cleats  employe 
moulded  heat-reaisting  mate- 
rial aa  a  substitute  for  porce- 
lain.    See  Fig.  52. 

lei.  Ooollnf  of  powar- 
Umitlng  reacton  is  effected 
by  natural  droulation  or  air 
blast,  f  The  arrangements  of 
winding  are  particularly  well 
adapted  for  cooling  by  the 
last  method. 

sa.  Xaehuiiwl  itraMM 
In  th*  wlndlnci,  while  se- 
Tare,  are  not  of  such  a  nature 
aa  to  produce  any  trouble. 
Thua  the  radial  stress ra  tend 
to  elongate  the  conductors, 
while  at  the  aame  time  they 
produce  a  oompreadve  action 
on  the  coil  section.  The  axial 
stresses  are  compreaaive  and 
tend  to  smah  the  conductora  into  leaa  apace.  These  foroea  are  dimcult  to 
calculate  with  any  degree  of  accuracy,  but  experience  haa  shown  that  with  the 
iPfthotl*  of  w^mng  which  have  bean  deaoribed,  and  with  reasonable  care  in 
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instalUng,  reactors  will  be  amply  strong  enough  to  withatand  any  streM  th»t 

may  arise  in  Bcrvice. 

283.  Formul&i  for  seU-inductance.  The  inductances  of  coils  at  com- 
mercial frequencies  may  be  cal- 
culated with  a  high  degree  of  ac- 
curacy, provided  the  proper 
formula  is  used.  The  fouowing 
formula,  which  is  Lorens's  cylii^ 
drical  current-sheet  formula  with 
a  correction  for  thickness  of  coil. 
will  he  found  accurate.  Refer  to 
Fig.  53  for  dimensions  which  are 
assumed  to  be  inches. 

tM.  BoKa'i  forzntila.  This 
is  accurate  for  any  shape  of  coil. 
For  practical  work  the  correction 
for  the  form  of  the  conductor  is 
negligible  and  may  be  omitted; 
the  formula  then  becomes 
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Fig. 


Coll  Axle 
53. — Croas-aection  of  rcactanoc  coil. 


£-i.-Aii  (72) 

To  obtain  the  value  of  In  the 
formula  below  may  be  oaed 
(Eq.  73): 


L.-anK?X^ 


(beiirys)    (73) 


) 


Where  Q  is  a  function  of  2a/b,  the  values  of  which  for  different  values  of  thia 
ratio  are  ffiven  in  the  table  below,  in  Par.  tS6.  The  correction  term  AtX*  ia 
given  by  the  formula 

(74) 

Where  Aa  and  Ba  are  given  in  the  tables  below  (Par.  tM  and  Par.  MT)  ms 
functions  of  c/a. 

IW.  Vsluai  of  the  Constant  Q  in  Xq.  73 


A:L  =  4»-a(~)  (A.  +B.)X~         (henrys) 


2o/6 

Q 

1 

1              2  a/h 

1 

Q 

0.20 

3.63240 

1             1.80 

19.57938 

0.30 

S. 23368 

2.00 

20.74831 

0.40 

6.71017 

2.20 

21.82049 

0.50 

8.07470 

2.40 

22.81498 

o.eo 

9.33892 

1             2.60  ■ 

23.74013 

0.70 

10.. 51. 349 

2.80 

24.60482 

0.80 

11.00700 

3.00 

25.41613 

0.90 

12.B.TOS9 

'             3.20 

26. 18009 

1. 00 

13.58892 

3.40 

26.90177 

1.20 

15.33799 

1             3.60 

27.58548 

1.40 

10.89840 

3.80 

28.23494 

1.60 

18.303.54 

4.00 

28.85335 

StC.  Value  o(  the  Conitant  j1,  ai  a  Funotion  of  c/a.  c  being  tha  Depth 
of  tha  Winding  and  a  the  Mean  Radius 


c/a 

II 

A,                                c/a 

II 

A, 

o.mi 
0.  in 

0.1.5 

0.6349              1            0.20 
(1.6942                          0.25 
0.6933 

1 

0.6922 
0.6909 
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MT.  TaluM  of  the  OotrMition  T«rm  B>  OqMndinc  on  tlu  Batle  b/e 
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B, 
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1 

0.0000 

11 

0.2844 

21 

0.3116 

2 

0.1202 

12 

0.2888 

22 

0.3131 

3 

0.1753 

13 

0.2927 

23 

0.3145 

4 

0.2078 

14 

0.2961 

24 

0.3157 

5 

0.2292 

15 

0.2991 

25 

0.3169 

6 

0.2448 

16 

0.3017 

26 

0.3180 

7 

0.2563 

17 

0.3041 

27 

0.3190 

8 

0.2656 

18 

0.8062 

28 

0.3200 

9 

0.2730 

19 

0.3082 

29 

0.3209 

10 

0.2792 

20 

0.3099 

30 

0.3218 

MS.  Th«  f ormola  for  a  coil  of  gquare  croii-iection,  aa  obt&Laed  from 
Weiiisteiii's  formula,  is 

'-*«-[('+2-^)"«-7+°03««^K-'"»]><T^  '""""'     '''' 

It  may  be  shown  that  with  a  coil  of  aquare  croos-section,  in  order  to  obtun 
maximttin  inductance  with  a  given  weight  o{  copper,  the  ratio  a/c  must 
be  approximately  1.47. 

RECTIFIERS 

MXBCnBT-VAPOB  BKCTiraSBS 

>W.  0«IMrkI._  Tlie  meroury-rapor  rectifier  ia  exceedingly  aimple  in 
itructure.  The  single-pliaee  type  consists  of  a  chamber  from  wliioh  Uie  air 
ud  all  foreign  gases  have  been  exhausted,  and  in  which  there  ia  a  mereuiy 
pool  connected  to  a  terminal  which  passes  through  tlie  chamber;  projecting 
into  the  upper  part  of  chamber  are  two  terminals 
of  iron  or  graphite  which  are  commonly  called  the 
anodes  (out  which  in  actual  service  are  alter- 
nately anode  and  cathode),  the  mercury  pool  b^ng 
termed  the  catlioda.  Tlie  general  arrangement 
is  shown  in   Fig.  64.     In  addition  to  the  above, 

t*:^']  Timii «        there  may  be  a  lupptomantary  anode  which 

||~  ;  may  be  a  separate  rod  or,  in  glaia-bulb  rectifiers, 

a  portion  of  the  mercury  pool  separated  from  the 
remainder  by  a  slight  space.  This  supplementary 
anode  is  used  for  starting  or  exciting  the  rectifier; 
when  used  for  starting  only,  a  tilting  mechanism 
ia  provided  which  enables  the  two  edges  of  the 
mercury  pool  to  be  brought  together,  closing  an 
auxiliary  circuit,  and  thus  cauaing  a  spark  or  arc 
to  form  where  the  edges  recede.  Once  the  recti- 
fier starts,  it  will  continue  to  operate  if  tlie  proper 
amount  of  inductance  is  included  in  the  circuit. 
Where  the  supiilementary  anode  is  used  for  con- 
tinuous excitation,  it  is  connected  to  a  source 
of  direct  current.  Where  the  mercury  pool  Is  ^- 
vided  into  three  small  pools,  the  two  outer  pools 
may  be  used  as  anodes  with  the  centre  pool  as 
cathode,  and  a  continuous  arc  may  be  supplied  for 
mataining  purposes  by  means  of  a  small  auxiliary  transforming  device  or 
Auto-transformer. 

no.  CluraetaTiitlea.  From  the  viewpoint  of  the  electrical, engineer 
toe  mercury-vapor  rectifier  may  be  considered  as  an  electrical  valve,  which 
EJ^niits  current  to  flow  only  from  a  positive  terminal  to  the  pool  of  mercury. 
^M,  sa  long  aa  the  terminal  has  a  certain  definite  potential  above  that 
^ftfae  mercury  pool,  current  will  pass,  but  the  moment  that  this  potential 
°**eiBes  lower  tbsn  tUs  eritleal  value,  the  current  commences  to  decrease. 


^10-  54. — Single-phase 
Mircury-vapor  rectifier. 
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171.  Tha  theory  of  oxMratlon.  An  ionitiiu  agent  is  required  to  start 
the  electron  etream  iBsuing  from  the  cathode.  The  liberated  electrone  pro- 
ceed at  high  velocity  toward  the  anode  ionising  moleoulee  of  gaa  on  tneir 
course  thereby  producing  positively  charged  bodies  and  increasing  the  stream 
of  electrons  moving  toward  the  anode.  The  positive  charges  are  drawn 
toward  the  eathotw  where  they  become  neutrsliied  again  or  negatively 
charged;  in  bo  doing  they  further  increase  the  ionisation  at  the  cathode,  ana 
produce  i  n  its  neighborhood  a  high  i  ntensity  or  potential  gradient  which  as- 
sists in  accelerating  the  electrons  emitted  at  the  surface  of  the  cathode.  The 
neutral  or  negatively  charged  molecule  is  forced  back  toward  the  anode, 
but  becomes  ionised  again  by  the  stream  of  electrons  issuing  from  the  cathode. 
The  negatively  charged  molecules  apparentlv  rarely  move  far  enough  away 
from  the  cathode,  before  becomiu^  ionised  by  collision,  and  positively 
charged,  so  as  to  come  under  the  influence  of  the  electric  field  of  the  inaotive 
electrode.  There  is,  therefore,  no  leakage  or  an  extremely  small  one  between 
the  acUve  and  inactive  anode. 

STl.  In  the  actual  deilffii  of  recUflon  it  appears  that  reotifyin^  power 
is  dependent  upon  the  extent  of  the  dark  space  surrounding  the  inactive 
terminal,  which  is  known  as  Orooke's  dark  ipaoe.  This  space  increases  in 
volume  as  the  vapor  pressure  decreases.  The  rectifying  power  is  therefore 
enhanced  by  keeping  the  vapor  pressure  low,  which  means  operating  at  low 
temperature.  Another  method  by  which  the  rectifying  power  may  be  in- 
creaaed,  is  by  enclowng  the  terminals  in  narrow  chambers  far  removed  from 
the  mercury  pool;  this  produces  a  rectifier  much  more  sensitive  to  tempera- 
ture variation  than  when  the  terminals  are  in  a  common  chamber. 

S7S.  Auxiliary  apparatus.  In  order  to  obtain  unidirectional  eofrent  Uie 
mercury-vapor  recUner  must  be  provided  with  a  tranaf<Hmi«r,  or  auto- 
transformer,  connected  to  the  anodes  so  that  they  will  be  alternately  positivo 
and  negative  with  respect  to  the  mercurv  pool.  The  transformer  (or  auto- 
transformer)  must  be  provided  with  a  raiadle  tap,  between  the  two  terminals 
connected  to  the  anodes;  this  tap  and  the  oatnode  of  the  rectifier  chamber 
form  the  two  terminals  of  the  directr^urrent  circuit.  In  order  to  obtain  a 
current  whose  instantaneous  values  will  fluctuate  between  narrower  limits, 
some  means  must  be  provided  to  overlap  the  activities  of  the  two  terminals 
of  the  rectifier,  so  that  one  wilt  become  active  before  the  other  ceases  its 
activity.  This  can  be  accomplished  by  introducing  inductance  in  the  direct- 
current  circuit,  or  what  amounts  to  the  same  thing  a  high  magnetic  leakage 
between  the  two  halves  of  the  transformer  secondary  winding  connected  to 
the  rectifier.  Thus  a  magnetic  field  is  set  up  by  the  current  in  the  anochs, 
wMch,  when  the  current  is  decreasing,  sets  up  an  electromotive  force  which 
tends  to  hold  the  anode  potential  up  to  the  proper  value,  while  the  rate  of 
decrease  of  the  current  is  very  much  slower  than  when  the  induotance  Is 
absent;  and  thus  the  current  is  permitted  time  to  boild  up  in  the  previously 
inactive  anode,  before  the  current  has  ceased  in  the  other. 

ST4.  Tormulai  for  ealculation  of  transformation  ratio,  Induetloa, 
etc.  The  exact  calculation  of  wave  form,  ntio  of  direct  tolatterDa^ag 
current,  etc.,  is  a  somewhat 
complex  problem  involving 
transient  phenomena.  For 
practical  work  a  sufficiently 
close  approximation  to  exact 
theorv  is  obtained  by  consider- 
ing the  ripple  in  the  direct- 
current  wave  to  be  •  simple 
double-f requency  harmoDic.  In 
the  formulas  that  f<^ow  it  is  as- 
sumed that  the  unidirectional 
current  is  represented  by  a  con- 
stant avwage  value  /•  on  which 
is  superimposed  a  double-fre- 
quency simple  harmonic  cui^ 
rent-wavtf  <»  maximum  value 
Th:  the  effective  value  of  the 
current  is  /,  — "v/ja'+Zfc'.  Let 
lia  be  the  effective  inductance 
and  let  R*  be  the  effective  re- 
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of  the  two  halvn  of  the  MoomUry  winding  when  oonnected  in 
mnltip&e,  under  the  oondition  of  short-oirouitea  primary,  and  let  Lb  and  Rh  be 
tlw  eneetiTe  inductance  ud  reeietanoe,  reepectivety,  of  the  two  gecondary 
mndinsi  when  connected  in  multiple  oppoeition;  let  L»  and  R»  be  the  induct- 
ance and  leaiBtanoe,  roepectively,  of  the  Toad;  let  V  be  the  back-e.m.f.  in  the 
direct-current  circuit,  including  the  cathode  drop  of  the  rectifier;  and  let  n« 
be  the  number  of  tume  in  one-half  the  secondary  winding. 

For  a  given  value  of  /&  we  must  have  a  value  of  eustaininc  inductance 
(£t-t-Iis)  not  leea  than 

(76) 


2»(L»-(-L.)  -  VyW.-l-lO'-OJJO'* 


The  maximum  value  of  the  periodic  portion  of  the  induction  in  the  core 
■■  given  approximately  by 


(B- 
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where 
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V  («.  -(-2K»)«-f4«»(i. +2Z*) »/» 
To  this  must  be  added  the  constant,  portion 
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A  nt  of  characteristic  wave  forma  is  given  in  Fig.  55, 


tn.  The  tlir««-pliM«  netUtor,  shown  in  Fig.  66,  is  unlike  the  single* 
^an  rectifier  in  the  respect  that  it  requires  no Inductanoe  to  sustain  the 
aiRct-curreut  wave.  This  will  be  better  understood  by  referring  to  Fig. 
57,  where  a.  b,  c,  are  the  consecutive  positive  voltage  waves  of  a  three-phase 
■yitem.  The  secondary  current  will  flow  first  from  the  anode  Gonnected  to 
phase  a,  to  the  cathode,  and  thence  through  the  direct-current  drcmt  back 
to  the  neutral  point  of  the  three-phase  system. 
This  will  continue  until  the  point  n  in  the  wave 
a  LB  reached;  the  current  will  then  be  transferred 
to  the  anode  connected  to  the  phase  b;  the  cur- 
rent will  continue  to  flow  from  this  wave  until 
the  point  k  is  reached,  when  it  will  a^ ain  be 
tranuerred,  to  the  wave  c;  it  will  continue  to 
flow  from  e  until  the  point  e  is  reached,  when  ft 
will  once  more  be  transferred  to  the  wave  a, 
completing  the  cycle.  The  dotted  line  represents 
the  cathode  potential  with  reference  to  that  of 
a  ft  e 


ha.  S8.  — Three-phase 
■"Cory-vapor  rectifier. 


Uh  nsntral  point  of  the  three-phase  system;  the  latter  is  the  positive  termi- 
™cf  the  direct-current  system  supplied  by  the  rectifier,  its  potential  being 
"Pnsented  in  Fig.  S7  by  the  line  (ox). 
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ITS.  A  naidlrwittoiuJ  oumnt  cannot  b«  dtiktmnd  by  the  teoondary 
of  a  tTMUformer  except  through  the  mecUum  of  the  masnetio  circuit,  wfaic^ 
■tores  the  energy  duiing  the  inactive  cycle  and  delivera  it  in  the  tono  of 
unidirectional  current.  The  regulation  and  the  power-factor  in  such  cases 
are  necessarily  poor.  In  order  to  obtain  satisfactory  operation,  two  three- 
phase  rectifiers  are  required  which  will  operate  from  the  seeonaaries  of  the 
three-phase  transformer;  or  three  single-phase  transformers  may  be  con- 
nectea  to  give  ciiametrical  six-phase  currents,  the  middle  points  of  the 
secondaries  Deins  connected  together.  The  rectifiers  are  connected  so  that 
there  is  one  anode  of  each  to  a  single  secoadary  winding.  The  cathodes  are 
connected  together  through  reactftnoes.^  In  this  manner  a  current  mny  be 
obtained  which  is  almost  perfectly  continuous. 

ITT.  When  m«roury-T»por  rectifiers  are  employed  for  uuvpijfng 
unidirectional  current  for  arc  lighting,  they  require  a  special  lorznoc. 
constant-current  transformer  provided  with  a  double  aeoonaary  winding, 
each  portion  of  which  is  alternately  active  and  inactive.  The  two  parts  of 
the  secondary  winding  may  be  so  arranged  as  to  supply  whatever  suataining 
reactance  is  required  for  satisfactory  operation;  this  is  the  method  adopted 
by  one  large  company  for  one  of  its  types  of  standard  rectifier  aro-li^g^hting 
equipments.  External  reactanoe  may  also  be  supplied  through  suit&blc 
reactance  coils;  this  method  is  used  b^  another  large  company,  and  is  also 
used  by  the  firsts  mentioned  company  in  another  standard  type  of  rectifier 
arc-lighting  equipments. 

tT8.  A  fifty-light  equipment  manufactured  by  the  first^mentioned 
company  (Par.  ST7)  makes  use  of  the  self-sustoiniuK  feature.  In  the  regu- 
lator port  of  the  equipment  the  secondary  coils  are  placed  at  the  top  and  tbe 
bottom  of  a  shell-type  core  and  are  so  designed  as  to  give  the  .required  sus- 
taining inductance,  which  is  the  same  as  the  inductance  obtained  between  the 
middle  point  of  the  two  coils  and  the  two  outer  terminals  connected  together. 
The  primary  winding  is  made  up  of  two  coils  connected  in  series,  and  so  ar- 
ranged  by  means  of 
wheels  and  counter- 
weights that  they  will 
move  in  opposite  direc- 
tions from  the  middle 
point  of  the  magnetic 
circuit;  under  full-load 
operating  conditions 
they  will  be  as  far  apart 
as  possible.  But  under 
no-load  conditibns  thc^ 
will  be  at  their  mim- 
mum  separation.  In 
operation,  both  pri- 
mary coils  are  repelled 
from  the  active  second- 
ary with  equal  force, 
but  the  mutual  attrac- 
tion due  to  their  own 
currents  makes  the  two 
coils  tend  to  approach 
one  another;  so  that 
with  proper  counter- 
weights and  adjust- 
ments, a  constant  al- 
ternating-current may 
be  maintuned-  in  the 
primary,  and  thus  a 
constant  unidirec- 
tional-current   may   be 


Plan  View 


Side  Elevation 


Fig.  58. 


obtained  from  the  secondary.    The  general  appearance  of  a  rectifier  equip- 
ment for  scries  arc  lighting  is  shown  in  I*1g.  58. 

S7f.  A  one-hundred-light  equipnkent  manufactured  by  the  same 
company  (Par.  ST7)  has  essentially  two  separate  constant-current  regolatora, 
which  have  a  common  magnetic  circuit.  The  p»nmary  coils  are  independent 
and  are  connected  in  multiple,  so  that  each  ptimary  coil  and  the  adjacent 
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■eeooflaiy  ooO  aet  ■■  one  independent  regulator.     The  two  dreuite  of  fifty 
Wmps  each  are  inaulated  from  one  another. 

no.  KeetUar  aqulpmsnta  for  charging  alaetrlc  vehlele  battariei. 
This  apparatus  may  be  automatic  or  non-automatic.  The  non-automatic 
eqnipznent  ia  not  self-etartinc.  and  if  the  Jine  voltage  fails  temporarily  the 
rectifier  will  not  start  itself.  The  automatic  equipment  is  self-etarting,  thus 
m^bitig  It  possible  to  charge  batteries  at  night,  without  attendance ;  f  urtho 
more,  ^y  means  of  inductance  both  in  the  supply  circuit  and  the  bat- 
tery circuit,  the  current  is  automatically  decreased  as  the  charge  proceeds.  A 
time-ewitch  may  be  provided  to  terminate  the  charge  at  some  predetermined 
time;  in  case  it  is  found  that  the  charge  ia  not  complete,  it  can  be  completed 
in  a  comparatively  short  time  when  attendance  is  available.  The  recti- 
ierisoperatedfromanauto-transformer  which  is  woundfora  supply  voltage 
e(  100  or  220  TOlts.  Theee  equipments  are  manufactured  in  suitable  siiea 
to  charge  from  10  to  24  oella  and  from  20  to  44  cells;  a  special  equipment  for 
chari^iig  Edison  storage  batteries  has  a  capacity  of  20  to  64  cells.  Other 
equipments  are  manufactured  for  charging  telephone  storage  batteries, 
Vntion  batteries,  and  for  operating  aro  lamps  for  moving-piotui«  machines. 

Ml.  Ksreurr-Tapor  reotiflara  for  power  larrice.  It  may  be  confi- 
dently predicted  that  in  a  few  yeaia  the  mercury-vapor  rectifier  will  largely 
supplement  the  synchronous  converter  for  supplying  direct-current  for  rail- 
way systems.  A  great  deal  of  experimental  work  has  been  done  with  the  ob- 
ject of  developing  reetifien  for  heavy  power  service,  but  the  work  has  not  yet 
sdvanced  far  enough  to  permit  of  the  publication  of  any  data  as  to  siae, 
ratings,  etc. 

■LBCTSOLTTIO  BEOTinEBB* 

in.  Theory  of  operation.  It  has  been  found  that  when  a  plate  of 
aluminum  and  a  plate  of  lead  or  carbon  are  immersed  in  certain  .solutions,  an 

electric  current  can  be   made  to 
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paas  in  one  direction,  but  not  in 
a  reverra  direction.^  In  other 
words,  this  combination  will  act 
aa  an  eUctlio  Tftlve  and  is  the 
basis  upon  which  the  clectrolytio 
T-ectifier  and  electrolytic  lightning 
arrestcra  are  designed.  The  more 
complex  the  acid  radical  employed 
in  the  solution  of  the  electrolyte, 
the  more  complete  will  be  the  valve 
action  with  a  given  voltage,  or,  in 
other  words,  the  higher  will  be  the 
voltage  which  may  be  satisfactorily 
rectified.  In  view  of  this  fact,  re- 
cent developments  have  been  made 
in  the  use  of  ammonium  phosphate 
or  sodium  borate  dimolved  in 
•  water,  as  the  basis  of  the  elec- 
trolyte. 

The  electrolytic  rectifier,  there- 
fore, consists  essentially  of  two 
aluminum  plates  and  a  lead  plate 
immersed  in  a  solution  of  ammo- 
nium phosphate  and  connected  to 
some  transforming  device,  as  shown 
in  Fig.  50.  Buch  an  arrangement 
will  allow  the  current  to  pass  from 
the  lead  plate,  but  never  from  the 


^o.  ».-Diagr»m  of  •leotrolytio  rectifier,  fi^ififum  plates,  with   the  r«ult 
^^  that  the  current  flowing  between, 

the  terminals  marked  A  and  B  will  "be  unidirectioxuJf  but  pulsating. 
,  tn.  0«nerftl  eharaetarSatiCf .     Such  a  rectifier  is  comparatively  cheapt 
■nple  to  construct,  reqaires  no  sustaining  circuits,  and  to  this  extant  is 
■'•"'sctary  for  handling  rcry  small  loads  where  the  service  is  intermittent. 


'See  Sec.  19. 
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184.  Tha  affiotonsy  of  the  reotifier  is  teUitively  low,  addom  exeeadiim 
GO  per  cent,  and  frequently  averasinc  much  leea.  The  effioienoy  innrnnnna 
with  decrease  in  the  amount  of  ounent  to  be  rectified. 

S8S.  Haatiug.  Since  the  efficiency  is  low,  the  heat  loss  in  the  rectifier 
18  comparatively  large,  which  results  in  rapid  deterioration  of  the  plates. 
The  degree  of  rectification,  as  the  temperature  rises,  is  much  less  complete. 
In  other  words,  the  leakage  of  current  becomes  excessive  as  the  current  in- 
oreaaos,  unless  cooling  means  are  provided. 

IM.  Treatmsnt  of  pistai.  A  further  objection  to  the  electrolytic 
reoUfier  is  the  necessity  Tor  occasionally  "treating"  the  plates  to  form  tha 
necessary  insulating  and  rectifying  films. 

>8T.  Oeneral  appUoattoni.  As  a  result  of  the  low  effidenc;^,  the  raiiid 
deterioration^  and  the  rapid  heating  of  the  electrolytic  rectifier,  it  is  seldom 
used  for  ordinary  loads.  Its  present  field  appears  to  be  limited  to  X-ray 
equipments  and  experimental  purposes  where  a  chMip  rectifying  device  ia 
reqmred  for  light  intermittent  service. 

S88.  Artificially  ooolad  electrode*.  Recent  improvements  have  been 
made-  in  electrolytic  rectifiers  which  permit  operation  at  higher  current 
densities.  One  of  these  consists  in  cooling  the  aluminum  cathode  by  a  stream 
of  water.  The  effect  is  such  that  a  current  ten  times  as  large  can  be  permitted 
with  the  cooled  cell  as  with  the  same  cell  uncooled.  An  excellent  rectifying 
effect  with  a  cooled  cell  may  be  obtained  with  frequencies  as  high  as  4,000 
to  10,000  cycles  per  second.* 

mCHAKICAL  BXCTiniBB 

IS9.  The  vlbrattnc  tj[pe  of  alternatlnc-current  rectifier  is  a  simple, 
efficient  and  inexpensive  piece  of  apparatus  adapted  particularly  to  the  ehars- 
ing  of  three-cell  veUole  batteries. 

IM.  Oeneral  charaetarlatiei  of  vibrating  type  of  reotifier.  It  is 
essentially  an  electrically  operated  vibrating  switch  which  reverses  the  con- 
nection of  tha  alternating-current  line  to  the  battery  in  synchronism  with  the 
alternations  of  the  current,  this  reversing  action  being  accomplished  at  the 
moment  when  the  current  flow  is  sero.  There  is  therefore  very  httle  sparldnc 
at  the  contacts  and  the  current  delivered  ia  unidirectional  and  pulsatinc. 

S91.  The  principle  on  which  the  vibrating  reetlflar  eporatei  is  aa 
follows:  a  iraall  transformer  serves  to  reduce  the  alternating-current  line 
voltage  to  a  suitable  value;  two  alternating-ciirrent  magnets  are  connected 
acrom  one-half  of  the  low-voltage  winding  and  are  so  arranged  aa  to  present 
at  any  inatant  poles  of  like  polarity  before  those  of  a  steel  magnet  iniich  i« 
excited  from  the  battery.  Hence  during  one-half  cycle  of  the  alternating 
current,  one  of  the  poles  of  the  pivol«d  magnet  will  be  attracted  and  the  other 
repelled,  and  the  opposite  action  will  take  place  during  the  other  half-cycle. 
The  pivoted  magnet  is  connected  to  one  terminal  of  the  battery  and  the  other 
terminal  of  the  latter  is  connected  to  the  middle  point  of  the  low-tension 
winding  of  the  transformer.  Two  platinum  contacts  carried  on  the  pivoted 
magnet  are  thereby  brought  alternately  in  contact  with  two  other  contaeta 
connected  to  the  low-voltage  terminals  of  the  transformer,  as  shown  in  Fig. 
76.  It  is  of  no  importance  which  terminals  of  the  battery  are  connected  to 
the  binding  posts  of  the  apparatus,  since  the  winding  of  the  pivoted  magnet 
automatically  determines  the  proper  polarity  of  the  binding  posts. 

m.  Bparklnc.  A  properlv  designed  vibrating  rectifier  shoidd  operate 
without  sparking,  otherwise  the  life  of  contacts  will  be  short.  To  secure 
eparkless  operation,  contact  should  be  broken  at  the  instant  the  current 
falls  to  aero  and  should  be  made  again  at  the  moment  the  instantaneous 
value  of  the  alternating  voltage  wave  is  equal  to  the  e.m.f.  of  the  storace 
batterjr.  If  contact  is  broken  before  the  current  reaches  sero  and  made  again 
some  time  after  the  alternating  e.m.f.  has  reached  the  proper  value,  the  maxi- 
roum  input  to  the  battery  wiU  not  be  obtained:  on  the  other  hand,  if  the 
current  reverses  before  contact  is  broken,  part  of  the  battery  charge  will  be 
disnpated  in  the  circuit. 

when  the  wave-form  of  the  alternating-current  supply  differs  from  a  sin^ 
wave  it  may  be  necessary  to  change  the  adjustment  slightly  to  prevent 

•  See  Elek.  Zeit.,  Aug.  21,  1S13.    Phy.  ZeU.,  June  15,  1913. 
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iparkiii^.  Tliia  may  be  aoeompliahed  by  means  of  a  variable  leautanee  in 
nriea  with  the  altematins-eurrent  magneta,  which  permit*  the  time-phaae 
lac  of  the  masnetizia^  current  behind  the  aecondary  e.m.f.  to  be  adjueted 
ontU  aparldeas  operation  is  obtained. 

tU.  Commareial  typ«i.  Several  forms  of  this  type  of  rectifier  are  on 
the  market;  they  differ  in  structural  details,  but  the  principle  of  operation 
is  mncji  the  same  in  all.  Some  of  them  make  use  of  only  one-half  the  alter- 
nating-current wave;  since  only  a  portion  of  each  half-wave  can  be  used, 
auich  a  method  of  operation  is  inefficient  and  necessarily  means  a  heavier 
and  more  bulky  piece  of  apparatus  for  the  same  work. 

n4.  Batlnffi  and  elBelencT.  The  efficiency  is  usually  about  55  per  cent. 
Commareial  types  are  made  for  operation  on  60,  50,  40,  or  25  cycles,  at  110 
rolts.  They  are  deaisnod  to  charge  3  oells  of  storage  battery  and  deliver 
a  current  of  from  8  to  8.5  amp. 

Ml.  Ottur  fomu  of  meehanioal  reetiflan.  Mechanical  synchronous 
contactors  are  used  for  rectifying  alternating-current  waves  so  that  direct- 
current  galvanometers  may  be  employed  for  precise  and  delicate  measure- 
ments on  alternating-current  drcmts.  Since  it  is  essential  in  such  cases  to 
reverse  the  contacts  as  quickly  as  possible,  so  that  as  much  as  possible  of  the 
alternating  waves  shall  be  rectified,  these  devices  are  costly  and  require  a 

Giat  deal  of  care  in  their  design.     Some    high-voltage    contact    rectifiers 
ve  also  been  devised  for  laboratory  work  (Sec.  3). 
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SYNCHRONOUS  MACHINES 
aXNXBAL 
1.  Daflnitloii.  A  synchronous  generator  (or  motor)  usually  ooiunata  of 
a  system  of  alternately  north  and  south  magnetic  poles,  comprising  the 
field,  which  moves  with  respect  to  a  system  of  suitably  connected  con- 
ductors in  which  the  alternating  e.m.f.  is  induced.  These  conductors  to- 
gether with  their  mounting  are  called  the  armature.  See  Fig.  1.  The 
magnetic  poles  of  the  field  are  usually  excited  with  direct-currant  supplied 
by  a  separate  generator  called  an  axcater.     See  Par.  9. 


Fio.  1. — A  portion  of  the  armature 
and  field  of  a  synchronous  machine. 


Fio.  2. — A  graph  of  a  cycle  of 
e.m.f. 


1.  The  "ejeln."  In  the  ordinary  heteropolar  alternator,  the  e.m.f. 
induced  in  each  armature  conductor  reverses  with  the  passage  of  each  pole, 
i.e.,  (or  a  peripheral  movementequal  to  one  polepitch  (the  peripheral  distance 
between  tne  centres  of  adjacent  poles).  The  set  of  values  comprised  within 
a  double  reversal,  or  correspondinR  to  a  movement  equal  to  twice  the  pole 
pitch,  repeats  itself  indefinitely,  and  is  called  a  cycle  of  values,  or  simply  a 
cycle.  See  Fig.  2.  The  graph  of  these  values  plotted  against  time  in  rec- 
tangular coordinates,  is  referred  to  as  the  ».a^t.  Wkve  of  the  machine  in 
question. 

S.  frequenoT.  The  time  required  for  the  execution  of  a  cycle  is  called 
the  peiioa  of  the  alternating  e.m.f.,  and  the  number  of  cycles  per  second 
is  called  the  frequency.  Frequency,  /,  is  expressed  by  the  relation :/  —  pX 
rev.  per  second,  where  2p  is  the  number  of  poles.  Modern  commercial 
frequencies  in  the  United  States  are  60  and  25  cycles  per  sec. 

i.  Ilaetrieal  and  magnetic  degraet.  It  is  customary  to  refer  to  a  cycle 
as  360  electrical  degrees  (see  Fig.  2),  or  one  electrical  revolution,  and  to  the 
circumferential  distance  from  the  centre  of  one  pole  to  that  of  the  next 
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pole  »/  U>*  tame  pelarUu,  aa  3S0  masnetie  degreea.  Thoa  two  active  armatora 
eonduotora  diaplaoed  from  eaoh  other  by  fi  maeaetic  degreea  will  experience 
e.m.Ia.  differing  in  phaae  by  fi  electrical  degreea.  Two  active  coDductora 
180  magnetic  degrees  apart  would  naturally  be  connected  in  aariea  to  form 
«  loop  or  coil,  since  their  two  e.m.fii.  will  then  be  alwaya  in  the  aame  direo- 
taon  around  the  circuit  of  the  loop  (see  coils  I  and  II,  Fig.  3) . 

8.  The  two-phaae  (quarter-plLaaa^  ttltamstor.     Referring  to  Fig.  3, 
eoila  I  and  II  are  displaced  from  each  other  by  90  magnetic  degrees.     The 


/ 

•  a 

/ 

/ 

[\j(/ 

Flo.  3. — Part  of  the  arma- 
ture and  field  of  a  quarter- 
phaae  alternator. 


Fio.  4. — Graph  of  the  elec- 
tromotive forcea  in  a  quar- 
ter-phase alternator,  plotted 
against  time. 


e.m.fa.  induced  in  these  two  coils  therefore  differ  in  phaae  by  90  deg.     If  all 

coila  in    the   aame    phase    aa    I,    are    connected  in  series,  and  all  those 

in  the    aame    phaae  aa    II    in    another    series,    the    two    eirciuts    being 

separate  and    diatinet    electrically,    the    machine   is    called    a    two-phaae 

machine.      The  circuits  themselves  are  referred  to  aa    the     two    phaaea 

or    phaae   windings  of  the  machine.      Sometimes   this   type   of   machine 

is  ealled  a  quarter-phase  machine,  since  its  two 

cm.fa.  differ  in  phase  by  90  deg.  or  one-<^uarter 

cycle.     The  electromotive  force  in  coil  1  u  aero 

when  that   in  coil  II  ia  a  mazimura,  and  vice 

—rta.    If  the  value  of  the  electromotive  force  from 

inatant  to  inatant  ia  a  nne  function  of  the  relative 

angular  position  of  the  armature  coila  and  rcvolv- 

iof  field,  the  curvea  of  the  electromotive  forcea  in 

ooila  I  and  II,  may  be  plotted  aa  indicated  in  Fig, 

4.  in   which  the  ordinatea  represent  the  instan- 

taneoua  valuea  of  the  electromotive  force,  and  the 

absoiawas  repreaent  time.     The  four  terminala  of 

the  two  windings  of  a  two-phaae  alternator  are 

usually  brought  out  to  the  terminal  board.     The  load  may  be  fed  by  three 

wirea,  one  the  common  return  for  the  other  two,  or  four  wires  may  be 

employed  aa  two  indepanden^  dronita. 

•.  Tba  thraa-phmaa  altomstor.     If  three  sets  of  overlapping  coils  di»- 
plaeed  by  flO  magnetic  degreea  (Fig.  S)  be  connected  to  three  aeparate  oir- 


Fio.  6.— Part  of  the 
armature  and  field  of  a 
three-phaae  alternator. 


Fio.  6. — Graph  of  the  electromotive 
forcea  in  the  three  armature  cirouita  of 
a  three-phaae  alternator. 


Fio.  7. — Graph  of  terminal  pres- 
sures in  the  three  phaaea  of  a  three- 
phase  alternator. 


By  reveraing 


enita,  their  e.m.fa.  will  differ  in  phase  by  60  deg.  (aee  Fig.  d). 

the  terminal  oonneetiona  of  phaae  II,  we  reverse  the  phaae  of  ita  e.m.f.  with 
reapect  to  the  load  and  obtain  the  three  voltagea  abown  in  Fig.  7.  Theae  vol- 
taaea  differ  in  phaae  by  120  deg.  The  difference  between  the  three  e.m.fs. 
of  Fig.  d  and  thoae  of  ng.  7  ia  obvioualy  external  to  the  machine  in  which  they 
are  feneimted,  which  ia  called  a  three-phaae  alternator.  In  many  three-phaae 
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alterniktora  the jpiiaaes  are  internally  connected,  mth  only  three  terminals 
brought  out.  There  are  two  principal  methoda  of  making  these  oonnectious. 
KandA  (aee  Figs. Sand 0).  Let£and  J  represent  respectively, volts  and 
amperes  per  armature  phase;  and  Ei  and  iithe  line  volts  and  amperes. 
Then,  in  the  F  armature,  £i*>£'v/3,  and  Ji— J;  and  in  the  A  armature. 
£i— £^  and  /i— \/3  /.  Therefore  the  power  in  each  case  will  be  3EI  cos  0 
»  VS  Etit  cos  $,  where  9  is  the  common  phase  difference  between  the  vol- 
tage and  current  of  each  phase,  balanced  load  assumed. 


h 


ILl 


Figs.  8  and  0. — Internal  and  external  e.m.f8.  and  ourrenta  in  three-phase  aV- 
temators  with  Y  ana  A  oonneotions. 

7.  Hot*  on  phase  classification.  There  is  a  slight  inoonnflteney  in 
the  usual  classincation  of  alternators  and  systems.  In  the  ordinary  three- 
phase  alternator  (Fig.  5)  there  are,  in  each  360  magnetic  degrees  of  drcum* 
lerenoe,  six  coil  groups  or  belts  of  conductors.  In  these  groups  are 
being  generated  six  aifFerent  e.m.fs.  differing  in  phase  progreraively 
by  60  deg.  or  one-sixth  of  a  cycle.  If  the  six  terminals  of  the 
three  phases  be  connected  to  three  equal  loads,  the  six  currents  in  the  six 
leads,  when  counted  positive  in  the  same  direoUon  along  the  line,  will  differ 
in  phase  pro^TMsively  by  60  deg.  If,  however,  the  three  phases  be  connected 
in  y  or  A,  with  three  leads  connected  to  the  load,  the  three  currents,  counted 
positive  in  the  aame  direction  alon^  the  line,  will  differ  in  phase  by  120  deg. 
or  one-third  of  a  cycle.  To  be  consistent  these  two  systems  should  be  referred 
to  as  "  six-phase''  and  "three-phase"  respectively,  although  the  alternator 
is  the  same.  Moreover  when  a  doeed-coil  armature  is  used  for  alternating 
e.m.f.  generation,  as  in  the  case  of  a  synchronous  converter,  it  is  called 
"three  phase**  when  it  has  three  120-deg.  taps  and  three  phase-belts  of 


120-deg.  span,  and  six  phase  when  it  has  six  6&-deg.  taps  and  six  phase-belts 
each  of  60-deg.  span.  Thus,  to  be  consistent,  the  ordinary  uiree^hase 
alternator  should  be  called  a  six-phase   alternator,   although  mostly  used 


to  supply  three-phase  circuits. 

8.  Single-phase  generators*  are  occasionally  required  for  railways  and 
also  for  certain  electrochemical  and  electrothermal  processes.  Most 
single-phase  generators  are  simply  Y-oonnected%three-phase  generators 
with  one  of  the  three  legs  left  idle.  When  a  generator  is  operated 
single-phase,  it  is  important  that  the^  pole  shoes  should  be  fitted  with 
a  heavy  amortisseur  or  s<:]uirrel  cage  winding;  to  damp  out  the  effects  of  the 
pulsating  armature  reaction  (Par.  44).  Furthermore  it  is  important  that 
all  parts  of  the  magnetic  circuit  shall  be  well  laminated  in  order  that  pulsa- 
tions in  the  resultant  m.m.f.  may  not  ocoanon  excessive  iron  losses. 

Occasionally  BiuKle-phaae  generators  are  supplied  with  distinctly  single- 
phase  windings  as  shown  diagrammatically  in  Figs.  10  and  II.  The  windings 
m  these  two  figures  differ  from  one  another  in  the  extent  to  which  the  con- 
ductors are  distributed  over  the  surface  of  the  stator.  The  complete  dis- 
tribution employed  in  Fig.  II  is  wasteful.  The  proportions  of  Fi^.  10 
are  more  nearly  correct.  TSee  Par,  S8>  Par.  SI,  and  Fig.  32.)  A  single- 
phase  generator  for  a  given  fcv-«.  output  and  a  ^iven  power  factor,  voltage 
and  Bijeed,  is  inherently  more  heavy  and  expensive  than  the  equivalentpoly- 
phasegeneratorby  fully  65  per  cent.    Kvcn  then,if  the  speed  is  very  high,  as 

*  Waters',  W.  L:  '*  Modem  Development  in  Single-phase  Oeneratora.*' 
Trana.  American  Institute  of  Electrical  Engineers.  Vol.  XXVII,  1908,  p. 
1069  and  from  1086  to  1007. 

Hobart,  H.  M.  "The  Relative  Costs  and  Operating  Efficiencies  of  Poljr- 
phase  and  Single-phase  Generators  and  Transmitting  Systems."  TrarUm 
American  Institute  of  Electrical  Engineers,  Vol.  XXXI,  1012,  p.  llfi. 
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in  the  case  of  a  steam  turbine-driven  generator,  the  temperature  rise  will  be 
greater  and  its  effioiency  will  be  lower  than  in  the  case  ox  the  polyphase  ma- 
ohine.  Ver^  few  manufacturers  of  dynamo-electric  machinery  have  realiied 
the  difficulties  attending  the  design  and  construction  of  single-phase  genera- 
tors, and  many  faultily  designecT machines  have  been  built.  Singular  as  it 
may  seezn,  there  is  even  now  a  general  failure  to  pay  hoed  to  these  unsucceasful 
results.  £ven  for  cases  where  i»olyphase  machines  are  required  to  carry  differ- 
ins  loads  and  power-factors  on  the  various  phases,  the  heating  may  be  decid- 
edly excessive  unless  such  machines  are  designed  with  due  regard  to  the 
pulsating  m.mJ.  which  will  be  present  under  these  conditions  of  load. 


Pxos.  10    AKO    11. — Single-phase   alternators  with   distinctly   single-phase 

windings. 

9.  Kxeltation :  Separate  excitation  is  almost  always  employed  in  modem 
^mchronous  generators.  The  exciter  is  usually  either  mounted  on  an  exten- 
sion of  the  main  generator  shaft  or  driven  by  a  motor  from  the  generator 
bus.  This  is,  however,  objectionable  in  that  a  given  percentage  variation 
in  tho  speed  of  the  generator  will  occasion  a  greater  percentage  variation 
in  its  voltage.  Thus  if,  for  instance,  the  speed  varies  1  per  cent.,  the  speed 
of  the  exciter  wtU  vary  1  per  cent,  and  the  voltage  of  the  exciter  by  a  little 
more  than  1  per  cent.;  this  causes  a  little  more  than  2  per  cent,  variation 
in  the  voltai^  of  the  main  genn'ator.  It  is,  therefore,  desirable  that  ex- 
citers be  driven  by  independent  prime  movers  whenever  it  is  possible. 
Various  methods  have  been  devisea  for  rendering  alternators  self-exciting 
but,  except  for  comparatively  small  machines,  these  are  never  used. 

10.  BcJative  motion:  rovolvlnff  Arznature  and  revolving  field.  The 
revolvioc-armature  type  of  alternator  is  now  rarely  employed  even  in  verv 
■mail  nxes.  Revolving-field  alternators  fall  into  two  classes:  (a)  those  with 
cylindrical  rotors  provided  with  windings  embedded  in  slots  in  the  surface; 
(6)  those  with  tedient-pole  rotors.  ,  The  former  are  now  almost  universally 
used  for  extra  ht^h-speed  generators  driven  from  steam  turbines,  owing  to 
stronger  mechanical  construction,  better  balance,  lees  noise  and  lower  air 
friction  (wbieb  last  may  represent  a  loss  as  great  as  the  aggregate  of  all  the 
others).  For  water-wheel  generators  and  for  generators  driven  by  recipro- 
catins  snginea  the  salient-pole  construction  is  usually  the  most  appropnate, 
although,  for  other  than  very  low  speeds,  a  good  argument  can  usually  be 
presented  for  the  cylindrical  type  of  rotor.  The  Lancashire  Dynamo  and 
Motor  Co.  of  Manchester.  En^and,  have  used  the  cylindrical  t^pe  of  rotor 
in  a  line  of  medium-spcea  synchronous  motors.  Their  design  is  described 
on  p.  90  of  The  Engineer  for  Jan.  2\,  1913. 

11.  y«rtl6«I  *nd  horigontal  types.  Until  recently  a  considerable 
proportion  of  the  steam  turbine-driven  alternators  were  of  the  vertical  type. 
The  recentlarge  increase  of  speeds  of  steam  turbo-alternators  (in  iiiaoy  caacs 
double)  involving  greater  lengths,  smaller  diameters,  and  greater  vibra- 
tional difficulties,  has  niade  more  desirable  the  horisontal  type  with  its 
inherently  better  provision  for  strength  of  frame  and  aceesmbility  of  parts. 
Tho  vertical  type  is  oft«n  used  for  low-speed  water-wheel  generators.  As 
a  notable  instance  of  the  vertical  type  may  be  mentioned  the  30  Keokuk 
generators^  each  0,000  kv-a.,  25  cycles  and  58  r.p.m.  with  52  poles.  The 
ext^nal  diameter  of  the  rotor  is  25  ft.  and  it  weighs  116  tons.  The  entire 
machine  weighs  some  275  tons. 

Althoughlittleused.  theumbrella  type  of  revolving-5cld  alternator  (Fig,  13) 
inherently  provides  great  fly-wheel  effect. 

IS.  Belted  t7P«.  Although  the  use  of  the  belt  drive  is  gradually  falling 
oJT,  sieetri<»l  manufactures  stiU  find  it  necessary  to  carry  rather  extensive 
tines  <Mf  belt-driven  alternators.  In  the  lareer  sises  of  belt-driven  alter- 
iiat<»s,  an  outboard  bearing  is  provided,    in  such  cases  sufficient  space 
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ia  generally  uranaed  between  the  two  main  bearinxa  to  permit  of  morin|r 
the  atator  long! tuoi nail y,  in  order  to  render  the  rotor  acoeanble.  In  amaU 
machines,  however,  the  bearings  are  fitted  in  the  end  shields.  In  this  tyx»a 
and,  in  fact,  in  all  types  of  two-bearing,  belt-driven  machinea,  the  bearing  at 
the  pulley  end  should  be  of  especiaUy  Uberal  proportions.  In  EnslazMi, 
rope  drive  ia  much  more  usual  than  belt  drive. 

IS.  Xll0ne  tTP«.  (Direct-connected  to  reciprocating  engines.)  In  thia 
type  sufficient  momentum  must  be  provided  in  the  rotating  element  to  en- 
sure the  required  degree  of  uniformity  in  the  angular  velocity.  Three  ar- 
rangements to  accomplish  this  end  are:  (a)  a  separate  fly-wheel;  (b)  tho 
fly-wheel  as  an  integral  part  of  an  internal  rotor,  Fig.  12;  (c)  the  fly-wheel 
as  an  integral  part  of  an  overhung  rotor,  Fig.  13. 

In  Amenoa  the  fly-wheel  effect  is  expressed  in  terms  of  the  WR*  where  the 
weight  of  the  rotor  in  pounds  is  denoted  by  W,  and  the  radius  to  the  centre 
of  gyration,  in  feet,  is  denoted  by  A.  In  countries  employing  the  metrio 
system,  the  fly-wheel  effect  is  expressed  in  terms  of  the  UD*,  where  D  ia  the 
diameter  at  the  centre  of  gyration  in  meters,  and  G  is  the  weight  of  the  rotor 
in  kilograms.  The  greater  the  weight  of  the  required  fly- 
wheel, the  more  Uberal  must  be  the  design  of  the  bearinca. 
14.  Watar-whaal  type  alternators  have  speeds  rans> 
ing  widely  in  accordance  with  the  head  of  water  under 
which  the  prime  movers  operate.  The  Keokuk  9,000- 
kv-a.  generator  (Par.  11)  has  a  rotative  speed  of  58  rev. 


» 


Fio.   12— Fly-wheel 

rotor  for  alternator. 


Fio.  13.- 


-Umbrella  type  of  revolving-field 
alternator. 


per  min.,  and  the  5,000-kv-a.  (Niagara)  generator  (Fig.  13)  has  a  rotative 
speed  of  250  rev.  per  min. 

Even  for  the  same  head,  water-wheels  are  built  for  any  speed  within  quite 
a  wide  range.  On  the  whole,  the  water-wheel  will  be  lower  m  price  and  more 
efficient  when  constructed  for  a  moderatciv  low  speed.  On  the  other  hand, 
the  weight  and  cost  of  the  generator  will  decrease  with  increasing  rated 
speed,  up  to  fairly  high  speeds.  Consequently  the  most  economical  com- 
promise will  usually  be  at  some  intermediate  speed.  At  all  but  very  low 
heads,  therefore,  the  tendency  is  toward  fairly  high  speeds,  though  of  course 
the  speeds  are  far  lower  than  for  steam  turbine-driven  generators.  For 
5,000-  to  10,000-k  v-a.  water-wheel  sets,  speeds  of  some  300  to  400  rev.  per  min. 
are  now  often  employed.  An  additional  reason  for  not  resorting  to  much 
higher  speeds  is  the  necessity  for  providing  in  the  design  sufficient  mechanic^ 
strength  to  ensure  that  the  machine  will  safely  withstand  speeds  approach- 
ing double  the  normal  sp«»edB,  in  the  event  of  accident  to  governors  or  gateat 
see  Standardisation  RuleSt  Sec.  24.     See  also  paper  in  Vol.  XXXI  of  Trmna. 
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A.  I.  £.  E.  by  D.  W.  Mead  entitled  "The  Runawfty  Speed  of  Wftter-wheels 
aod  ito  Effect  on  Connected  Rotary  Machinery."  Water-wheel  generators 
of  both  the  horiiontal  and  vertical  types  are  built  in  siies  up  to  15,000  kv-a. 
Fly-wheels  are  not  uBually  supplied  for  water-wheel  generating  sets,  owing 
to  the  uniform  rotative  effort  oi  the  wate]^wheels. 

IS.  Steun  turbine-driven  typaa.  *  Extra  hi^-speed  generators  are 
now  almost  Invariably  conatructed  with  the  cylindrical  type  of  rotor  carry- 
ing the  field  winding  embedded  in  slots  distributed  over  its  surface.  Owing 
to  the  great  streeaes  associated  with  high  peripheral  speeds,  the  entire 
rotor  (including  the  extensions  constituting  the  shaft)  is  often  made  from  a 
sinjdc  piece  of  steel.  In  the  largest  machines,  peripheral  spells  of  the  order 
of  35,0iD0  ft.  per  min.  (127  meters  per  sec.)  are  employed.  Bipolar  25-cycle 
designs  are  now  under  construction  for  rated  loads  of  25,0(X)  and  30,000 
kv-a.  at  a  speed  of  1,500  rev.  per  min.  Bipolar  60-cycle  designs  for  a  speed 
of  3,600  rev.  per  min.,  have  been  built  in  sises  up  to  5,000  kv-a. 

It  is  characteristic  of  extra  high-speed  alternators  of  great  capacity  that 
■inee  they  are  so  exceedingly  small  for  their  output  they  can  only  be  main- 
tained at  appropriately  low  tem^ratures  when  in  operation,  by  circulating 
through  them  enormous  quantities  of  air.  For  thia  purpose,  and  ^so  in 
order  to  enstira  reasonable  absence  of  noise  in  their  neighborhood,  such 
generators  are  of  the  completely  enclosed  type  with  definite  inlets  and 
outlets  for  the  circulating  air.    These  subjects  are  discussed  in  Far.  1S9  to  Xt%, 

•     ABMATimX  WINDIKQ 
IC  ConsldarationB  affectlnc  the  choice  of  armftture  winding   for 

an  alternator,  (a)  Efficient  e.m.f.  generation,  t^..  without  considerate  dif- 
ferential generation  in  series- connected  conductors.  This  indicates  coils 
whoee  pitch  or  span  is  about  180  deg.  The  pitch  is  on  other  accounts 
sometimes  as  low  as  0.66  or  even  0.50.  (b)  Wave  shaiw.  In  most  cases  an 
approximate  nne-wave  is  desired,  w  lioh  ordinarily  means  a  distributed 
winding  (several  slots  per  pole  per  phase).  It  is  not  necessary  to  have  a  whole 
oarabet  of  slots  per  pole  per  phase.  In  fact  a  fractional  number  is  some- 
times desirable,  0.0.,  a  machine  with  1}  slots  per  pole  per  phase  will  have 
as  good  a  wave  anape,  other  things  being  equal,  as  a  machine  with  five 
slots  per  pole  per  phase.  Wave  shape  also  usually  indicates  a  fractional- 
pitch  winding  (Par.  SO),  i.t.,  coils  with  a  pitch  less  than  180  de^.  (c) 
Prom  the  standpoint  of  neat.dissipation,  as  weu  as  of  wave  shapSi  the  winding 
should  be  distributed  rather  than  concentrated;  this  also  reduces  the  leiUcage 
reactance  slightly.  On  the  other  hand,  much  distribution  means  more  insula^ 
tion  space  and  less  slot  space  for  copper,  particularly  in  high-voltage  machines, 
(d)  From  the  standpoint  of  first  cost  it  is  important  that  the  coils  shall 
be  wound  and  insulated  before  being  placed  in  the  machines,  also  that  they 
shall  be  of  one  shape  rather  than  of  many  shapes.  This  involves  the  neoes- 
nty  of  open  slots,  although  magnetic  wedges  are  sometimes  inserted  after 
tbe  winding  is  in  place,  in  order  to  secure  the  advantages  of  closed  or  partly 
closed  slots. 

17.  Olassiflcationi  of  armators  windinffi:  (a)  coil-end  classification 
(spiral  or  lap;  one  range,  two  range,  three  ran'^e  or  barrd} ;  (b)  according 
to  the  number  of  layers  (one  or  two);  (c)  according  to  the  pitch  of  the  coils; 
(d)  open  slots  (usually  with  form  wound  coils)  or  dosed  slots;  (e)  according 
to  the  number  of  slots  per  pole  per  phase;  (f)  according  to  the  number  of 
circuits  in  each  phase;  (g)  accormng  to  the  number  of  pnaseB;  (h)  in  three- 
phase  windings,  F*  or  A  connection. 

Diagrammatic  illustrations  of  tliree-phase  windings  are  shown  in  Pig.  14 
which  explains  itself.     All  of  these  illustrations  are  for  sinffle-iayer  wmd- 

*  Kloas  M.  "Selection  of  Turbo- Alternators."  Joum,  Inst.  Elec.  Engrs., 
VoL  XLII.P.  166. 

Stoney,  G.  and  Law.  A.  H.  "High-speed  Electrical  Machinery,"  Joum. 
h  E.  E.,  VoL  XU,  p.  286. 

Walker.  Miles.  "Design  of  Turbo  Field  Magnets  for  Alternating- cur- 
rant Generators,"  Joum.l,  E.  E.,  Vol.  XLV.  p.  310. 

Smith,  S.  P.  "Non-salient  Pole  Turbo-alternators,'*  Joum.  I.  E.  E., 
VoL  XI/VII.  p.  662.  .      ,    „    „ 

Lamme,  B.  G.  "High-epeed  Turbo-alternators,**  Trans.  A.  I.  £.  E., 
1913,  VoL  XXXU,  p.  1. 
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IniTBi  such  that  they  can  be  wound  with  one  ooil-side  per  slot.  It  will  be 
observed  also  that,  in  effect,  they  are  all  full-pitch  wlndingi,  i.e.,  that  the 
two  groups  of  active  conductors  belonging  to  any  given  phase  and  lyin^ 
under  adjacent  poles  are  always  180  deg.  apart,  as  groups*  although  some 
individual  coils  of  the  spiral  windings  have  a  pitch  less  than  180  deg. 


Fig.  14, — ^Three-phase  windings. 

18.  A  three-phaa«  tpir»l  winding  with  three  slots  per  pole  per  phase 
isshownin  Fig.  15,  and  a  two-phase  spiral  winding  withsizslots  per  pole  per 
phase  in  Fig.  16.  For  obvious  reasons  th^e  are  sometimes  caUcdT  ohatlti 
windings.  They  are  also  two-range  winding,  i.e.,  the  coils  extend  out- 
ward in  two  ranges,  or  rows.     Fig.  5  shows  part  of  a  thrae-ranff«  winding". 

19.  Two-layer  lap  winding.  A  more  common  type  than  any  of  the 
windings  mentioned  in  Far.  18,  is  the  two-layer  lap  winding,  shown  in  Fig. 
17.  This  type  has  the  advantage  not  only  of  a  single  shape  of  coil,  but  alao 
that  the  coil  pitch  may  be  any  whole  number  of  slots,  without  disturbing  the 
symmetry  of  the  winmng. 


Fi<].  16. — Three-phase,  spirali  two- 
range  winding. 


Fia.  16. — Quarter-phase,  spiral,  two- 
range  winding. 


SO.  Vtaotional-Ditch  winding.  When  the  coil  pitch  is  less  than  180  deg., 
the  .winding  is  called  a  fractional-pitch  winding.  Fractional-pitch  itidnd- 
ings  are  much  used  not  only  because  of  their  effect  on  the  wave  shape  (Par. 
S8  et  seq.),  but  also  because  of  the  saving  in  coil-end  copper  and  in  over-all 
length  of  machine.  The  gain  is  particularly  noticeable  on  two-pole  machines 
where  fractional  pitch  ia  practically  universal.  It  is  also  possible  with  this 
type  of  winding  to  have  a  fractional  number  of  slots  per  pole,  which  tends 
to  eliminate  tooth  harmonics  from  the  e.m.f.  wave.  The  end  connections 
of  the  two-layer  lap  winding  stand  out  in  a  single  range,  but  because  of  its 
appearance  and  continuity  it  is  often  called  a  barrel  winding.  Figs.  17 
and  18  show  samples  of  three-phase,  two-layer  lap  windings  with  full  pitch 
and  50  per  cent,  pitch  respectively.  The  between-coil  connections  and  phase 
terminals,  are  shown  for  only  one  phase.  All  things  considered,  the  two- 
layer  lap  winding  is  the  most  flexible  and  generally  useful  type.  In  very 
high-voltage  machines,  the  necessity  for  insulation  between  the  two  lay<a« 
is  an  objection,  particularly  with  fractional  pitch,  when  there  is  a  relatively 
large  potential  difference  between  the  two  cou-sides  in  a  alot. 


450 


yGoogle 


A.  C.  QENBRATORS  AND  MOTORS 


Sec.  7-20 


Two  Layer  ynndins.  Coil  Pitch  -|"  LOO 

Two  Poles.  Six  Sloti  per  Pole 
1234         66789        10       11       12 


Fio.  17. — Three-phaae  two-layer  lap  winding  with  full  pitch. 

Two  Layer  Wladinff.             Coil  Pitch  4  -  •&> 
Two  Polee.  Six  Slota  per  Pole 
1284         6678        9        10 U 12_ 


Fio.  18. — Three-phaae  two-layer  lap  winding  with  five-tenths  pitch. 

ShwIeLayer  Winding.             Coil  Pitcli4-  -  M 
Two  Poles.  Six  Slots  per  Pde 
12        8         * B 6.      7  8         9        10      "       12_ 


Fio.  19. — Three-phase  single-layer  lap  winding  with  five-teniha  pitch. 

SInsle  Layer  Winding.  Coil  Pitch  4  -  •ESS 

Two  Poles.  Nine  Slots  per  Pole 
18     1      2     8     4     6      6     7      8    9     10    11  12    13    14    16   16   17    18 


FJo.  20. — Three-phase  single-layer  lap  winding  with  five-nintha  pitch. 
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II.  Fraetlonal  piteh  ilnrle-Uyer  Up  wtndin^.  It  ia  also  poaaible  to 
have  fr&otional-pitch  ooila  with  a  o&e-lsyer  lap  winding,  but  here  the  number 
of  oombinationa  is  quite  limited,  see  ^^<  19  and  20.  Inter-coil  connections 
are  shown  for  omy  one  phase.  Fraotional-pitcb  one-laver  poIyphAse 
windings  have  the  serious  fault  that  in  a  certain  portion  of  the  slots,  tbe 
phases  alternate  with  one  another,  oaiuing  a  very  unfavorable  distribution 
of  the  m.zn.f.  of  armature  reaction.  Thus  with  three  phases  A,  B,  »nd  C. 
four  slots  per  pole  per  phase,  and  75  per  cent,  pitch,  the  distribution  of  the 
phase»  in  successive  slots  is  as  follows:  ACAABABBCBCCACAABABB,  etc. 
when  each  slot  contains  conductors  of  only  one  phase,  the  m.m.f.  distribu- 
tion is  very  unfavorable,  but  with  a  two-layer  winding  with  four  slota  per 
pole  per  phase,  and  the  same  coil  pitch,  we  obtain  the  following  arrangement: 
/  AAAABBBBCCCCAA  \  .„ 
\  CCCAAAABBBBCCCJ'^^- 
Thia  arran^ment  provides  a  nearly  sinusoidal  distribution  of  the  m.m.f. 

St,  Multl-clroult  windings.  Another  classification  of  windings  is  ao  - 
cording  to  the  number  of  similar  circuits  in  each  phase;  e.g.,  a  two-circuit 
22(>-volt  alternator  could  be  changed  to  a  slogle  circuit  440-volt  machine  by 
series-connecting  the  two  parallel  circuits. 

In  three-phase  alternators  there  is  still  another  distinction,  namely, 
between  Y  and  £k  connection  of  the  three  phases. 

B.H.r.  OKHKKATION 
tS.  Klaotromftcnetic  induction.  The  law  of  electromagnetioally  in- 
duced e.m.f.  maybe  stated  in  two  ways:  (a)  whenever  a  conductor  cuts  m 
magnetic  flux,  an  e.m.f.  is  induced  which  is  proportional  to  the  rate  of  cutting, 
i.e.,  to  the  flux  cut  per  sec;  (b)  whenever  tiie  flux  linked  with  a  loc^  or 
0(h1  of  wire,  changes  for  any  reason,  an  e.m.f.  is  induced  in  the  loop  or  coil, 
proportionsil  to  the  rate  of  change  of  the  flux  and  to  the  number  of  turns  in  the 
coil.  For  all  ordinary  oases,  statements  (a)  and  (b)  are  exactly  eguiva^t. 
For  the  consideration  of  alternator  electromotive  forces,  statement  (a)  will 
ordinarily  be  found  the  more  convenient. 

S4.  K^m.f.  tormuln.  Let  {  «-  gross  length  of  armature  core,  indies. 
B  o  peripheral  velocity  in  ft.  per  sec.  (Bi  —  maximum  gap  density  (max- 
wells per  sq.  in.)  of  equivalent  sine-wave,  e"  «■  root-mean-sauare  volts 
I>er  in.  of  active  conductor.  N  «-  series-connected  active  oonauotors  per 
ihase  (twice  the  number  of  turns  per  phase).  B  »  volts  per  phase,  kb  and 
Km  are  the  differential  factors.  Far.  tS  and  S9. 
Tlien 

«"--i^r»(Bilo'-8.6s(BilO*  (volts)  (1) 

and  -• 

gmlc^^'m'-8.5kbk,ta,IfnO  (voltst  (2) 

Another  very  common  variety  of  the  e.m.f.  formula  is  obtained  as  foUoirB: 
let  fr  ..  flux  per  pole  in  maxwells;  then  the  average  e.m.f.  per  active  con- 

-a 
duotor  is  2/^10  ,  and  neglecting  differential  action,  the  average  e.m.f.  per 

-a 
phase    is   2f^N10.     To    obtain    the   root-mean-square    volts  and  at  the 
same  time  to  taVe  account  of  the  differential  action,  involves  the  form  factor 
ikf  M  ratio   of  root-mean-square   to  average  volts),   and  the  differential 
factors,  giving  for  the  induced  volts  _, 

B-2k/ktkrf*NlO  (8) 

The  three  k't  are  usually  combined  in  a  single  term  K  which  has  an  average 
vatne  of  l.OS  for  full-pitch  windings. 

IS.  X.in.f.  wave  shape.  Assuming  constant  speed,  the  e.m.f.  generated 
by  a  single  active  armature  conductor,  or  by  a  group  of  soriee-connected  con- 
ductors making  up  a  coil  side  and  lying  in  a  sinKie  slot,  is  proportional  at 
each  instant  to  the  density  of  the  magnetic. flux  through  which  it  is  cutting, 
and  when  plotted  in  rectangular  coordinates  will  have  the  same  shape  ss  the 
"field  form,"  i.e.,  the  curve  showing  the  peripheral  distribution  of  flux 
entering  the  armature  from  the  field  poles  (see  Par.  »t  and  SS ).  Thia  will 
be  referred  to  u  the  elementary  or  slot  e.m.{.    It  u  an  alternating  e.m.f. 
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Fio.  21. — Elementary  field  form. 
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See.  7-26        x.  c.  obnbrators  and  awtors 

but  usually  not  sinusoidal,  aeo  ^ff.  21.  The  no-load  ware-ehape  of  the 
machine  is  then  obtained  by  adcHng  together  the  e.m.fs.  of  tne  series- 
connected  coil  sides.  This  is  very  tedious  as  it  involves  the  point-by>point 
addition  of  several  dephased  non-sinusoidal  waves.  An  approximation  of 
some  kind  is  usually  employed.  The  most  satisfactory  method  of  handling 
this  problem  is  as  follows:  Analyie  the  field  form  or  slot  e.m.f.  into  its  fun- 
damental and  harmoDics;  compound  or  add  veotorially  in  their  proper  phase 
relation,  the  fundamentals  of  the  several  series-connected  conductors  or  coil- 
sides,  to  obtain  the  fundamental  of  the  resultant  e.m.f.;  and  compound  sitnl- 
larly  the  harmonica  of  each  order  to  obtain  the  resultant  harmonic  of  that 
order.     To  this  end  the  armature  conductors  are  grouped  as  follows. 

Sft.  Siznilari,  Any  number  of  conductors  or  coil  sides,  180  mafi;netic 
degrees  apart  (generally  called  similars),  connected  in  series,  alternating 
right  and  left  across  the  face  of  the  armature,  will  yield  an  e.m.f.  wave  oT 
the  same  shape  as  that  of  the  field  form  or  slot  e.m.f.,  the  result  being 
simply  the  product  of  the  e.m.f.  of  a  single  conduotw  or  o<^-8ide,  by  the 
number  in  series. 

37.  P]iAS«-belt.  tn  nearly  all  alternators  the  conductors  of  a  single  phase 
are  not  confined  to  one  slot  per  pole,  but  are  distributed  in  several  slots. 
The  group  of  conductors  belonging  to  one  phase  and  corresponding  to  one 
pole,  will  DC  referred  to  as  a  phase  belt.  When  the  number  of  slots  ^er  pole 
per  phase  is  a  whole  number,  all  the  phase  belts  of  a  given  phase  are  similars, 
and  the  phase  e.m.f.  will  have  the  same  shape  as  that  of  a  single  belt.  In  a  2- 
layer  winding  the  group  of  conductors  for  one  pole  and  phase  may  be  more 
conveniently  separated  into  the  top-of-s1ot  belt  and  the  Dottom-ot-«iot  belt, 
particularly  in  the  case  of  fractional  pitch  windings  where  these  two  belts 
are  displaced  circumfcreatially.    See  Fig.  78  and  70,  pages  400  and  600.  - 

S8.  Belt  difl«rsntl»l  factor.  In  general  the  resultant  or  vector  sum  of 
the  e.m.fa.  of  the  several  coil-sides  in  a  given  belt  will  be  less  than  Iheir 
numerical  sum,  owing  to  their  phase  differences.  The  ratio  of  the  vector  sum 
to  the  numerical  sum  will  be  called  the  differential  factor,  which  is  always 
equal  to  or  less  than  one.  In  the  case  of  differential  action  within  a  sing^ 
-ihase  belt,  the  differential  factor  will  be  called  the  belt  diSsrential  factor, 
:h.  Remembering  that  a  fundamental  phase  difference  of  0  deg.  means  an 
nth  harmonio  phase  difference  of  nfi  deg.,  it  is  easy  to  see  that  a  fundamental 
phase  difference  which  affords  a  relatively  large  differential  factor  for  the 
fundamental,  niav  give  a  verv  small  differential  factor  for  one  or  more  of 
the  harmonics.  Thus,  in  a  tnree-phase  alternator  with  two  slots  per  phase 
per  pole,  or  six  slots  per  pole,  the  phase  difference  between  two  adjacent  slots 
IS  30  deg.  for  the  fundamental,  5X30  deg. » 150  deg.  for  the  fifth  harmonic, 
etc.  The  belt  differential  factors  will  then  be  JUi>"Cos  15dog.  — 0.9G6,  ku^ 
cos  75  deg.<=0.259,,A:t7-"  -0.250,  etc.  Thus  the  5th  and  7th  harmonics  are 
greatly  reduced  without  appreciably  reducing  the  fundamental.  Differ- 
eotial  factors  for  the  fundamental  and  for  the  various  odd*  harmonics 
up  to  the  27th,  for  60-deg.  and  90-deg.  belts  and  for  various  numbers  of  slots 
per  pole  are  given  in  Table  I,  Par.  81.  Differentia]  factors  for  a  120-deg. 
belt  may  be  obtained  by  multiplying  those  of  the  OOndeg.  belt  (same  Nap) 
by  the  66}  per  cent,  pitch  differential  factors,  Fig.  22. 

SO.  Pitch  differential  factor.  When  the  coil  pitch  differs  from  the  pole 
pitch,  the  e.m.fs.  developed  in  the  two  sides  of  a  single  coil,  or  in  the  two 
series-connected  belts  of  a  phase-group  of  coils,  will  differ  in  phase  by  an 
angle  fi,  which  is  the  angle  (in  magnetic  degrees)  bv  which  the  coil  pitch 
differs  from  the  pole  pitch.     This  introduces  another  differential    factor 

^cos  -^)  for  the  fundamental  and  cos  -^  for  the  mth  harmonic,  which  will 

be  called  the  lutch  differential  factor.     Its  values  are  plotted  in  fig.  22. 
SO.  Phase  differential  factor.     The  addition  of  the  two  e.m.fs.  of  two 

E bases  of  an  alternator,  involves  differential  action  of  exactly  the  same 
ind  as  that  between  the  two  series-connected  bolts  of  a  fractional-pitch 
winding  (Far.  SO).  In  a  three-phase  K-connected  machine,  the  angle  is  60 
deg.,  which  is  equivalent  to  a  ]  pitch;  and  the  phase  differential  factor  for 
thefundamentalandforallthe  odd  harmonics  notamultiple  of  three,  isO.866; 
while  for  the  harmonics  which  are  multiples  of  3,  it  is  lero  (see  Fig.  22)^ 

*  Even  harmonics  are  not  present  in  any  appreciable  degree  in  the  e.inX 
waves  of  commercial  alternators. 
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Flo.  24.- 


Bstlo  Pole  Arc  to  Pale  Pitch  («  A) 

-Harmonics  of  rectangular  field  forms  (in  terms  of  fundamental) 
plotted  as  a  function  of  ratio  of  pole  arc  to  pitch. 


FlQ.  25. — Observed  Beld  form. 
4S6 


Fia.  26. — Observed  field  form. 
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fUId  fogrm  of  MU«at-p«l*  •Itanuton.     Neglecting  the  fringlna 


of  flax  Bt  the  pole  comers  and  uauming  a  uniform  air-sap  under  all  parte  ol 
the  p<rie,  the  field  form  will  be  rectangular  (see  Fig.  23).     The  fundamentM 
nne-ware  of  this  field  form  has  a  maximum  value:  (Bi  ■•  1.27  ooe  w/2  (1 — Jfe)B, 
—  ai(Bf.     Values  of  ai  for  vatioua  values  of  k  are 
given  in  Fig.  23.     Fringing  at  the  pole  face  edges 
will  increase  ai  and  chamfering  the  pole  face  will 
decrease  ai  sli^tly,  (B«  being  toe  actual  gap  den- 
sity at  the  centre  of  the  pole  face. 

rig.  24  givee  the  harmonica  (up  to  the  19th) 
of  these  rectangular  field  forms,  plotted  against  it, 
in  term*  of  the  fundamental.  The  fringing  will  in 
moat  cases  eliminate  the  higher  of  these  harmonics, 
and  eoDsiderably  change  the  magnitude  of  the 
lower  ones,  usually  reducing  them.     Thus  Fig.  24 

K'ves  only  a  rou|tn  idea  of  the  upper  limits  of  the 
wer  harmonics  in  the  ease  of  a  uniform  air-gap. 
If  the  pole  face  is  shaped,  these  values  may  be 
stSl  farther  reduced.  Three  actual  and  quite  dif- 
ferent field  forma  are  shown  in  Figs.  25,  26  and 
27,  and  their  harmonic  analyses  given  below: 
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Fio.  27. — Observed  field 
form. 
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M.  Fiald  form  of  diitrlbuted-iield  wladlnn-    With  distributed-field 
windings,  the  field  form  may  be  more  easily   controlled.     Fig.  28  shows 

Pole 

Genter 


Hi 


Vkflt.  28  and  29. — Distributed  field  winding  with  resulting  field  form,  effect 
of  slots  neglected. 

>  two-layer  distributed  field  winding  with  the  top-slot  layer  displaced 
2  ilots  from  the  bottom-slot  layer.  This  is  a  simple  lap-winding  with  a 
UO'dag.  beh,  a  |  pitch,  and  12  slots  per  pole.    The  empty  sloU  at  the 
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centre  of  each  pole  could  be  filled  with  iron  if  desired.  Neglecting  the 
effect  of  slot  openings  and  assuming  that  the  current  is  distributed  uniformly 
over  each  belt,  the  magnetic  potential  differences  (ampere-turns)  across  the 
air  gap,  and  therefore  the  field  form,  ia  shown  in  Fig,  29. 

A  simple  manner  in  which  to  obtain  the  equivalent  sine-wave  of  such  a 
field  form  is  as  follows:  Any  such  distributed  field  winding  may  be  con- 
sidered as  made  up  of  pairs  of  conductors,  the  two  in  each  pair  being  180  deg. 
apart.  Consider  the  m.m.f.  of  a 
single  pair.  The  field  form  of  the 
pair  if  acting  alone  will  be  a  rec< 
tangle,  Fig._  30,  of  which  the  fun- 
damental sine-wave  has  a  maxi- 


FiQ.  30. — Field  form  of  single  180- 
deg.  loop,  with  its  fundamcntaL 


Fzo.  31. — Belt  differential   factor    for 
m.m.f.  of  distributed  field  windings. 


mum  value,  Ai  '^  4A  +  -r.     The  3rd  harmonic  has  |  of  this  amplitude,  the 

5th,  i,  etc.  Asaumizig  that  the  resultant  of  the  overlapping  rectangular 
m.m.f.  and  flux  distributions  of  the  several  pairs  of  conductors  into  which 
the  winding  has  been  artificially  subdivided,  is  a  curve  whose  harmpnics  are 
small  and  easily  ironed  out  of  the  e.m.f.  by  the  differential  actions  of  the 
winding  (i.e.,  assuming  a  final  sine-wave  oi  e.m.f.)  ;it  is  obviously  unneces- 
sary to  consider  anything   but  the  fundamental  of  each  rectangular   field 


I  BeltSpauIiD  Dtigrees  I 


Fio.  32. — Curves  of  belt  differential  factors  for  harmonics  vs.  belt  span. 

form  (Fig.  30),  and  to  compound  or  add  together  the  various  fundamentals, 
which  can  be  done  geometrically,  exactly  as  with  the  fundamentals  of  the 
e.m.fs.  in  the  several  conductors.  It  is  thus  possible  to  use  the  same  differ- 
ential factors  as  for  the  e.m.fs.,  except  that  the  belt  of  conductors  or  of 
pairs  of  conductors  is  no  longer  confined  to  the  definite  widths  of  60  deg., 
90  deg.,  or  120  deg.,  ^though  usually  within  these  limits.  The  belt  differen- 
tial factor  Hf  for  the  fundamental,  is  given  in  Fig.  31  for  various  numb^ 
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of  slots  per  bdt,  J>lotte<l  againat  the  belt  span  in  degrees.  Fig.  32  gives 
the  belt  differential  factor  of  the  harmonics  for  the  case  of  a  large  number 
of  slots  per  belt. 

If  Sib  —  the  ampere-turns  per  belt,  or  per  pole,  and  \t  Kt  ^  ratio  of  gap 
ampere-tums  to  the  total  (including  ampere-turns  in  the  iron  part  of  the  cir- 
cuit), the  ampere-turns  consumed  in  the  single  gap  at  the  crest  of  the  wave  of 
magnetic  p.d.  across  the  gap  is 

2 
Ni,~-knkfKtNit  (amp-turns)  (4) 

wheire  b/  is  from  Fig.  31  and  kp  from  Fig.  22. 

If  5  be  the  air  gap  (inches)  and  Ki  the  contraction  factor  due  to  slot  open- 
ing. (Far.  40),  the  crest  value  of  the  equivalent  sine-wavo  of  gap  flux  den- 
sity IS 

(Bi  -  3.2  KiNi,  +  4  =  2.03  latk,KiK,Nit  (5) 

It  is  thus  possible  to  produce  a  substantially  sinusoidal  distribution  of  mag- 
netic potential  difference  across  the  gap,  and  therefore  of  flux  density  in  the 
cap.  when  the  gap  is  uniform.  If  the  teeth  are  highly  saturated  the  field 
lonn  will  be  flattened  somewhat  as  compared  with  the  m.m.f.  curve. 

M.  Tooth  Unka.  The  field  forms  of  Figs.  21,  25,  26,  27  are  drawn  as 
if  there  were  no  slot  openings.  Strictly  speaking,  they  are  therefore  the 
equivalent  smooth-core  field  forms,  but  are  usually  referred  to  simply 
as  the  field  form.  The  presence  of  slot  openings  introduces  flux  pulsations, 
and  kinks  in  the  slot  e.m.f.  If  there  are  12  slots  per  pair  of  poles,  there  will 
result  an  eleventh  and  a  thirteenth  harmonic;  if  24  slots,  a  23rd  and  25th 
harmonic,  etc. 

In  maehines  with  a  few  large  slots  these  tooth  kinks  sometimes  dominate 
the  wave  shape.  They  may  oe  largely  eliminated  by  the  choice  of  a  frac- 
tional number  of  slots  per  pole,  so  that  the  kinks  will  occur  in  different  direc- 
tions in  different  parts  of  the  winding  at  the  same  instant.  Sometimes 
this  end  is  accomplished  by  the  addition  of  one  dead  slot.  The  extra  slot 
is  then  called  a  hunting  slot.  An  uneven  spacing  of  the  poles  accomplishes 
the  same  end  in  the  same  manner.  In  machines  with  a  large  number  of  slots 
per  pole,  small  slot  openings  and  a  relatively  long  air  gap,  the  presence  of 
tooth  kinks  is  not  noticeable. 

THX  MAONBTIC  CIBCUIT 

U.  Caleulktloil  of  no-load  saturation  curve.  The  saturation  curve, 
or  curve  of  terminal  voltage  at  no-load,  plotted  against  field  ampere-turns,  can 
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Fio.  33. — Magnetiiation  curves  of  average  good  iron  and  steel. 

be  compnted  ordinarily  to  within  about  5  per  cent.,  provided  magnetization 
curves  of  the  iron  in  the  magnetic  circuit  are  given.  If  these  curves  are  not 
known  for  the  particular  iron,  some  such  curves  must  be  used  aa  arc  shown  in 
Vig.  33.     Also  Bee  Sec.  4.    A   fairly  rough  approximation  to  the  magnetic 
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Sec  7-36 


it.  C.  OBlfBRATORS  AND  U0T0B8 


qiuliUea  of  the  iron  may  not  wrioudy  affect  th«  aatimtioil  earve,  TinlniM 
very  bich  denaitieB  are  used,  nnoe  the  reluctance  of  the  iron  portion  u  small 
aa  compared  with  the  air-gap  reluctanoe. 

Ttie  reluctanoe  of  the  magnetic  circuit  aa 
ordinarily  divided  into  five  parts,  aip-cap, 
armature  teeth,  armature  core,  pole  core. 
and  yoke.  For  a  given  no-load  terminal 
voltage  (^,  thefliu  per  pole  (4)  entering 
the  armature,  is  determined  by  the  equation 
*-(BX10')/i2k/kik,/N).  See  Par.  a*. 
To  obtain  the  flux  4«  in  the  pole  core,  .the 
field  leakage  must  be  added,  or  4>  mus^  be 
multiplied  by  the  leakage  coefficient  r. 

M.  n*ld  I««]uifa  b«twa«n  Mllent 
pole*.  The  leakage  coefficient  (*>  for 
salient  poles  is  defined  as  the  ratio  of  the 
maximum  flux  (^«)  in  the  pole  core,  to  the 
flux  {.*)  entering  the  armature  from  one 
--T-t  pole.  The  difference  between  them  is  the 
*     leakage  flux  («i). 

*,-*+*!  and  F  -  *,/*-(*+*&/* mm 

1 +(♦!/♦) 

This  leakage   flux   can   be    divided    into 
two    parts,   that  (4>ic)    which   leaks    be- 
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Pia.  34. — (a,  b,  e,  d  and  e). — Diagrams 
for  field  leakage  calculations. 


Fio.  35. — For  field  leakage 
calculations. 
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FiQ.  37. — Cunrea  of  oooatanta  /■ 
and  /i  employed  in  field  leakage 
calculations. 
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Sec  7-37 


tween  the  pole  eon  uid  the  ooree  of  the  adjaoent  ixdes,  ud  that  (*b)  which 
leeks  between  the  pole  ihoe  and  the  shoes  on  the  adjacent  poles.  Below 
m  given  formula  for  caleulatinE  *i,  the  total  leakace  flux  from  one  pole, 
for  rectangular  (Fig.  34a).  straignt-sided  with  semicircular  ends  (Fig.  34b), 
ud  circular  pole  cores  (Fig.  34c);  and  for  rectangular  (Fig.  34d),  andstraight- 
•ided  with  eemidronlar  ended  pole  shoes  (Fig.  34e).  Formula  are  given  for 
both  non-stepped  (that  is  ]>arallel-sided)  Geld  coils,  and  for  stepped  or  tapering 
fidd  coils.  The  notation  is  obvious  from  Fig.  35.  NI  *  the  ampere-tums 
on  one  pole  consumed  in  the  gap,  teeth  and  armature.  The  oonstents 
h,  hi,  ft,  and  ft  are  given  in  Ilgs.  36  and  37. 

Cor*  Uakac*  fl<»- 

*!.- (;r//1.59)A[(2I,/n.) +Jti]/i    for    non-stepped 

coils. 
*!.-  (JV//1.59)M(21</n.)  +bl/>    for  stepped  coUa 

«i.-(Ar//l.S9)M(2'«/n<)+til/i     for    non-stepped 

coils. 
*i.-(Ar//>.S9)M(2'./n.)+bl/i  for  stepped   coils. 


n. 


Beetangular  (FSg. 
34a) 

Straifht-sided  with 
senuciroular  ends 
(Fie.  34b) 


I  *u-<,ffI/l.SO)hhi/i  for  non-stepped  coils. 
\*i.-(JV//1.59)Mi/i  for  stepped  coils. 


Circular  (Fig.  34c) 

n.  Bhoa  Isakac*  flux. 

Rectangular  (Fig.  34d)  *u-1.2B6!fHt+»m2U/n.)+h\ 
Btraifbt-sided  with        *i.-1.2S6NHt+t^(2l,/n.)+kt\ 
semicircular  ends 
(Kg.  34e) 
If  *!"  *b+  4>b  and  *  is  the  useful  flux  per  pole,  the  leakage  eoeffleient  is 
(^  +  4i)/#~p.     If  NI  corresponds  to  ^  at  no-load,  r  is  the  no-load  leakage 
coefficient  f*;  if  at  full-load,  w  w  the  full-load  leakage  coefficient,  as  explained 
ia  Par.  41.. 

n.  Flnz  densities  In  Um  iron,  and  required  ampere-tnma.  Divid- 
ing *,  by  the  cross-section  of  the  pole-core,  the  flux  density  is  obtained. 
The  necessary  ampere-tums  to  drive  the  flux  through  the  pole  are  deter* 
mined  by  nnding  from 
acme  such  curve  as  that 
in  Fig.  33,  the  ampere- 
turns  per  in.  necessary  for 
this  density,  and  miUtiply- 
ing.  by  the  length  of  the 
pole  core.  Similarly  the 
ampere-tums  for  the  yoke 
msy  be  determined,  remem- 
benng  that  onl^  one-half 
the  yoke  patb  is  charged 
to  one  pole,  and  that  the 
flux  in  the  voke  is  (4'./2). 
The  tootn  densitv  varies 
from  the  tip  to  toe  root 
of  the  tootn.  A  roughly 
equivalent  density  is  that 
St  a.  point  one-third  of 
the  distance  from  the  nar- 
row to  the  wide  end  of 
the  tooth.  If  we  let  ka 
represent  the  width  of  the 
tooth  at  this  point,  divided 
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by  the  tooth  pitch,  and  if  qii  is  the  net  iron  length  of  the  armature  divided 
by  the  gross  core  length,  the  equivalent  density  to  be  used  in  computing 
ampere-turns  for  the  teeth  is  that  found  by  dividing  the  actual  maximum 
density  ((&,)  in  the  gap  by  kaqn,  and  correcting  by  the  curves  in  Fig.  38. 
which  take  account  of  the  fact  that  all  the  flux  aces  not  enter  the  armature 
through  the  teeth,  but  that  some  of  it  paues  through  the  slots. 

The. density  in  the  armature  core  varies  from  the  centre  of  the  pole  to 
"'0  P«nt  midway  between  the  poles,  but  a  good  approximation  is  obtained 
by  finding  the  density  midway  between  the  poles  (4/2  divided  by  the  net 
"Oh  cross-section  of  the  armature  core)   and  estimating  an  equivalent 
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Sec.  7-40 


A.  C.  QBNBRATORS  AND  MOTORS 


length  of  path  for  this  denutv.     A  considerable  error  in  this  item  is  eridentlj 
»  very  amaU  port  of  the  whole  number  of  ampere-turiu  per  pole. 

For  a  non-ealient  ^ole  machine  the  ampere-turns  for  the  rotor  can  best  be 
determined  by  finding  the  density  midway  between  the  poles,  as  for  the 
armature  core,  and  approximating  to  an  equivalent  length  of  path  for  this 
density.     The  rotor  teeth  may  be  treated  exactly  as  the  armature  teeth. 

A  curve  of  terminal  volts  plotted  against  the  neoeasary  ampere-tums  for 
the  iron  part  of  the  magnetic  circuit  is  called  an  iron  saturatiozi  ourre. 

40.  Ainpere-tuma  for  alr-t«p.  If  the  armature  were  smooth-oored  with 
no  air-ducts,  the  cross-eection  oi  the  air-gap  would  be  the  area  of  the  pole 
face  plus  an  allowance  for  fringing  of  the  nux  at  the  edges*  and  the  actual 
density  would  be  that  determined  by  dividing  the  total  flux  per  pole  by  tltia 
cross-section.  This  will  be  called  the  mean  pole-face  density.  ^  Since  the  flux 
is  crowdedinto  the  teeth  as  itunters  the  armature,  the  density  whioh  muat 
be  used  in  computing  the  necessary  ampere-turns  is  somewhat  higher  thskii 
the  mean  pole-face  density. 

The  flux  does  not  all  enter  the  tips  of  the  teeth,  but  fringes  from  the  side* 
of  the  teeth,  having  the  effect  of  increasing  the  width  of  the  tooth  tip  (wu). 
This  equivalent  tooth-tip  is  given  by  the  expression  vii  +  2d<y  where  c/  is  the 
fringing  constant  and  6  the  length  of  the  air-gap.  Values  of  c/  as  a  function 
of  Wwo/6  (the  width  of  slot  opening  di- 
vided by  the  air-gap  length)  are  shown 
in  Fig.  30.  If  n  is  the  tooth-nitch. 
a«  >=-  {.Wit  +  2«c/)  /rt  is  the  fractional  part 
of  the  tooth-pitch,  which  is  effective  as 
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30. — Curve  for  calculating  air- 
gap  reluctance. 


4  6         8         10 

Fio.  40. — Slot  contraction  factor. 


a  flux  path,  or  the  fractional  equivalent  tooth-Up.    Fig.  40  gives  values 
of  a  for  various  values  of  JtM'u>«>/S  and  Qm  "■  Wav/rf. 

The  peripheral-contraction  factor  K\,  or  the  ratio  of  effective  peripheral 
surface  to  actual  peripheral  surface  is  equal  to  a«  for  a  salient-pole  machine, 
since  there  ia  contraction  only  on  the  armature  side  of  the  air-gap.  For  a 
slot-wound  field  one  must  determine  the  contraction  factor  both  for  the  arma^ 
ture  (oa)  and  for  the  field  (a/>.     In  this  case  Kx^a^af. 

The  equivalent  length  of  tho  armature  core  (^)  is  given  by  the  expresmon 
U^l-k-i—  Ndi,\Di—2c}h)  where  c/  is  the  fringing  constant  for  the  aiiwlucts, 
iVj  -■  number  of  ducts  and  wi  "  width  of  each  duct.  -  The  longitudinal- 
contraction  factor  {Kd)  is  the  fractional-equivalent  armature  length.  It 
ia  Kd—iU/ri.  The  corrected  gap  deneity  <B,.,  upon  which  we  must  base 
our  calculation  of  ampere-turns  for  the  air-gap,  is(B««M(Bf/(JCiJ?tf),  where  (Bf 
is  the  mean  density  where  the  gap  is  shortest. 

As  explained  in  Far.  SS  (B^  —  (Bi/ai,  where  03i  is  the  maximum  value  of  the 
equivalent  fundamental  aine-wave  of  flux  under  the  pole,  and  si  is  a  constant 
depending  upon  the  ratio  of  pole  arc  to  pole  pitch.  Therefore  (Efi** 
(Rg/(KiKd)^^i/((iifCiKd)f  and  tne  necessary  am^re-tums  Nig  for  the  gap 
are  given  by  the  equation  Nif^0.3136(S>ge.  Adding  the  value  of  Nig  to  the 
number  of  ampere-turns  por  pole  necessary  to  drive  the  flux  through  the  iron 
parts  of  tho  magnetic  circuit,  we  have  the  total  number  of  ampere-turns  per 
pole  corresponding  to  the  total  flux  4.  and  therefore  corresponding  to  the 
no-load  voltage  with  which  we  began.  This  gives,  therefore,  one  point 
on  the  Do-load  saturation  curve.     By  taking  values  of  voltage  between 
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Sec.  7-41 


TOper  eent.  and  130  per  cent,  of  the  full-load  terminal  voltage,  we  ahall  obtain 
tbe  eatoration  curve  over  a  BufBcient  tsn^e  for  all  oalcuIaUona  of  regulation. 

41.  Ho-Ioad  ULturation  eurre  with  full-load  laakars  coelBoient. 
This  may  be  determined  aa  foUowa:  In  Fig.  41,  curve  F,  is  the  no-load 
saturation  curve  of  the  machine  in  question,  curve  -ATiCz+y)  is  the  m.m.f. 
eonaumed  in  the  field  core  and  yoke.  Assume  that  Fat  full-load  *  1.4  XF« 
at  no-load,  see  Far.  U.  Aaaume  also  tiiat  the  field  leakage  coefficient  at 
iio4oad  ia  !>•  — 1.3.  Then  at 
full-load  the  leakage  will  be 
increased  by  40  per  cent., 
nnoe  it  ia  proportional  to  the 
ampere-tuma  on  the  poles; 
and  the  full-load  leakage  co- 
efficient will  be  v/'^l+O.SX 
1.4— 1.42;  i.e.,  the  fluzin  the 
poleB  and  yoke  has  increased 
from  1.3  to  1.42,  or  9.2  per 
eent.  The  corresponding  ex- 
tra m.m.f.  necessary  will  de- 
pend opon  the  shape  of  the 
eurva  /ri(/+>),  and  is  desig- 
nated ^t.in  fig.  41.  Adding 
theoe  extra  ampex»-tums  to 
the  no-load  aaturation  curve, 
we  obtain  s  point  (P)  on  a 
curve  of  no-load  voltaplotted 
against  ampere-tuma  lor  full- 
load  leakage,  or  a  no4oad 
saturation  curve  with  full- 
load  leakage.     It  is  obvious 


Amp.Tami-^ 

FxG.  41. — No-load  saturation  curve  with  full- 
load  leakage,  r/. 


that  a  change  in  either  phase  or  magnitude  of  the  armature  current  wH] 
change  the  ratio  (F/F,) ,  and  thus  the  corresponding  saturation  curve,  i.s» 
there  corresponds  such  a  load-leakage  saturation  curve  for  each  load  and 
power-factor,  see  Far.  (1  et  seq. 

tt.  T»bU  of  average  flux  denaltiea  in  nutffn*tte  dreoit  of  altamaton 


Frequency 
(cycles  per  see.) 

Flux  density  (linee  per  aq.  in.)       1 

Ordinary  ateel 

Silicon  steel 

Armature 
care 

25 
«0 

60,000  to  70,000        70,000  to  80,000 
50,000  to  60,000     1  60,000  to  70,000 

Armature 
teeth 

26 
60 

100,000  to  120,000 
90,000  to  110,000 

Pole  core 

95,000  to  110,000  lines  per  sq.  in.  for  wrought-iron  or  steel 
poles. 

Yoke* 

Cast  steel     90,000  to  100,000  hues  per  sq.  In. 
Cast  iron     30,000  to    3S,000*nes  per  sq.  in. 

orBftATnro  chasactxbistici  or  sTKOHsoirous 

ALTIEHATOBS 

4S.  Bafulation.  The  ratio  of  tbe  difference  between  no-load  and  full- 
load  ternunal  voltage  to  tbe  latter  is  called  the  regulation,  constant  speed 
and  full-load  excitation  assumed.  Unless  otherwise  specified,  unity  power 
Isetorisasaumed.  The  rise  in  voltage  when  the  loaais  thrown  off,  or  the 
drop  when  the  load  is  applied,  is  chargeable  to  three  causes:  (a)  armature 
rcaetion;    (b)  armature  resistance;  t  (o)  armature  leakage  reactance. 

*  The  yoke  density  of  a  slow-speed  machine  is  frequently  lower  than 
given  above,  aa  the  yoke  ia  made  large  in  order  to  obtain  fly-wheel  effect. 

t  The  resistance  here  employed  should  be  larger  (say  20  per  cent.)  than 
the  ohmio  resistance,  to  take  account  of  the  eore  losses  due  to  the  local  or 
leakage  flux,  and  eddy  currents  in  armature  oonduotora. 
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44.  Armatur*  r«acttoil.     The  magnetic  p.d.  acroas  the  c»P  due  to   the 

armature  m.m.f.  may  be  eonsidered  aa  made  up  of  two  parts:  (a)  A  sinu- 
soidaUy  diatributed  p.d^  stationary  With  respect  to  the  field  poles;  and  (b) 
pulsating  kinks  due  to  the  distribution  of  the  armature  current  in  belts  and 
to  its  localisation  in  slots,  (b)  is  larger,  the  smaller  the  number  of  phases. 
Nei^ecting  (b).  the  maximum  or  crest  value  of  this  equivalent  ainusoidally 
distributed  m.m.f.  is 

ill » 0.45  JM^pAr  (amp-turns)  (6) 

where  A  i-  r.m.s.  ampere  conductors  per  in.  of  armature  periphery, 
r  -■  the  iwle  pitch  in  inches;  kh  >^  the  belt  di£Ferential  factor,  see  Table  I ; 
Par.  SI ;  and  kp  ^  the  pitch  differential  factor,  see  Fig.  22. 

If  the  field  m.m.f.  were  also  sinusoidalLy  distributed  along  the  air-gap,  it 
would  be  an  eas^  matter  to  compound  or  add  Tectorially  theae  two  m.m.fs., 
in  order  to  obtain  their  resultant.  This  is  nearly  enougn  the  case  for  alter- 
nators with  distributed  field  winding.  In  the  case  of  salient-pole  machines, 
the  m.m.f.  across  the  gap  at  no-load  is  practically  constant  at  all  points  of  the 
pole  face,  but  in  order  to  simplify  their  treatment,  the  equivalent  sinusoidal 
m.m.f.  distributions  will  be  considered.  This  method  results  in  considerable 
errors  in  some  oases.  The  crest  value  of  thia  equivalent  sinusoidal  distri- 
bution is 

Fi  —  aiFg  (amp-turns)  (7) 

where  ai  (Par.  SS  and  tt.  Fig.  30)  is  about  1.27  andF^  is  the  constant  mas- 
netio  potential  difference  (in  ampere-turns)  between  armature  core  and  pole 
core.  With  narrow  or  chamfered  pole  faces,  ai  will  be  slightly  less.  Ft  —  AtF, 
where  F  is  the  total  field  ampere-turns  per  pole  and  Kt  a  constant  varyinK  ia 
different  machines  and  with  different  fluxes.  A  rough  average  value  ofKt 
ia  0.8,  although  in  extreme  cases  it  differs  considerably  from  this  value. 

Gq.  (6)  holds  for  anynumberof  phases ;  but  for  the  case  of  the  9inffie-pha»e 
alternator,  the  alternating  armature  m.m.f.  must  be  replaced  by  two  half- 
value  revolving  m.m.fs.,  one  forward  and  one  backward  with  respect  to  the 
armature;  or  one  stationary  and  the  other  at  double  frequency  with  respect 
to  the  field.  Eq.  8  EJves  only  that  component  which  is  stationary  with 
respect  to  the  field.  The  other  component  induces  double  frequency  e.m.fs. 
ana  currents  in  the  field  coil,  and  reactive  e.m.fs.  in  the  armature.  (In  the 
balanced  polyphase  case  the  backward  revolving  components  of  the  several 
phases  cancel  or  neutralise  each  other.) 

4C.  Leakftffe  reftetuios  ia  generally  supposed  to  represent  that  part  of 
the  flux  linked  only  with  the  armature  conductors,  but  as  a  matter  of  fact 

the  only  such  flux  ia  some  of  that 
linked  with  the  coil  ends,  since  the 
whole  effect  of  the  armature  m.m.f. 
in  the  vicinity  of  the  air-gap  is  merely 
to  distort  the  main  flux.  However, 
owin^  to  the  localisation  of  the  cur- 
rent in  slots  surrounded  by  magnetic 
material  which  moves  witn  the  slot 
currents,  and  owing  to  the  groupins 
of  the  slots  in  pmuie  belta  wnich 
move  relatively  to  the  field,  there 
are  local  flux  pulsations  which  are 
best  treated  as  if  separate  from  the 
main  flux,  although  as  a  matter  of  fact 
they  are  only  pulsating  diatortiona  of 
the  latter.  Armature  leakage  reao- 
.  .  tance  of  an  alternator  Is  about  as  diffi- 

1         *     •  *   — * cult  to  define   as  to   compute.     For 

~  most  practical  purposes  the  following 

Fio.  42. — Slot  section.  method  will  give  satisfactory  results. 

44.  Slot  leakare  ia  the  crose-slot 

flux,  computed  as  if  independent  of  the  main  flux.     Keferring  to  Fig.  42 

the  "inch  permeance,'*  or  the  flux  linkage  per  amp-inch  of  slot,  is 

.3.2(1-''!-+''-!-+— ?^+A) 

and  the  correspondinc  or  slot  reactance  per  phase  is 
z,-2t/k,*lS  Nuif.  10-» 
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vbere  JVm  is  the  number  of  oonduotora  per  slot,  I  the  grou  oore  length  and 
Jtl  the  ssiea-connected  conduotors  per  phase.  The  moet  oonvenient  form 
in  wMch  to  expreea  reactance  is  as  the  ratio  of  the  reacUince  volU  to  the  induced 
•ott*.     In  this  caae  ii  is — 

wliere  ri  is  the  tooth  piteh  in  inches,  A  the  root-mean-square  ampere- 
conductors per  in.  of  periphery,  and  Nt^  the  number  of  alots  per  pole. 

4T.  Tooth-tip  l«ak»jr«.  This  includes  the  flux  that  links  with  the  slot 
eonduetors  from  tip  to  tip  of  tooth,  sometimes 
by  way  of  the  interpolar  air  soace,  and  some- 
tunea  across  the  air  sap  to  pwe  face  and  back 
acoin.  The  effect  of  the  presence  of  the  pole 
face  10  usually  neglected  in  making  thia  calcu- 
lation, rince  not  only  is  the  air  gap  long  in  the 
majority  of  altematora,  but  even  were  it  not, 
the  damping  effect  of  the  pole-face  eddy  cur- 
rents would  tremendously  incrtiase  the  appar- 
ent reluctance  of  the  path  through  the  iron  of 
the  pcde  face,   with  toe  result  that  it  would 

approach  the  reluctance  of  air.    In  computing  _        .„      «,     ^i.  *■    i     , 
this  flux,  the  integration  is  carried  only  to  the    ^^°-  43.— Tooth-tip  leakage. 
centre  of  the  tooth   (sec  Fig.  43),  since  any- 
thing beyond  this  point  would  be  chargeable  to  belt  leakage.     The  6ux  link- 
age per  ampere-inch  of  slot  is — 

♦)w-3.2  (0.3+  — log.  -^ 'I  =0.96-1-2.35  logio-^  (11) 

''  X  117m  /  Wwo 

and  the  per  cent,  tooth-tip  reactance  or  retutanee  ratio^  see  £q.  10,  is — 

iB.  Belt  leakage.  This  covers  the  belt  pulsations  mentioned  in  Par.  44 
p?).  It  is  difficult  to  define  or  to  compute  this  effect  in  terms  of  an  equiTalent 
leakage  reactance,  but  the  following  method  gives  fairly  satisfactory  results. 
Compute  the  average  mutual  inductive  effect  of  all  the  other  slots  in  a  given 
belt  upon  a  given  slot,  by  an  extension  of  the  tooth  tip  integration  in  circular 
^th9  to  the  edge  of  the  belt.  This  is  taken  as  a  measure  of  the  belt  leakage. 
The  equivalent  flux  linkage  per  ampere-inch  of  slot,  for  a  full-pitch  wind- 
ingt  is  roughly. 

«*-0..7(Ar^-l)  (13) 

where  N^  *  number  of  slots  per  belt. 

Then  since  N^^N^  /p>,  where  p^  — number  of  phases,  the  beU-reaetance 
ratio  ia—  ' 

for  full  pitch  winding  only.  The  effect  of  changing  the  pitch,  on  this 
dement  of  leakage,  is  very  marked,  but  not  readily  computed  Tor  the  general 
case.  The  pitch  factor  k^,  as  used  when  the  slot  is  the  unit,  cannot  be 
employed  i^en  the  belt  is  the  unit.  Certain  special  cases  may,  however, 
be  computed.  Take  for  example  the  case  of  a  nve-sixths  pitch  in  a  three- 
phase  winding;  the  three  belts  per  pole  are  broken  up  into  six  equal  belts 
with  a  pitch  differential  action  in  each  belt.  For  the  purposes  of  this 
computation  there  are  now  six  phases  and  gx»  will  be  reduced  to  considerably 
less  than  half  of  its  full-pitch  value.  If  iV^p^Q,  q^  vill  be  reduced  to  sero. 
Ijf  Nmp  >  12,  QA  will  be  reduced  to  one-third,  and  so  on.  For  two-thirds 
pitch,  however,  the  number  of  belts  is  not  changed  and  the  pitch  factor  kp 
applies  directly. 

Let  «c  —  0i+^»  4-106  be  the  total  flux  linkage  per  ampere^nch  of  tlot^  then 
ike  total  lea/Mffe  reactance  volt9  of  the  alol-emhedded  active  eonductora^  in  terms  of 
the  induced  voltage,  is 

ff«-4.44jJ-^^^A  (15) 

Ntp  kh  (Bi 
and  the  corresponding  reactance  in  ohms  is 

x,-2»/*p«'JVAr„#,aO"«  (ohms)  (16) 
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ForTerjr  hurried  computations  tf^isaoznetimefl  approximated  without  ooDft* 
putatioD;  it  vane*  from  8  with  shallow  open  slots  to  15  with  deep  noarljr 
closed  slots. 

M.  Coil-end  leakace.  This  computation  is  simplified  by  the  faot  thm 
f/,  the  flux  per  ampere-mob  of  outside  phase-belt-bundle,  is  nearly  a  conatan 

?uantity  for  full-pitch  windings.     Its  values 
or  all  pitches  of  working  range  are  given  iix 

The 


0  fl 

/' 

■^ 

- 

/ 

> 

be  coil-end  reactance  in  ohms  is  then 

(ohms)    CI  7) 


«/' 


■2»/*>/'/^'lO-« 
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where  2/— the  length  of  a  single  ooilend,  or 
the  free  lenffih  corresponding  to  one  acti-^e 
conductor,  iv  the  active  conductors  per  phasa. 


Fio.  44. — Curve  of  values 
of  flux  per  ampere-inch  for 
coil  ends. 


and  2p  the  number  of  poles. 

The  coil-end  rtactance  ratio  (Par. '46)  l»— 

...-1.48*,^,j^^A  (18) 

where  i;/  i^lf/r)  is  about  1.5  times  the  per  cent.  coil-j>itch  expressed  aa 
a  fraction  (somewhat  larger  for  very  high-voltage  machines),  and  fti— r/I. 
•0.  Total  leakage  reaotanoe. 

,.x,+x/-2wfNl(rHk,1N.^+J^l/ff)    (ohma)        <18> 

1.48  k/     ,\  ,,^^ 


«— *+«*'-lr(*«?rs+- 


Assume  a  sinuaoidal  peripheral  di»- 


■1.  Altomator  Teetor  dUfrMn, 

tribution  of  m.m.f .  on  both 
armature  and  field  and  a 
uniform  peripheral  reluc- 
tance. (This  BSflumptionis 
warranted  In  non-salient  n 
pole  machines,  but  gives  ' 
rise  to  considerable  errors 
in  some  salient  pole  ma- 
chines.) The  resultant 
m.m.f.  and  gap-flux  distri- 
bution will  then  also  be 
sinusoidal. 

Referring  to  Kg.  45,  des- 
ignate the  ^  flux  by  4,  the 
corresponding  reluctance 
a.t.  across  gap  by  Ri,  the 
armature  amp-turns  by  ili 
(see  Par.  44),  and  total  a.t. 
across  the  gap  by, ft  all 
sinusoidally  distributed. 
These  are  allspace  vectors 
on  the  assumption  that  the 
field  rotates  countwdock- 
wise  with  respect  to  the 
armBttire,fii  being  the  re- 
sultant of  Fi  and  ill.  In 
salient-pole  machines  sub- 
stitute F    (the    full    field 

amp.  turns  X  1.27)  forf  i  and  the  corresponding  R  for  Hi.     This  partly  bal- 
ances the  error  due  to  the  unsymmetrical  peripheral  reluctance. 

Considering  4  as  a  time  vector,  the  induced  e.m.f .  B,  will  lag  90  dec.  Sub- 
tracting Ir  and  Ix  from  B,  gives  the  terminal  voltage  B,  where  f  is  the  load 
phase  angle.  Hereinafter  tnis  diagram  will  be  called  the  0«neral  alternator 
diagram. 

n.  Application  of  alternator  diagram  to  the  regulation  problem. 
Given  the  winding  data  of  armature  and  field,  the  armature  resistaneeand 
leakage  reactance,  and  the  saturation  curve,  the  excitation  and  regulation 
for  any  load  and  power-factor  may  be  obtained  as  follows: 


Fio.  45.— OeiMrat  alternator  diagram  for  non- 
salient  poles  (full  lines).  Salient  poles  (broken 
lines). 
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add  It  and  It  to  nt  B,;  from  the  saturation 

itakeB;add- 


Startins  with  B  and  I, _. 

curve  witE  full-load  leakage  (Figs.  41  and  46)  takeB;  add  — A  to  get  F,  which 
ia  the  required  excitation.  From  the  saturation  curve  corresponding  to 
no-load  leakage,  take  Bp;  the  regulation  is  then  {Ef—E)/E.  There  are 
many  variationa  of  the  aboTe  method,  some  of  which  are  contained  in  Par. 
M  to  U. 

The  rise  of  voltage  when  the  load  ia  thrown  off  is  partly  due  to  the  release  of 
the  impedance  voltage  /*,  and  partly  due  to  the  release  of  that  part  of  the 
field  m.m.f.  employed  in  balancing  the  armature  m.m.f.,  A.  The  first  of 
these  changes  (t.e.,  from  B  to  £•)  is  dependent  wholljr  upon  the  magnitude 
of  r  and  x  and  the  power-factor  of  the  load,  r  and  x  being  assumed  constant. 
But  the  change  from  £a  to  Ep  is  due  not  only  .to  the  magnitude  and  phase 
of  A  but  also  to  the  degree  of  saturation  of  the  magnetic  circuit,  i.e.,  to  the 
mean  slope  of  the  saturation  curve  between  Ef  sndEa. 

U.  Sat1ir»tloii  factor.  The  degree  of  saturation  ma^  be  expressed  in 
terms  of  the  saturation  factor,  which  ia  defined  aa  the  ratio  of  a  small  per^ 
eentage  increase  in  excitation  to  the  corresponding  percentage  increase  in 
the  flux  or  induced  voltage.  The  mean  saturation  factor  between  En 
and  Bp  is  s£/aS  (Ilg.  46}.  Designating  this  by  i./,  Ep-EJ'/k./R.  The 
saturation  factor  should  be  taken  from  the  saturation  curve  for  no  load 
leakage;  but  for  other  purposes,  use  the  satu- 
ration curve  for  full  load  leakage.  (See  Far. 
««- 

M.  Short-dreuit  dlagrun  •ndlekkac* 
nBetenea.  The  short-circuit  diagram  is 
given  in  Fig.  47.  From  this  the  leakage  react- 
ance may  be  computed  as  follows:  FromF 
subtract  A  (computed  from  Eq.  6)  to  obtain  £ ; 
look  up  corresponding  Ea  on  saturation  curve; 
t—B./I  and  x  — v'l'  — r>.  In  moat  cases  it  is 
sufficiently  accurate  to  subtract  A  from  F  nu- 
merically, since  they  are  nearly  in  phase,  and 
to  assume  x^t,  x  mtky  be  obtained  in  a 
similar  manner  from  the  aero  power-factor 
BBturatioo  curve.  Par.  M. 


Fta.  46. — Defining  saturation 
factor. 


FlO.  47. — Short-circuit  dia- 
gram for  alternator. 


In  both  of  these  cases  however  the  resulta  are  very  crude,  since  a  small 
OTor  in  A  means  a  larger  error  in  x. 

H.  Load  latoration  curve  for  saro  power-factor.  Referring  to  Fig. 
^  eurve  Et  is  the  no-load  saturation  curve  with  full-load  field  leakage,  and 
wuthe  field  ampere-turns  corresponding  to  a  given  armature  current  on  shorty 
circuit  (£  »  0).  From  Fig.  61,  ob  is  approximately  equal  to  A',  ab 
is  laid  off  equal  to  A,  tlwarmature  m.m.f.  Then  oa  approximately  equals 
R  (Figs.  47  aod  SI),  and  ac  a  approximately  equal  to  Ix.  If  any  load  has 
*en>  power-factor  and  the  same  current  as  that  assumed  on  short-circuit, 
Ix  win  be  approximately  in  phase  with  the  terminal  voltage  E,  and  at  right 
•ngles  to  /.  Thus  for  any  point  E,  on  the  no-load  characteristic,  the  ter- 
minal sero  power-factor  voltage  for  the  given  current  will  be  obtained  by 
nbtneting  Ix  vertically,  and  adding  A  horiiontally.     The  sero  power- 


467 


i.jv^iuuyic 


Sec.  7-56 


A.  C.  QBNBRATOnS  AND  MOTORS 


factor  saturation  curTe_will  then  be  obtained  by  drawing  lines  from  Bm 
equal  and  parallel  to  cb,  as  shown.  The  fact  that  Ir  is  neglected  is  not 
significant,  since  it  is  in  this  case  at  right  angles  to  E  and  does  not  a£Fect 
the  result  appreciably.     This  curve  may  also  be  determined  experimentally. 

•6.  Zrf>*d  saturation  curres  at  other  power-factori.  If  the  load 
saturation  curve  at  other  power-factors  could  be  obtained,  it  is  obvious  that 
the  regulation  and  excitation  for  any  power-factor  and  terminal  voltage  could 
be  obtained  directly  therefrom.  A  se mi-empirical  method  of  obtaining  theso 
curves,  recommended  in  the  latest  edition  of  the  Standardisation  Rules  of  the 
A.  I.  E.  £.  is  given  in  Sec.  24. 

IT.  K.m.f.  method.  This  method  jpracticallv  assumes  a  field  flux 
wholly  dependent  on  the  field  m.m.f.,  as  given  by  toe  saturation  curve,  and 
that  all  the  drop  is  due  to  an  internal  impedance  which  is  commonly  called 
the  lynchronous  impedance,  s«.  of  which  the  synchronous  reactance 
is  Xi.  Fig.  40  shows  saturation  and  short-circuit  characteristics  with  the 
derived  synchronous  impedance  curve,  the  ordinatee  of  the  latter  being  the 
ratios  of  corresponding  ordinates  ot  the  other  two. 

IS.  The  m.m.f.  method.  This  method  is  beat  understood  by  refer- 
ence   to    Fig.    50,   where    the   general    diagram  is   dotted   in.      Startins 

with  B  and  /,  add  IrU>S 
to  get  B\  which  is  assumed 
to  be  the  total  induoed 
e.m.f.,  corresponding  to  R' 
as  taken  from  the  satura- 
g  tion  curve.  From  R*  sub- 
tract the  m.m.f.  A'  taken 
from  the  short-circuit  char- 
.  acteristic  corresponding  to 
the   particular   current  in 
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48. — No-load  saturation  curve  and  lero- 
power-factor  load  saturation  curve. 
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Fio.  49. — Alternator  char- 
acteristic curves. 


question.  A'  is  the  F  of  Figs.  47  and  51  and  includes  with  the  armature 
m.m.f.  A,  an  additional  m.m.f.  AA'  (Fig  SO),  which  is  practically  equiva- 
lent to  J2  of  Fig.  47,  and  which  is  the  approximate  m.m.f.  equivalent  of /z. 
Under  short-circuit  conditions,  B'  —  It  and  the  diagram  reduces  to  Fig.  51, 
whence  it  is  obvious  that  the  field  ampere-turns  at  short-circuit  practically 
corresponds  with  what  we  have  called  A'. 

n.  beltatton  characteristics.  Curves  showing  the  relation  of  exci- 
tation (for  constant  terminal  voltage)  to  the  load  current,  at  various  power- 
factors,  are  shown  in  Fig.  52  for  a  1,600  kv-a.  slow-speed  alternator  with 
close  regulation,  and  in  Fig.  S3  for  a  6,250  kv-a.  turbo-alternator  with  poor 
regulation.     These  were  computed  by  the  m.m.f.  method. 

(0.  Relation  of  regulation  to  per  tent,  armature  strensth  and 
lenxth  of  air  gap.  A  study  of  Figs.  45  and  50  will  show  that  for  a  given 
current  and  power-factor,  the  regulation  depends  upon  the  following  ratios 

A 


Ir/Bt-q,;  /z/£<-«.(see  Eq.  20) 
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and  the  utur&tion  factor,  ia/;  and  that  exeept  for  their  relation  to  the  aatu- 
rstion,  a  (iTen  Sj  will  have  exactly  the  uune  effect  aa  the 'same  numerical 


Flo.  50. — U.m.f.  diacram  (full  line*)  and  general  diacram  (dotted  lioea). 
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Fio.  52. — Exoitation  eharaeteriitle  curvea 
for  a  1,000-kv-a.  alow-apeed  alternator  with 
relatively  long  air  gap. 
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Fio.  53. — Excitation-characteristic  eurvee 
for  a  6,250-k  v-a.  turbo-alternator  with  relative 
■hort  air  gap. 
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Fio.  51. — Short  circuit 
m.tn.f.  diagram. 

.    In  the  m.m.f.  method,  q,  and  q.  are  combined  in  q~A'/R'  (• 


Big. 


20)  and  q—q.+qs  approximately. 


■  A'  +  R'approx. 
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Of  these  four^mtioa,  qr  varies  from  less  than  O.OOfi,  in  large  turbo-altcff^ 
nators,  to  0.02  or  more  in  small  slow-speed  maehiQes:  os  from  0.04  to  0.15 
or  more;  g  .  from  1.00  to  0.3S;  and  ki/  from  1.5  to  2.0.    These  last  two  are  th* 

dominant  factors  in  regulation. 
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Jtcluctanco  Ampere  Turns 
Fia.  54. — Per   cent,   regulation   plotted   in  terms  of  per  cent,    armature 


Since  (approximately)  R''0.Zl3t&ii/{KiKdK,)  (see  Par.  M  and  40), 

q^  -  (.A/R)  -  <1.43t6*,X.KjArtlT)/((Bi»)  (21) 


or  taking  average  values  for  the  K'n, 


«^-0.9(Ar)/«Bia) 


(22) 
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Thus  Msuming  (Bi  and  A  to  be  fixed  for  any  given  case,  the  regulation  at  » 
given  power-factor  is  largely  dependent  upon  the  ratio  of  pole  pitch  to  air 
gap  and  upon  the  saturation  factor. 
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Fio.  55. — Per  cent,  regulation  plotted  as  a  function  of 


2.0 


F'. 


From  the  Alternator  Diagram  (Fig.  45),  with  some  approximations  we  get, 
for  non-inductive  loadt 


Reg. 


-J^\ VT+1^(^-i;)  +  ^ I'l'^^-^  (roughly Bpprox.)  (23) 

DigilizedbyV^iOOQle 
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Substituting  average  values  for  large  machines,  Qr>- 0.005,  iis>»0,07. 

Reg.  -  1.005  (  0.007  +  "^^  "'"^'~  ^^^^  j  (roughly  appox.)  (24) 

or  i  n  iernu  of  q*  •  A'  +F: 

Reg.  -  1.005/0.007+    ^-^Vl^?-^QQ^j     (roughly approx.)     (26) 

Figs.  54  and  55  are*  plotted  from  Eqs.  24  and  25.  For  small  lov-«];>eed 
maohinea  where  qr  and  oa  are  larger  than  here  assumed,  the  curves  vill 
lie  a  little  higher  at  their  lower  ends. 

Thus  good  regiilatioa  meana  large  R'  and  long  air  gap,  longer  in 
proportion  to  A  and  r,  t.«.,  very  long  for  large  high-epeed  machines 
suoh  as  turbo-alternaton.  In  fact,  to  obtain  a  regulation  of  even  10 
per  oent.  in  large  turbo-alternators  would  necessitate  a  tromendous  air 
gap  and  more  field  copper  than  there  is  room  for. 

91.  Value  of  cloie  rttgul»tlon.  With  automatic  voltage  regulators  such 
as  now  employed,  close  regulation  is  nolonger  necessary  even  insmall  pUnts. 
Mweover  large  low-reaotance  moohinea  are  dangeroun  in  case  of  sudden 
short-circuita  (Par.  ttS  to  M).  If,  however,  the  ratio  of  armature  amp«e- 
turns  to  field  ampere-turns  is  too  high,  the  gap  fiux  distortion  in  a  aauent- 

§ole  machine  may  be  sufficient  to  seriously  distort  the  e.m.f.  wave.     This 
oes  not  apply  with  eoual  force  to  non-salient-pOle  machines,  which  include 
most  of  the  large  hign-speed  alternaton.  where  large  q.   u  commercially 

necessary. 

U.  Short-droults.  If  the  external  impedance  of  an  alternator  be 
gradually  reduced  to  lero,  with  full-load  excitation  and  normal  speed  main- 
tained, the  short^ircuit  current,  in  terms  of  full-load  current,  will  be  F/A' 
^I'h^  (see  Figs.  50  and  51),  and  correspondingly  less  at  no-load  excitation. 
If  an  alternator  with  a  regulation  of  5  per  cent,  and  a  saturation  factor  of 
1.0,  is  short-drcuited  with  full-load  excitation,  the  short-circuit  current  will 
be  about  3  times  full-load  current.  At  no-load  excitation  the  short-circuit 
current  will  be  2.7  times  full-load  current.  For  an  alternator  with  20  per 
cent,  regulation  and  a  saturation  factor  of  1.6,  the  short-circuit  current  wiU 
be  1.56  for  full-load  excitation  and  1.18  with  no-load  excitation. 

08.  Sudden  ihort-olrcuitt.  Since  on  short-circuit,  most  of  the  field 
m.m.f.  is  consumed  in  balancing  the  armature  m.m.f.,  the  net  m.m.f.  and  the 
flux  are  greatly  reduced.  If  the  short-circuit  is  applied  suddenly,  the  sudden 
decrease  in  flux  induces  a  large  e.m.f.  and  current  in  tbe  exciting  winding, 
which  tries  to  keep  the  flux  from  chan^ng,  and  as  the  electromagnetic 
inertia  and  the  time  constant  of  the  combined  circuits  are  large,  an  appreci- 
able time  elapses  before  the  field  is  destroyed.  Meanwhile  the  opposng 
m.m.fs,  of  armature  and  field  rise  until  nearly  all  the  field  flux  is  shunted 
across  between  field  and  armature.  To  do  this  requires  an  m.m.f.  as  many 
times  greater  than  that  at  full-load,  as  the  full-loaa  field  flux  is  greater  than 
the  total  full-load  leakage  flux  (field  and  armature).  Thus  if  r  — 1.12  at 
fuU-load  lero  p.f.,  and  Qg-'O.IO  (salient  pole  slow-speed  machine),  the  r.m.s. 
armature  amperes  will  rise  temporarily  to  nearly  5  times  its  full-load  value, 
and  owing  to  the  fact  that  one  of  tbe  phase  currents  will  be  boosted  up  above 
its  sero  axis,  because  of  the  position  of  that  phase  at  the  instant  01  short- 
circuit,  the  maximum  instantaneous  current  in  one  phase  may  be  nearly 
double  the  maximum  value  of  the  above  r.m.s.  current. 

In  non-salient  pole  turbo-alternators  r  may  be  as  low  as  1.04,  q^  as  low 
as  0.04,  the  r.m.s.  current  nearly  12  times  full  load,  and  the  instantaneous 
maximum  more  than  20  times  normal.  This  means  mechanical  stresses  on 
coil  ends  more  than  4(M)  timee  normal,  which  is  more  than  they  can  readily 
be  made  to  withstand. 

M.  Ourrent-limitiiijr  r«aetu&eei.  As  the  total  leakage  (i*— l+g<}, 
should  not  be  less  than  0.15,  external  reactances  must  in  some  coses  be  sup- 
plied to  protect  asainst  sudden  short-circuits.     See  Par.  140. 

6S.  Katlnff  of  ftlternatori.  As  the  armature  current,  irrespective  of 
power-factor,  determines  the  armature  copper  loss,  it  is  customary  to  rate 
alternators  in  kv-a.  rather  than  in  kw.  In  fact  at  low  power-factors, and 
thM'efore  at  smaller  values  of  delivered  power,  but  with  a  given  ouirent  and 
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termiiud  ToIUige;  the  flux,  eore-loaa,  field  ouirent  and  field  copper  Ion  are  all 
larger  than  at  unity  powei^faotor.  Therefore  the  safe  output  IB  leaa  for  a 
given  temperature  rise.  It  is  thus  necessary  to  specify  the  lowest  power- 
factor  at  which  an  alternator  is  expected  to  operate,  in  order  that  enough 
excitation  may  be  provided,  and  tne  corresponding  field  eopper  loss  dissi- 
pated without  excessive  temperattire  rise.  The  maximum  safe  voltage  rat- 
ing ia  that  which  can  be  maintained  at  rated  current  and  poweMactor 
with  the  excitation  voltage  available,   and  without  overheating  the  fields. 

M.  Automatio  Tolteca  rajrolaton,  aztamal  to  altamator.  The 
most  successful  of  these  is  the  lirrill  regulator  or  some  modification  thereof. 
In  principle  it  is  merely  a  voltage-operated  relay  which  closes  a  low  resistance 
by-pass  around  the  ahunt-fiela  rheostat  of  the  exciter  when  the  voltage  is 
too  low,  and  opens  it  when  the  voltage  is  too  high.  This  relay  vibrates 
continuously,  so  that  the  exciter^field  current  does  not  change  at  each  contact 
by  any  oonsidsrable  amount,  but_  assumes  a  pulsating  intermediate  value 
depenaing  on  the  percenta^  of  time  the  by-pass  is  closed.  With  a  little 
cmre  this  regulator  will  maintain  the  voltage  as  nearly  constant  as  is  ordi- 
narily desired  in  commercial  power  plants. 

STHOHBOHOVB  MOTOBS 

>T.  Btmetim.  The  sjmchronoua  motor  is  simply  a  synchronous  gen- 
erator with  its  function  reversed.  In  structure  it  is  substantially  identical 
with  the  synchronous  generator. 

M.  DUcrmmmatlo  raprauntetloii.  Owing  to  its  simplicity  the  e.m.f. 
method  of  diagrammatic  representation  will  be  employed  here,  in  spite  of 
its  considerable  inaccuracy.  A  sinKle-phase  machine  or  a  single  phase  of  a 
polyphase  machine  will  be  considered.  The  conclusions  inll  obviously 
apply  to  the  other  phases  if  any. 

M.  Tlieor7  of  oparatlon.  Consider  a  synchronous  machine  driven 
at  such  speed  and  at  such  excitation  that  its  e.m.f.  (£t),  in  frequency  and 
magnitude,  is  exactly  the  same  as  that  (£i)  of  the  supply  circuit,  of  which 


I^Tf-- i—  E,  cos  e* 1^* 

■'  |< £icastfi »\ 

Fio.  £6. — E.M.F.  vector  diagram  of  synchronous  motor, 

the  voltage  and  frequency  may  be  assumed  constant.  Assume  also  the 
phase  of  the  machine  voltage  in  exact  opposition  to  that  of  the  supply 
vc'.tage.  As  these  two  exactly  neutralise,  tnere  will  be  no  current  when 
the  machine  is  connected  to  the  supply  circuit.  Imagine  now  the 
driving  power  removed.  The  machine  will  begin  to  slow  down;  but 
as  soon  as  the  retardation  begins,  Ei  falls  back  (clockwise),  yielding  a 
resultant  S,  and  a  current  I—E/tt  (Fig.  66),  where  u  ia  the  synchronous 
impedance  of  the  motor.  As  u  is  almost  wholly  synchronous  reactance 
(tM  resistance  being  frequently  not  more  than  5  per  cent,  of  z*),  the  cur- 
rant will  lag  almost  90  deg.  behind  E,  and,  for  small  values  of  r,  will 
be  nearly  in  phase  with  B\  and  in  opposition  to  E>.  Thus  the  power  P\ 
delivered  by  the  supply  circuit  is  £ii  cos  Bi  (proportional  to  the  area  of  the 
rectangle  obdg),  the  power  Ps  transformed  into  mechanical  formin  the  motor, 
is  BtT  cos  ti  ^proportional  to  the  area  of  rectangle  abdf)  and  their  difference 
Pi—Pi—T'r  IS  the  armature  copper  loss  in  the  motor  (proportional  to  the 
arsa  of  the  rectangle  oofg).    OUier  losses  are  neglected. 
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The  power  (Pi)  transformed  !a  a  fimoUoQ  of  r,  the  ooupUns  ancle;  it  ii 

(watte)  (26) 


Pi- — oo«» cos  (»—«>) 

t»  ft 


The  ei^fioance  of  the  negative  ugn  is  that  the  eleotrical  power  is  ne^tive, 
i.e.,  received  rather  than  dehvered.  In  Fig.  67,  —Pi  is  plotted  against  y: 
whence  it  appears  that  as  the  motor  lags  (not  in  speed  butin  phase)  betiimi 

tna  supply  e.m.f. ,  theoutpu  t  increnaes 
to  a  maximum,  then  decreases,  be- 
comes negative  and  returns  to  aero. 
Assoon  as0  has  opened  out  to  apoint 
such  that  Pi  is  sufficient  to  carry  the 
load,  it  will  hang  at  that  point  as  nthe 
motor  were  driven  by  an  elastic  coup- 
ling. If  the  load  increases,  ^  will  in- 
crease accordingly,  until  the  maximum 
Eoint  is  passe<C  when  the  motor  ^11 
reak  down.  During  a  little  more 
than  a  half  of  each  slip  cycle  (seel'is. 
£7),  the  motor  is  acting  as  a  genera* 
tor,  since  —  Pi  is  positive,  and  is  in 
series  short-circuit  with  the  line.  8o 
much  of  the  kinetic  enersy  of  momen- 
tum is  lost  during  this  half  of  thealm 
cycle  (hat  a  synchronous  motor  wiU 
praoUoally  never  pal  back  Into  step 
after  onoe  breaking,  even  if  the  nae- 
chanlcalload  be  immediately  removed. 
For  visualising  these  relationships  and  their  causes  the  Blondel  diagram  is 
by  far  the  simplest  device. 

TO.  Blondel  diagram.  Referring  to  Fig.  58,  the  isosceles  triangle  OAC 
IS  constructed  on  the  base  £i  with  base  angles,  tf^^tan'KWr).  It  can 
easily  be  shown  that  with  constant  impreeaed  voltage  £>,  and  oonatantload. 
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Fza.  57. — Synchronous  motor  out- 
put vs.  coupling  angle. 
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Baa.  at  Pown  circle  •f^^  -P.r 

FiQ.  58. — Blondel  diagram  for  synchronous  motor. 

Pi,  the  locus  of  the  point  ^,  as  the  excitation  and  Bi  vary,  is  a  circle  with 
centre  at  C  and  with  radius  V^(£i/2}>  — Pir+cos  9.  If  Pi— O,  the  radius 
is  (£i-(-2  cos  $)-CA,  and  the  circle  passes  through  O  and  A.  AaPi  in- 
creases, the  radius  decreases  until  it  becomes  sero,  which  corresponds  to 
the  maximum  possible  output  with  the  given  motor  at  the  ^ven  im- 
preeeed  e.m.f.  But  this  theoretical  limit  is  never  reached  practically,  because 
of  the  very  large  value  of  £i  required  to  reach  up  to  the  high-power  oirdea 
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ot  muJl  radiL  ThiB  win  be  better  appreciated  by  reference  to  the  diagram 
of  Fig.  59,  where  the  proportioni  are  more  normal  and  the  point  C  u  far 
off  the  page. 

For  varying  load  and  conatant  excitation,  B  moves  along  a  circle  about 
■4,  dockwiae  for  incieamng  and  oounter-dookwiBe  for  decreasing  loads. 
The  maximum  load  for  any  given  excitation  occun  when  B  falls  on  AC; 
beyond  that  B  swings 
siound  on  to  circles  of 
■mailer  power,  and  the 
motor  breaks  down;  t.e., 
the  decrease  of  cos  tfi  more 
than  balances  the  increase 
in  J. 

n.  Intari>rat«tlon  of 
Blonde!  dugrain.  In 
Fig.  58  the  area  inside  of 
the  sero-power  circle  cor- 
responds to  motor  power, 
and  that  outside  to  gener- 
ator power;  the  area  to  the  ' 
left  of  AC  corresponds  to  . 
stable  operation  and  that 
to  the  right  to  unstable  ' 
operation;  the  area  within  . 
the  sero-power  circle  and 
between  AC  and  OC  oorre-  ' 
•ponds  to  stable  motor 
operation  with  a  lagging 
current,  and  that  to  the 
left  of  OC  to  stable  motor 
operation  with  leading  cur- 
rent. The  point  B  is  not  only  the  extremity  of  the  Bt  vector,  but  may 
be  used  also  as  the  outer  end  of  the  current  vector,  since  S  is  proportional 
to  /,  and  angle  COB  ••  ti.  Thus  when  B  falls  on  OC,  J  is  in  phase  with  Ei  and 
/  is  a  minimum  for  that  particular  load.  With  normal  steady  load  con- 
ditions, the  angle  <  never  approaches  the  angle  i,  i.e.,  the  point  B  never 


Fio.  59.- 


100  H,F. 


soa.r. 


so  B.P. 
<sB.r. 


ME.r. 


OH.F. 


-Portion  of  Blondel  diagram  drawn  to 
scale. 
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Induttd  KM  F    ■  £1 
Fio.  60. — V-curvee  for  60-h.p.  synchronous  motor. 


approaches  the  breakdown  point  on  AC  (see  Fig.  S9) ;  but  if  either  the  load 
or  the  frequency  of  supply  pulsates  or  changes  suddenly,  a  hunting  may  be 
■St  up  which  wUl  oarry  B  over  into  the  region  of  unstable  operation. 
n.  tadUtton  and  powir-taetor  enrrw.    The  familiar  "  V"  ourres  ol 
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current  vs.  excitation  or  induced  e.in.f.  may  be  eanly  obtuned  from  ib» 
Blondel  diegraro.  This  haa  been  done  for  a  60-h.p.  motor,  and  the  remit 
is  shownin  Fig.  60.  PoweMactor  cunres  similarly  obtained,  are  shown  in 
Fig.  61. 


Fio.  61. 


10O20030O«)OCQ0e0O?0OnO 
-Power-factor  curves  for  6&-b.p.  synchronous  motor. 


TS.  Synchronising  power.  By  this  is  meant  the  stiffness  of  the  coup- 
ling or  the  change  in  power  abeorbed  per  degree  change  of  the  coupling 
an^e  ^t  it  increases  with  the  air  gap  and  inversely  as  ^i^A*/F),  Sea 
Par.  €0. 

74.  Hunting  of  tynchrononi  motors.  Owing  to  the  elastic  nature 
of  the  electromagnetic  motor  coupling,  any  impulse  will  tend  to  set  up  an 
oscillation  about  the  position  of  equilibrium,  which  will  continue  until  the 
energy  by  which  it  was  initiated,  la  absorbed  bjr  the  extra  losses  incident 
to  the  oscillation.  Such  oscillation  is  called  hunting,  and  the  absorption  of 
the  energy  of  oscillation  is  called  damping. 

TS.  Hunting  may  b«  instigated  either  by  a  temporary  disturbance, 
such  OS  a  sudden  change  of  load  on  the  motor  or  of  the  frequency  of  supply. 
or  by  some  periodic  disturbance  (Par.  T6)  such  as  the  pulsation  of  impreased 
frequency  set  up  by  the  prime  mover.  This  periodic  disturbance  may  be 
one  of  comparatively  high  frequency  due  to  the  pulsation  of  the  crank  effort 
of  a  reci|}ro eating  steam  or  gas  engine  during  each  revolution,  or  one  of 
comparatively  low  frequency  due  to  the  hunting  of  the  governor  of  the  prime 
mover. 

T6.  Frequency  of  hunting.  If  the  period  of  the  impressed  disturb- 
ance be  approximately  equal  to  that  of  the  natural  oscillation  of  the  mot<»', 
there  will  obviously  be  a  tendency  for  the  motor  to  hunt  with  increasing 
amplitude,  which  may  result  in  a  complete  breakdown  or  pulling  out  ox 
step.  A  periodic  pulsation  in  the  load  on  the  motor  may  also  produce  the 
same  result,  although  such  is  much  lees  common.  It  is  thus  important  to 
know  what  is  the  natural  frequency  of  oscillation  of  a  synchronous  motor, 
and  upon  what  factors  it  depends. 

The  natural  hunting  frequency  is  approximately 


/»- 0.422  Si 


'^v; 


(27) 


Jt%  rev.  per.  min. 
where  J  is  the  moment  of  inertia  in  lb.  ft*  and  ;/  the  numl>er  of  phase*. 

The  u  used  in  Eq.  27  should  be  the  combined  impedence  of  alternator, 
line  and  motor.  The  smaller  the  motor  aa  compared  to  line  and  alternator, 
the  le88  will  be  the  effect  of  line  and  alternator  impedence  upon  the  hunting 
period  of  the  motor. 

TT.  DamiMn.  Forced  hunting  may  be  considerably  reduced  and  tem- 
porary oscillationa  more  quickly  damped  out,  by  means  of  field  dampers, 
consisting  of  :  (a)  a  copper  loop  around  each  polo  face;  (b)  a  copper  bridjie 
between  poles;  or,  lietter  still,  (c)  a  squirrel-cage  set  of  copper  oonduotoia 
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tfaroogh  the  pole  face  with  end  rioga.  These  dampers  tend  to  check  pulsa- 
tions of  thejpole-face  flux  due  to  the  pulsating  armature  m,m./.,  by  induoed 
currents  which  absorb  the  energy  of  oscillation. 

T8.  Lenrth  of  ftlr-gap.  A  short  air-gap*  other  things  being  equal* 
rasults  inalargesyncbronousimpedance,a  large  per  cent,  armature  reaction 
(9^  —  J.  -r  R),  a  soft  electromagnetic  coupling,  and  a  longer  natural  hunting 
period.  This  is  desirable  up  to  a  certain  point,  as  it  decreases  the  frequency 
of  hunting,  improves  the  self-starting  quality,  increases  the  effectiveness 
of  the  damping^  devices  and  cheapens  the  machine;  but  there  is  an  obvious 
limit  to  the  desirable  softness  of  coupling,  namely,  that  beyond  which  there 
is  danger  of  a  motor  breakdown.  The  value  of  ^(  —  A'/F)  should  rarely 
be  more  than  0.0  when  F  is  taken  at  full-load  and  unity  |>ower-f actor. 
Also,  referring  to  the  Blondel  e.m.f.  diagram,  it  appears  that  with  a  large  Xm 
(short  air-gap)  there  will  be  a  large  variation  in  the  power-factor  of  the  motor 
from  no-load  to  full-load  under  constant  excitation,  or  a  frequent  adjustment 
of  excitation  will  be  demanded  in  order  to  maintain  a  constant  power-factor. 

79.  B«lf-st«rtizic  lynchronoui  motors.  The  a.e.  starting  of  the 
ptdyphase  synchronous  motor  is  u  follows:  If  the  field  circuit  of  such  a 
motor  be  opened  and  the  armature  be  supplied  with  polyphase  otirrents, 
there  wiU  result  a  fairly  uniform  field  revolving  around  the  periphery  of  the 
armature.  Any  energy  transmitted  across  the  gap  to  the  field  poles  through 
the  msdium  of  this  revolving  field  must  be  accompanied  by  a  oorrespondiug 
torque.  Thus  any  hysteresis  or  eddy-current  losses  in  the  pole  faces,  due  to 
the  revolving  field,  represent  a  torque;  or  if  the  pole  faces  carry  damping 
ooQs  these  will  act  as  the  short-circuited  secondary  of  an  induction  motor, 
yielding  a  torque  depending  upon  their  reactance  and  resistance. 

In  this  way  a  polyphase  synchronous  motor  will  supply  a  small  starting 
torque,  suflicient  to  start  without  load  and  run  nearly  up  to  synchronism; 
if  it  is  a  aalient-pole  machine  it  will  then  fall  into  step.  Following  this  the 
field  circuit  of  the  motor  may  be  closed  and  the  motor  is  ready  for  the  appli- 
cation of  its  load.  If  it  is  a  non-salient  j>ole  machine,  it  will  not  come 
quite  into  s:^nchroni0m  until  the  field  is  excited,  after  which  it  will 
usually  pull  itself  in  step.  It  is  sometimes  even  possible,  with  a  little 
coaxing  to  start  a  pcdsrphaae  motor  when  the  only  torque  is  that  supplied 
by  the  hysteresis  and  eddy-current  losses  in  laminated  pole  faces,  although 
this  is  not  a  very  satisfactory  arrangement  where  frequent  starting  is  re- 
quired. With  damping  coils,  however,  a  polyphase  synchronous  motor 
will  start  readily  on  reduced  voltage  and  without  excessive  current. 

SO.  Polarity.  During  acceleration  with  open-field  circuit,  the  induced 
polarity  in  any  given  pole  alternates  less  and  less  rapidly  as  the  speed  ap- 
proaehes  syncnronism.  The  final  polarity  of  any  pole,  when  the  speed 
bu  reached  synchronism,  is  largely  a  matter  of  chance  and  obviously  may 
not  be  the  same  as  produced  by  the  field  current  as  connected.  If  these 
polarities  are  in  opposition,  the  revolving  part  will  slip  back  one  pole  when 
the  field  circuit  is  closed,  the  large  time  constant  of  the  field  circuit  allowing 
tbis  to  take  place  without  serious  shock.  It  is  safer,  however,  to  determine 
the  polarity  before  closing  thefield  circuit,  and  reverse  the  latter  if  necessary. 

81.  Starting  current.  As  the  chief  function  of  the  starting  current  is 
ezeitatioQ,  the  shorter  the  gap  the  less  the  current  required. 

The  minimum  starting  current  for  polyphase  synchronous  motors  is  usually 
neb  as  to  require  only  a  portion  of  the  line  voltage  for  starting  purposes, 
tins  being  obtained  by  meant  of  induction  starters.  If,  for  example,  a  ce> 
tiin  motor  requites  in  starting,  double  full-load  current  at  half  line  voltage, 
the  fine  current  at  starting  would  be  practically  equal  to  the  full-load  run- 
Bisg  current. 

n.  fltartlnc  lyn^sbronotis  moton  by  external  means.  Where 
the  starting  eurrent  is  objectionable  to  the  system,  external  means,  such 
u  d.c.  or  induction  motors,  must  be  employed.  Witn  single-phase  synchro- 
nous motors,  this  is  obviously  necessary. 

Chapter  vl,  of  "Design  of  Polyphase  Generators  and  Motors,"  by  Hobart, 
ttts  forth  reasons  for  emplo^ng  synchronous  motors  more  frequently.  This 
nlerenee  contains  descriptions  of  methods  of  building  synchronous  motors 
«ith  high  starting  torques. 
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n.  Mbetof  dUaiiiiciinitrMMdandliulaoadinkTeslupMonpowar- 
f&ctor.  When  the  impreeaed  and  induced  e.in.f.  wav«0  are  of  (Ufferent 
shape,  the  unbalanced  e.m.f.  harmonica  produce  wattleu  harmonio  currents. 
which  though  small  compared  to  the  full-load  current  may  be  considerable 
with  respect  to  the -no-load  fundamental  current.  Thus  toe  p.f.  at  no-load 
may  be  leas  than  unity  even  with  the  fundamentals  of  the  current  and  e.m.f. 
in  phase. 

8THCHSONIZIHQ 

54.  Haceuan  oonditioiu.  Impressed  and  induced  e.mja.  equal, 
opposite,  and  of  same  frequency. 

SI.  BTnohronislns  with  lunps.  Connect  lamps  in  series  between  the 
in-coming  machine  and  theline.  When  thelamps  are  bright  (or  dark,  acocMrd- 
Ingto  whether  the  machines  are  connected  in  unison  or  tn  opposition  in  the 
syncbronisinc  eirouit),  and  the  beats  are  very  slow,  ahowing  opposition  of 
phase  and  approximate  synchronism,  the  line  switch  mi^  be  dosed  and  the 
machine  will  quickly  aetue  down  to  stable  operating  conditions.  If  a  motOFt 
the  load  may  then  be  applied. 

In  the  case  of  a  three-phase  machine,  lampa  should  be  connected  in  at 
least  two  phases,  and  if  both  sets  are  not  dark  at  the  same  tims,  there  is 
indication  that  the  three  phases  are  not  connected  in  the  prosper  order  and 
that  two  of  them  should  oe  interchanged.  The  chief  objection  to  the  use 
of  lamps  for  synchronising  is  that  they  do  not  tell  just  when  the  two  e.m.fa. 
are  in  exact  opposition,  nor  whether  the  in-ooming  machine^is  fast  or  slow, 
although  with  a  little  experience  it  is  possible  to  become  quite  proficient  in 
their  use. 

M.  Bynohroioopa.  Various  electromagnetic  instruments  called  syn- 
chronisers, aynchronoscopes,  aynchroacopes,  etc.,  have  also  been  devised  for 
indicating  synchroniam.  In  most  of  these,  the  prinei^e  of  operation  is  that 
of  the  rotary  field,  Bynehronism  beingi  ndioated  by  a  pointer  on  a  dial.  When 
the  in-eoming  maonine  is  above  or  below  ■ynahronum,  the  pointer  revolves 
in  one  direction  or  the  other  respectively,  and  at  a  rate  proportional  to  the 
slip  (or  beat)  freciuency.  At  synchronism  the  punter  stands  still,  and  in  a 
position  on  the  dial  which  indicates  the  relative  phase  of  the  two  e.m.fs. 

One  form  of  a^^nchroniser  is  constructed  as  follows:  The  armature  consists 
of  two  coils  at  right  angles  connected  in  parallel,  a  non-inductive  resistance 
in  seriea  with  one  and  an  inductive  reaistance  in  series  with  the  other.  The 
stationary  field  coil  is  connected  to  the  supply  bus  and  the  armature  to  the 
in-coming  machine.  The  split-phase  revolving  field  produced  by  the  arma- 
ture currents,  reacts  on  the  alternating  field  to  produce  a  rotation  whose  speed 
is  equal  to  the  difference  between  the  frequencies  of  armature  and  field  cni^ 
lenta.  When  theae  are  equal  the  armature  coil  remains  stationary, 
PASALLSL  OnOLATXOK  OT  AI.TXRHATOBS 

$T.  Maohanical  analog.  When  two  or  more  alternators  are  connected 
in  paralld  and  driven  at  the  same  frequency,  they  are  as  if  oouplsd  together 
by  an  elastic  coupling  just  as  in  the  case  of  a  sjmonronous  motor  connected  to 
a  generator.  Thus  they  must  run  at  exactly  the  aame  frequency  as  long  aa 
they  are  coupled. 

55.  Division  of  load.  Consider  two  aimilar  alternators  driven  by  aepa- 
rate  prime  movara,  of  which  the  apeed  characteristics  are  shown  in  Fig.  62,  aa 
a  and  6.  Then  if  the  speed  is  that  represented  bv  the  horiaontal  line  m,  the 
powers  supplied  by  the  two  prime  movers  will  be  Pa  and  Ph  respectively. 
The  division  of  load  will  then  be  wholly  dependent  upon  the  spewi  charao- 
teristics  of  the  prime  movers,  t.e.,  upon  the  governors, 

St.  SlTlaion  of  raaotiTe  euirent.  The  only  effect  of  changing  the  es> 
citation  on  either  machine  is  to  change  the  division  of  reactive  current:  t^,, 
stvting  with  equal  loads  and  currents,  if  the  excitation  of  a  be  increased,  it 
will  take  more  of  the  lagging  reactive  current,  and  6  will  take  less.  Any 
inequality  of  excitation  is  equalised  by  a  oirculatinf  reactive  current  which 
tranafecB  the  excitation  from  the  overexcited  machine  to  the  undorexeited 
one.  The  terminal  voltage  will  be  determined  in  any  ease  by  the  total 
excitation  of  both  machines  and  by  the  magnitude  and  p.f.  of  the  load. 

When  the  voltage  of  a  power  plant  is  controlled  by  a  Tirril]  regulator,  act- 
ing on  the  exciter  bus  from  which  the  fields  of  all  the  parallel  connected  units 
are  supplied,  the  per  cent,  increase  in  excitation  for  a  pven  increase  of  load 
will  obnoualy  tw  the  same  on  all  the  alternators.     But  if  one  alternator  has  a 
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doae  relation  and  another  poor  regulation,  and  if  in  the  first  oaae  they  shared 
the  active  and  reactive  currents  in  proper  proportion,  with  increased  load 
the  close  regulation  machine  will  be  relatively  overexcited  and  will  take 
more  than  its  share  of  the  lagging  reactive  current. 

90.  Bwitohbo&rd  control  of  ipeed  of  primo  moren.  In  prime  movers 
with  verv  close  speed  regula- 
tion (no-load  to  full-load),  it 
ia  obviously  necessary  that 
the  two  speeds  be  very  closely 
adjusted  (Fig.  62),  and  this  is 
often  difficult  by  the  cut-and- 
iry  method,  which  in  some 
eaaes  requires  shutting  down 
each  time  to  adjust  the  gov- 
ernors. Lar^  units  are  often 
provided  with  a  means  of 
governor  adjustment  during 
operation.  This  may  be  ac- 
complished by  means  of  a 
sinaJl  motor  connected 
through  worm  gearing  to  the 
governor  adjustment  and 
eoatrolled  from  tho  Bwiteh- 
board. 
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Fio.  62. — Diagram    of   division   of  load  be- 
tween two  parallel-connected  alternators. 


fl.  Ck>Temor    damping 
to  ivoTont  hontlnir.     Sud- 
den changes  of  load  frequently 
eauae  the  governor  to  hunt.  t.<.,  open  up  too  wide,  then  close  too  far  and  so 
on.     Thia  may  be  easily  preventea  by  a  dash-pot  connected  to  the  governor. 

KUEimrTAXT  oxjTLm  or  the  DUiaH  op  sthohsonoos 

MACHIKK8 

ft.  Bpodflcationi.  Every  electrical  machine  is  built  to  meet  certain 
qtectficataons  whether  proposed  by  the  purchaser,  his  engineer,  or  the  manu- 
facturer. In  addition  to  the  customary  specifications  there  is  always  the 
queotioD  of  first  cost  which  must  be  reduced  to  a  minimum.  Many  of  these 
imecifi cations,  requirements,  or  standards  are  thoroughly  treated  in  the 
StaDdardiiation  Rules  of  the  American  Institute  of  Electrical  Engineers; 
theae  are  siveo  in  Sec.  24.  For  a  synchronous  alternator  the  specifications 
rcf^  bricm/'  to  the  following:  frequency;  number  of  phases;  rev.  per 
min.;  termmal  voltage;  rated  output  in  kv-a.;  minimum  power^factor; 
temperature  rise  (See.  24);  efficiency  (Sec  24);  inherent  regulation  .per  cent. 
leakage  reactance  volts;  insulation  tests  (See.  24);  wave  form.  These  are 
not  sll  specified  in  each  case,  whereas  in  some  cases  much  more  elaborate 
sped.fication8  dealing  with  the  details  of  mechanical  and  electrical  design  are 
•appUed.  With  reliable  manufacturers,  very  simple  Bpecifications  are  or- 
diiuuily  sufficient,  telling  chiefly  what  the  machine  shall  accomplish  rather 
tbui  how  it  shall  ne  built.  In  the  case  of  many  modern  alternators,  regula- 
tion ia  not  a  controlling  specification,  it  being  in  most  cases  important  to 
have  a  high  reactance  rather  than  a  low  one  (Par.  68  and  64).  Efficiency 
as  Buch  is  also  not  directly  a  controlling  factor  in  design^  but  chiefly  as  it  is 
necessary  to  keep  down  the  heat  developed  in  the  machine.  A  fraction  of 
1  per  cent,  in  efficiency  is  not  as  important  to  the  user  as  a  safe  operating 
temperature. 

M.  Ugt  of  symbols  used. 
<Bi  "   Max.  value  of  equivalent  fundamental  sine-wave   of  air-gap    flux 

density  (lines  per  sq.  in.). 
(Bff  >»  Actual  max.  flux  density  in  air-^p  at  pole-face  (lines  per  sq.  in.). 
3,r  —   Maximum  apparent  tooth-denaity  of  nux  (lines  per  sq.  in.>   in  teeth. 
D    >-   Diameter  at  air-gap  (inches). 
dt    >-   Depth  of  slot  (inches). 

c''   »   Volta  induced  per  in.  of  active  armature  conductor. 
/      —  Frequency  (cycles  per  sec). 

ht    *  Allowable  copper  watts  per  eq.  in.  of  armature  surface. 
K    ■■  kv-a.    output. 
K»  V  kT*«.   developed  in  the  armature. 
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tt  —  Belt  diffetentisl  factor. 

k,  —  specific  output. 

kf  V  pitch  differential  factor. 

ia  "  ratio  of  pole  pitch  to  gross  armature  core  length. 

I  "  gross  armature  core  length. 

in  =>  oir.  mils  per  amp. 

p  V  no.  of  pairs  of  poles. 

g  —  ratio  armature  to  gap  amp-turns  at  full  load. 

qu   •  ratio  of  net  iron  length  of  armature  to  gross  length. 

qp    >  ratio  of  coil  pitch  to  full  pitch. 

Om  '  ratio  of  slot  width  to  tooth  pitch. 

R     —  rev.    per   min. 

T,    >  Temp,  difference  in  deg.  cent,  between  armature  conductor  at  centre 

and  at  end. 
V      "-  peripheral  velocity,  ft.  per  sec. 
ip'fl  —  wt.   of  armature   copper   (lb.)   per  kv-a.   output. 
A      "  peripheral  loading;  ampere  conductors  per  in.  of  armature  periphery. 
{      -3  output  coefficient, 
r      •-  pole  pitch  (in.). 

M.  Output  cquktlon.  The  volt-amperea  per  sq.  in.  of  peripheral  sur- 
face (Par.  IS  ct  seq.)  are  Af"  =  8.S0*^A»AtBllO-',  and  the  total  power  devel- 
oped, in  kv-a.  is,  K,  =  8.50rki,kf£,vBiDhO-".  Allowing  a  maximum  drop  of 
5  per  cent,  between  induced  ana  terminal  volts,  and  taking  Bi  corresponcuns 
to  full-load,  the  kv-a.  output  is 

K-2.5ikUc,AvBtDn0r'»-k.Dl  (kv-a.)  (28) 

or  since  D  -  720» + (tR) 

I- 1.72X10' KR  +  (,Hk,&B,tt)  (inches)         (20) 

k,^2.Mkhk,^tBil0m  is  the  speeifle  output,  or  the  kv-a.  per  sq.  in.  of  pro- 
jected area  of  the  air-gap  cylinder.  By  substituting  for  v  its  value  ir DA/720, 
we  obtain 

K  =  l.llt4*,ABi£)'iiJ10-«  =  $i)»W  (kv-a.)  (30) 

where  t-K/iDnR)-l.nkikpAB,10-"  is  called  the  output  coaffloient. 
Taking Jbt  -0.950 and <;,  -0.95,  this  may  be  written,  {  =  CA/l,000)(Bi/10«)10-». 
Sometimes  k^  and  sometimes  £  is  more  convenient  as  a  starttng-point  for 
preliminary  design,  both  being  rough  measures  of  the  economy  of  matenal. 

Mftjor  design  constants.  Bi,  v  and  A  are  the  major  design  constants, 
since  their  choice  (iZ  being  specified)  determines  the  general  dimensions  D 
and  I  of  the  machine.  Tne  larger  these  constants,  the  smaller  in  general 
will  be  the  product  Dl,  and,  within  certain  limits,  the  weight  and  cost  of  the 
machine.  The  considerations  which  govern  the  choice  of  those  constants 
sre  ao  numerous  that  they  cannot  all  be  given  their  due  weight  in  any  direct 
method  of  attack.  Some  of  the  more  important  considerations  and  limi- 
tations are  as  follows;  Par.  (t  to  107. 

B»tlo  of  pole  pitch  to  cor*  length. 

H  -r/l-  3.5t»t,ABi.«  +  (lO'/TR) 
Humbor  of  poles. 

_  .       .     ^  2P-120//R  (31) 

Pole  pitch. 

T-6r//  (inches)  (32) 

•6.  Tooth-densltjr  limit.  In  order  to  avoid  excessive  eddy-current 
losses  in  the  slot  conductors  and  in  the  teeth,  the  fiux  density  Bie  at  the 
narrowest  part  of  the  teeth  should  not  exceed  (for  open  slots)  the  values  of 
Par.  4S,  although  for  partly  closed  slots  and  stranded  conductors  10  to  15 
per  cent,  higher  values  arc  safe.  Bg  is  related  to  Btr  as  follows  for  the  rotor 
or  internal  element,  and  parallel-sided  slots: 

ffl, -08i,«,/(l-8„-2d«/'D)  (33) 

and  for  the  stator  or  external  element 

(B,-(Bi,4(i(l-«~)  (34) 

(Bt  is  usually  slightly  less  than  (Bi,  (the  crest  of  the  fundamental  mne-wave 
of  fiux,  see  Fig.  23,  and  Par.  SI).  Also  in  extreme  cases  the  tooth  saturation 
flattens  the  nux  distribution  curve  still  more.  For  laminations  0.014  in. 
thick.  Oil  varies  from  0.7,  in  an  exceptionally  well  ducted  core,  to  0.8,  in  a 
pooily  ducted  cote,  and  0.9  in  a  core  without  ducts.    Thus  if  (Bir  is  assumed 
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at  it!  reuonable  tipper  limit,  and  aa  ia  known,  the  relation  of  (B,  to  «■>  is 
fixed 

•«.  Haatinc  limit.  At  60  deg.  cent,  the  copper  loss  under  1  gq.  in. 
of  amiBtureeurfaoeis  Ac— A/m,  theresiBtanceof  oneciro.  mil. inch  of  copper 
at  60"  cent,  being  ]uat  1  ohm.  As  is  obviously  limited:  (a)  by  the  heat  <us- 
aipatiag  power  (^a)  persq.  in.  per  deg.  cent.^of  temperature  rise,  (b)  by  the 
aliovable  temperature  rise,  T,(c)  by  the  relative  amount  of  coreloes,  and(d) 
by  the  relative  amount  of  coil-end  surfaoe.  Assuming  average  values  of  (b), 
(c)  snd  (d),  Ha  will  vary  with  the  nature  of  the  ventilation,  the  periph- 
eral velocity,  and  the  amount  of  heat  thrown  off  by  the  rotor.  For  open, 
■alient-pole  machines,  a  very  rough  preliminary  guide  is 

A.-A/ffl-0.4(I+0.016ii)  (watts per  sq.  in.)  (34a) 
For  high-speed  turbo-alternators  h,  has  little  relation  to  >,  owing  to  the 
widely  differing  methods  of  ventilation,  and  varies  from  0.8  to  1.8. 

ST.  Tsmparature  gradient  in  slot  oondueton.  Assume  that  sH 
the  heat  developed  in  the  active  conductor  is  conducted  longitudinally  to  the 
coil  ends.  This  is  roughly  true  in  high  voltage  stators.  Then  the  tem- 
perature difference  between  centre  and  end  of  conductor  will  be  Ta  ■■  (f^X 
127')/si',  where  I  is  the  gross  core  length  in  inches.  Or  if  Tc  be  limited,  I 
will  be  limited,  thus  1-  (m\/l'c)/127.  Thus  the  larger  the  value  of  m,  the 
longer  may  be  the  armature  core  without  excessive  temperature  differences. 
The  table  in  Par.  98  gives  the  temperature  differences  in  deg.  cent,  for 
-various  values  of  I  and  m. 

M.  Tamparatura  dlSeranoai  between  eentre  and  end  of  annatura 
oonduetori 


Temp,  difference  T.  (deg.  cent.)                       | 

I,  Armature 

length  (in.) 

eOOcirc. 

800  drc. 

1,000  circ. 

1.200  circ. 

mils  per  amp. 

mils  per  amp. 

mils  per  amp. 

mils  per  amp. 

0 

0.0 

0.0 

0.0 

0.0 

10 

4.48 

2.62 

1.61 

1.12 

20 

8.98 

5.05 

3.23 

2.25 

30 

40.3 

22.65 

14.5 

10.1 

40 

71.7 

40.3 

25.8 

17.9 

SO 

112.0 

63.0 

40.4 

.     28.1 

60 

162.0 

91.0 

58.1 

40.4 

70 

220.0 

124.0 

79.1 

55.0 

80 

286.0 

161.0 

103.0 

71.5 

90 

364.0 

•   205.0 

131.0 

91.0 

100 

448.0 

252.0 

161.0 

112.0 

M.  W<rijtht  of  copper  ti.  d.  With  A.(-A/ik)  limited,  m  must  increase 
with  A.  Then  the  total  weight  of  active  copper  (also  of  total  copper  if  kt 
be  unctianged)  will  be  proportional  to  A. 

100.  Depth  of  dot.  On  the  same  basis  the  slot  depth  will  be  pro^rtional 
to  A'.  Slot  reactance  does  not  limit  A  and  slot  depth,  as  Is  sometimes  the 
case  with  induction  motors  (see  Par.  SBl). 

IM.  Armature-reaction  limit.  If  on  the  score  of  regulation,  a.m.f. 
wave  shape,  or  stability,  it  be  desired  to  keep  qA^A'^R)  within  any  given 

limit,  it  might  become  necessary  to  limit  the  ratio  A/(S,  see  £q.  22,  Par.  60. 

lOS.  Choice  of  (B  and  A.  From  the  standpoint  of  the  economy  of 
material  or  of  the  maximum  output  coefficient,  that  value  of  gawis  the  best 
whieh  reaults  in  the  maximum  i^oduct  (BiA.  But  since,  for  a  given  depth 
of  slot,  A  increases  as  (Bi  decrrases,  the  maximum  product  will  occur  where 
the  net  width  of  slot  (excluding  insulation)  is  approximately  equal  to  the 
minimum  tooth  width,  i.e.,  when  gaw>0.5.  A  considerable  change  in  om 
from  the  exact  Talue  which  makes  ffliA  a  maximum,  does  not  seriously 
reduce  this  product,  so  that  considerable  variations  from  the  best  value  of 
tm  will  be  found,  as  there  are  other  considerations  involved. 

(B.  Assume «a»  chosen,  e.c>.,  to  keep  down  the  ratio  A/(B  (Par.  101),  or  to 
make(BiA  a  maximum  (Far.  lOt).  Assume  also  (Bir  as  chosen  (Par.  M);  then 
(B>  is  given  by  Eq.  34. 
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Assuming  A«  constant,  the  upper  limit  of  A  is  likelv  to  be  set  for  turbo— 

alternators  by  tne  limited  space  for 
copper  nn  the  rotor,  since  this  limits 
F,  and  A  (and  therefore  A)  must  be 
smaller  than  F.  A  glance  at  Fig.  63 
shows  that  the  cost  of  copper  is  nofe 
likely  to  set  the  A  limit.  In  fact,  an 
increase  of  A,  within  certain  limits,  re- 
sults in  a  more  than  balancing  saving 
in  iron.  Moreover,  the  correspond- 
ingly larger  m  reduces  Te,  the  tem- 
perature difference  between  the  centre 
and  ends  of  the  active  conductors  (see 
Par.  98).  If  close  regulation  is  speci- 
fied, it  may  be  necessary  to  use  a  lovr  A 
and  high  (Bi,  see  Far.  60*  particularly  in 
high-speed  turbo-alternators;  but  if,  as 
is  usuallj^  the  case  in  this  country  at  the 

g  resent  time,  low  regulation  is  not  speci- 
ed,  A  may  be  carried  much  higher  th&n 
has  heretofore  been  customary. 

The  following  formuln  give  a  rough 
\Ti    "ft  im         2Q0        SOD       400      ^^'^^  o^  *^®  range  of  A  for  modern  alter- 

|w      u  iw         AW        3w        w       nators:  at  60  cycles  A -(460  to  700) 

^  --  -    -         (kv-a./lOO)"*"*;  at  25  cycles  A  «  (500 

to  800)  (kv-a./100)«'.>»i.  The  higher 
values  are  for  very  well-ventilated  and 
the  lower  for  moderately  ventilated 
machines  (see  Fig.  64). 
lOS.  Choice  of  peripheral  Telocity.  Assuming  that  (Bi  and  A  have  been 
chosen,  the  choice  of  r  determines  the  proportions  of  the  machine.     Coil-end 


V  (n.piT  8oc.)*f  eriph«nl  Velocity 

Flo.  63. — Armature  copper  per 
kv-a.  vs.  V,  for  a  10.000-kv-a.  25- 
cycle  2-po!e  turbo-alternator. 
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Fio.  64. — Peripheral  loading  of  alternators. 


reactance  does  not  enter  seriously  into  consideration,  as  in  the  case  of  the 
induction  motor.     The  weight  of  active  iron  is  nearly  independent  of  v. 

The  weight  of  armature  cop^r  is  a  consideration  but  a  relatively  unim- 
portant one  in  high  speed  machines;  in  lbs.  per  kv-a.  it  may  be  expressed 
approximately  as  follows: 
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irt  -0  311     "-(    »"'      I  1.5X10'g,fa\ 

"^•"■'"  1,000  \  t,7«r  +    *,.«.  -) 

whiela  ha*  it*  lowest  value  with  reapeet  to  >  when 

Bo^  for  faish  speeds,  this  would  result  in  s  vary  lona  machine  of  small 
diameter  and  hard  to  Tentilate ;  so  that  larger  values  of  Jba  are  usually  em- 
ptmrcd  for  high  speeds. 

Id  Fis.  83,  W't  is  plotted  against  i  for  a  ease  where  the  following  values 
obtain:  £-10,000;/- 25;  A -1,500;  A -1,200;  Si -40,000;  a.-0.M7;  *,- 
0.866;  m  — 1,000;  from  which  it  is  obvious  that  fa  may  be  uicreaaed  eon- 
nfioiably  above  the  value  corresponding  to  nsinimnm  copper,  without  con- 
fliderable  increase  of  cost.  As  kt  vanes  proportionately  with  >>,  it  is  a 
critical  ratio  and  useful  as  a  guide  to  the  oeterminstion  of  t,  up  to  the 
mechanical  limit.  RarelydoesitioceuroutaideoftherangeO.eto  1.4, .being 
in  (eneral  larger  as  the  number  of  poles  decreases,  although  each  case  must 
be  considered  by  itself,  and  many  other  factors  taken  into  account. 

The  major  ecm*ideration»  affecting  •  are  those  of  ventilation  and  of 
maehanical  design.  A  high  *  means  a  diameter  in  direct  Droportioo,  a  core 
iMigtb  inversely  as  «>,  a  much  larger  pereentafeofexposeaeoil-end  surfare, 
Iiishtf  beat  dissipating  power  and  better  ventilation,  out  a  larger  and  more 
ezpentive  frame  and  bearings.  In  large  two-pole  e&^jyele  machines,  the  real 
apper  limit  of  >!*  that  of  mechanical  strength.  With  solid  cast-steel  rotors 
«  may  be  carried  as  high  as  420  ft.  per  sec. 

lOi.  Maehfna  propoitioiis.  Having  approximated  (Bi,  A  and  *,  the 
general  dimensions  of  the  machine  are  determined.  Only  some  of  the  more 
un^Kirtant  eonsiderations  have  been  poesible  here,  but  enough  to  give  a  crude 
notion  of  the  more  obvious  factors. 

IM.  Cautton.  The  greatest  care  should  be  employed  in  malting  use  of 
the  values  and  limits  here  given  for  the  various  constants,  aa  there  are  manv 
other  considerations  and  many  details  of  design  not  here  considered,  whicn 
affeet  individual  oases.  Moreover,  in  commercial  lines  of  machines,  the 
necessity  of  utiHxing  one  punching  or  one  frame  for  machines  of  several 
ratings,  voltages,  or  speeds,  reeults  in  kinks  in  the  curves  plotted  from 
actual  data. 

UM.  Tha  ait  (ap  in  salient-pole  alternators,  when  regulation  is  not 
important,  may  be  reduced  imtit  the  distortion  of  the  flux  across  the  pole  face 
endangers  the  wave  shape,  or  until  pole-face  losses  become  too  large.  On 
the  first  score  ^^  (Par.  M)  should  not  exceed  0.60,  and  on  the  second  account 
the  air  gap  should  not  be  lass  than  one-third  of  the  slot  opening  in  low-,  and 
^  in  Ugh-speed  machines.  In  the  oas*  of  non-salient  pole  high-speed  turb<^ 
altematora,  one  of  the  chief  oonsiderationa  govemiog  the  length  of  air  gap  is 
that  of  providing  a  sufficient  path  for  the  ventilating  air  (Par.  IM). 

IVr.  Utaet  ol  nninbar  of  slot*.  A  small  number  of  large  slots  means 
mora  heating  of  armature  oonduotors,  poorer  wave  shape,  less  insulation 
and  lower  cost. 

OrBtTLATION 
IM.  Btttor-llot  Insnlation.  In  the  design  of  armature-slot  insulations 
for  high-voltage  turbo-alternators,  restrictions  of  a  very  serious  nature  are 
encountered.  It  is  a  eomparatively  simple  matter  to  insulate  600-voIt 
windings  and  provide  liberal  factors  of  safety,  but  when  dealing  with  windings 
for  12,000  volts,  it  becomes  necessary  to  employ  very  high-grade  materiala 
and  to  observe  many  important  precautions  in  the  manner  in  which  these 
materials  are  applied.  For  a  given  material  the  disruptive  strength  per  mil 
of  «hi"ir"«—  nowa  less  as  the  thickness  is  increased.  In  this  circumstance 
lies  s  aeiioiuliandioap  in  designing  the  insulation  for  rotating  apparatus 
wonnd  for  high  pressure.  For  stationary  apparatus  which  can  be  immersed 
in  a  tank  of  oil,  reliance  can  be  placed  on  the  disruptive  strength  of  the  oiland 
ot  interposed  barriera  of  insulating  material,  but  in  the  insulation  of  armature 
windings,  gnat  regard  must  be  i>aid  to  economy  in  space,  and,  furthermore, 
we  canaotliave  recourse  to  immersion  in  oil. 
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Fia.  65. — Slot  insulation  thick* 
I  for  alternatora. 


On  alternaUng-current  roachioes  of  1,000  volts  and  upward,  the  armatuK 
slot  insulatins  material  may  consist  of  micanit«,  micarta  or  Bakelised  pap 
tubes,    or   of  insulations   built   up   of   empire    cloth,  oiled   linen,  or  ot 
suitable  materials.     In  Fig.  65  is  given  a  curve  showing  suitable  thick 

of  slot  insulation  from  copper  to  iron  itt' 

terms  of  the  voltage. 

109.  Wat  heat-reilitinx  qualltlos  and 

allowable  working  temperatures  of  differ- 
ent classes  of  insulations,  see  Sec.  24. 
Other  references  are  as  follows:  A.  P. 
Fleming  and  R.  Johnson:  "  Chemical  Ac- 
tion in  the  Windings  of  High-voltajrs 
Machines."  Joum.  I.  E.  E..  Vol.  XLVn, 
p.  530,  1911. 

110.  Instance  and  o»um  of  &n  insu- 
UUon  f  aUure.  In  1905  Mr.  J.  S.  High- 
field  published  in  The  Electrician  (Vol. 
LIV,  p.  573^  a  description  of  an  inaulatioo 
failure  in  the  windmgs  of  a  lO.OOO-volt 
alternator.  The  failure  was  attiibuted  to 
ehemical  actions  stimulated  by  the  osone 
formed  as  a  consequence  of  corona  dis- 
charges. Highficld's  article  led  to  considerable  correspondence  in  subsequent 
numbers  of  The  £/«<;<ric»an.  and  the  views  put  forward  are  of  great  interest. 
*' High-voltage  Tests  and  Energy  LfOSses  in  Insulating  Materials."  by  Mr.  E. 
H.  Rayner  appears  on  page  3,  Vol.  XLIX  of  Joum.  I.  E.  E.  (1912).  KKyntx 
concludes  his  paper  with  a  large  and  valuable  Bibliography  of  the  subject. 

111.  Kflects  of  temperature  on  dlaruptiTe  itreng^.  Lamme  has 
dealt  with  these  effects  very  thoroughly  in  his  paper  on  "  Highnspeed  Turbo- 
alternators  "  appearing  on  page  1  of  Vol.  XXXlI  of  Tran*.  A.  I.  £.  E.  (1913) 
Lamme  and  Steinmcti  have  continued  the  discussion  of  the  subject  in  a 
paper  entitled  "Temperature  and  Electrical  Insulation"  which  appears  on 
page  79  of  Vol.  XXXll  of  Trajn.  A.  I.  E.  E.  (1913).  As  to  the  design  of  the 
insulation  from  the  standpoint  of  the  beat  flow  through  it,  the  best  infor- 
mation as  yet  available  on  the  subject  is  contained  in  the  following  four 
papers:  (a)  Symons,  H.  D.  and  Walker  M.  "The  Heat  Paths  in  Elec- 
trical Machinery."  Joum.  I.  E.  E..  1912.  Vol.  XLVIII,  page  674.  (b) 
Williamson,  R.  B.  ''Notes  on  Internal  Heating  of  Stator  Coils,**  Trans. 
A.  I.  E.  E.,  1913,  Vol.  XXXII,  page  153.  (c)  Langmuir,  Irving.  *'Laws  of 
Heat  Transmission  in  Electrical  Machinery,"  7*ran«.  A.  I.  E.  E.,  1013,  Vol. 
XXXII,  page  301.  (d)  Randolph,  C.  P.  "The  Conduction  of  Heat:  with 
Results  of  an  Investigation  of  the  Thermal  Resistivity  of  Heat-insulating 
Materials,"  General  Electric  Review  for  Feb.,  1913,  page  120. 

111.  rield  Insulation.  For  the  field  windings  of  low-speed  and  moder^ 
atfr-speed  synchronous  machines  the  problems  associated  with  the  insulation 
are  comparatively  simple.  Wherever  reasonably  practicable,  the  field 
winding  will  consist  of  a  flat-ribbon  conductor  wound  on  its  thin  edge.  It 
is  important  that  the  design  shall  comprise  features  ensuring  absoluts 
absence  of  any  relative  motion  between  the  conductors,  as  the  result  of 
centrifuKsI  forces  and  of  vibration.  The  use  of  coils  of  flat  strip  with  the 
edges  left  bare  in  the  customary  manner,  is  excellent  from  the  standpoint  of 
ability  to  rapidly  dissipate  hnat  to  the  surrounding  air  in  virtue  of  the  rapid 
motion  of  these  coils  throu(;h  tho  air.  Since  the  voltage  is  low  and  the 
temperature  moderate,  it  is  practicable  to  employ  the  simplest  methods,  so 
far  as  the  insulation  is  concerned.  But  in  the  case  of  extra  high-speed  turbine 
generators  the  field  windinr^s  must  be  embedded  in  slots  in  the  surface  of  the 
cylindrical  rotor,  and  the  difficulties  of  providing  a  suitable  design  of  insula- 
tion are  very  great.  It  is  true  that  the  voltage  of  the  excitation  is  low.  but 
the  difficulty  arises  from  the  high  temperature  to  which  the  insulation  is 
subjected.  The  facilities  for  ventilation  are  necessarily  exceedingly  poor, 
and  the  space  for  the  copper  is  so  restricted  that  it  is  necessary  to  operate 
the  field  winding  at  high  current  densities.  The  result  is  that  portions  of  the 
insulation  in  the  slots  of  high-speed  rotors  are  usually  subjected  to  tem- 
peratures much  above  100  deg.  cent,  and  frequently  temperatures  ap- 
proaching 150  deg.  cent,  are  experienced  at  the  very  hottest  spots  of  the 
rotor  insulation  in  designs  of  the  most  difficult  ratings.     Consequentjy 
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I  «ie&  must  be  the  chief  iogredient  of  the  insulation*  notwithetanding  that  the 
nhaeee  are  very  low.  The  oonBtruction  must  present  the  utmost  rigidi^ 
uoe  the  slightest  displacement  of  any  insulating  material  will  suffice  to  un- 
baJance  the  rotor.  The  case  Is  ably  presented  by  Lamme  in  a  section  entitled 
Rotor  Insulation  on  p.  29  of  his  paper  on  "High-speed  Turbo-si terna tors." 
ia  VoL  XXXII  (1913)  of  the  Trana.  A.  I.  E.  E. 

lis.  InsulAtion  of  alternator  leads  and  iionneetiona.  Acute 
problems  are  not  often  encountered  in  the  insulation  of  the  leads  and  con-  ' 
■ertions,  since,  on  the  one  hand,  machines  are  rarely  built  for  pressures  in- 
eteeaa  of  15,000  volts,  thus  eliminating  the  auestions  arising  in  connection 
with  the  insulating  of  extra  high-pressure  leads;  and,  on  the  other  hand,  the 
Toltaces  in  lar^  machines  are  rarely  lower  than  2,000,  so  that  there  do  not 
arise  any  questions  associated  with  the  handling  of  very  lar^e  currents.  This 
latter  statement  should  be  conditioned  by  ciuUng  attention  to  the  instaa- 
taaeons  eurroit  flowing  on  the  occasion  of  sudden  short-circuits.  Such  a 
current  (Par.  6S)  may  for  an  instant  amount  to  from  ten  to  twentv  times  the 
foil-load  current  of  the  machine  and  is  associated  with  the  development  of 
MKMTinouB  mechanical  forces.  Consequently  the  problems  of  leads  and  con- 
nections reduce  chiefly  to  the  provision  of  elaborate  mechanical  support  for 
all  leada.  conductors  and  cables  from  the  armature  windings  to  the  switch* 
board.  The  end  connections  of  the  stator  windings  must  be  elaborately 
supported;  many  &ne  machines  were  wrecked  before  this  was  realised. 
The  end  connections  are  sometimes  lashed  by  stout  bands  of  cord  to  heavy 
•insa  which  are  su|>ported  by  stepped  brackets  constituting  extensions  of  the 
frmme  of  the  machine.  It  would  be  futile  to  here  attempt  to  describe  all  of 
tbe  various  methods  to  which  resort  has  been  had  in  solving  this  difficulty. 
These  have  been  described  and  illustrated  in  various  papers  among  which 
may  be  mentioned  the  following: 

Walker,  Miles.  "Short-circuiting  of  Large  Electric  Qeneratora,"  Joum. 
I.  E.  E.,  1910.  Vol.  XLV,  p.  295. 

Field,  A.  B.  "Operating  Characteristics  of  Large  Turbo-generators," 
Trans.  A.  L  E.  E.,  1912.  Vol.  XXXI.  p.  1646. 

Lmmme,  B.  O.  *'Higfa-speed  Turbo-alternators." Trans.  A.  I.  E.  E.,  Vol. 
XXXII,  p.  1. 

114.  BeQulalte  protection  afainat  potantUI  itraaset  cautad  by 
■poeiml  conditiona,  grounded  pnasa,  twitcliinc,  etc.  If  a  Y-connected 
generator  ia  operated  with  the  common  connection  grounded  without  any 
resistance,  then  if  a  dead  short-circuit  to  ground  occurs  on  one  of  the  three 
lines,  although  the  circuit-breakers  will  at  once  disclose  the  faulty  line,  severe 
mechanical  stresses  will  be  imposed  on  the  windings  of  the  generator,  due  to 
the  sudden  short-circuit.  If  on  the  other  hand,  the  neutral  point  is  connected 
to  ground  through  a  resistance,  the  amount  of  current  which  can  flow  when 
a  dead  ground  occurs  on  one  of  the  lines  will  be  limited  by  the  amount  of  the 
resistance.  Let  us  consider  the  case  of  a  Y-connected  generator  with  a 
pressure  of  7,000  volts  in  each  leg  of  the  Y,  and  with  a  9-ohm  resistance  to 
ground.  If  a  dead  ground  occurs  on  one  of  the  lines  leading  from  the  gen- 
erator, then  asuming  that  the  resistance  of  the  winding  and  line  and  ground 
Aggregate  1  ohm.  only  7*000/(9-1-1)  »  700  amp.  can  flow  through  the 
ground.  But  this  will  raise  the  potential  of  the  neutral  point  from  lero  to 
700X9  ■■6,300  volts,  and  this  oombined  with  the  pressure  of  the  other  two 
phases,  on  which  no  ground  has  occurred,  will  increase  the  pressure  between 
the  high-tension  ends  of  these  windings  and  the  frame  of  the  machine  to 
about  12.000  volts.  Thus  while  the  use  of  a  resistance  between  neutral  and 
ground  deerea9€9  the  severity  of  the  mechanical  stresses  to  which  the  windings 
of  the  ^nerator  will  be  exposed  on  the  occasion  of  sudden  ahort-cireuits 
f»k  the  line,  it  inereasea  the  severity  of  the  potential  stresses  on  the  main 
insulation. 

The  extra  stresses  imposed  upon  the  main  insulation  of  the  machine  would 
be  stall  greatc^  were  the  machine  to  be  operated  with  its  neutral  grounded 
through  a  reastance,  and  with  its  terminals  tapped  into  auto-transformers 
by  means  oi  which  Uie  generator  voltage  is  stepped  up  (say  in  the  ratio  of 
1 : 2)  to  the  line  pressure.  Consequently  when  auto- transformers  are  em- 
plojned,  the  generator  must  not  have  its  neutral  connected  to  f^round  through 
a  resastanee,  but  must  be  dead-ground.  If  the  stepping-up  is  accompllBhed 
by  means  of  transformers  with  distinct  primaries  and  secondarips  instead  of 
with  auto-transformers,  then  the  generator's  neutral  may  be  grounded 
throng  a  resistance.    Operation  with  grounded  neutral  is  to  be  pre- 
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ferred  {or  systems  from  which  many  ozpenaive  underground  cables  an 
supplied,  since  a  ground  on  some  one  cable  will  clear  that  cable  off  th«  lioi 
by  the  opening  of  its  local  circuit-breakers  and  without  interruption  to  tlia 
rest  of  the  system.  But  for  a  system  consisting  of  a  single  long  line  witb  an 
important  (ustribution  system  at  its  distant  end.  and  where,  conseQuen  Cly. 
any  interruption  of  the  supply  would  be  very  serious,  there  is  a  widely  heMi 
opinion  that  the  generator  should  be  operated  with  non-grounded  nmi'trAl, 
since  it  is  maintained  that  the  dovelopment  of  a  ground  at  somo  one  point 
of  the  line  is  then  less  likely  to  shut  down  the  system.  It  will,  however. 
increase,  by  73  per  cent.,  the  extreme  potential  stresses  across  the  genera- 
tor's main  insulation,  and  this  must  be  recognised  in  the  proportion! ok  of 
the  generator's  insulation. 

Switching  operations,  arcing  grounds,  lightning-arrester  discharges,  SLnd 
other  disturbances  are  Ukely  to  occasion  surges  in  a  system.  The  generator 
windings  must  be  protected  against  the  resulting  high-potential  ntrrrmrtt. 
Sometimes  such  protection  is  afforded  by  suitable  reactances  interpoaed 
between  the  line  and  the  generator,  and  sometimes  the  last  few  turns  in  the 
winding  are  especially  insulated  so  that  the  steep  potential  wave  front 
shsJl  not  occasion  breakdown  between  adjacent  turns. 

LOSnS  AND  ■mciSMCT 
115.  Core  Ioimi.  The  data  in  the  following  table  serves  aa  an  approxi- 
mate guide  to  the  determinaUon  of  the  no-load  core  loss  in   synohronoua 
machines. 


Density  in 
stator   core 
(below  alota) 
lines  persq. 
in. 

Core  loss  in  stator  core 

(including  teetli) 

(watts  per  lb.) 

25  Cycles 

60  Cycles 

40,000 
50,000 
60,000 
70,000 
80,000 
90,000 

I.l 
1.4 
1.7 
2.0 
2.4 

2.7 
3.7 
4.9 

2.8 



There  are  further  core  losses  called  stroy  core  losses  which  increase  ae  the 
load  increases.  These  are  due  to  the  0uz  distortion  in  core  and  teeth,  caused 
by  the  armature  m.m.f, 

116.  Xflect  of  rated  speed  on  loaiei.  Returning  to  a  oonrideration  of 
the  no-load  core  losses  it  is  of  interest  to  note  that  the  inherent  nature  of 
low-speed  and  high-speed  designs  Is  such  that  while  the  no-load  core  loos 
may  constitute  a  relatively  small  component  of  the  total  loss  in  low-epeed 
synchronous  machines,  it  is  necessarily  a  large  component  in  high-i^eed 
synchronous  machines.  The  reverse  is  the  case  with  the  armature  copper 
loss,  which  is  relatively  high  in  low-speed  machines,  and  relatively  low  in 
high-speed  machines.  In  a  group  of  3,000-kv-a.  26-cycle  close-regulation 
designs  for  various  speeds,  particulars  of  which  are  given  by  Hobart  and  EUia 
in  "High-soeed  Dynamo  Electric  Machinery"  (John  Wiley  and  Sona, 
N.  Y.,  1908),  the  rated  speeds  and  these  two  losses  in  per  cent,  of  output  are 
as  follows: 


Rated 

No. 

or 

poles 

A 

No-losd 

B 
Armature  cop- 
per loss  at  full- 
load  (%) 

Ratio 
of   A 
to  B 

speed 

core  loss 

83 

36 

1.93 

.93 

2.07 

I2S 

24 

2.02 

.73       . 

2.77 

2S0 

12 

2.17 

.57 

3.82 

375 

8 

2.24 

.50 

4. 45 

SCO 

6 

2.27 

.50 

4.39 

750 

4 

2.30 

.47 

4.92 
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IIT,  ArxnAtura  copper  lonei.  In  addition  to  the  normal  /*A  lou, 
there  are  eddy  current  lowee  due  to  the  flux  fringing  into  the  tops  of  the  alota^ 
dependias  largely  upon  the  tooth  density;  ana  also  eddy  losses  due  to  the 

I  cfQM  slot  leakage  flux,  depending  largely  Ujpon  the  slot  depth  and  the  sise 
•f  the  conductor.     Consequently  each  effective  armature  conductor  is  usually 

'  boilt  up  of  many  amall  component  conductors  in  parallel.     Since  economy 

,'  ef  «p«ee  ia  of  the  utmost  importance  in  the  slots  of  extra  high-speed  altema- 
ton,  each   of  these  component  conductors  is  usually  of  rectangular  cross- 

I  aeetioii.  The  subject  of  subdividing  conductors  to  eliminate  eddy  losses  has 
been  deaJt  with  by  A.  B.  Field  in  a  classical  paper  "Eddy  Currents  in  Large, 
Ski^wouiMl  Conductors/'  Trant.  A.  I.  E.  E..  1905,  Vol.  XXIV,  p.  761. 

lis.  T1&6  field  copper  lou  is  usually  less  than  1  per  cent,  of  the  out- 
put, and  thia  percentage  does  not  vary  much  with  different  ratings,  sinoe  as 
the  number  oi  poles  decreases,  the  length  per  turn  and  the  ampere  turns  per 
pole  increase.  In  non-salient  pole  machines  this  loss  is  relatively  larger  and 
IS  for  designs  of  all  speeds,  a  fairly  considerable  component  of  the  total  loss 
in  a  machine.  For  relatively  low-speed  machines  this  is  partly  due  to  the 
rdatively  large  number  of  field  spools  among  which  the  loss  is  distributed 
and  each  of  which  must  provide  a  fairly  large  magnetomotive  force.  In 
extra  hish-speed  maehines*  the  considerable  amount  of  field  copper  loss 
ia,  in  part,  a  conaequence  m  the  high  armature  magnetomotive  force  per 
pole  to  be  offset  at  low  |>ower-f actors.  Inaddition  it  can  partly  be  traced 
to  the  deep  air  ^ap  which  must  be  provided  in  order  that  sufficient  cool- 
ing air  may  be  circulated  through  the  machine.  Finally,  field  copper  loss 
in  this  type  of  machine  is  high,  because  of  the  limited  space  in  the  rotor 
■Iota,  whii^  renders  it  necessary  to  employ  somewhat  high  current  densities, 
in  mite  of  the  consequent  high  temperatures.  Furthermore,  in  contrast 
to  the  salient  pole  machine,  the  field  poles  link  with  the  flux  at  relatively 
low  (fenaity,  and  some  of  them  also  link  with  only  a  part  of  the  fiux. 

11*.  Wbidan  and  bearlu-fHction  losses.  When  the  air  circulation 
is  provided  by  fans  integral  with  the  rotor  of  a  turbo-fE^nerator,  the  windage 
loas  may  bo  taken  at  about  3  watts  per  cu.  ft.  of  air  circulated  per  min., 
dq>endinf  upon  the  eflBciency  of  the  fan  employed  and  with  the  design  of  the 
1  m  the  machine  through  which  the  air  is  circulated.     The  quantity 


of  air  required  for  cooling  extra  high-speed  synchronous  machines  ranges 
from2toocu.  ft.  permin.  perkv-a.  (Par.  ISS).  In  large  steam  turbine-driven 
alteraatoTB,  the  total  windage  loss  is  usually  a  matter  of  about  1.5  per  cent. 
of  the  output.  Of  this  amount,  about  half  represents  the  power  required 
to  drive  the  fan. 

For  moderate-q>eed  and  slow-speed  machines  not  employing  fans  for  ven- 
tilation,  allowances  ran^ng  from  1.0  per  cent,  in  small  machines  down  to  0.5 
iwr  cent,  in  large  machines  are  usually  made  for  windage  and  bearing  fric- 
tion. A  further  consideration  controUing  the  magnitude  of  the  allowance 
i^teo  to  the  number  oi  bcMings  whose  friction  loss  should  fairly  be  charf^ 
to  the  generator  as  distinguished  from  the  prime  mover.  Where,  for  testing 
purposes,  the  synchronous  machine  can  be  separated  from  the  prime  mover 
and  driven  by  a  small  motor,  the  windage  and  bearing-friction  loss  may  be 
determined  by  test  when  the  machine  is  built. 

UO.  Aetual  windage  and  bearlng-frlctlon  loaies,  for  soreral  large 
turbo-  alternator  s 


s 

I 

•s 

6 

z 

•a 

f 

Losses  in  kilowatts                    | 

if' 

^°1 

s 

•s 

Friction 
and  wind- 
age of  gen- 
erator 

2 

2,500 
3,125 
6,250 
9,375 
12,500 
16,670 
5,600 

1,800 
1,800 
1,800 
1,800 
1,800 
1,600 
1,600 

13,000 
13,800 
17,000 
26,500 
27,000 
40,000 
■18,000 

25 
27 
63 

13 
14 
33 

40 
40 
46 

11 
11 

21 

64 

65 

100 

80 
43 

80 
40 

80 
20 

240 
103 

487 


yGoogle 


Sec.  7-121         A.  C.  OBNERATORS  AND  MOTORS 


111.  Oaleutated  TaluM  of  bearing  Motion  tor  MTontl  taarbo— 
altemston 


No.  of  poles 

Rated  out- 
put (kv-a). 

Speed 

(rev.  per) 

min.) 

Bearing  friction  in  horse-po-^ver 

Turbine 
bearing 

Middle 
bearing 

Bearine     A^ 
collector  end 

2 

9,400 
6.300 
6,300 
3,100 
2.500 
2,500 

1,800 
1,800 
1,800 
1,800 
1,800 
1,500 

7 

11 

6 

4 
6 

3 

62 
60 
41 
25 
21 
20 

24 
14 
.13 
S 
6 
4 

) 


lis.  Summary  of  louei.     We  have  now  reviewed  the  oompoQent  lo 

in  synchronous  machines.  These  are:  (a)  no-load  core  loss;  (d>  eztra.  core 
loes  i&creasinK  with  load ;  (c)  full-load  copper  loss  in  armature  windine;  Ccl> 
eddy  loss  at  full-load  in  armature  winding;  (e)  field  copper  loss  at  full-losLcl ; 
(f)  windage  and  bearing  friction  loss. 

Losses  (a),  (c),  (e)  and  (f)  may  be  considered  accurately  determin&ble 
either  by  test  or  calculation.     Losses  (b)  and  (d)  are   not  commercially 
determinable;  i.e.,  their  determination  would  require  an  elaborate  and  ex- 
pensive investigation  in  each  case.     A  reasonable  value  may  be  assigned  to 
the  sum  of  losses  (b)  and  (d)  (Par.  1S7),  in  cases  where  they  cannot  be  d.e- 
termined  from  tests.     It  may  in  general  be  stated  that  all  the  losses  except 
loss  (b)  and  loss  (d)  are  readily  susceptible  to  either  exact  or  sufficiently 
approximate   determination,    and  hence^  they    may  be  desisnated  as  de~ 
terminable  lOMes.     It  is  in  commercial  transactions  futUe  to  attempt 
to  conclusively  determine  losses  (b)  and  (d).     Consequently  it  is  desirable 
to  group  these  two  losses  together,  and  to  designate  them  as:  Indeter- 
minable losses  or  stray  losses.     It  should  usually  be  practicable  in   a 
commercial   transaction,  involving   efficiency  guarantees,  for  the  parties  to 
the  transaction  to  agree  upon  a  reasonable  value  to  assign  in  any  case    to 
the  indeternuDable  fosses  m  the  event  that  it  is  not  expedient  to  make  the 
test  set  forth  in  Seo.  24. 

lis.  The  efficiency.  The  true  efficiency  of  a  machine  is  the  ratio  of  the 
output  to  the  input.  The  efficiency  should  be  based  upon  the  rated  output, 
pressure,  power-iactor  and  speed.  The  losses  on  which  the  efficiency  is  baeed. 
should  be  corrected  to  75  deg.,  the  temperature  of  reference  for  efficiency 
determinations  (see  Sec.  24).  The  determination  of  the  true  efficiency  of 
a  machine  involves  either  an  accurate  determination  of  all  the  component 
losses,  or  else  an  accurate  measurement  of  the  output  and  of  the  simul- 
taneous input.  In  other  than  small  machinesj  both  of  these  methods 
of  determination  are  impracticable  unless  resort  is  made  to  expensive  scien- 
tific measurements. 

Consequently  in  practice,  use  should  be  made  of  two  approximate  eSi- 
cienoies.  These  may  be  designated  as  follows:  (a)  the  efficiency  exclusive 
of  stray  losses;  (b)  the  conventional  efficiency. 

U4.  The  efficiency  ezdusiTe  of  ttray  lotses.  This  is  the  ratio  of 
the  output  of  the  machine  to  the  sum  of  the  output  and  the  determinable 
losses  as  obtained  by  the  sei>arate  measurement  or  calculation  of  each 
determinable  loss.  This  efficiency  is  necessarily  greater  than  the  true 
efficiency,  but  approaches  it  in  machines  in  which  the  indeterminable  losses 
are  negligible. 

US.  The  conTentlonal  efficiency  differs  from  tiie  effidency  exclusive 
of  stray  losses,  to  the  extent  to  which  appropriate  values  for  the  indeter- 
minable losses  are  included  in  estimating  the  input.  In  all  matters  relating 
to  guarantees,  the  allowances  to  be  made  for  the  indeterminable  losses  are 
specified  in  each  case.  The  conventional  efficiency  is,  by  definition,  less 
than  the  efficiency  exclusive  of  stray  losses,  except  in  cases  where  the  con- 
vention is  to  take  the  stray  losses  cquiU  to  xero  (see  Standardisation 
RuleSt^  Sec.  24).  With  the  application  of  a  reasonable  amount  of  care 
in  assigning  appropriate  values  to  the  indeterminable  losses,  the  differ- 
ence between  the  conventional  efficiency  and  the  true  efficiency  should 
usually  be  quite  unimportant  and  often  negligible. 
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IM.  8tru  louac.  A  realixation  of  the  extenai ve  nature  of  the  stray  1  oeaea 
haa  only  gradually  taken  place.  1 1  is  by  no  means  untisual  for  the  stray  losses 
toamounttof  rom  25  to  50  per  cent,  of  the  no-load  coreloss.  These  stray  losses 
arise  from  various  causes;  a  notable  cause  exists  in  the  local  variations  in  the 
reluctances  of  the  magnetic  circuits  around  the  individual  slots  and  groups  of 
slots  with  the  continually  varying  relative  positions  of  stator  and  rotor. 
Although  such  losses  are  not  a  function  of  the  no-load  core  loss,  nevertheless 
practical  purposes  are  sometimes  fairly  served  by  assuming  the  stray  losses 
to  be  equctl  to  half  of  the  no-load  core  loss.  For  example,  in  a  certain  machine 
vith  a  rated  output  of  2.000  kw.  we  may  have  the  following  losses:  armature 
rapper  loss,  10.000  watts;  field  copper  loss.  20,000  watts;  core  loss  at  no-load, 
12,000  watts;  bearing  friction  and  windage,  15,000  watts. 

With  this  assumption  as  to  the  stray  loss,  the  total  of  all  losses  at  full-load 
amounts  to  10.000+20.000-f  12,000-1-15,000+6,000-63,000  watts.  The 
lull-load  efficiency  will  then  be  taken  as:  2,000,000/(2.000,000-1-63,000)  » 
96.9  per  cent. 

UT.  Datennlnation  of  stray  louei.     An  approximation  t6  the  stray 

ises  znay  be  obtained  by  operating  the  machine  at  its  normal  speed 
and  with  sufficient  excitation  to  circulate  rated  current.  From  the  power 
required  to  operate  the  machine  thus,  the  friction  loss  and  the  copper  loss 
should  be  subtracted,  and  the  remainder  taken  as  the  stray  loss  at  full- 
load.  Experience  indicates  that  in  many  cases  this  is  a  fair  approximation. 
If  it  were  true,  then  in  order  to  drive  the  above-mentioned  2,0()0-kw.  ma* 
chine  at  normal  speed  and  with  full-load  current  circulating  in  the  short- 
circuited  windintra,  it  would  be  necessary  (if  the^  stray  loss  at  full-load 
amounted  to  6,000  watts),  to  supply  to  it  (exclusive  of  field  excitation), 
10.000-f<15,000-f-6.000-31,000  watts.    (See  Sec.  24.) 

US.  VarUtion  of  stray  Iobmb  with  load.  The  nature  of  the  stray 
losaea  is  too  vague  to  justify  any  positive  statement  as  to  the  laws  of  ite 
variation  with  the  load.  It  may  in  some  instances  vary  as  the  square  of 
the  load.  But  with  a  view  to  practical  liberality  it  is  well  to  determine 
upon  a  representative  figure  for  its  full-load  value  and  arrive  at  figures 
for  its  value  at  other  loads  by  assuming  it  directly  proportional  to  the 
load. 

VINTILATIOK 
Itt.  The  proeau  of  cooling  and  ventilating  low-apeed  and  medium- 
^Med  cynchronoua machinal  is  not  one  presenting  any  grave  difficul- 
twe,  since  such  machines  are  so  large  as  to  expose  extensive  surfaces  to  the 
surrounding  air.  In  such  machines  the  field  cons  are  usually  arranged  on  the 
BHent  poles  of  the  revolving  field.  The  fan  action  occasioned  by  tie  revolu- 
tion of  sueh  a  Balient-p|<de  field,  may  be  readily  supplemented  by  the  pro- 
vision of  fan  blades  suitably  dispc^ed  on  the  rotating  structure.  The  fan 
friction  is  one  component  of  the  losses  in  the  machine,  and  serves  to 
decrease  the  machine's  efficiency,  particularly  at  light  loads.  The  power 
required  to  drive  the  fans  of  such  machines  is  comparatively  smalT  since 
the  pressure  developed  by  the  fans  is  low. 

UO.  Stator  TentUatlon.  Owing  to  the  rapid  Sow  of  heat  by  conduction 
from  the  copper  in  the  slot  to  the  end  connections,  it  is  not  ^ways  neoes- 
suy  to  provide  v^tical  ventilating  ducts  in  the  laminated  core  of  a  narrow 
machine  provided  it  is  arranged  to  cool  the  end  connections  vigorously. 
When  this  principle  is  employed,  it  is  practicable,  in  reasonably  narrow 
maehmce.  to  maint^n  the  armature  windings  at  a  low  temperature  without 
resorting  to  the  relatively  expensive  method  of  providing  vertical  ventilating 
ducts.  In  many  hi|{h-voltage  machines  the  tnickness  of  slot  insulation  is 
Boch  that  most  of  this  heat  must  fiow  to  the  coil  ends,  even  wdth  compara- 
tively long  coils.  Par.  tT-tS. 

ISl.  Eotor  TentUatlon  aflectlnc  diameter.  From  the  standpoint 
of  rotor  ventilation,  a  large  diameter  and  a  short  core-length  are  desirable 
sad  permit  of  economy  in  field  copper.  But  the  gain,  as  regards  decreased 
outlay  for  copper  and  magnetic  iron  when  a  large  diameter  is  employed, 
may  involve  a  very  disproportionate  increase  in  the  outlay  for  frame  and 
forbearing  supporta and  for  structural  material  in  general. 

With  vertioEU-shaft  machines  it  becomes  practicable  to  resort  to  larger 
diameters  than  with  horisontal-shaft  machines,  since  in  the  latter  type  a 
ifaort  wif^MnA  of  large  diameter  requires  a  lavish  outlay  for  material  in  order 
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to  render  the  atator  frame  sufficiently  stiff  to  ensure  absence  of  sadpiii^ 
Any  sagging  would  unbalance  the  air  gap,  which  must  be  of  uniform  depvl 
over  the  entire  circumfeEeDce. 

The  field  winding  should  usually  consist  of  flat  copper,  wound  on  ita  thim 
edge.  The  heat  then  readily  flows  to  the  outer  surfaoe,  and  is  carried  airay 
by  the  surrounding  air. 

1st.  IntonM  forced  coollnff  and  Tentllatlon.  Extra  high-speed 
steam  turbine-driven  generators  of  large  capacity  present  the  most  extreme 
instances  of  the  necessity  for  forced  cooling  and  ventilation.  The  quantity 
of  air  which  must  be  forced  through  such  machines  per  kv-a.  of  rated  output 
in  order  to  limit  the  temi>erature  rise  at  full-load  to  permissible  values,  is 
of  the  order  of  from  2.5  cu.  ft.  per  min.  for  a  25,000-kv-a.  machine  to  4.5  cu. 
ft.  per  min.  for  a  fi,O0O-kv-a.  machine,  depending  on  the  efficiency  of  the 
machine.  The  precise  values  vary  with  the  arrangement  of  the  ventilating 
passages,  and  the  speed.  The  customary  method  of  circulating  the  air'cron- 
sists  m  providing  the  rotor  with  fans  which  force  air  through  appropHate 
passages.     Fig.  66*  relates  to  the  ventilating  method  employed  in  the  aeaUcn 


Fia.  60. — Ventilation  design  for  a  vertical-shaft  turbo-alternator. 

of  a  steam  turbine-driven  alternator  of  the  vertical  type.  Mr.  B.  O.  Lamme 
has  dealt  very  fully  with  this  subject  in  a  paper  entitled  **High-Spe«d 
Turbo-alternators, ''^  at  p.  1  of  Vol.  XXXII  (19l5)  of  the  Trant.  A.  I.  E.  E. 
Lamme  subdivides  methods  of  cooling  turbo-alternators  bv  the  forced  circu- 
lation of  air  into  three  classes:  (a)  radial  methods,  (b)  circumferential 
methods,  and  (c)  axial  methods. 

ISS,  In  the  radial  lyitem  of  ventilation  all  the  air  passes  out  radially 
through  ventilating  ducts  in  the  stator  core.  In  the  design  of  these  high- 
speed generators  the  rotor  diameter  is  limited  by  the  peripheral  speed.  Con- 
jwquently  the  design  is  of  relatively  great  length  parallel  to  the  shaft.  There 
is  very  little  space  on  the  rotor  even  for  the  windings,  owing  to  the  limited 
radial  dimensions,  and  it  is  often  necessary  to  dispense  with  the  circulation  of 

*  From  an  article  by  E.  Knowlton,  "Ventilation  of  Steam  Turbine- 
driven  Alternators,"  General  Electric  RewieWt  Oct.,  1012,  page  656. 
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lir  throu^  the  interior  of  the  rotor.     Even  in  the  moat  favorable  l . 

Mch  circuuktion  of  air  throuj^h  the  rotor  ia  Limited  to  but  a  email  part  oi  the 
MIT  required  for  the  cooling  of  the  atator.  The  greater  part  of  the  supply 
required  for  the  etator  is,  in  the  radial  eyetem,  first  pueed  along  the  air 
gap:  the  radial  depth  of  the  air  gap  is  often  made  very  great  ezpreaaly  out  of 
eoaeideration  for  providing  eumcient  section  for  the  flow  of  the  required 
amount  of  air. 

IM.  A  ^rploal  arranomvnt  of  the  radial  ayitem  aa  applied  b^ 
the  General  Eleetrio  Co.  in  its  horiiontal  eteam-turbine  alternators  is 
shown  in  Fig.  07.  The  system  is  described  as  follows:  the  air  enters 
the  cenerator  at  AA;  passes  through  the  air  gap,  windings  and  air  ducts 
io  the  siator  core  to  the  annular  spaces  BBB;  flows  around  circumfer- 
entiaUy  to  the  openings  CCC  in  the  bottom  of  the  armature  frame  and 
thence  to  the  outlet  duct.  In  some  machines  part  of  the  air  passes 
through  the  6eld  core.  The  movement  of  air  is  produced  by  fans  on 
the  ende  of  the  rotor.  In  some  instances  the  armature  frame  is  modified 
so  that  the  air  is  expelled  from  the  top  into  the  dynamo  room.  Proper 
pasBagea  must  be  provided  below  the  generator  for  the  ingoing  and  outgo- 
ing air.  As  shown  in  the  sketch,  air  is  taken  in  at  both  ends  of  the  gener* 
ator  and  discharged  through  an  ^>ening  in  the  centre  of  the  frame,  and 
the  ptinnayrn  must  be  so  arranged  as  to  prevent  the  outgoing  heated  air 
from  mixing  with  the  incoming  cool  air;  a  simple  method  of  accompli^- 
ing  this  ia  also  shown.  In  certain  coses  other  arrangements  may 
better  suit    looal  conditions.     For  approximation  the  area  of  the  ingoing 

or  outgoing  duct  will  lange  from  fi 
sq.  ft.  for  a  1.000-kv-a.  to  15  so.  ft. 
for  a  5,000-kv-a.  generator.  The 
outgoing  air  should  be  carried  out- 
side the  building,  care  being  taken 
that  it  cannot  immediately  re-en- 
ter the  i  ntake.  The  ducts  should  be  as 
short  and  have  as  few  bends  as  poosibla 
and  these  should  be  made  with  a 
large  radius.     Both  ducts  should  have 


Fio.  67. — Radial  system  of  ventilating  a     Fio.  68. — Circumferential  system 
horisontal^haft  high-speed  generator.        of  ventilating  turbo-alternators. 

adjustable  dampers  so  that  part  of  the  air  may  be  taken  from  or  expelled 
into  the  engine  room.  This  will  allow  adjustments  to  suit  weather  condi- 
tions. The  armature  and  field  leads  are  brought  out  from  the  bottom  of  the 
generator  frame,  directly  under  the  collector;  this  brings  them  to  the  air 
chamber  under  the  armature.  From  here  to  the  switchboard  the  leads 
may  be  carried  in  one  of  the  air  ducta  or  a  separate  duct,  as  is  most 
convenient. 

1S5.  The  droumfarenUal  urttam  of  TontUatlon  is  explained  by 
reference  to  Fig.  68  (Lamme).  The  air  enters  at  one  side  of  the  machine 
and  is  forced  along  the  air  ducto  in  the  stator  core  back  of  the  armature 
windings  until  it  reaches  the  other  side  of  the  machine,  whence  it  is  dis- 
ohargedT  Such  circumferential  circulation  is  usually  supplemented  by  the 
•aoidy  at  a  farther  amount  of  air  to  the  air  gap  to  cool  the  rotor,  as  shown 
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FiQ.  69.— The  axial  system  of  Tentilating 
turbo-alternatotB. 


bv  the  13  little  arrows  ouryed  toward  the  oentre  of  the  diacnun.  1*Iua 
air,  after  leaving  the  air  gap  passes  into  the  stator  Tentilatin^  ducts  and  rein- 
forces the  mainstreams  of  air.  Lamme  also  illustrates  in  his  paper  (Ref.  in 
f^r.  13S)  a  modification  of  the  circumferential  system  in  which  the  air  etaterv 
the  stator  ducts  at  points  of  their  out«r  circumference,  flows  down  alternate 
vertical  ventilating  ducts  in  the  stator  core,  then  a  short  distance  through 
loDgitudinal  ducts,  and  returns  through  the  intermediate  vertical  ventilating 
duots  back  to  the  outer  circumference  of  the  stator. 

IM.  The  axial  Bvatam  of  ventilation  (often  termed  the  longitudinal 
system)  is  iUustrated  in  Fig.  69  (Lammo).'  The  system  has  the  advantaee 
that  the  edges  of  each  lamination  are  bathed  by  the  circulated  air.  'Fhe 
conduction  of  heat  is  many  times  greater  in  the  plane  of  the  laminations 

than  transversely  thereto,  the 
_^  ratio  varying  from  20  to  lOO 

according  to  the  nature  of  the 
insulation  between  lamina- 
tions, the  thickness  of  the  lami- 
nations, insulation,  and  their 
compression.  Obviously  the 
longitudinal  method  has  a  de- 
cided advantage  in  this  respe<*t 
at  least.  On  the  other  hand  it 
is  difficult  to  arrange  that  a 
sufficient  extent  of  surface  shall 
be  exposed  to  the  air.  Aa 
shown  in  Fig.  69.  there  is  pro- 
vided in  the  axial  system  a 
large  number  of  longitudinal 
passages.  These  passages  may- 
lead  to  a  large  central  outlet 
duct  as  in  the  case  illustrated,  or  thev  may  extend  uninterruptedly  richt 
through  the  core  from  one  end  to  the  other. 

1S7.  Air  cleaning  ftnd  cooling.  It  has  been  quite  usual  to  take  the  ventf* 
lating  air  from  the  hot  engine  room,  circulate  it  through  the  machine,  and  then 
return  it  to  the  hot  engine  room.  Not  only  does  thisresultinahigh  operating 
temperature  (or  else  a  lower  output  for  a  given  temperature),  but  it  also 
has  the  consequence  that  the  air  which  is  sent  into  the  machine  has  taken 
up  oily  vapors  whose  presence  aggravates  the  difficulties  associated  with 
the  gradual  clog^ng  up  of  the  ventilating  passages  in  the  machine  with  dust 
and  dirt  which  is  also  carried  into  the  machine  in  the  circulating  air.  An 
expensive  periodical  cleaning  of  the  machine  must  be  undertaken. 

In  several  important  modern  stations  it  is  arranged  that  the  air  shall  be 
taken  from  outside  the  station  or  from  a  cool  basement  (when  one  of  suffi- 
cient capacity  can  be  provided)  cleaned  by  passage  through  cloth  screens, 
and  then  led  to  the  machine  through  suitable  ducts.  The  cloth  employed 
is  of  a  closely  woven  variety  similar  to  that  known  as  Canton  flannel,  and 
there  is  required  a  surface  of  some  two-tenths  of  a  square  foot  per  cu.  ft. 
of  air  per  min.  Since  a  10,000-kv-a.  machine  requires  some  34,000  cu.  ft. 
of  air  per  min.,  it  follows  that  for  a  machine  of  this  capacity:  34,000  X 
0.20»6,S00  sq.  ft.  of  screening  surface  must  be  provide.  The  cloth  is 
supported  upon  wooden  frames^  and  the  installation  is  generally  regarded 
as  constituting  an  undesirable  risk  from  the  insurance  standpoint.  Of  the 
various  kinds  of  cloth  to  which  the  term  "fire-proof"  is  applied,  it  is  rare  to 
find  any  approach  to  genuinely  fire-proof  properties. 

These  air-filtering  screens  occupy  a  great  deal  of  space  and  their  effective- 
ness is  gradually  reduced  as  the  meshes  become  clogged  up  with  dust. 

iSS.  Airwaghlng.  Decidedly  the  best  method  of  cleaning  the  air  consists 
in  passing  it  through  sprays  of  water  to  wash  it,  instead  of  straining  it 
through  doth  screens.  Mr.  E.  Enowlton  deals  at  length  with  this  method 
in  the  course  of  an  article  entitled  "Ventilation  of  Steam-turbine  Kngine 
Rooms;"  General  Electric  Review;  September,  1913,  page  627.  See  also 
a  paper  by  J.  Christie,  entitled  "Air  Filtration,  Cooling  and  Ventilation 
of  Electrical  Machinery;*'  Electrical  Review;  June  27,  1013,  page  1088. 
Mr.  Christie  states  that  filter  cloths  wear  out  quickly  and  are  expensive 
to  renew.  He  states  that  S400  to  $500  per  annum  for  cloth  and  labor  is 
by  no  means  an  outside  figure  for  the  efficient  maintenance  of  this  equipment. 
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Uf .  Th«  cooUnff  of  air  in^d«nt  to  wftter  fllterlnf .  The  humidi- 
fioation  of  air  in  its  passage  through  the  water  filter  occasions  a  lowerinc 
ol  ita  temperature,  the  amouDt  of  wkich  varies  with  the  condition  of  the  air. 
If  it  is  utterly  dry  on  entering  the  humidifier,  the  air  will  have  experienced  a 
eonsidCTable  decr^Me  in  temperature  by  the  time  it  has  emerged  from  the 
humidifier  and  enteredthe  machine  which  is  to  be  cooled.  As  a  consequenoe  of 
theee  conaderations,  it  is  obvious  that  the  average  conditions  regarding 
humidity  and  tem|)erature  in  any  locality,  affect  the  amount  of  advantage 
to  be  derived  by  air  filtering  in  addition  to  that  of  removing  the  dirt  and 
the  dust.  The  average  reduction  in  the  temperature  of  the  air  for  the 
months  of  July  and  August  in  different  parts  of  the  United  States  is  stated 
(Knowlton)  to  var^  from  2.5  deg.  cent,  at  points  on  the  coast  to  11  deg.  cent. 
at  points  in  the  Middle  South  West.  On  certain  days  during  these  months 
the  mayimum  redaction  effected  may  considerably  exoeea  these  average 
values. 

MSOHANIOAL  CONBTftUOTIOK 

140.  Abnonnal  condltloiu  requiring  large  factor*  of  SAfety.     In 

providing  adequate  strength  in  the  design  of  synchronous  machines  it  is 
nsiially  utterly  insufiicient  to  take  the  conditions  in  the  machine  when  nin- 
ning  at  uniform  speed  at  its  normal  load  as  the  basis  which,  with  usual 
factors  of  safety,  will  lead  to  a  satisfactory  design.  On  the  contrary,  it  is 
the  conditiona  occurring  during  sudden  short  circuits  (see  Par.  6S  and  M) ,  and 
when  the  machine  is  carrsring  sharply  fluctuating  loads,  which  determine 
the  strength  required  in  the  various  ^arts.  These  are  impossible  of  exact 
calculation;  consequently,  in  the  design  of  all  those  parts  upon  which  Uie 
mechanical  strength  of  the  whole  machine  depends,  lar^  margins  of  the 
nature  of  safety  factors  must  be  added  to  the  values  which  would  usually 
be  employed  in  machine  design. 

_  141.  Critical  speed  of  ihafts.  Irrespective  of  questions  of  cost,  condi- 
tiona arise  with  some  capacities  and  speeds  where  it  is  impossible  to  find 
room  for  a  shaft  of  large  cuameter,  and  it  must  have  a  critical  speed  below  the 
opwating  speed.  The  peripheral  speed  at  the  bearing  would  otherwise 
exceed  <fe8irable  values;  furthermore,  there  is  but  limited  room  for  accom- 
modating the  windings  in  the  radial  deptili  available  between  the  surface  of 
the  rotor  (which  is  itself  of  small  <^ameter)  and  the  surface  of  the  shaft. 

141.  Effect  of  critical  speed  on  rotor  deai^.  If  the  oriticcd  speed  is 
to  be  well  above  the  normal  running  speed,  it  is  impracticable  to  employ 
laminated  rotor  bodies  for  capacities  much  above  1,000  kv-a.  at  a  speed  of 
3,600  rev.  per  min.  or  above  5,000  kv-a.  at  1,800  rev.per  min.  or  above  7,500 
kv-a.  at  1.500  rev.  per  min.  But  for  designs  in  which  the  critical  specKl  is 
below  the  normal  speed,  it  is  practicable  to  employ  rotor  constructions 
with  laminated  cores  up  to  ratings  of  over  2,000  kv-a.  at  a  speed  of  3,600 
rev.  per  min.  of  some  10,000  kv-a.  at  a  speed  of  1,800  rev.  per  min.,  and  of 
some  15,000  kv-a._  at  a  speed  of  1,500  rev.  per  min.  In  the  construction  of 
1,500  rev.  per  min.,  25-cycle,  or  3,600  rev.  per  min.,  60-cyc!e  rotors  solid 
cores  are  especially  appropriate,  since  greater  mechanical  strength  can  be 
obtained  in  constructions  in  which  the  slots  for  the  windings  are  milled  out 
oi  a  ec^d  steel  core.  The  rotor  windings  may  be  retained  in  the  slots  by 
scJid  steel  or  brass  wedges,  since  the  magnetism  is  of  constant  direction  in 
each  part  and  since  the  air  gap  is  so  deep  in  theee  extra  hi^h-speed  generators 
that  there  is  no  loss  in  the  rotor  surface  from  pulsating  influences  from 
the  alternating  m.m.fs.  due  to  the  conductors  in  the  stator  slots.  In  some 
designs  the  shaft  ends  consist  of  enlarged  extensions  bolted  to  the  rotor  core. 

14S.  Bearing*  lubrication.  In  small  and  medium  sised  machines  of 
moderate  speedj  the  lubrication  of  the  bearings  is  accomplished  in  the  usual 
manner  by  oil  rings  located  in  suitable  recesses  in  the  bearing  and  with  their 
lower  portions  immersed  in  oil  below  the  bearing  lining.  In  large  extra 
high-meed  machines,  the  oil  is  forced  into  the  bearings  and  after  passing 
from  Uiem  and  being  allowed  opportunity  to  cool,  it  is  again  forced  into  the 
bearings.  Sometimes  in  such  machines  and  frequently  in  large  water-wheel 
generators,  copper  tubes  are  embedded  in  the  bearing  just  under  the  surface 
of  Uie  lining  metal.  Water  is  circulated  through  theae  tubes  and  plays  a 
larae  part  in  maintaining  the  temperature  of  the  bearing  at  a  safe  value. 

The  following  description  relates  to  the  water-cooled  oearings  of  some 
horixontal  turbo-generators  built  by  the  General  Electric  Company. 
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The  geoersl  construction,  including  the  arrangement  of  the  eooUn«  IU|>« 
and  the  grooving,  is  shown  in  Fig.  70.     The  bearing  is  provided  with  a  coil 


)l 


1 
I 


31 

I 

-liliof 


Mlij  ''S  'yi  i 


! 

ll!|^ 


<l4tl 


H^H-llJ-tt-rf 


.IK. 
Hilt 


II. 


"C 


5 


of  thin  copper  tubing  cast  into  the  babbitt  lining  close  to  the  surface  and 
bavins  at  the  ends  of  the  tubing,  Htcel  blocks  securely  brazed  to  the  tubing 
and  held  in  place  by  the  babbitt.     Water  is  led  into  the  bearing  by  pipes 
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r— Tit  throush  ttuffins  bozaa  in  the  bearinc  >taiidard.     Tb«se  pip»>  bum 
m  removed  before  taking  out  a  bearing  sbelT.     In  thu  way  the  heat. of  the 
.^eariac  ia  takeo  ap  at  the  point  where  it  ia  generated  and  there  is  nu  routing 
eoil  Deeded  in  oil  tank  or  in  pipes. 

In  the  eaae  of  vertical  ahaft  maehinea  the  atep  bearing  ia  maintained  in 
condition  by  forced  cirenlation  of  oil. 
ft  ia  important  in  the  design  of  the  l>ear- 
in^  for  electrical  machinery  that  no  oil 
Aall  be  thrown  or  leak  out  from  the  bear* 
mga,  aa  it  ia  Kable  to  oeeaaion  harm  to 
the  inaulation.  Even  though  there  roa^ 
Bot  be  any  apparent  eacape  of  oil,  it 
nay  be  preaant  aa  a  6ne  v^>or  and  be 
tkoB  taken  up  by  the  air  ia  tba  engine 
room. 

IM.  Baarlnr  pedaatel.  It  ia  onlv 
ia  amall  maehinea  that  the  bearing  ped- 
estal continues  to  be  a  distinct  and 
readily  reoogniaable  component.  There 
is  a  tendency  in  modem  machines  to 
embody  tba  functions  of  the  pedestal 
either  sn  the  baaa  or  in  the  and  shields. 

14>.  Fruna.  In  the  eaae  of  the 
frames  of  low-speed  altematora  of  very 
gnat  diameter  and  small  width,  the  de- 
ngn  ahould  be  liberally  atiffened  with 
deep  rilM.  Any  weakneas  in  the  frame  < 
of  sach  a  machine  is  certain  to  occasion     O 

u^oabie.     In  Kg.  71  ia  Aown  a  Hberal.  y,a.  71.— Box-type  frame  for  5.000- 
boa-t/pe  oonatruetion  employad  by  the  k»,  alternator. 

Weattiighouae  Co.   in  the  deaign   of  a 
5,000-kw.  alternator.    The  internal  diameter  of  this  armature  is  9.70  meters. 


14(.  BaprawntotlTe  waif  hti  of  turbo-altanwton 
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60 
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34,600 

76,000 

110,600 

60 

2,500 

3,600 

33.000 

36,000 

69,000 

80 

5,000 

1.800 

53,670 

93,000 
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60 

12,600 

1,800 

133,500 

256,000 

389,600 

60 

25,000 

1,200 

300,000 

510,000 

810,000 

25 

2.500 

1,600 

48,000 

73,600 

122,600 

25 

5,000 

1,500 

96.900 

120,500 

216,400 

25 

12,500 

1,500 

180.300 

277.000 

457,300 

25 

25,000 

1,500 

340.000 

452,000 

702.000 
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Ellis'   "High-Speed    Dynamo-electrio    Maohiztery."  John  Wiley  A  Sons, 

New  York.  1908. 

THE  TE8T1HO  OF  ALTS&NATINa-CUB&SNT  OBinBBATOBS 

148.  The  heftttnff  test  of  Ivre  altamatora  under  normal  full-lond 
conditions  i«  troublesome  and  expensive,  even  when  the  necessary  amotAn^ 
of  power  is  available,  and  many  suggestions,  such  as  those  of  Mordey  and  ot 
Benrend,*  have  been  made  with  a  view  to  reduce  the  amount  of  enersiy 
wasted  during  the  tests.  These  methods  necessitate  alterations  in  %bo 
oonneotions  of  either  the  armature  coils  or  the  magnet  Doils.  If  seriisua 
mechanical  stresses  are  to  be  avoided,  these  methods  can  only  be  employed 
with  machines  having  very  large  numbers  of  poles,  and  even  then  the  mag- 
netic conditions  are  not  accurately  the  same  as  those  which  exist  at  normml 
full-load.  The  following  method,  known  as  the  "  intermittent  short-oireui^ 
and  open-circuit  method,"  or,  briefly,  the  "intermittent  method,"  involves 
no  change  whatever  in  the  connecUons  of  the  machine,  and  requiree  tbe 
expenditure  of  only  sufficient  energy  to  cover  the  losses  of  the  machine,  kzmI 
yet  every  part  of  the  alternator  reaches  the  same  temperature  as  it  wou]<l 
after  an  actual  full-load  heating  test.  The  method  involves  a  previous 
knowledge  of  the  separate  losses  of  the  machine,  but  these  are,  in  any  ca«e» 
detwmined  in  the  ordinary  course  of  a  systematic  test. 

149.  Intermittent  method  of  making  a  heating  toat.  Sui:ipoae  « 
certain  machine  has  at  full-load:  a  friction  loss  of  10  kw.;  an  armature  copper 
loss  of  20  kw.;  and  an  iron  loss  of  100  kw.  In  the  course  of  an  hour's  run  at 
full-load  the  loss  of  energy  will  be:  10X60-600  kw-min.  as  friction;  20X6O 
-il,200  kw-min.  as  copper  loss  in  armature;  100X60«-6,000  kw-min.  «i« 
Iron  lose. 

Let  the  maehine  run  for  6  mtn.  with  the  armature  short-drcuiteci, 
and  at  such  an  armature  current  that  the  armature  copper  loss  is  60  k^r., 
».0.,  at  a  current  equal  to  y  3  times  the  aormal  current.  Next  let  the  maefaiii« 
run  for  a  further  10  min.  with  open  armature  Mrcuit,  but  overexcited, 
so  as  to  give  an  iron  loss  of  150  kw.  This  adjustment  is  made  accordiiiK  to 
indications  of  the  wattmeter  on  the  driving  motor,  allowance  being  made  for 
other  losses,  such  as  losses  in  the  motor  itself  and  friction  of  the  alternator 
and  the  driving  mechanism.  If  this  c^cle  of  operations  is  repeated  regularly 
throughout  the  time  of  the  test,  it  is  obvious  that  10X6u-*600  kw-min. 
will  be  lost  in  friction  per  hr. ;  60  X  20  >■  1,200  kw-min.  will  be  lost  in  armaturo 
copper  per  hr.;  1 50 X 40 ■■  6,000  kw-min.  will  be  lost  in  the  iron  per  hr..  or, 
exactly  the  same  loss  in  each  case  as  would  have  occurred  under  nomiol 
full-load  in  the  same  time.  There  is  still  the  lou  In  the  mairnet  windlaas 
to  be  considered.  During  the  short-circuit  test  this  is  less,  and  during  ^e 
open-circuit  test  it  is  greater  than  the  normal,  so  that  on  tiie  average  it  doeo 
not  differ  very  greatly  from  the  normal.  If,  however,  great  exactness  in 
this  respect  is  requirea  it  is  obtained  as  shown  in  Far.  100. 

110.  Further  reftnements  of  the  intermittent  method  of  — 'ftHwi' 
a  heaMng*  teat.  In  the  above  example  one-third  of  the  time  of  each  period 
of  the  test  was  devoted  to  the  short-circuit  test,  and  two-thirds  to  the  open- 
circuit  test.  These  proportions  may,  however,  be  changed  at  will,  ana  by 
varying  the  short-circuit  current  and  the  overexcitation  correspondingly, 
the  total  energy  expended  in  the  armature  copper  and  iron  per  hr.  may  be 
kept  at  the  right  value,  while  the^  average  exciting  energy  will  have  some 
value  other  than  before.  Except  in  very  extreme  nases,  e.g.,  in  the  case  of 
alternators  which  require  only  a  very  small  change  in  excitation  between 
no-load  and  full-toad,  and  which  at  the  same  time  have  a  very  low  value  for 
the  ratio 

d>ort-circuit  current  at  full  excitation, 
normal  full-load  current  ' 

it  is  always  possible  so  to  adjust  the  two  time  intervals,  that  while 
keeping  the  copper  loss  and  the  iron  loss  per  hr.  at  the  correct  value, 
the  exciting  loss  per  hr.  has  practically  the  same  value  as  at  normal  full' 
load.     Exactness  is,  however,  unnecessary,  as,  in  any  case,  a  simple  oalcula- 

*  These  methods  are  described  by  Mordey.  Jcum.  I.  E.  E.,  Vol.  XXII. 
!893.  Behrend,  EUc,  World  and  Bnginter,  Vol.  XLII.  Oct.  31  and  Not. 
14.  1903. 
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tion  will  always  enable  the  temfterature  rise  of  a  field  coil  at  the  correct  full- 
lomd  Ices  to  be  determined  from  the  temperature  rise  measured  at  some 
Ali^tly  different  known  number  of  watts. 

in.  Pra-heatinc,  before  a  tatt,  with  ezcesaiTa  eturenU.  A  great 
nvinf  in  the  time  required  to  test  a  lar^  generator  may  be  effected  by 
applying  exoessive  losses  for  a  sufficient  time  before  the  commencement  of 
the  periodic  test  above  described,  and  thus  heating  the  machine  up  to  the 
maximum  temperature  it  is  likely  to  reach.  The  continuation  of  the  inter- 
mittent test  (Par.  149  and  IM)  for  a  very  few  hours  will  then,  even  in 
the  case  of  the  largest  generators,  allow  the  steady  final  temperature  to  be 
reached. 

111.  The  oalculatiozi  of  the  copper  loiaeB  requires  measurements  of 
the  resistance  of  the  windings.  ^  When  the  windings  are  of  sufficiently  high 
resistance  and  low  current  capacity,  the  resistance  is  most  readily  determined 
from  the  pressure  in  volts  required  to  maintain  through  the  winding  a 
known  current.  When  the  winding  is  of  very  low  resistance  and  of  large 
fttnent-carryins  capacity,  the  beat  method  generally  consists  in  connecting 
it  in  aeries  with  a  conductor  of  a  known  resistance  of  the  same  order  of 
magnitude,  and  comparing  by  a  millivoltmeter  the  pressure  across  each  of 
the  reeistaaces  when  carrying  a  considerable  current.  Obviously  the  value 
ctf  the  current  need  not  be  known. 

lU.  The  friction  and  windage  loasei  and  the  Iron  lossea  should  be 
measured  by  driving  the  alternator  by  a  motor  of  which  the  efficiency 
is  known  for  all  vaJues  of  the  input.  The  motor  should,  if  practicable, 
be  directly  coupled  to  the  alternator.  This  will  usually  be  impracti- 
cable, hence,  in  most  cases  an  allowance  must  be  made  for  the  loss  in  the 
driving  belt.  The  capacity  of  this  motor  should  preferably  not  be  much 
greater  than^  sufficient  to  drive  the  alternator  on  open  circuit  with  full 
eidtation  of  its  field  circuit.  The  motor  will  thus  always  be  operating  either 
wdl  on  toward  its  full-load,  or  else  at  overloads,  and  its  efficiency  will  be 
high  and  fairly  constant.  The  measurements  should  not  be  made  until  the 
alternator  has  been  run  for  a  sufficiently  long  time  to  bring  its  bearings  into 
good  condition.  Then  the  speed  of  the  smallmotor  shoulcT  by  shunt  control 
or  otherwise,  be  adjusted  at  such  a  value  as  to  drive  the  alternator  at  its 
rated  speed.  Suppose  that  the  input  to  the  small  motor  is  then  E  volts 
and  /  amp.,  and  that  its  efficiency  at  this  input  is  75  per  cent.  Then  the 
friction  and  windage  loss  of  the  alternator  amounts  to  0.75X£X/.  The 
field  of  the  alternator  should  then  be 
excited  at  constantly  increasing  values, 
and  readings  should  be  made  of  the 
ToltB  and  amp.  input  to  the  driving 
motor  (whose  speed  must  be  main- 
tained constant),  and  of  the  terminal 
Tdtage  of  the  alternator  on  open  cir- 
cuit. This  laat  reading  permits  of 
obtaining  data  for  the  saturation  curve, 
during  the  progress  of  the  core-loss 
teat  If,  at  that  value  of  the  satura- 
tion corresponding  to  normal  voltage  of 
the  alternator  at  no-load,  the  input 
to  the  driving  motor  is  Bi  volts,  and  /i 
%mp. ,  and  its  efficiency  under  these  con- 
ditions is  80  per  cent.,  then  the  friction 
lossea  and  the  core  loss  together  amount 
to  0.80XfiX/i,  and  the  oore  loss 
amounU  to  0.80  Bih  -  0.75  EI.  The 
eore  loes  at  various  other  excitations 
ihould  also  be  obtained. 

IM.    Retardation    test  for   fric- 
tion and  core  loss.     The  machine  is 

tffought  up  to  speed  and  the  driving  belt  or  motor  then  disconnected. 
The  machine  then  gradually  decreases  in  speed,  the  speed  being  read  on 
a  tachometer  at  re^ar  intervals,  and  a  curve  plotted  showing  the  speed 
SB  a  function  of  the  time.  If  K  is  the  moment  of  inertia  of  the  rotating 
element  in  lb.  ft.'  and  Si  and  St  are  successive  speed  readings  in  rev.  per 
min.  at  the  beginninc  and  end  of  a  time  rseoonds;  than  when  the  field  ex- 
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Fig.  72. — Friction  and  core-loas  re- 
tardation ouTvw  of  an  alternator. 
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citation  is  aero  the  friction  losses  in  watts  are  civen  by  the  formula 
P»(XX0.148(<Si*— &>)l  +  (2r}.  If  the  field  is  excited,  the  machine  will  come 
to  rest  in  less  time,  and  a  larger  loss  P\  will  be  obtained.  This  conaista  of 
the  friction  and  core  losses.  By  taking  several  curves  with  varyinc  ex- 
citation, the  core  loss  at  different  voltages  mmy  be  determined,  and  a  curve 
for  core  loss  and  voltage  obtained.  A  typical  set  of  retardation  curves  for  a 
three-phase  350-kv-a.,  2,100-volt,  60-cycle,  176-rev.  per  min.  alternator  is 
given  in  Fig.  72. 

INDUCTION  MACHINES 

OBNB&AL  TBBOBT  OF  TBI  P0LTPHA8X  IHDITCTION  MOTOB 

190.  Principle  of  oparatlon.  The  polyphase  iaduction  motor  consists 
of  a  primary  structure  and  a  secondary  structure.  The  former  is  usually 
stationary,  supporting  coils  symmetrically  on  its  inner  periphery.     These 


FiQ.  74. 


Fio.  75.. 


Fias.  73,  74,  75. — Diagrams  of  coils  and  magnetic  flux  in  elementary  two- 
phase  two-pole  induction  motor. 

coils  are  displaced  In  space  {e.g.,  two  coils  at  right  angles,  or  Ukree  at  60  dea.), 
and  in  them  flow  currents  of  the  same  frequency,  but  differing  symmetrically 
in  phase,  c.^.,  two  at  00  deg.,  or  three  at  60  des-}.  The  secondary  (usually 
rotatable)  structure  carries  properly  displaced  short-circuited  coils.  The 
polyphase  currents  in  the  primary  structure  produce  a  revolving  field.* 
As  this  cute  across  the  secondary  conductors,  currents  are  inducea  therein 
which,  according  to  Item's  law.  arc  in  such  direction  as  to  oppose  the  cause. 

That  is  to  say,  these  secondary  cur- 
rents react  on  the  revolving  ma^netie 
flux  in  such  a  way  as  to  drag  the 
serondary  conductors  and  structure 
along  with  the  rotating  flux. 

IM.  BtfTolTlnc  flald.  Fi^.  73  shows 
a  two-phase,  two-pole,  laminated-iron 
stator  with  each  coil  imbedded  in  a 
pair  of  slots.  The  flux  shown  corre- 
sponds to  the  instant  U  in  Fig  76. 
Figs.  74  and  75  show  the  flux  corre- 
sponding to  instants  t%  and  U  in  Fig. 
76.  ^  The  rotation  or  progression  of  the 
flux  is  obvious.  If  in  place  of  the  two- 
Fio.  76. — Current-time  curves  for  pole  field  of  Fig.  73,  we  substitute  a 
two-phase  indicator- motor  windings,    multipolar  field,  aa  many  cycles  of  cur- 

nnt  variation  will  be  required  for  one 
revolution  of  the  macnetio  field,  as  there  are  pairs  of  poles. 

1ST.  Bynehronoui  speed  and  lUp.  The  speed  of  the  revolving  field 
is  called  the  synchronous  speed,  and  Uie  percentage  by  which  the  rotor  or 
secondary  falls  below  this  speed  is  railed  the  slip.  If  2p  represents  the  num- 
ber of  poles,  and  /  the  frequency,  the  synchronous  speed  in  rev.  per  min. 
is  /?.-6(y/p. 

*  See  any  elementary  text-book  on  this  subject. 
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Indaetton   motor  limlUr  to  diroet-oumnt  thunt-woand 

.  BjnchronoxiB  speed  in  an  induction  motor  coirespondB  to  that  speed 
of  a  directHnurent  shunt-wouod  motor  at  which  the  counter  e.m.f.  is  just 
•qnal  to  the  impressed  e.m.f.  In  fact  the  mechanical  characteristics  of  the 
\wo  motors  are  practically  identical,  within  their  working  ranee.  For  9x- 
tmple,  stATtins  with  the  rotor  at  nearly  synchronous  speed,  assume  a  load 
to  be  applied  at  the  pulley.  The  speed 
sin  drop;  the  rate  at  which  the  sec- 
ondary conductors  cut  (or  slip  back- 
ward throuch)  the  revolvinc  field,  will 
iscrease;  and  the  induced  e.m.f.,  the 
rarreat  and  the  torque  will  increase 
until  the  inereaae  in  torque  just  meets 
the  demand  imposed  by  the  load.  All 
of  tUa  18  analoKoua  to  the  operation 
of  a  shunt  motor,  but  there  is  one  im- 
portant difference.  In  the  indnrtion 
laotor,  as  the  slip  increases,  the  fre- 
quency and  therefore  the  leakage  reac- 
tance of  the  secondar/  inereaaes  in  di- 
rect proportion.  This  results  in  an 
iocreasinc  Ime  of  the  aecondary  current 
behind  toe  flux  by  which  its  e.m.f.  is 
induced,  and  means,  therefore,  a  de> 
R-easinc  effectivenms  of  the  secondary 
correot  in  torque  production. 

M. 
nrtain  ,         . 

dip  rdtece  with  load,  is  accompanied 
by  an  almost  proportional  increase  of 
impedance,  so  that  the  secondary  cur- 
rent ceases  to  increase  with  the  slip 
tt  the  same  time  that  its  torqneefTec- 
tivaness  is  decreanng.  Thus  there  is  a  point  or  slip  beyond  which  the  torque 
KtoaBy  decreases,  causing  the  motor  to  stop.  Id  a  good  motor  this  stalling 
torque  is  largely  in  excess  of  the  torque  at  its  rated  load.  * 

IM.  Primaiy  or  atator  winding.     Fig.  77   shows  a  two-phase,  four- 
pde  stator  with  one  slot  per  pole  per  phase. 

Ut.  IHitrlbutlon  of  primary  winding.     On  the  score  of  tooth-tip  or 
lifiag  leakage   (Psr.   IM),   the  concentrated  or  unicoij  winding  shown  in 


Btallinff  torque.     Beyond  a 
1  point,  toe  increase  of  slip  and 


Fig.  77. — Four-pole,  two-phase 
induction  motor  with  one  station 
slot  per  pole  per  phase. 


rui.  7g — Diagram  of  a  four-pole  Bve-sixth  pitch   winding  for  the  ntatur 
of  a  three-phase  induction  motor. 

^C»-  73  and  77  are  objectionable,  and  it  becomes  even  more  npoeseary 
w*a  m  the  case  of  the  synchronous  machine,  to  distribute  the  winding 
■nong  sereral  slots  per  pole  per  phase,  from  two  to  eight  or  more,  but  rarely 
'e»  than  three. 

}.  "^^^ovisioos  regarding  stalling  torque  in  the  A.  I.  E.  E.  Standardisation 
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Its.  OlftMlflcatlon  of  itator  wlndinfl.  Sutor  windings  corre«pond  ex- 
actly with  the  armature  windings  of  synchronous  machines  (Par.  If  to  SS)* 
and,  as  in  that  case,  the  two-layer  lap  winding  is  much  the  cominoneBfe 
type.  Figs.  78  and  79  relate  to  a  three-phase,  four-pole,  two-lay^  lap 
winding,  with  fiTe-sixtha  pitch  (ten  slots  in  12)  and  four  slots  per  pcde  p«r 
phase.  The  bottom  and  top  slot  belts  labelled  a  comprise  the  back-con- 
nected ithrough  the  paper)  conductors  of  the  a  phase,  those  labelled  a' 
the  out  ward- connected  ifrom  the  paper)  conductors  of  the  same  phase; 
similarly  with  the  b  and  c  phases.  Several  coil  ends  of  the  c  phase  are  shown 
diagrammatically.  Fig.  70  shows  a  diagrammatic  developed  end  view  of 
the  phase  belts. 


Fia.  79. — Sectional  diagrammatio  denrelopment  of  the  phase  belts  of  the 
winding  of  Fig.  78. 

A  developed  diagram  of  connections  of  the  windings  of  Fig.  78  is  shown 
in  Fig.  80,  where  the  dotted  lines  indicate  the  bottom-slot  coil  sides  or  the 
lower  layer. 

Its.  Bocondary  or  rotor  windings.  These  may  conaiat  of  any  sy^n- 
metrical  arrangement  of  short-circuited  conductors  in  which  series-connected 
conductors  do  not  generate  opposing  e.m.fs.    There  are  three  principal  types. 

(a)  Phase  wound,  like  tne  primary,  except  that  the  phases  are  snort- 
circuited  or  brought  out  through  collector  rings  for  insertion  of  starting 
resistance.  The  number  of  phases  need  not  be  the  same  as  for  the  primary, 
and  is  usually  3. 

(b)  Independently  short-circuited  loops  or  coUs.  The  two  active 
sides  of  each  loop  are  approximately  180  magnetic  deg.  apart. 


FiQ.  80. — Developed  winding  diagram  corresponding  to  Fig.  78. 


(c)  Squirrel  cage,  consisting  of  conducting  bars  in  slots,  oU  connected 
at  the  ends  by  conducting  rings,  called  the  end  rings. 

In  (b)  and  (c)  there  are  as  many  phases  as  there  are  slots  per  pole. 

Itt.  Peripheral  distribution  of  current,  m.m.f .  and  gap  flux.  The 
cylindrical  shell  comprising  the  currents  on  the  two  sides  of  the  air  gap,  and 
the  magnetic  flux  crossing  the  gap  may  be  considered  as  the  active  region 
of  any  generator  or  motor,  and  the  analysis  of  the  phenomena  in  this  r^on 
will  yield  most  of  the  vital  characteristics  of  the  machine.  Neglecting  Um 
localisation  of  current  in  the  slots  and  taking  the  average  amperes  per  in. 
of  periphery  in  each  phase  belt,  the  heavy  full-Une  curves  of  Fife.  81  show  the 
primaiy  current  distribution  of  a  three-phase  full-pitch  winding  at  the 
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__  iR,  n,  and  o  of  FSc.  S2.  The  ud«  of  each  mrnre  ia  ^v*  81  tvpte- 
I  the  mir  gap,  and  the  sectiona  a,  b,  c,  etc.,  the  primary  pfaaM  Delta 
[  one  side  of  the  cap.  The  brokeo-line  ourvee  of  Flf.  81  ihow  the 
fa.  around  the  flux  patha  nrnemng;  the  gap  at  each  point.  That  ia,  the 
mnm  ordinate  of  the  m.m.f .  wave  at  p  or  p  is  proportional  to  the  ampere- 
tnnu  with  which  the  loniest  flux  path  pv'  (ahown  dotted)  ia  linked.  Thia 
u  the  sum  of  the  ampere-turns  of  belts  c',  a,  and  b.  Similarlv  the  ordinate 
at  f  or  g'  represents  the  ampere-turns  of  the  belt  a  with  wnich  the  path 
fit  Unka- 

KeglectinK  the  ampere-turns  conaumed  in  the  iron  part  of  tbeae  paths,  the 
ofdinatea  of  the  m.m.f.  curve  may  be  used  to  deaiKnate  the  magnetic  potential 
differences  across  the  gap  at  the  several  points.     But  since  the  gap  is  normally 


?««'?' 


Flo.  81. — PeripherJ  distribu- 
tion of  primary  eurrent  and 
n.m.f.  in  a  thm-phaae,  (uU- 
I»tcfa  atator. 


ftc.  82. — Current-time  curves  for        Fio.  83. — -Peripheral  distribution   of 

a  three-phaae  winding.  primary  current  and  m.m.f.  in  a  thrm- 

phaae,  five-aixtha  pitch  stator  winding. 

of  constant  radial  depth,  the  broken-line  curvea  may  be  used  also  to  repre- 
•^t  the  flux-density  in  the  gap,  the  disturbing  effect  of  the  alotopemngs 
wing n^leeted.  If  the  oonoentration  of  the  current  in  slots  be  considered, 
^m.m./.  curves  would  be  of  the  step  variety  with  a  step  for  every  tooth. 
*^  83  ia  the  same  aa  Fig.  81  except  that  the  coil  pitch  has  been  reduced 
to  five-sixtha.  In  both  Figs.  81  and  83,  it  will  be  observed  that  although 
^  gap-fiuxMlistribution  curve  changes  ita  ahaoe  alightlv,  it  ia  nearly  ainu- 
*g^dal,  and  thaiitpn^rasses  or  rotates  uniformly  around  the  gap  periphery. 
elDe-wares  are  shown  for  comparison.  The  shape  of  the  current  distribu- 
"OD  curve  changes  more  than  that  of  the  m.m.f.  curve,  but  it  progresses  or 
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I 


rotetes  at  the  same  velocity.  The  changea  of  the  flux  eurre,  in  shape  and 
macnitude,  are  craphically  analysed  for  full-pitch  windings  on  pages  380— 
390  of  the  2nd  edition  of  Hobarts  "Electric  Motors."  See  also  pages  120— 
125  of  Hobart's  "  Design  of  Polyphase  Generators  and  Motors,*'  especially 
the  diagram  on  page  123. 

lU.  nox  and  currant  distribution  for  two-pluun  motors.  In 
a  two-phase  motor  the  belts  are  broader,  the  steps  in  the  currentand  flux- 
distribution  curves  larger  and  the  change  of  shape  from  instant  to  instant 
greater.  The  breaking  up  of  the  belts  by  uang  a  five-sixths  pitch  in  the 
three-phase^  or  a  three-quarters  pitch  in  the  quarter-phase  motor,  reduces 
these  variations  and  smooths  out  the  curves. 

IM.  Saoondary  current  and  ni.ni.f.  relations.  Since  the  secondary 
e.m.f.  is  induced  by  cutting  the  gap  flux,  the  resulting  secondary  current  will 
bear  a  definite  space-phase  relation  to  thegap  flux  (Fig.  84),  and  its  m.m./. 
will  be  sinusoidally  distributed  around  the  gap.  Also,  since  the  primary  (or 
stator)  countere.m./.  is  nearly  equal  to  the  impressed  e.m.f.  and  is  induced  by 
the  rotation  of  the  gap  flux  at  synchronous  speed,  the  flux  will  be  nearly  con- 
stant in  magnitude,  for  constant  impressed  e.m.f.  Thus  the  resultant  of  tlie 
primary  snasecondary  m.mft. 
willbenearlyoonstantandsuch  ^  ^ 

astoproduoetbeconatantflux.  ^   \' 

MT.  Similarity  of  the  in-  / 

duction  motor  to  the  trana- 
formar.  Thus  the  induction 
motor  is  similar  to  a  trans- 
former. In  fact,  at  standstill, 
itis  a  short-circuited  polyphase 
transformer  with  distributed 
windings,  and  an  air  gap  be- 
tween prunary  and  secondary. 
Like  the  transformer,  the  in- 
duction motor  may  be  regarded 
as  having  three  fluxes.  These 
are  the  main  flux,  linked  with 
both  primary  and  secondary; 
and  the  primary  and  secondary 
leakage  fluxes,  linked  only  with 
the  primary  and  secondary 
respectively  (Par.  US  to  1(8). 
Owing  to  the  sir  fap  in  the 
main  magnetio  circuit,  the 
quadrature  magnetlsinc  current  of  the  induction  motoris  several  times  as 
large  as  in  a  closed  magnetio  circuit  transformer,  even  though  the  air  gap 
is  usually  reduced  to  the  lowest  safe  mechanical  clearance.  Beeauae  of 
this  same  air  gap  and  the  separation  it  makes  necessary  between  the  pri- 
mary and  secondary  windings,  ueleakace  reactance  is  also  several  times  as 
large  as  in  the  average  transformer. 

Thus  the  power-iaotor  of  the  induction  motor  is  inherently  low  as 
compared  with  the  closed  magnetio  circuit  transformer.  Representative 
power-factors  for  motors  of  various  frequencies,  speeds,  and  outputs,  are 
given  in  Figs.  119  and  121. 

ISS.  BeTolTing  flux  and  currant  dlitiibution.  Assume  that  the  gap 
flux  and  currents  are  distributed  sinusoidally  around  the  gap  periphery  at 
any  instant,  and  that  the  rotor  conductors  are  independently  short-circmted. 
Referring  to  Fig.  84,  Qa  is  the  developed  air-gap  line;  above  this  line  is 
the  primary  or  stator,  and  below  it  is  the  secondary  or  rotor.  Flux  directed 
upward  in  the  figure  is  thus  directed  outward  from  secondary  to  primary; 
this  direction  will  be  called  positive  and  will  be  indicated  in  the  curve  by 
ordinates  measured  upward  from  the  gap  line.  Current  directed  outward 
from  the  paper  will  be  called  positive  and  will  be  so  indicated  in  the  curves. 
The  flux  and  the  rotor  are  assumed  to  be  revolving  counter-clockwias 
(right  to  left),  the  rotor  less  rapidly  than  the  flux;  therefore  the  rotor  revolves 
clockwise  with  respect  to  the  flux  (left  to  right  in  the  figure).  Curve  / 
represents  by  its  ordinates  the  space  variation  of  flux  density,  b(,  crossing 
the  gap.    This  sinusoidal  flux  distribution  will  be  assumed  as  the  starting 


Fio.  84. — Peripheral  distribution  of  flux  and 
currents  in  polyphase  induction  motor. 
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point-    Ita  macnituda  is  approximately  eooataot  and  dependent  upon  the 
impraaaed  e-m-f.  •■  in  the  traoaformer. 


in.  IKacnatUliic  Oniruit  L..  In  order  to  supply  the  correaponding 
distribution  of  macnetic  potential  difference,  there  wiU  be  reouired  a  iinu- 
ntdal  diatribution  of  maanetising  current  t«,  such  as  shown  by  curre  //, 
Fie.  M.  See  also  /.,  Fig.  8S.  The  m.m.f.  (and  therefore  the  Buxl  die- 
tnbaUon  must  be  the  integral  of  the  magnetiiing-eurrent  distribution,  and 
£ffer  in  apace  phase  by  90  deg, 

IW.  BseondUT  or  lUp  •.m.f.,  a't.  As  the  rotor  conductors  slip  back- 
ward (left  to  right.  Fig.  6i)  through  the  flux,  each  will  exi>erience  an  e.m.f. 
proportionai  (at  fixed  slip  velocitv)  to  the  density  of  the  flux  at  the  poaitioo 
uk  question.  Curve  I  may  therefore  be  used  to  designate  at  proper  scale  the 
e.m.f8.,  e's,  induced  in  the  several  secondary  conductors  (plotted  according 
to  the  positions  of  the  conductors  in  which  the  e.m.fs.  are  induced)  at  any 
given  instant.  Curve  /  may  also  be  used  to  designate  the  e.m.f.  of  a  single 
conductor  as  it  moves  through  the  flux,  plotted  according  to  the  poeition  of 
that  conductor  with  respect  to  the  flux. 

in.  Tb*  Moondarr  enrrmtt  u  will  have  •  time  tag  with  respect  to  «'<. 
because  of  the  secondary  leakaoe  reactance;  its  curve  will  therefore  be  dis- 
plaeed  to  the  right,  curve  /// ,  Fig.  84,  since  each  conductor  will  have  moved 
with  napeet  to  tha  flux  duriiut  the  lag  interval  between  the  occurrence  of 
mncapoDding  values  of  s'l  ana  m. 


Fia.    85. — Semipictorial  representation  of   vector  quantities  involved  in 
induction-motor  operation. 

ITS.  Primary  enxmit  it.  The  primary  current  density  at  any  point 
of  the  periphery  and  at  any  instant,  must  then  be  such  as  to  neutralise  the 
m.M.f.  of  the  seeondary  cnnent  and  also  to  supply  the  magnetising  current 
ib  It  wilt  then  be  the  sum  of  <m  and  —  n  at  that  same  point  and  instant 
(ase  curve  F). 

in.  Basil  for  rector  diagram  of  indaetton  motor.  It  should  be 
remembered  that  the  curves  of  Fig.  84  represent  primarily  space  distributions 
of  Uie  several  vaiiablea  at  a  given  instant,  and  that  these  distributions  revolve 
at  sjriiehronous  speed  around  the  gap  periphery,  keeping  the  same  relative 
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poflitioiiBorspaM  phase*  for  »  nven  eondition  of  louL    These  distributio 
ne  shown  in  eemipiotorial  fashion  in  Fig.  85,  where  the   vecUnv   J9«.  . 
and  /i  p<unt  to  the  positions  at  which  the  maximum  positive  values  of  ' 
quantities  occur,  at  the  instant  shown. 

Th*  time  variation  of  oil  theae  quantitie*  with  rttpeet  to  antf  particular  ; 
or  conductor  on  the  primary  aide  of  the  ffap^  w%U  be  nnucoidai  at  primary  J 
money,  and  at  »eeond€iry  or  slip  frtqucncy  with  re$pect  to  any  point    or  i 
auetor  on  the  cecondary  ttructure.     It  ia  only  from  thi$  point  of  view  emd  i 
ihi$  underttandino  <Aol  it  ia  poaaibU  to  rtpreaent  coneiatently  prifnary 
secondary  variahUa  on  the  same  vector  diagram. 

Thus  the  vectors  of  Fig.  85  may  be  used  to  represent  not  only^  the  ^ad 
phases,  but  also  the  time  phases  of  th^  several  variables,  when  viewed  iron 
either  stationary  or  rotating  structure,  it  being  obvious  that  there  is  no  fixer 

Shase  difference  between  the  primary  current  in  a  particular  ^'mory  con 
uctor,  and  the  secondary  current  of  very  different  frequency  in  a  partic 
lar  eecondary  conductor.     By  extending  the  vector  dian-am  of  ¥i^  85  ^ 
obtain  the  complete  space  and  time  vector  diagram  of  the  induotion  mo 
in  Fig.  86. 

174.  AnalTili  of  Taotor  dtacrazn.    J?^  is  that  part  of  the  impr 
e.m.f.  to  neutralise  the  counter  e.m.f.  induced  by  the  mutual  flux  fr,  thtfj 
direction  of  the  vector  4>  being  that  of  the  plane  of  the  coil  when  it  link 
the  maximum  flux,  just  as  the  direcUon  of  Bg  la  that  of  the  plane  of  the  cd 
when  it  is  cutting  the  densevt  gap  flux  and  generating  the  maximum  e.m.f.j 
/•  is  the  magnetising  current  and  /«+i  the  core  loss  energy  current,  their  '■ 


Tic 


— Vector  diagram  for  induotion  motor. 


■um  beinc  It,  oommonly  eallsd  the  exciting  current.  Aasuming  all  eeeondatr 
quantitiea  x«duoed  to  primary  turns,  Bn^B'i  is  the  e.m.f.  that  would  be 
induced  in  the  secondary  at  standstill.  The  actual  secondary  induced  e.m.f. 
is  S't,  which  equal*  sBmi  where  (is  the  slip.  £ir  —  (l  —  <)£H,  is  the  e.m.f.  that 
would  be  induoed  in  the  secondary  if  revolving  in  the  flux  4  at  its  actual 
apeedt  and  will  be  called  the  speed  e.m.f.  xt  is  the  secondary  leakage  react* 
anee  at  primary  frequency,  and  tn  the  same  at  slip  frequency.  The  second- 
ary cesistanoe  u  rt.     The  secondary  current  is  therefore: 


Km 


#' 


(amp.) 


(87) 


+«• 


(The  two  e.m.f.  triangle*  oorraaponding  to  theae  equation*  are  shown  in 
rig.  88.)  7'i  is  the  part  of  the  primary  current  to  neutralise  It,  and  /i 
the  total  primary  current,  /in  and  Zin  are  the  e.m.fs.  consumed  by  primaiy 
reaistanoe  and  leakage  reactance  respectively.     £i  is  the  imptessed  e.m.f. 

ITI.  The  ooirMponding  •qulTalrat  oiroult  seham*  is  given  in  FSg. 
87,  which  is  exactly  that  of  a  tranaformer  with  a  non-induotive  load  r 
ane*(n/«)(l-<). 
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ITS.  Diraet-eurrant  ihunVmotor  knalogy. 
^leed    Toltage  Eir_  ooiuumad  _by    the   fiotitioua 


It  ii  obvious  that  tho 
load    rarsiatanoe    is    the 


icpreaentatiTe  of  the  rotational  power  transformed,  inoludinx  output  and 
fnetion  looses,  and  is  exactly  analoBOua  to  the  counter  e.m.f.  of  a  direot- 
sorrent  motor.  Similarly,  En  corTesponds  to  the  impressed  e.m.f.  and  £i' 
to  the  net  or  resistanoe  consumed  e.m.f.  of  the  direct-current  motor. 

ITT.  Paver  uulyda.  The  foUowins  analysis  of  the  power  Pi,  delivered 
to  the  motor  primary,  may  be  readily  ToUowed  from  either  Fig.  86  or  Fig. 
87.     Deaisnating  the  number  of  phases  by  }/,  the  primary  power  per  phase 


^-IiEieo»ti~I,n+B'iIieotli' 

-Ijri+7,+»«'i+(»'i/'i  coS»>-£teJt  coa  ti) 

-l|ri+r.+»«'i+^n+£ir/i  cos  h 

-/r.+/.+i«',-l-/|.^-l-/(^)(l-.)  (watU)         (38) 

In  words,  A— primary  copper  loss+eore  loss+secondsry  copper  loes+ 
output  (ineludinc  friction),  andP'i—  p'£'i/'ioo«h  — P'£m/icos4i  is  thepower 
tracamitted  across  the  air  gap.  P'\  is  the  product  of  the  torque  of  the  re- 
Tolvinc  field  by  its  angular  velocity,  at  P't'-OMXTS,  where  T' torque  in 
lb.  ft.  and  &— ler.  per  min.  at  synchronism. 


Fia.  87. — "  Equivalent  circuit "  scheme  for  induction  motor. 


ira.  Torqu*.  But  the  torque  received  by  the  rotor  must  be  the  same 
as  that  delivered  by  the  revolving  field,  and  negleetinf  friction,  this  is  i^ 
delivered  at  the  pulley.  Thus  the  output  (including  friction^  is  Pi  -  0. 142T«r 
where  &  -  rotor  rev.  per  min. 

P,-i^,§^  =  (l-j)P'.,  andP'»-ft-«P'»-p7««r    (watts)  (39) 

tit 

The  slip  is  thus  a  measure  of  the  secondary  copper  loss,  and  the  motor  is 
analogous  to  a  friction  couplizig  in  which  the  friction  torque  between  the  two 
faces  IS  proportional  to  the  slip.  Since  A>  is  constant,  the  torque  is  directly 
proportional  top's;  in  fact,  fx  is  frequently  referred  to  as  the  torque  in  syn- 
chronous watts,  meaning  thepower-equivalent  of  the  torque  at  synchronoua 
speed,  measured  in  watts.     Thus 

T»-P'i-j/J«J.oosfc 

and 


T  -  7.05^*  -  7.0Si/BnIt  cos  »t  X  i- 


(watte) 
(lb.  ft.) 


(40) 


(41) 


IT'^Ii  coa  «i is  called  the  torque  current. 

IHDirCTIOir-IIOTOB  OKABAOTIRIBTIOB 
in.  Biset  formula.  From  the  vector  diagram  of  Fig.  86  or  from  the 
equivalent  etreuit  scheme  of  Fig.  87,  exact  forrauue  may  be  easily  developed 
fortbeeurrmta.  flaxes,  voltages,  powers,  torque,power-factor,  efficiency,  etc., 
sll  in  terms  of  S\,  s,  and  the  constants  of  the  motor;  but  these  are  such  cpm- 
(licstad  functions  of  the  slip  as  to  be  too  cumbersome  for  quick  computation. 
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although  none  too  accurate  for  poor  motora.  By  a  poor  motor  U  not  meaz 
neceaaarily  a  poor  design,  but  a  poor  result  which  may  be  due  to  difBcu] 
apecifioations,  <■«.,  relatively  low  speed  or  relatively  high  frequency. 

180.  Approzliiuita  vorUnx  formuln  for  torqut,  output  and  itartlni 
current.  For  most  purposes  the  following  are  sufiicientiy  accurate.  I 
will  be  observed  that  the  constants  of  the  exciting  circuit  do  not  ent«r;  this 
due  to  the  approximation,  whieh  is  equivalent  to  neglecting  the  exeiti 
current  as  far  as  it  affects  the  quantities  considered. 
.   Torqu* 


T- 


7£S 
R. 


''er: 


1 


(n+y)  +(m+xi)» 
Slip  correspondinr  to  maztmum  torque 

_  ri 

'r.„     Vn'  +  di  +  n)* 
Hulinum  or  (tailing  torque 


(lb.  ft)        (42) 


(tb-ft.) 


(43) 


Tmm9^ 


7.05 


vX 


Starting  torqua 


Starting  currant 


R.    2[ri+-\/ri»  +  Cii+"n)«l 
p'rtB\ 


—         ab.  ft)      (44) 


R.    (ri+rt)»  +  (ii+»i)« 


-jrzc,         <">•"•)        («) 


(ampa.) 


(4«) 
(47) 

(48) 


ri  correapondlng  to  maziinum  atartlng  torqua 

n-\/ri«  +  (ji+jj)«  (ohms) 

Output 

■;-"-> 

Pt-p'Bi'    -  -       —  (wattsl        (4») 

(ri  +   '■^•)«  +  (xi+ii)» 

Maximum  output,  i.e.,  italUns  load 

Pi—-   -, /^'[^     ^  ,    (watts)        (SO) 

•      2[(n+r.)+V(ri+r,)«  +  (xi+Ii)»] 

SUp  corresponding  to  maximum  output 

>•,  _ 

ri  +  V  Cn  +  ri)'  +  (xi  +  n)" 

These  approximations  are  fairly  accurate  except  where  the  exciting  current 
is  large.  As  the  primary  current  and  power-factor  are  both  largely  affected 
by  the  approximation  involved  in  the  formuhs  given  above,  their  formula 
are  not  given.     They  can  be  most  easily  obtained  from  the  circle  diagram. 

181.  Th»  method  of  percantafaa.  For  the  purpose  of  discosaing 
the  operating  characteristics  nf  an  induction  machine,  as  well  as  in  con- 
nection with  problems  involved  in  its  design,  the  following  method  of  valu- 
ing its  constants  will  be  found  very  convenient.     Refching  to  Figs.  86  and 

SK,    and  remembering  that  BtfE,    let  Iirt/fS    =•  q,i;      Iin/B   —  «.  ; 

/«ri/A'  ■■V'J:  Itxt/B  ^iixt;  v«="^*i+tf*».  Let  It  cos  6t=I'p  bt*  fulled  the 
torque  current,  since  it  is  the  component  of  It  which  is  eCtoctivu  in  producing 
torque..' /m/Ij>- 4™;    /«.a//j.-9«;    /»//j.-<;,;   «-«,  +  «-- total    quadnv 
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tore  component.  Ji/Ij,^qi\  Ix/Iji'^qw  ft/K'i—ffjj,;  Tm^ITj^q^p  , 
vbere  7*/ —  fall-load  torque;  etc.  Ail  ciurenta,  voltacea,  et«,,  correspoDd 
U)  fuU-losd  unl««a  oiherwue  apeoified.^  Theae  could  have  been  expressed 
in  terms  of  B\  ftifcd  /i  rather  than  in  terms  of  B'\  and  /j*.  but  fur 
auMt  puipoacfl  the  latter  will  be  found  more  convenient.  Formula  for 
these  peroentaces  are  civen  in  Far.  lU  to  1$9.  The  torque  formula  civen 
above,  as  well  as  many  others  involving  vital  relationships  between  induction- 
motor  variables,  may  be  written  in  terms  of  these  percentages,  with  the  ad* 
raotagn  that  while  the  actual  constants  ritA*  ete.,  hare  values  depending  upon 
the  WMb  and  Tcltage  of  the  motor,  and  are  not  easily  oomi>ared  as  between 


'»  %  Dlm«rmia 

Flo.  88. — Perc«Dtmge  vector  dUcram  for  inductioQ  motor. 


tvo  motors  of  dillerent  voltacofl  or  outputs,  the  peroeDtaffe  values  are  imnie- 
Astely  comparable  and  are  direct  measures  of  all  the  vital  relatioosliips. 
This  advantage  is  particulaiiy  marked  in  the  ease  of  approximate  formuue, 
where  their  simpUaty  enables  one  to  compute  mentally  most  of  the  important 
eharaeteristios  of  an  induction  motor,  starting  with  only  two  or  three  of  these 
(KTceutages.  Moreover,  it  is  a  very  simple  matter  to  memorise  the  range  of 
meae  percentages  in  standard  machines,  as  well  as  the  effect  of  unusual  speri- 
fieations,  and  thus  hold  in  one's  head 
vital  information  concerning  machinee 
cl  all  siies  and  voltages,  which  would 
otherwise  fill  many  long  tables. 

IM.  Powar-faetor.  Referring  to 
<>(■  .88,  the  powef^factor  (eos  f i)  is 
obtained  by  resolving  sach  vector  along 
and  per^ndioular  to  Si.  The  exact 
formula  is  complicated,  but  a  fair  ap- 
pronmation  ia 

power-factor-— —=:^         (52) 
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la  Fig.  80,  ourTe  III  is  plotted  from 
1^.  52  and  curve  I  from  the  complete 
c<)iistiott  with  the  following  assump- 
tiom;  g,v-0.02;  a<-0.04:  and   «^- 
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M  qM 


0.8      U 


Fio.  88. — Powei^faetor  plotted  as 
a  function  of  «(-«.+4a).  the  total 
quadrature  component. 


.   Ul.  tUp.  s-«rt  +  Vl-«rt«.    But- 

^*|^  reasonably  good  motor,  q^s  is  not  more  than  12  per  cent.,  whence,  for 

•II  practical  purposes  t  —  qn. 

IM.  ttalUnx  torqu*.  Start  with  Eq.  44  and  assume  ai  average  values 
■or  a  good  motor  of  moderate  sise:  g,i -0.02;  ««i-0.12;  «,i-0.O9:  «>-0.2l; 
y«  -0.25:  t,  -  0.(M.  Then  it  can  easily  be  shown  that  if  Tt  i"  ihn  full-load 
■orijue,  the  per  cent,  maximum  or  stallitig  torsos  ia 


+r,> 


i  +  (*j,«.) 


(approx.) 


'Iwrc  t J,  varies  from  1.85  for  a  motor  with  high,  to  2  in  a  motor  with  low 
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powei^factor.    Tmm,/T/u  plotted  asaiiut  (•  in  Fig.  90,  for  kj—  l.Q.    From 
which,  if  2  ia  the  lower  limit  for  Tmrna/Tj,  qa  muBt  not  be  more  than  0.26. 

IM.  Par  cent,  italllnf  torque.    Hobirt  gives  the  per  eent.  •tailing 
torque  i  n  terma  of  r  (Par.  fOT)  and  ga  aa  follows  ("  Polyphase  Generators  and 
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Flo.  01. — Ratio  of  starting  torque 
to  full-load  torque. 


0         04        Ob2       U        0.1       0.6 
Vs>  Tots)  %  SescUnci  Drop 

FiQ.  90. — Ratio  of  maximum 
torque  to  full-load  torque,  platted  as 
a  function  of  the  total  percentage 
reactance  drop. 

Motors,"  page  190):  qT,,^-0.t  9»/<r.    This  ia  equivalent  to  i^-2.3,(ai 
v«i0.93  (iag<),  which  ia  connderably  larger  than  1.9  used  in  Fig.  90. 

IM.  Starting  torque.    Beginning  with 

Eq.  45,  it  can  be  shown  that  the  per  cent. 

starting  torque  is 

(approzimatelyj  (54) 

Auuming  ffri>0.02,  the  ratio  Ta/T/ ia 
plotted  ag&inat  qrt  in  Fig.  91,  for  several 
values  of  q»  within  the  range  of  commer- 
cial motors;  from  which  the  quantitative 
limitations  in  the  starting  torque  of  the 
induction  motor  are  obvious.  ^  The  maxi- 
mum value  of  the  ratio  Tm/T/ib  obviously 
the  same  as  Tmn/T/  and  occurs  when  gr* 
is  about  equal  to  Qm. 

187.  Secondary  itartinc  reiUt&nee. 
Except  in  machines  of  very  low  reactance, 
a  large  starting  torque  is  only  possible  by 
employing  a  comparative! vlarge  secondary 
resistance.  In  a  squirrel-cage  motor  this 
.means  large  secondary  copper  loas  and 
'''"larfite  slip.  The  desirable  resistance  of  a 
squirrcl-cage  secondary  is  usually  a  com- 

f promise  between  the  low-resistance  needed 
or  speed  regulation  and  efficiency,  and  the 
high  resistance  desired  for  starting  torque, 
the  relative  weightgiven  to  these  two  con- 
siderations being  determined  by  the  speci- 
ficatiooB.     In  a  wound-rotor  machine,  resistance  can  be  insertea  in  the  aeo- 
ondary  for  starting  and  cut  out  after  the  machine  has  attained  speed. 


OJ       0.2       0.3       0.1 
Oft"'  *  '""  ^°^^  Bl'P 
FiQ.  92. — Ratio  of  starting  cur- 
rent to  full-load  current,  plotted 
as  a  function  of  the  f  ulMoad  slip. 
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IM.  Itartlnc  eamnt.     Negleetiot  the  excitins  currant,  tha  starting 
iBTenfay" 


ranent  i«  giTenby  Eq.  46 ;  this  may  be  ti«iisf orm«d  to 
1.1  ^        In 


l.-I 


^VCflrl+grtj'+S.'     Vgr'  +  S.* 


(approx.)    (amp.)  (65) 


aj.-/.+/i/-l  +  (V«r«+«.')  (86) 

The  ratio  (IJIi/l  o{  the  atarting  ourient  to  the  fuU4oad  primary  current  i« 
plotted  against  tri  for  Mveral  raluea  of  «•  in  Fig  02;  Ori  is  afain  taken 
-0.02.  It « ill  appear  from  an  inspection  of  Fig.  92  that  the  starting  current 
taken  by  a  squirrel-eage  induction  motor  at  full  voltage  is  too  large  to  be 
tolerated  in  the  case  of  large  motors.  In  such  cases  compensators  or  induc- 
tion starters  are  used  to  reduce  the  voltage  during  the  starting  period. 

in.  Oompeniatar  itartliic  of  aqulinl-cac*  moton.  To  find  the 
per  cent,  starting  torque  for  a  given  maximum  allowable  line  current,  let 
Tm  —  starting  torque  with  compensator;  T/  "  full-load  torque;  /i  "  line  cur- 
rent at  starting  and  //  —  full-load  current. 
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Fko.  03. — Torque  relations  when  starting  with  induction  atartar  or 
compensator. 

Then  from  Eq.  M  and  56  and  the  compensator  relations,  it  can  be  shown 
that 

r,.    U       1.28crt  /.„„,„,  \        tun 

Tlua  19  plottvd  in  F!g.  93  for  several  values  of  the  ratio  (9rs/9«).  As  an 
eumple,  take  a  large  squirrel-cage  motor  which  must  be  started  without 
drawing  more  than  full-load  current  from  the  line.  Assume  0^*0.20  and 
«rt-0.02.  Then  TM/r/-  C1-25X0.02J/0.201»0.124orono-eiKhtbof  fuU-load 
torQne. 

IfO.  I>e«p  rotor  ban  for  itartlng'.  The  curves  of  Figs.  01  to  03  show 
in  a  striking  manner  the  inherently  poor  starting  equalities  of  squirrd-cage 
induction  motors,  except  when  a  large  full-load  sap  is  allowed.  This  defect 
may  be  eliminated  in  some  degree  by  a  very  ingenious  device  consistini^  in 
the  nse  of  very  deep  rotor  slots  and  bars,  which  givee  a  high  apparent  resist- 
saee  and  low  reactance  at  starting,  and  the  reverse  near  synchronism.  The 
only  drawb*ek  is  the  reduced -stalling  torque:  but  in  man^  eases^there  is 
ample  margin.  The  resistance  moltipuer  is  0.35  X  depth  of  bar  in  inches  X 
Vfreqnency.  See  Hobart's  "  Design  of  Polyphase  Generators  and  Motors,'* 
P.16& 
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Ml.  Summwr.  Fid.  89  and  B3  show  deuiy  the  relation*  of  all  tha 
vital  operating  charBoteriitiea  (except  heatins)  of  induction  motors  of 
whatever  liie,  frequency,  or  voltage,  to  a  very  few  constant*:  and  althou^ 
the  results  are  only  approximate,  they  will  give  a  fair  quantitatave  snup 
of  induction  motor  charaoteriitica.  The  largest  errors  will  occur  in  small  or 
low-speed  motors  with  large  exciting  currents. 

The  most  important  of  these  characteristics  are  almost  wholly  determined 
by  qmt  9»,  and  art.  The  other  q's  may  be  approximated  with  sufficient 
accuracy,  since  they  play  only  a  small  part,  and  a  considerable  error  in  their 
approximation  does  not  aeriousljr  affect  the  results.  Of  «.,  q,,  and  9rt  the 
last  may  be  given  almost  any  desired  value  without  much  affecting  the  other 
constants;  whereas  (•,  and  Cs  are  intimately  related  to  one  another,  to  the 
major  design  constants,  ana  to  the  details  of  design.  Their  computation 
is  given  below. 

MAOMsnmio  ouBamr* 

Itt.  Air  rap  and  gap  ampara-tumi.  The  air  gap  is  usually  reduced 
to  a  comfortable  mechanical  clearance,  and  may  be  taken  approximately 
as  t  — 0.016\/kw.  (inches).  The  gap  ampere-turns  are  computed  in  the 
same  manner  as  for  the  alternator  (see  Par.  M,  Figs.  39  and  40) .  Designate  by 
at  and  at,  respectively,  the  primary  and  secondary  slot-contrsotion  faetora; 
b^  Ki  —  aiot,  the  combined  slot-contraction  faetor;  by  Kt  the  correapondins 
aur-duct  contraction  factor:  and  by  Kt  the  ratio  of  gap  ampere-turns  to  total 
ampere-tums.  Kt  varies  from  0.9  in  slow-speed  high-frequency  machinea 
to  0.7  in  high-speed,  low-frec^uency  machines.  These  are,  however,  outaide 
limits,  and  0.8  may  ordinanly  be  assumed  as  a  fair  average  for  a  roush 
approximation.  Then  the  total  ampere-turns  for  the  longest  complete  mag- 
netic circuit  is  NU-(.0.62Q&i)/KiKtKi. 

Let  A  —  peripheral  loading  corresponding  to  torque  current  Iji  (Fig.  SS): 

<B  "■  maximum  or  crest  value  of  equivalent  sine-wave  of  gap-ffux  distnbu- 
tion:  V  *  peripheral  velocity  (ft.  )>er  sec.)  of  revolving  field;  for  kh  and  kp 
see  Par.  n-tt  (synchronous  machines^. 

Then,  assuming  that  the  magnetising  current  is  .equivalent  to  a  sinu- 
soidal distribution  of  current  density,  of  root-mean-aquaie  value  A_, 
A>i-0.1I8(Bt//(JktJtrKiKiXA)  and  the  per  oent.  or  fractional  magnetising 
current  is 

<lm-iim/&-0.ne&»t/{ktk,KiKtKt^i)  (58) 

For  a  three-phase  motor  tt-0.955.  For  five-sixths  pitch  l:,««0.98.  For 
open-slot  stator  and  nearly  closed-slot  rotor,  Ki  — 0.65  (approx.).  For  a 
well-ducted  motor  X4-O.9.  For  a  OO-cycle  motor.  At— 0.8  (approx.). 
Then,  roughly,  «.-(0.27A«/)/(A>). 

lA&KAOl  aiAOTAHCS* 

Its.  Tha  foar  eUmenti  of  the  leakage  flax  are  oomputad  as  if  sepa- 
rate from  the  main  flux,  whereas  they  are  for  the  most  part  only  distor- 
tional  as  to  the  main  flux.  Consider  the 
phase-belt  as  the  unit.  Figs.  94  and  95.  _ 

194.    Blot  leakage.*     This  is  thp~ 
cross-slot  flux  (Fig.  94).    The  inch  per- 


Fio.  94. — Illustrating  cross-slot  leak- 
age flux. 


FiQ.  95. — Illustrating  tooth-tip 
leakage. 


meance  or  flux  linkage  (lines)    per  amp*in.  of  primary   phase-belt  ia   (see 
Fig.  42) 

3.2  / 1  <fi   .  <fi   .        2<fi        .  it  \  ,„, 

(frfi-Tj — (-5 — I — --; y  -)  (») 

Ntpp\  3  Wt      v«      V,  -f-  ww      Wm/ 


*  Transactions  American  Institute  Electrical  Engineers,  Vol.  XXIV,  1906, 
p.  338.    Also  Vol.  XXVI,  p.  1245. 
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Th«  total  •lot-linkase  per  amp.  in.  of  ph«t»belt  ia 

''*"**i+**i  (60) 

where.V.y,  -alota  per  pole  per  phsie,  knd  N,  the  number  of  *loU. 

See  Fig.   9o.     The  flux  linluce 


ilfMf  Ukkaff*' 
twit,  for  both  pri- 


IM.  Tooth-Up   or  II 

(liziea)  per  amp.  in.  of  be) 
mary  and  aeoondary  i«  nt—Au  +  iHip 
whareri  ia  the  average  tooth  pitch,   pri- 
maiy  and  aeeondary,  and  A— 2.13{(ai  + 
■t-  1)/2I>  ia  plotted  in  Fig.  90. 

The  above  valuee  of  ^^  and  m  are  for 
IM-mtcK  and  ahould  be  multiplied  by  kf 
and  k^  reapeetively  (Fig*.  97  and  98)  for 
Jnutional  filek  windinci. 

IM.  CoU-«nd  iMkaf e.  A  crude  but 
helpful  picture  of  this  flux  ie  ■hown  in  Fig. 
99.  Cnaridnc  all  coil-end  leakage  to  the 
primary,  tlie  resulting  lines  i>er  amp.  in. 
ofphaae  belt  bundle,  ^/,  is  given  in  Fig. 
lOOfor  three-phase  motors  with  various 
coil  pitcbea,  both  for  squirrel-cage  and 
phase-wound  rotors. 

When  reduced  to  the  basis  of  the  active 
pbaae-belt,  «>/  becomes tfth—kikivi-ktKi 
where  kf  —  ratio  of  length  of  one  coil  end 
to  pole  pitch,  kt—r/l,  and  K/  (  — t/^/) 
is  plotted  ip  Fig.  101  against  the  coil 
pitch,  for  squirrel-eage  and  wound-rotor 
motors.  The  higher  value*  correspond  to 
hi^-voltage  machine*  where  the  coil  overhang  is  longer,  or  to  marhines 
with  the  coil  ends  bent  back,  thus  allowing  more  room  for  leakage 
between  primary  and  secondary  coil  ends  (Fig.  99).  In  the  case  of  the 
squirrel-cage  rotor,  y/  depends  upon  the  type  and  poeition  of  the  end  ring. 
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Pio.  ^96. — Average  per  cent, 
tooth-tip  overlap  "A,  vs.  aver- 
age per  cent,  equivalent  tooth- 
Up. 
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OoU  Pitch  la  Terms  el  FslI  PItcli 
Figs.  97.  98. — Leakage-reactance  pitch  facton;  kp,  for  slot-leakage,  Jt^  for 
tooth-tip  leakage,  kft  for  coil-end  leakage. 

For  a  simple  ring  at  the  end*  of  the  bars,  thelowest  value  of  f/  correspond* 
to  a  pomtion  out  from  the  core,  equal  to  eeven-tenths  of  the  primary  coil  pro- 
ieetion.  That  is,  the  primary  coil-end  current*  act  like  a  single  circum- 
ferential current  at  the  aeven-tenth*  point  (aee  the  oroe*  in  Fig.  99,  which 
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indicates  a  circumferential  current  backward  tliroush  the  paper).  If  the 
ring  ia  set  radially  inward  nearer  the  abaft,  <pf  may  be  increased  as  much  aa 
50  per  cent,  (aee  the  upper  curve).  Or,  if  the  end  ring  is  placed  nearer  the 
core,  fi  may  be  oonsiaerably  increased  (25  or  30  per  cent.). 

IIT.  B«lt-lesluc«.  *      For  three-phase  motors  and  full-pitch  windincs 
the  flux  linkage  per  smp-in.  of  belt  is 

^B,-tB/riiCtK<r  +  314»-KjjT  +  314»  (81) 
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-Coil-end  leakage  Fio.  100. — Coil-end   flux  linkage  lines    per 

paths.  ampere-inch  of  phase-belt   bundle   (primary 

and  secondary)  as  a  function  ot  the  coil  pitch. 

where  ijj  is  given  in  Fig.  102  and  KgfkgKiKiKd.    For  a  two-phase  motor 
with  full-pitch  winding 

For  a  squirrel-cage  motor,  take  values  about  one-half  of  these  values. 

A  coil  pitch  of  five-sixths  in  a  three-phase,  or  of  three  quartets  in  a  two- 
phaae  motor,  reduoesthe  belt  width,  permeance  of  the  mean  paths,  conductors 
per  belt,  and  mean  phase-difference,  each  to  one-half.  The  belt  reactance 
IS  thereby  reduced  to  about  one-sixteenth  of  its  full-pitch  value. 
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FiQ.  lOL^-Coil-end  leakage  constant. 


0         «         U       18       H       a) 

Ngf  •BloU  pet  P«la 

Flo.   102.— Belt  leakage  constant. 

lis.  Summwy.     Adding   tog'^ther   the  several  «>'a  with    their  proper 
pitch  factors  the  total  reactance  for  a  three-phase  motor  is 

n  -  2r/2pfiV'.„i,-»(*,^rf-l-t„v»»-l-*»'r/-l-KBr  +3144)  (62) 

where  Nt^f  "  conductors  per  pole  per  phase. 

*  See  Trantactiont   International   Electrical  Congress,   St.   Louis,  1004; 
,  Vol.  I.  pace  70«. 
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A  much  mora  eonveoient  form  for  muiy  purposes  is  the  per  cent,  reaotanca 
TolU(/zi-i-£'i— (d). 

where  A^ai— slots  per  pole,  snd  5—r^at+3.  8  varies  from  6  to  18  with  an 
aTcraceoflOtoll 

The  several  terms  in  £q.  82a  representiin  order,  the  slot,  tooth-tip,  coil  and 
and  belt  lealiages. 

These  equations  can  be  much  aimpUfied  for  any  partioular  type  of  motor  by 
assuming  numerical  values  for  some  of  the  minor  constants;  but  the  use  of 
the  complete  expressiona  involves  only  a  few  minutes  in  computation,  and 
has  the  advantage  of  keeping  before  the  mind  the  factors  upon  which  the 
naotanoe  depends.  Approiimations  which  are  quite  allowaMe  in  one  type 
of  mafhine  are  dangerous  in  another. 

OIBOU  DIAOSAX 

IM.  The  elrda  dlacram.     If  the  constants  of  an  induction  motor  are 
really  constant  it  can  be  proved  that  the  locus  of  the  primary  current  vector, 
r,  «  1  r,  at 


»(-T-l) 


Fio.  103. — Approximate  equivalent  circuit  diagram  of  induction  motor. 

plotted  with  respect  to  a  constant  impressed  e.m.f.,  is  a  circle.  For  the  pur* 
Dose  sf  approximate  calculation  and  still  more  for  the  visualisation  of 
induction  motor  characteristics,  the  circle  diagram  is  invaluable,  and  is 
widely  employed  by  Continental  and  British  designera.     The  simplest  form 


■"*•# 


■l»-tk 


Pro.  104. — Approx.  circle  diagram  corresponding  to  Fig.  103. 

U  that  based  upon  the  approximate  equivalent  circuit  scheme  of  Fig.  103, 
vhieh  differs  from  the  equivalent  circuit  scheme  of  Fig.  87  in  having  the 
neitiog-cUiTent  circuit  connected  outside  of  the  primary.  This  renders  the 
lo*d-cumnt  c'rcuit  independent  of  /a,  and  leaves  it  with  a  constant  react- 
■?«(iH  —  Ti+ii)  and  a  variable  reaistaQce  ru^n +  ("/•)  depending  upon  the 
"■P-    When  a  constant  voltage  is  impressed  upon  such  a  circuit  and  the 
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miatanoe  varied  (variable  •),  the  lociu  of  tbe  eiin«nt  ia  a  cirole.     The  excit- 
ing ourrent  must  be  added  to  obtain  the  total  ourreot. 

The  correspondiog  diagram  is  shown  in  Fig.  104.  If  thi«  diacram  b« 
rotated  counter-clocJc  wise  until  f  i  is  slightly  below  the  horisontal  on  the 
left,  it  will  correspond  with  the  left-hand  side  of  the  regular  vector  diagram. 
Fig.  8S.     The  diameter  of  the  circle  in  Fig.  104  is  Bi/ixi+xt).     B,  is  the 

ahort-oireuit  or  standstill  point;  tan  i^—  '        ,  and  B/tt+QJlM  —  n+n. 

XI  "TXi 

The  approximation  involved  in  this  diagram  is  such  that  serious  erron 
are  not  introduced  in  the  case  of  a  good  motor,  t.c,  a  motor  with  low  exciting 
current  and  low  reactance;  but  the  errors  become  serious  in  poor  motors. 

too.  Mot*  ebneemlnc  Interpretation  of  approximate  circle  dUcram. 
In  what  follows  Bi  and  I\  are  the  volts  and  amperes  of  a  single  phase.  If  Bi 
be  the  line  voltage  multiplied  by  v's,  and  I\  the  line  current,  p'  should  be 
omitted  from  all  expressions  for  power  and  torque.  

Ml.  The  immiued  power  is,  Pi-p'iCiJi  oosfi-^'fiXBAT;  but  since 
r/Ei  is  constant, TKT  is  proportional  to  and  a  direct  measure  of  the  power  de- 
livered to  the  motor;  i.e.,  a  scale  of  watts  or  kilowatts  can  be  chosen  according 
to  which  ER  indicates  directly  the  impressed  power,  Pi. 

Ml.  LoiMi,  output,  torque  and  flip.  According  to  the  same  scale 
HK  indicates  the^  core  loss,  j/BiIa^^Pt^.  If  Zo  is  measured  when  tbe 
motor  ia  running  light,  the  corresponding  power  will  include  the  friction  loss, 
in  addition  to  core  lose,  and  since  the  friction  loss  is  practically  constant. 


Scales 

-i- 


Amperst 

lonu  Pow«ril4444-f 

Torqae  In  o  l  9  a  4  &  a 
ll^clironoui  i  r  TT  <  T  < 


Data 
,1.2  c  |.  St  •  3.S  per  delt*  phase 

(.OOMI     io-o.«iM      y,-g.ouas 


"  B.  .  H.r.Op.r..ia,  P.i«  I    j;  ;  ^»  H.Fj^^    K^^ 

Kio.  105. — Approx.  circle  diagram  for  a  5-h.p.  three  phaiie,  0-polc,  220-volt. 
delta-connected  induction  motor. 

it  could  be  charged  to  the  exciting  circuit  (Pig.  103).  by  iDcreasing  0*  in  the 
proper  degree.  It  will  be  so  taken  here,  i.e.,  that  HK  represents  eore  and 
friction  loss.  Similarly  775  represents  the  primary  copper  loss,  (SF^  th* 
secondary  copper  Iom,  FB  the  output  (PO,  <j?  the  power  tranHnntted  acro^a 
tbe  air  gap  (i.e.,  the  torque  in  synchronoua  wattji)  sliuI^JF+gS  the  slip. 

•OS.  Sfflcl«ncy  (Par.  110-tXC).     The  efficiency  ia/>s/Pi>=£F/fiJC. 

104.  Powsr-factor  (Par.  IIC).  The  power-factor,  cosffi,  may  be  readily 
determined  from  the  diagram  by  drawing  a  unit  circle  about  O  and  measur- 
ing the  vertical  intercept  of  the  7i  vector  oa  this  unit  circle. 

Thus  for  any  point  B  on  the  circle,  all  the  important  variables  of  the 
induction  motor  may  be  readily  determined  from  tne  circle  diagram. 

SCO.  Bxperlmcntal  d^torminatlon  of  circle  diacram.  The  experi- 
mental data  Deee0Mry  is. 
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(a)  Amperea  and  watta  at  normal  roltage  when  the  motor  ia  running 
licbt.  Tliia  (iva  the  U-WX  of  Fia.  104.  Tbtu  the  point  A  may  be  located, 
•tartins  with  O  as  the  oricin,  and  B\  vertical. 

(b)  Amperes  and  watts  at  normal  Toltage  with  rotor  blocked.  It  ih 
wmetimes  necessary  to  make  this  test  at  reduced  voltace  owing  to  the  cxcen- 
nre  currents  which  would  flow  at  full  voltage,  and  to  change  the  results  to  the 
lull  voltage  equivalent.  This  will  locate  the  point  B*,  which  together  with  A 
determines  the  circle,  the  diameter  being  assumed  horiiontal  through  A. 
(e)  The  reaistance  of  the  primary  winding. 

All  of  these  testa,  particularly  the  last  two,  should  of  course  be  made  at  or 
near  the  normal  working  temperature  of  the  motor. 

The  diacram  thus  experimentally  deterniined,  expresses  with  a  very  fair 
decree  of  kceuracy  the  relations  between  all  the  important  variables  of  the 
motor. 

Fig.  105  shows  the  approximate  circle  diagram  drawn  to  scale  for  a 
5-h.p.,  three-phase,  6-pole,  220-volt  induction  motor,  and  Fig.  106  shows 
the  charactenstic  curves  obtained  therefrom. 


Fio.   106. 


5  10  U 

Torque  la  SyachroDOuf  Bert*  Fewer 

-Characteristic  curves  from  Fig.  105, 


J  «t±*??!  +  Ji(i>.  +  rii)t') 
QtTt  ,  ri(6o-f  x«/o') 

X*  Xi 


.  m.  bact  olrcU  diafrun.  Starting  with  the  complete  equivalent 
circuit  scheme  (Fig,  87),  it  is  cs^  to  prove  that  the  locus  of  the  primary 
current  is  a  circle  whose  radius  is  Si/2x4.  and  the  coordinates  of  whose  centre 
with  respect  to  O,  are  S^bt  and  BiQat  where 

X4-xi+n+^(n+xt)+^,lnn+i,n)        (ohms)        (63) 

(mhos)        (64) 

(mhos)        (<!.">) 

^i6a_  is  the  abscissa  and  Big,  the  ordinate  of  the  centre,  starting  with  Ei 
vertical  The  approximate  and  accurate  circle  diagrams  of  a  good  motor 
>n  shown  to  scale  in  Fig.  107,  both  computed  from  the  same  constants.  If 
the  points  Bm  and  A  are  determined  experimentally,  then  the  only  inaccu- 
racy of  the  approximate  circle,  is  due  to  the  fact  that  its  centre  would  be 
located  on  the  horisontal  line  through  Bt  rather  than  at  the  real  rontrr, 
which  is  usually  a  little  above  the  line,  s4>e  Fig.  107,  where  the  bntken-line 
nttle  was  drawn  through  Bt  and  B,  (observed),  with  centre  C\  on  horisontal 
liae  through  Bt.     Fig.  107  also  shows  the  loci  of  the  other  variables. 

Mr.  Lakkmn  factor  or  eirel*  r>tio.  This  is  defined  in  various  wb>9 
°T  various  authors.  Roughly  it  is  the  ratio  of  the  total  leakage  permeance 
to  the  main  flux-path  permeance,  or  the  ratio  of  the  magnetising  current 
to  the  diameter  of  the  circle.     Sometimes  it  is  stated  as  the  ratio  ofmagnBt- 
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iling  eurrant  to  the  thort-circuit  ettrrant,  but  this  i*  inascurBte  for  motors 
with  high  aeeoDdary  resiatanoes.     It  is  dependent  upon  the  machine  pro- 
portions and  independent  of  the  load. 
For  all  practical  purposes  it  is 


.0.93,.,.-i«4^+?:55d  +.!:32£d +0.0052 


(66) 


For  values  of  S,  A  and  Ki  see  Par.  IM  to  US  and  Figs.  96  to  101.    S  varies 
from  6  to  18  with  an  average  of  10  to  12;  A  from  0.2  for  open  slots 


Joo^t 


Fia 


to  locus 
107. — Approximate  and  accurate  circle  diagram  of  an  induction  motor. 


on  one  side  of  yap  to  0.42  for  nearly  cloeed  slota  on  both  eidea,  and  Kf  from 
1.5  in  good  squirrel-cage  motors  to  2.2  io  slip  ring  motors,  see  Fig.  101. 

Kierstead  has  proposed  a  somewhat  simpler  though  lesa  rationaiformula; 
it  is 

/0.079  .  0.19   ,       3    \  „ 

(67) 


,_C("^  +  ! 


AT'.,) 


AT', 


where  C  varies  with  the  air  gap  according  to  the  accompanying  table 


« |o.O24|0.032|o.039|0.O47|0.O55|0.063|o.07l|o.079|0.O87  0.08S 

C |o.71   I0.88  io.99 


1.09    1.17 


1.25  |1.31   |1.39 


1.4S 


1.S2 


Of  thcMC  equations,  Eq.  66  gives  results  quite  as  accurate  as  the  average 
test  results  can  check,  and  for  all  types  of  machines.  Eq.  67  gives  fSr 
results  for  the  majority  of  standard  machines,  although  inaccurate  for  ex- 
treme cases. 

The  leukage  factor  or  circle  ratio  is  much  used  by  European  designers. 
Reference  may  be  mode  to  Hobart's  "  Electric  Motors  and  "  Design  of  Poly- 
phase Generators  and  Motors"  where  the  designing  of  induction  motors  is  ex- 
plained with  the  assistance  of  the  circle  diagram  in  a  simpler  thouich  less 
accurate  manner  than  is  described  in  Par.  t48  to  in  below. 

lOS.  Maximum  power-factor.  In  terma  of  r,  it  ia  given  by  various 
authors,  thus  '    ""'""" 

»..  ,  .  1 

(68) 

(a») 


Maximum  power-factor  ■- 

1  +2* 


Maximum  power-factor ' 
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The  aeearmey  and  meBninK  of  either  of  then  depend  upon  the  method  of 
datenmning  or  of  defining  a. 

SM.  Blbllognphr  of  vtielai  reUtlnc  to  the  oaleolatton  of  eirole 
ratio. 

I.  Chapter  IV  Cp.  29)  of  Behrend's  "Induction  Motor." 

II.  **  The  Magnetic  OiBpersion  in  Induction  Motors/'  by  Dr.  Hans  Behn* 
EMihenburg;  Jow.  I.  E.  E.,  Vol.  XXXII  (ig04)^p.  239  to  294. 

III.  Chapter  XXI  on  p.  470  of  2d  Edition  of  Hobart's  "fUectrie  Motors." 

IV.  "The  Leakage  Reactance  of  Induction  Motors,"  by  A.  S.  McAllistw. 
Kite.  WorU  for  Jan.  26,  1907. 

V.  "The  Deeign  of  Induction  Motors,"  by  Comfort  A.  Adam*,  Trant, 
A.  I.  E.  E.,  Vol.  XXIV  (1906),  pp.  647  to  687. 

VI.  "The  Leakage  Faotor  of  Induetion  Motors,"  by  H.  Baker  and  J.  T. 
Inrin.  Jour.  I.  E.  £,  Vol.  XXXVIIl  (1907),  pp.  190  to  308. 

I.08UB  AHD  imcnMCT 

tlO.  OI»iiHln»tton  ot  Ioimi.  The  losses  of  an  induetion  motor  are  as 
follows:  (a)  the  primary  eopper  loss;  (b)  the  seeondary  eopiier  loss;  (c)  the 
aote  loss;  (d)  fnction  and  windage  loasea.  The  copper  losses  may  be  com- 
peted in  the  ordinary  way,  except  that  in  the  case  of  squirrel-oage  rotors  the 
method  is  not  quite  so  obvious.    Bee  Par.  Ill,  also  Sec.  24 . 

lU.  Prtmazjr  copper  loM.  In  terms  of  the  design  conatantsandin  terms 
of  the  output,  i  t  is 

(l+fa*/)10» 
•"■8.5*»it,^m  ^°' 

where  m  is  the  eire.  mils  per  amp.  Owing  to  the  lower  flux  density  ia  the 
gap,  there  ia  a  greater  length  of  active  conductor  than  for  the  synchronous 
alternator;  but  this  ia  partly  neutralised  by  the  larger  «i  made  necessary 
by  the  poorer  ventilation  of  the  short  air-gap  machine. 

111.  Beoondary  copper  loM.  In  the  case  of  a  wound  secondary,  the 
copper  lose  is  about  the  same  aa  for  the  primary,  for  although  the  current  is 
leas,  there  is  in  most  cases  less  slot  section  available  for  copper.  In  the  case 
of  a  ■qoirral-oage  rotor,  it  is  usually  easy  to  make  the  seeondary  resistance 
low.  Unfortunately  this  opportunitjr  may  not  ordinarily  be  taken  advantage 
of,  since  the  starting  torque  requuements  frequently  demand  a  relatively 
large  value  of  the  slip  and  therefore  of  gri.  Par.  !••  and  Fig.  91. 

The  aquirrel-ca^  copper  loes  may  be  computed  as  follows:  The  secondary 
eairentper  bar  »  It—Atra  where  At  ia  the  secondary  peripheral  loading 
and  Ta  the  secondary  tooth  pitch.  J»'  times  the  ohms  per  par  times  the 
number  of  baxa— total  bar  loss.  The  current  in  each  end  ring  is /r  — It  times 
the  number  of  rotor  conductors  i>er  pole  divided  by  2.22,  and  the  end  ringloss 
is  lf>  times  total  series  resistance  of  both  end  rings. 

UJ.  Cora  lonai.  The  calculation  of  the  core  losses  of  an  induction 
motor  is  not  so  simple  a  matter  as  might  at  first  appear,  since,  in  addition 
to  the  loese*  in  core  and  teeth  at  fundamental  frequency,  there  are  tooth 
frequency  losses  in  both  primary  and  secondary  teeth,  wave  loBses  in  tooth 
tips  and  loasea  due  to  breakdown  of  laminations.  There  are  also  sometimea, 
at  load,  eddy  loasea  in  the  copper  conduotors,  A.  I.  E.  E.,  Vol,  XXIV,  p. 
7«1. 

114.  Oalenlmtlon  of  core  louoi .  There  is  no  simple  rational  method  at 
ptsssnt  available  for  computing  the  core  losses  of  induetion  motors  with 
lessonaMe  accuracy.  The  following  formula  have  coefficients  such  that 
when  apjdied  to  the  primary  teeth  and  core,  they  yield  reeults  large  enough 
to  cover  the  indeterminable  losaea,  except  in  those  cases  where  the  tooth- 
fraqueney  loasee  are  unusually  large,  aa  with  open  slots  on  both  rotor  and 
■utor. 

For  60  oyelea— Watts  per  ou.  in.»i>M'-4.1(B>i,/10*)<. 

For  25  cycles — Watta  per  ou.  in.->Pn'-1.3(£.i./10*)*.  Laminations 
asBunied  to  be  0.014  in.  thick.  Nearly  all  the  extra  loaeee  are  due  to  eddy 
currents  rather  than  to  hysteresis;  henoe  the  exponent  2  is  suffioientljr  accurate. 

The  foUowing  table  of  data  for  estimating  the  core  lose  of  induction  motor* 
i*  taken  fnm  Hobvt's  "  Design  of  Polyphase  Oenerators  and  Motor*. 

ei7 
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Density  in  stator  core 
(lines  per  eq.  in.) 

Core  loss  in  stator  core  (watts  per  lb.)  for       1 
various  frequencies 

/-15                    /-25 

./-SO 

39,000 
52,000 
65,000 
78,000 
90,000 

0.50                      1.00 
0.77                      1.36 
1.00                      1.81 
1   18                      2.36 
1.4,'>                      2.81 

2.27 
3.36 
4.54 

STANDARD  POLYPHASE  INDUCTION  HOTOES 
Sl(,  BepraaentatiTe   power-factora   and   eflacienelei   of   itandard 
iqulrral-eatra    moton.      The    losses  and  efficiency  of  a  typical  5  h.p.. 


> 


2         4  6         8        lO*""" 

E.P.Outpnt 
Fio,  108. — Losses  and  efficiency  of  a  6-h.p.,  60-eycle  iM|uin«l-«agfl  induetion 

motor. 

I  For  Uia>l  I<'o.  »f  Poles 
I  Terjr  L>r(o  No.  of  Poles 

Kote:  In  Oeneni,  tlie  tmaner  the  Vo.  of  Foloi, 

and  ttas  Hlgllor  the  Preqncncr.  the  Higher  the  KSdeBcy. 

Por  2  Potci,  ElBIclancy  may  he  Slightly  above  Upper  Limit  shovn. 


Fig. 


o.e      1.0 

60        100 
Horse  fovsi 
109. — Efficiencies  of  average  induction  motora. 


60-cycle,  squirrel-cage  induetion  motor  are  shoirn  plotted  a^nst  the  output 
in  FiK.  108.  The  efficiencies  of  average  induction  machines  ai»  plotted 
in  Fig.  109.  While  in  any  concrete  case  the  designer  has  the  power-faotor 
and  the  efficiency  within  bis  control  to  a  certain  extent,  he  cannot  depart 
widely  from  representative  values  which  are  inherent  to  the  rating.  The 
table  in  Par.  Sl<  is  abstracted  from  more  elaborate  tables  on  pp.  116  aad 
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117  of  Hobart'a  "Deasn  of  Folyphaae  Generston  sod  Motors"  (MeOrsw 
Pablisfaing  Co.,  N«w  York,  1813)  *nd  txre  rapraaentative  tbIum  for  th* 
power-factor  and  efficiency  cipolyphaae  ■quirrel-eage  znotora  of  outputs 
ranginc  from  10  h.p.  up  to  1,000  h.p.  and  for  a  vide  range  of  speeda  corre- 
(pondine  to  frequencies  of  25  and  60  oyelea,  per  aec. 

UC  Table  of  niiraMntatiTe    afflelancles  and  powar-faeton 

of  modarata-Toltace  polyphaie  iquliral-eaBa  induetion 

motori  at  tnalr  rated  loads 


1^ 

|5 

10  h.p. 

CO  h.p. 

100  h.p. 

500  h.p.  ; 

1,000  h.p. 

1 

fa 

t 

1     ^ 

n 

U 

l« 

si 

1 

"1 

ii 

§.R 

1 

§,l 

§1 

as 

1 

U 

1 

ftt 

ftt 

0< 

fti 

p< 

188 

75 

0.7fi 

81 

0.80 

87 

0.83 

90 

0.8S 

91 

0.87 

25 

376 

79 

0.K2 

85 

0.85 

89 

0.87 

92 

0.89 

93 

0.90 

760 

83 

0.88 

88 

U.91 

91 

0.93 

93 

0.94 

94 

0.95 

376 

75 

0.76 

84 

0.79 

89 

0.82 

Bl 

0.84 

92 

0.84 

50 

760 

80 

0.83 

87 

0.86 

91 

0.87 

94 

0.88 

95 

0.80 

1,600 

84 

0.90 

9U 

U.02 

93 

0.93 

96 

U.93 

96 

0.03 

UT.  ▼•ry  larn  iqulirel-eaBa  moton.  The  properties  and  costs  of 
1,000-h.p.  25-eycre  squirrel-cage  three-phase  motoia  DSTe  beeoi  nvestigsted 
for  five  different  Bpeeds.  in  order  to  bring  out  clearly  the  dependence  of  the 
eliaiaeteiistica  and  cost  upon  the  rated  siwsd.  The  results  are  set  forth  in 
the  following  table  which  18  taken  from  p.  106  of  Hobart's"Eleetrie  Propul- 
•ion  of  sups"  (D.  Van  Nostrand,  New  York,  1911): 


1,000-h.p.,  25-eyoIe,  squirrel-cage,  three-phase  motors                  [ 

Speed, 

rer.  per 

min. 

Number 
of  poles 

Ail-gap 

diameter 

(cm.) 

Orosa  length 

of  rotor  core 

(cm.) 

Max. 
power- 
factor 

Total   works 
cost  in 
doUars 

126 
260 
375 
500 

7S0 

24 

12 

8 

6 

4 

238 
180 
138 
114 

87 

63 

6fl 
76 
83 
95 

0.93 
0.94 
0.95 
0.96 
0.96 

6,000 
3,800 
3,200 
2,840 
2,500 

From  the  same  source  C'SIec.  Prop,  of  Shipe")  is  taken  the  data  in  the 
following  two  tables,  the  first  relating  to  designs  worked  out  by  one  of  the 
present  authors  for  three  25-oycle.  12S-r.p.m.,  24-poIe  squirrel-cage  induc- 
tion motors  for  outputs  of  100  h.p.,  1,000  h.p.  and  10,0(X)  h.p.,  respectively, 
•nd  the  second  relating  to  the  complete  weight,  in  metric  tons,  of  five  large 
moton. 

Data  of  three  25-cycle,  125-r.p.m,.  24-polg  squirrel-cage  induction  motors 


Rated  output  (h.p.) 

Aii>fap  diameter  (cm.) 

OiOM  eore  Ient:th  (e.m.) 

Maiimum  povep-f actor. . .' 

Fkripheral  speed  (m.  per  sec.). 
Total  woilca  coat  (doUara) . 


Total  worics  ooat  per  horse-power. 
TotsI  weight  (metrie  tons) 


100. 

1,000. 

10,000. 

151. 

288. 

565. 

28. 

53. 

104. 

0.90 

0.93 

0.01 

9.8 

18.8 

37. 

950. 

5,000. 

21,000. 

9.60 

6.0 

2.10 

3.5 

14. 

80. 
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Data  of  complete  weight  (ezduave  of  shaft  and  bearings)  of  five  33-oycle 
squirrel-cage  induction  motors  for  a  synchronous  speed  of  134  r.p.m. 


Rated  output 

Weight 

1,000  horse-power 
2,000  horse-power 
3,000  hoTse-imwer 
4,000  hone-power 
5,000  horse-power 

IS  metric  tons 
38  metrie  tons 
34  metrie  tons 
42  metric  tons 
60  metric  tons 

motors. 


) 


218.  Weights  per  hone-power.  A  iV-h-P-  1.200-r.p.m.  poljrphase  in- 
duction motor  weishs  a  matter  of  19  lb.  while  a  10.000-h.p.  120-r.p.iii. 
polyii^aee  induction  motor  would  weigh  some  176,000  lb.  It  ib  intereatitis 
to  note  that  while  the  large  motor  naa  150,000  timee  the  output  of  the 
smaller,  it  only  weighs  about  9,000  times  as  much.  Moreover  its  speed  ia 
about  cme-tenth  as  great  as  that  of  the  smaller  motor. 

Sit.  Starting  apparatiu  for  standard  polyphase  Induction  mi 

Ninety  per  cent,  of  ail  the  induction  motors  built  in  America  are  of  the    

rd-cogetype.  Whereas  the  squirrel-cage  motor  when  of  small  sise  is  switched 
directly  on  the  line  at  starting,  it  is  necessary  in  starting  largw  squirrel-oace 
motors  to  employ  induotion  starters  or  else  the  star-delta  method.  '  SUp-rins 
induction  motors  are  started  by  means  of  a  rheostat  connected  into  the 
rotor  circuits,  and  gradually  cut  out  as  the  motor  acquires  speed.  With 
the  growth  of  el ef^i city-distributing  net-works,  it  has  become  expedient 
to  relax  the  earlier  onerous  requirements  imposed  in  the  matter  of  pwmis- 
sible  starting  currents.  On  some  systems  fairly  large  squirrd-ca^e  motors 
are  permitted  to  be  started  by  switching  directly  upon  the  line  without  in- 
duction starters.  Designs  in  which  the  deep<lot"  effect  (Par.  190)  is  cor- 
rectly employed  may  be  started  directly  from  the  line  with  a  more  moderate 
rush  of  current,  and  hence  are  the  more  appropriate  as  regards  the  leaser 
line  disturbance  at  starting. 

210.  XnduGtion-uotor  attfting  ourrenta.     The   ourrenta  taken   by 

good  three-phase  squirrel-cage  induction  motors  at  the  moment  of  starting, 
ave  'values  approximately  in  accordance  with  the  following  table,  which 
corresponds  to  QsbO.IS  and  s^tf,,  ~0.04,  see  Figs.  91  and  92  and  aooom- 
panying  text- 


A 

B 

C 

D 

Pressure  at  motor 

in  per  oent.  of  line 

pressure 

Line  starting  cur- 
rent in  per  cent,  of 
full-load  current 

Motor  starting 

current  in   per 

cent,  of  full-load 

current 

Starting  torque  of 

motor  in  per  cent. 

of  its  full-load 

running  torque 

40 

60 

80 

100 

112 
250 
490 
700 

280 
420 
560 
700 

33 

72 

128 

200 

SSI.  Calculated  starting  charaoterlitici.  The  following  table,  taken 
from  page  451  of  the  2nd  Edition  of  Hobart's  "Electric  Motors"  (Whit- 
taker  A  Co.,  London,  1010)  gives  the  calculated  starUng  characteristics  of 
a  6-pK}le  25-cycle  200-h.p.  500-rcv.  per  min.,  squirrel-cage,  three-phase,  in- 
duction motor. 

The  motor  to  which  these  last  results  correspond,  was  designed  for  very 
high  efficiency  and  without  any  regard  to  starting  torque  (gx<«0.12  and  <■> 
0.02).  Consequently,  we  find  that  when  started  on  the  six-tenth  taps  of  the 
induction  starter,  the  starting  torque  is  only  55  per  cent,  of  full-load  runoing 
torque  and  the  line  current  is  practically  three  times  full-load  current,  a 
worse  result  than  that  of  the  average  motor  corresponding  to  the  earlier 
table.  By  employing  the  "deep-alot"  principle  in  the  design  of  60-cycls 
squirrel-cage  induction  motors,  the  application  of  the  full-line  pr^nure  at 
starting  will  be  accompanied  by  a  much  smaller  flow  of  current  from  the  line 
than  that  shown  in  the  table  for  the  average  motor.     While  the  torque  may 
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ftlflo  be  smaller,  it  will  nevertbeleaa  be  rs  great  as  the  torque  correspondiDg 
to  the  tap  on  the  induction  starter,  which  corresponds  (in  the  average  motor) 
the  lower  line  current.  Thus  nothing  ia  sacrificed  except  that  the  motor's 
power-factor  will  be  a  few  per  cent.  Tower  at  full-load  and  the  customer  is 
^ared  the  outlay  for  an  induction  starter.  Further,  the  operation  of  start- 
ing is  reduced  to  elemental  simplicity. 


Pre*. 

nire  at 

Motor's 

Line 

SUrting 
torque  in 

motor 

atarting 

starting 

SUtor 

Starting 

termi- 

current 

current 

Input 

Input 

torque 

per  cent. 

nala     in 

in  per 

in  per 

to  atator 

copper 
loss 

(watts) 

to  rotor 

(meter 

of  full- 

per  cent. 

cent,  of 

cent,  of 

(watts) 

(watts) 

kilo- 

load 

of 

full-load 

full-load 

grams) 

running 

nomuil 

current 

current 

torque 

pmsure 

33 

274 

91 

5«,600 

33,300 

23,300 

44.3 

15.1 

40 

330 

132 

86,000 

48,000 

38,000 

72.3 

24.3 

60 

495 

297 

194,000 

108,000 

86,000 

164.0 

55.0 

80 

6fi0 

628 

344,000 

192,000 

152,000 

289.0 

97.0 

100 

824 

824 

540,000 

299,000  241,000 

455.0 

153.0 

THS  IHDtrCTION  aKNXKATOB 

ttS.  Theory  of  operation.  If  a  polyphase  induction  motor,  while 
running  light,  and  still  connected  to  its  supply  circuit,  be  mechanically 
driven  above  aynchronismj  the  slip  will  be  negative,  the  secondary  con- 
ductors will  cut  the  revolving  flux  m  the  opposite  direction,  the  secondary 
e.m.f.  and  current  will  reverse  with  respect  to  the  flux,  and  the  torque  reac- 
tion of  the  secondary  current  will  oppose  the  rotation.  This  means  mechan- 
ical power  absorbed  and  a  reversal  of  the  direction  of  power  flow  across  tiie 
*ii'  gap<  *'•«-•  generator  action,  A  little  consideration  will  show  that  the 
torque  characteristio  above  synchronism  will  be  approximately  symmetrical 
with  that  below  synchronism,  referred  to  the  point  of  synchronism,  see 
rig.  in. 

ttt.  Olrele  dla<run  of  Indactlon  ^norator.  The  characteristics  of 
the  induction  generator  can  be  most  easily  determined  from  the  circle  dia- 
gram. For  this  purpose  we  may  still  use  the  induction-motor  approximate- 
saotvalent  circuit  scneme  of  Fig.  103  with  the  understanding  that  s  is  negative 
which  means  an  apparent  negative  reactance  «zs,  and  an  apparent  negative 
feristance  (ri/<)(l— «).  This  means  that  the  power  delivered  to  this  resist- 
ance »  ne^tive,  and  simply  an  electrical  equivalent  of  the  source  of  me- 
duwical  dnvin^  power.  Upon  this  basis,  it  is  evident  that  the  locus  of  the 
istremity  of  /i  is  a  circle  for  the  induction  generator  as  well  as  for  the  induc- 
tion motor,  as  there  is  no  abrupt  change  in  the  vector  diagram  when  a  passes 
through  sero. 

tM.  Interpretation  of  oirde  digram.  The  approximate  circle  diagram 
irftbeinduetiongeneratorisKiveninFig.  110,  where  the  notation  corresponds 
to  that  of  Fig.  103  for  the  induction  motor.  The  principal  characteristics  de- 
rired  from  the  circle  diagram  are  shown  ia  Fig.  111.  Referring  to  Fig.  WQ^FB 
represents  the  total  power  delivered  to  the  generator  (shaft-friction,  wind- 
age, and  rotor-core  loss  excluded);  FQ  represents  the  rotor  copper  loss,  QB 
the  total  powet'  transmitted  across  the  air  Mip  to  the  stator;  QH  the  stator 
copper  loss;  iTK  the  stator-core  loss;  and  KB  the  output  E^i  coe  9o.  The 
slipist-FC7/0B. 

tSf.  Power-factor  and  excitation.  Thus  the  induction  machine 
driven  above  synchronum,  pumps  power  back  into  the  line,  the  amount 
d^ieodiiig  upon  the  slip.  But  the  power-factor  of  the  outputis  fixed,  not 
by  the  nature  of  the  load  but  by  the  slip  and  the  constants  of  the  machine 
itself.  The  induction  machine  always  carries  a  quadrature  current  when 
(^mating  either  as  motor  or  as  generator.  It  may  be  said  to  receive  a  quad- 
rature lagging  current,  or  to  deliver  a  quadrature  leading  current.  Tlus 
quadrature  current  is  the  excitation  of  the  machine,  a  part  /n  for  the  main 
flux,  and  the  remainder  (or  its  equivalent  in  quadrature  volt  amperes)  for 
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Motor 


Generator 


Fio.  110. — Circle  diacnuii  of  induetion  (enerator. 


18  M  U  U   Ul  8    C     «    2    0    2    4    (    8   10  12 

Torqoe  la^yncbroaoai  X.W. 

Fio.  111. — Generator  and  motor  oboraoterutios  of  induction  inaolun«. 
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the  leftkace  fluxes.  This  exciting  current  is  absolutely  necessary  to  the 
operatioa  of  the  machine,  and  must  be  supplied  from  the  line  in  just  as  real 
a  sense  in  the  case  of  generator  operation,  as  in  the  case  of  motor  operation. 

IM.  Oondo&Mff  sxcitation.  An  interesting  though  uncommercial 
methoNl  of  supplying  thia  excitation  is  by  means  of  condensers.  With  oon- 
dener  excitation  an  induction  generator  acts  very  much  Uke  a  direct- 
cnrrent  shunt-wound  generator,  except  that  it  has  a  separate  chamcteristie 
curve  for  each  power-factor. 

The  amount  of  capacitance  required  for  the  excitation  of  a  larjie  indue* 
tion  generator  is  somewhat  appalling.  £.9.,  even  a  very  large  induction 
generator  with  the  liest  constants  will  require  about  25  per  cent,  reactive 
rurrent  at  full-load;  but  as  capacitance  costs  from  SIO  to  $20  per  kv-a. 
(higher  for  lower  frequencies),  tnis  wilt  add  from  t2.50  to  S5  per  kv-a.  to 
to  the  coat  of  the  induction-generator,  which  renders  it  prohibitive. 

m.  bdtatloii  from  lynduronoiu  maehinM.  The  usual  arrange- 
ment for  excitation  is  to  operate  induction  generators  in  parallel  with  one  or 
niore  synchronous  machines,  motors  or  generators,  usually  the  latter.  The 
irnchronoua  machines  supply  not  only  their  own  excitation  but  also  Uiat  for 
toe  induction  generator,  as  well  as  tne  quadrature  or  reactive  current  de- 
maaded  by  the  receiving  apparatus  connected  to  the  system. 

>n.  Low  azeitation  required  by  induction  generator.  The  no- 
load  exciting  current  of  large  high-speed  induction  generators  may  be  as 
low  as  12  per  cent,  of  the  load  current.  The  full-Toad  lagging  reactive 
component  or  what  might  be  called  the  full-load  excitation,  is  sometimes  as 
lew  as  25  per  cent.,  which  means  a  power-factor  of  1/v^l  -I-  (0.26)*  ■-  0.97. 

nt.  XqulTmlantaiettereapaetty.  Although  the  excitation  of  the  induo- 
tioG  generator  is  small  in  ampere-tuma,  it  is  large  in  kv-a.  dnoe  ite  powei^ 
fsetor  is  low.  If  this  exeitaUon  is  supplied  by  a  special  machine  used  for 
BO  other  purpose,  its  kv-a.  capacity  must  be  at  least  25  per  cent,  of  that  of  the 
induction  generator,  whereas  the  capacity  of  the  direct-current  exdter  for  a 

rshronoua  machine  is  rarely  more  than  2  per  cent.,  and  in  large  machines 
ut  1  per  cent.  If,  however,  there  be  enough  synchronoua-macliine  capa- 
city installed,  so  that  the  total  reactive  exciting  current  is  a  small  part  of 
the  load  current  of  the  synchronous  machines,  their  resultant  capacity  need 
not  be  much  increased.  In  some  cases,  a  part  of  tfa*  excitation  of  iDduotion 
machines  can  be  supplied  by  the  charging  current  of  large  underground  cable 
iTsteois.  S^.t  the  condensance  of  the  cable  system  of  the  Interborottgh 
Rapid  Transit  Co.  would  supply  full-load  excitation  to  more  than  10,000 
kw.  of  indnction  generators. 

ItO.  Toltace  rogulation.  ,  The  induction  generator  when  excited  from 
Vnchronous  machines  haa  no  inherent  regulation  as  to  voltage,  since  in  this 
respect  it  is  quite  as  passive^ as  an  induction  motor  and  depends  wholly  upon 
the  voltage  and  corresponding  excitation  supplied  to  it  by  the  system.  In 
other  words,  the  voltage  must  oe  controlled  by  the  excitation  of  the  synchro- 
aoQS  machines  connected  to  the  system. 

m.  nreqaency  refaUtlon.  If  the  frequency Js  kept  perfectly  constant 
by  the  syncLronous  machine,  induction  generators  can  only  deliver  an  in-' 
misiei  on^ut  by  increasing  their  speed  and  slip,  sec  Fi^.  111.  If,  however, 
the  speed  of  an  induction  machine  is  kept  constant,  it  can  deliver  more 
load  oDly  by  a  decrease  in  frequency,  t.s.,  by  a  deorease  in  the  speed  of  the 
qrodinmoaa  machinee  which  set  the  frequency, 

til.  DMslon  of  load.  If  the  induction  generator  be  driven  by  a 
(ovemed  prime  mover,  its  speed  will  drop  sHgntly  with  the  load,  which 
means  that  the  frequency  and  therefore  the  speed  of  the  synchronous  ma- 
ahiiiss  must  drop  still  more.  Another  method  of  dividing  the  load  is  to 
drive  the  induction  machine  with  an  ungovemed  prime  mover,  e.g.,  a  steam 
eBgine  with  6xed  out-oCF.  In  this  case  its  output  will  be  constant,  and  the 
Veed-govemed  synchronous  machine  or  machines  will  assume  the  load 
fliietuations,  and  the  frequency  regulation  will  be  the  same  as  that  of  the 
lynehronous  machine. 

lit.  Induction  genoraton  and  low-pressure  steam  turbines.  A 
ray  good  place  for  this  method  of  dividing  the  load,  is  where  low-pressure 
tnrnoss  ara  operated  by  the  exhaust  steam  from  other  parallel-connected 
■tssm  units.  The  exhaust  turbines  can  be  operated  without  governors, 
Una  otiliaiiic  all  the  exhaust  steam,  and  yielding  the  highest  economy. 
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tU.  Kfleet  of  ancuUr  TftrUtion  of  prlmft  moT«n.  Since  the  div^imon 
of  load  in  the  caao  of  pBraliel-connectea  induction  ^nermtors  is  d^;>eiic]«ix« 
upon  the  relative  speeos  rather  than  upon  the  relative  angular  poaitiona  of 
the  rotors,  the  relative  angular  displace menta  within  one  reTcdntion  of  a 
reciprocating  steam  or  gas  engine  do  not  produce  objectionable  power  BtiTgcm 
between  the  various  generators,  aa  frequently  occurs  in  the  ease  of  ayncbro- 
noua  machines.     Even  gaa  engines  are  quite  satisfactory  in  this  connection, 

ISB.  Kffect  of  e.xn.f.  wave  sh&pe  on  parallel  operation.  The  indue- 
tion  generator  is  largely  passive  as  to  wave  shape,  the  latter  being  im- 
pressed from  without,  and  in  the  presence  of  e.m.f.  harmonics,  behaves  like 
an  inductive  reactance  which  tends  to  damp  the  harmonic  currents. 

iSt.  "Switching  In."  It  is  not  necessary  to  synchronixe  when  throwing 
in  an  induction  generator,^  since  the  latter  has  no  e.m.f.  until  excited  from  the 
line  and  when  bo  excited  is  always  in  phase.  It  is  only  necessary  to  get  the 
induction  machine  up  to  speed  and  throw  it  in.  As  the  machine  cannot  pick 
up  its  load  until  the  field  is  established,  the  first  rush  of  current  is  wholly 
exciting  current  and  practically  independent  of  the  slip.  This  initial  current 
rush  is  quite  analogous  to  that  experienced  when  switching  in  transformers, 
and  is  explained  on  the  same  basis.  Since  with  large  units  this  excitins 
current  rush  is  undesirably  large,  leactance  coils  are  inserted  while  awitchins 
in,  and  then  eut  out  as  soon  as  the  steady  state  is  reached. 

187.  Hunting.  The  connection  between  the  speed  of  a  B3rnchronou# 
machine  and  its  circuit  frequency  is  ^exactly  analogous  to  a  mechanical 
elastic  coupling,  and  that  between  an  induction  machine  and  ita  fmpreoned 
frequency,  to  a  friction  coupling  in  which  the  friction  grip  is  proportional  to 
the  slip.  The  latter  tends  to  damp  out  any  oeciUations  of  the  system,  while 
the  former  haa  a  natural  period  of  its  own  which  may  tend  to  amplify  some 
periodic  disturbances  of  the  system.  The  induction  machine  is  thus  de- 
cidedly superior  on  the  score  of  hunting. 

.  180.  Short-circulta.  The  short-circuit  current  of  a  s^chronous  altei^ 
nator  consists  of  two  parts:  first,  the  transient  part  limited  only  by  the 
combined  equivalent  leakage  reactance  of  armature  and  field  circuits;  and 
second,  the  steady  part  determined  by  the  much  larger  synchronous  reactance 
of  the  armature.  The  former  is  the  serious  element,  from  three  to  five  times 
the  latter.  It  is  this  transient  effect  that  twists  the  armature  coil  ends  as  if 
they  were  made  of  rope.  With  the  induction  generator  the  case  is  quite 
different.  There  is  no  steady  portion,  since  the  source  of  exciting  cur- 
rent disappears  when  the  short-circuit  occurs,  just  exactly  aa  in  the  case 
of  a  direct-current  shunt-wound  generator.  The  transient  effect  is  present, 
but  in  only  small  degree  since,  with  the  same  flux  as  in  the  syncnronoua 
machine,  the  reluctance  of  the  magnetic  circuit  (and  hence  the  energy  of 
the  field)  is  only  a  fractional  part  (sometimes  less  than  10  per  cent.)  aa 
great. 

1st.  Low-reaiitance  aquirrel-oage  rotor.  Since  the  induction  gen- 
erator requires  no  starting  torque,  the  rotor  is  always  of  the  squirrel-cage 
type  and  of  as  low  resistance  as  is  consistont  with  uie  cost  of  the  copper 
and  the  available  space.  This  means  a  very  low  secondary-copper  loaa, 
and  a  slip  of  less  than  0.5  per  cent,  in  large  machines. 

140.  Tint  eoit  and  ventilation.  Owing  to  the  exceedingly  simple  rot^r 
construction,  the  induction  generator  would  be  cheaper  to  build  than  a  syn- 
ohronouB  machine  of  the  aame  capacity,  were  it  not  that  the  short  air  gap 
makes  ventilation  very  difficult,  and  the  more  so  in  those  ratings  which  are 
otherwise  the  best  suited  to  this  type  of  machine.  This,  together  with  the 
tooth-frequency  losseeincident  to  the  short  air  gap,  makes  theinduction  gen- 
erator of  doubtful  superiority  except  in  special  cases.  The  switchboani  is 
also  simpler,  and  the  switching  operations  are  of  reduced  complexity. 

141.  Best    field    of    application   for  induction    gonoratOT*.    The 

spedfications  from  which  the  best  induction  machines  can  be  produced  are 
high  speed,  large  output,  and  low  frequency,  which  means  steam-turbine  or 
high-head  water-wheel  drive  in  large  power  stations.  Unfortunately  these 
are  the  specifications  which  lead  to  great  difficulties  in  venUlation,  owing  to 
Uie  diort  air-gap.  A  large  city-railwa^r  ^rstem  with  the  load  considerably 
made  up  of  synchronous  converters  with  underground-cable  distributitm, 
satisfies  the  conditions  as  to  excitation. 
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Ml.  MbMography  on  indnetian  gviMrkton. 

DAinBuoic.— "RevenibUitr  of  the  Polyphaae  Induetion  Motor."  Bite. 
Wmid,  JsD.  21,  1893,  p.  44. 

9TSIK1ISTS,  C.  p. — "Altenutiac-ourrent  iDduotion  Motor."  TranM. 
L.  I.  E.  E..  Vol.  XIV,  p.  185,  July  26.  18B7. 

SrKuniBn,  C.  P.  axd  Bug,  E.  J.— "AltematiDg-current  PhsDomeoa." 
Chu>«er  IS.  Par.  196,  Firat  Edition. 

McKiHicK,  A.  F. — ^"Some  Tanta  witli  an  Induction  Generator."  Trsiu. 
A.  I.  E.  E..  Vol.  XV.  p.  409.  1898. 

LBai.iLiic.  Mavbicb. — "The  Induction  Qenemtor."  L'Eelairaoe  Electrioue 
18.  pp.  161-167  and  376-379,  1899. 

McAuaarva,  A.  S. — "Excitation  of  Asynchronous  Generators  by  Means 
e(  Condensers."     BUc.  World  and  En(.,  Jan.  17,  1903. 

McAuJimB,  A.  S. — "Asynchronous  Generators."  American  SUctridaH, 
November,  1903. 

BttxvKT,  W.  AND  Facciou,  G. — "New  Type  of  Induction  Alternator  and 
Ezdter."     Trans.  A.  I.  E.  E.,  July,  190^.      - 

WATxaa,  W.  L — "Non-synchronous  Oenerators."  Trans.  A.  I.  E.  E., 
Feb.,  1908. 

SpooirxB,  T.  AirB  Barhbs,  A.  J. — "Induction  Generator — Effect  of  Short- 
drcuiu."     BUc.  World.,  Feb.  34,  1910. 

Hoa&aT,  H.  M.  ard  Kmowi.toii,  E. — ^"The  Bquirrel-cace  Induction  Oen- 
sralor."     Troas.  A.  I.  £.  E.,  1912,  Vol.  XXXI,  p.  1721. 

THi  DuioH  or  nrovcTioK  MAoanm  . 

Ml.  Spaelfleatioiia.  For  an  induction  machine  the  piineipal  specifica- 
tions are  as  follows:  frequency;  number  of  phases;  speed;  terminal  voltace; 
rated  output;  nature  of  duty,  continuous  or  intermittent  service ;  maximum 
lUowable  temperature  rise;  insulation  tests;  stalling  torque;  starting 
torque;  starting  current;  and.  sometimes,  speed  regulation;  power-factor; 
sndeSdeney.  See  also  Sec.  34. 
M4.  ^nbob. 

A  -tooth-tip  constant  for  tooth-tip  leakage  salenlation 
•I  and  at  — primary  and  secondary  slot  contraction  factors 

®  —  creat  value  of  air.gaj>  flux  density  (lines  per  sq.  in.) 
<B>r  — maximum  flux  density  in  narrow  part  of  tooth  (lines  per  sq.  in.) 

C—oonstant  in  Kieratadt's  formula  for  leakage  factor 
C  — copper  section  (sq.  in.)  per  in.  of  periphery 
D  — air-gap  diameter  (in.) 
da  — slot  depth  (in.) 
Vi— induced  voltage  per  phase 
s"— volts  induced  per  in.  of  active  primary  conductor 
/—frequency  (cycles  per  sec.) 
Ii<— eopper  loss  per  sq.  in.  of  inp  surface  (watts) 
K-Total  kw.  developed  -  i^+1,000 
Xi—aioi— combined  aiot  contraction  factor 
Kt  —  raUo  of  aii^ap  amp-tums  to  total  amp-turns 
JCs— duet  eonttaetion  factor 
•  K/-k,i,t.  Fig.  101 
kt  —  ratio  pole  pitch  to  core  length 
ig-belt  reactance  factor.  Fig.  102 

i»-belt  differential  factor,  Table  I,  Par.  tl 
t/— length  of  coil  end  .(-^le  pitch 

Jl^  — h.p.  output  per  sq.  in.  otprojected  area  of  air-gap  cylinder 
iy— pitch  dinerential  factor,  Iig.  22 
b— aot-reaotance  constant 
km — slot  spaoe-faetor 
{ — groea  length  of  core 
JVra.  ■•  oonduetors  per  pole  per  phase 
y>— amp-tuma 

JVay—  No.  of  alota  per  pole  (average  of  primary  and  secondary) 
tfimm  —  slots  per  pole  per  phase 
/*!  — Power  transmitted  acroes  air-gap 
p  —  No.  of  pairs  of  poles 
p'  —  No.  of  phaaes 
(—total  quadntuie  component  (-«a-t-<b> 
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9U  ~  net  iron  length  -(■  cross  cok  lengtb 

{a  — ratio  of  exciting  current  to  torque  current 

q^  M  ratio  of  coil  pitch  to  pole  pitch 

Qr*  resistance  drop -(-induced  volts 

{•••■slot  opening  oiTided  by  tooth  pitch 
«•»— slot  width -^  tooth  pitch 

Q«* leakage  reactance  vol ts-f- induced  volts 
{«»"■  belt-leakage  reactance  volts -^ induced  volts 

4x/^coil-«nd  reactance  volts -^ induced  volts 
QM^slot  reactance  volts -Hinduced  volts 
Qsi  ~  tooth-tip  leakage  reactance  volts -t-induced  volts 
R  —  rev.  per  min. 

fi-slot  factor 

•  —slip 
.w.e.  •'  total  works  cost  (dollars) 
Kbhi"*  total  volume  primary  copper  (circular-mil  in.) 

fl  —  peripheral  velocity  at  synchronism  (ft.  per  sec.) 
w«M  width  of  slot  (in.) 

A^tvrque-current  amp.  conductors  per  in.  of  periphery 

Ai'primary  amp.  conductors  per  in.  of  periphery 

Afls  *  ma^etizing  current  amp.  conductors  per  in.  of  periphery 

f  —  radial  depth  of  air-gap  (m.) 

{"•output  eoe£5cient,  h.p. 
(>  —  output  coefficient,  kw. 

r^ietJagf  factor  (sometimes  also  termed  the  circle  ratio). 

r^pole  pitch  (in.) 

ri  >- tooth-pitch  (in.) 

V(  —  flux  per  amp.  in.  of  phase  belt  bundle  of  eoU-«nds,  Fig.  100 
Subscript  1  refers  to  primary. 
Subscript  2  refers  to  secondary. 

M(.  The  output  equation.     The  volt-ampores  induced  per  sq.  in.  of 
peripheral  surface  are,  &e" "S.ShbkptB&lO'',  see  Par,  M. 
and  the  kw.  total  developed  are 

K-8.SXrktk^tBI>llO->>  (kw.)  (71) 

This  is  the  power  P'l  transmitted  across  the  air  gap  and  not  the  output, 
which  is  less  by  the  secondary  copper  loss  and  the  friction  and  windage  loss. 
Assuming  the  latter  to  be  about  1  per  cent,  and  remembering  that  q^^t, 
we  got  as  the  horse-power  output 

h.p. -3.65  (1  -<)  M,eaitDtl(lr»~k.Dl  (72) 

where  *•- 3.i)5  (l-«)ti*,A(Bi>lCr"  (73) 

is  the  tP«eUle  output  in  horse-power  per  sq.  in.  of  projected  area  of  the 
airgap  cylinder.  Assuming  a  three-phase  motor  (b  •■  D.Bfi),  of  moderate 
capacity,  with  squirrel-cage  rotor  (<—0.03).  and  five-sixths  pitch  of  coils 
(i;,-0.§6), 

i.-3.2A(B»10-'«  (74) 

By  substituting  for  v  in  equation  72,  its  value  (tDR/110T,  we  get 

b.p.-l.SS(l-<)M:,A(Bf>VA10-»-tD>(A  (7.7) 

where  (  is  called  output  e4MflleIn>t.  With  the  same  assumptions  so 
above, 

t-1.38A(B10-'>  (70) 

If  horse-power  be  replaced  by  kilowatts  in  Eq.  75, 

t»  =  1.03ACB10-'»  (77) 

Sometimes  the  output  equation  is  more  convenient  in.  the  form  of  Eq. 
72,  and  sometimes  in  that  of  Eq.  7fi.  Referring  to  Eos.  72  and  7S,  and 
assuming  R  specified,  (B,  A,  and  v  determine  Dl,  and  /)->(720v)/(irl2);  or 
(B  and  A  determine  D*l,  and  /:i-r/I- (Ti))/(2rl),  determines  the  ratio  of 
D  to  2.  As  the  cost  of  the  machine  increases  approximately  with  Dl  and  with 
DH,  A(B  should  be  as  large  as  possible. 

tM.  EapraientatiT*  Taluu  of  output  eoaffleiant.  ("  Design  of  Poly- 
phase Generatota  and  Motora,"  Hobart.) 
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Pole 

pitch 

in. 

Viluea  o{  output  coefficient,    {,_  wbeli  output  Is  expreaaed  in  horae- 
power,  linear  dimenaiona  in  in.*  and  apeed  in  rev.  per  min. 

4  pole 

8  pole 

12  pole 

16  pole 

20  pole 

24  pole 

5 
7 
10 
12 
16 
20 

2.5X10-' 

2.65Xia-« 

3.31 

3.94 

4.38 

4.81 

2.63X10^* 

3.31 

3.94 

4.40 

4.86 

2.64X10-' 
3.31 
3.94 
4.43   • 

2.46X10-* 
3.31 
3.94 
4.43 

2.22X10-* 

3.3« 

3.92 

4.34 

4.54 

3.29 

3.9 

4.36 

4.82 

5.05 

1 ; 

MT.  Ooniidwatlona  afleatiiic  ehole*  of  <&,  T,  and  A.  A  few  of  the 
moat  important  are  given  below  in  Par'a.  tM  to  tM. 

MS.  Tooth  density  limit  (Par.  MT).  See  Par.  •(.  The  upper  limit 
of  <Bir  ia  lower  than  for  alternators  because  of  tooth-freqtiency  loasea.  &ir  ■• 
8S.000  to  105,000,  the  higher  valuea  for  nearly  oloeed  slots.  With  open  alota 
it  ia  not  always  poeaible  to  utilise  the  tooth  aeotion  to  ita  limit,  beoauae  of 
the  low  gap  density  (B,  Par.  14>.  ' 

MS.  StalHiif  toraoa  and  i>oir«r-taetar  (Far.  MT).  The  value  of 
A/(B  moat  be  kept  below  the 
point  at  which  ga  exceeds  a 
value  whieh  is  safe  from  the 
standpoint  of  stalling  ton]ue 
(Eqa  53  and  62a).  On  the 
other  hand,  a  small  value  of 
A/S  means  a  large  exciting 
current  and  low  power-factor. 
(Bqa  68  and  52.)  On  this 
aceount  (B  must  be  much 
smaller  than  for  alternators, 
except  in  the  case  ot  large 
hirii-apeed  motors  (large  t). 
The  ratio  A+CB  ia  thus  an 
important  one. 

MO.  Beatinf  (Par.  MT). 
Same  as  for  Alternators  (Par. 
>Q  except  that  the  inherent 
ventilation  is  less  (prnd  be- 
canse  of  the  short  air-gap. 

For  well-ventUatecT  open 
motora  a  rough  preliminary 
girfdeia 

k.-0.4(l+0.012s}     (78) 

Although  the  slot  depth  in- 
rreasM  as  A>  (A«  constant) ,  it 
would  be  possible  to  increase 
A,  dt  and  ffi  considerably  be- 
yond present  limita  without 
rhan^  of  A/(B  ^ar.  149) 
were  It  not  for  the  slot  reactance.  Far.  Ml. 

Ml.  Slot raaetenea  (Far.  MT),  It  can  be  easily  shown  (Eq.  62a  and  Par. 
tM)  that  the  per  cent,  slot  reactance  volta  («••)  is,  for  constant  Ac,  propor- 
tional to  A*,  see  Fig.  112.  This  places  the  upper  limit  on  da,  A  and  therefore 
onS.  since  A/(B  is  critical.  Par.  Mt.  Approximate  values  of  A  and  da, 
for  open  (stator)  slot  motors  are  shown  in  Fig.  113. 

Ml.  Usnlta  of  jMTlpheral  velooitr.  >  has  two  principal  upper  limits 
(a)  the  cost  and  weight  of  copper  (Par.  HI),  and  (b)  the  reactance  (Par.  SM), 
bat  in  this  ease  it  is  the  coil-end  reactance  in  place  of  the  slot  reactance. 

Mt.  Copper  limitation  of  peripheral  vslooity  (Far.  Ml).  As  in  the 
ease  of  the  alternator  (Par.  lot)  tne  value  of  kt  lac  minimum  copper  ia 


'200        800        400         50O        COO        7W 
Al*  Amp.GioDdQctori  per  Inch  ol  Periphery 
of  Primary 
Fio.  1 12.— Slot  depth  and  slot  reactance  as 
a  function  of  the  peripheral  loading  for  a  nor- 
mal 5-h.p.,  60-cyole  open-(Btator)-slot  motor; 
As  *  A  +.m  assumed  constant. 
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'^■■Igv   (s«e   Fi('  114)  which  w  too  amall   on    the  (core   of  ventilation. 

However,  aa  the  miniinum  is  •  fairly  flat  one  kt  and  t  may  be  consider- 
ably inoreaaed  without  aeri- 
ouaiy  increaaing  the  copper 
volume,  to  the  great  ^ain 
of  qm  and  the  ventilation. 
There  ii  a  pretty  decided 
limit,  however^  since  the 
ooil-end  copper  increasee  aa 
v>  and  the  ooil-end  leakaqn 
aa  >'.  Assumins  h.p.  —  10, 
R-1.200,/- 60ia  -  25,000, 
A-400,  m  -800;  the  weighU 
of  copper  are  aa  given  in 
Fig.  114;  D.  I,  g./  and  fa 
{'^r/Ti  are  alao  shown. 

SM.  Total  coat  of 
maaafaetar*  or  works 
oott.  A  very  useful  crite- 
rion of  kt  (and  therefore  of 
ff) ,  from  the  cost  standpoint, 
may  be  obtained  by  too  nse 
of  the  following  empirical 
formula  for  the  total  works 
east  (t.w.c.)  taken  from 
Bobart's  "Electrio  Mo- 
tors," 2d  Edition,  page  fi94. 
t.o.w.-iCJ)(i4-0.79,T) 
(doUars)  (79) 

where  JC«  is  a  factor  whicli 
variea  but  slightly  with  the 
sise  and  nroportiona  of  the 
motor.  By  substituting, 
differentiating,  and  sol  viof, 
the  value  of  «a  for  a  raini- 
(we  is   b-0.7I/«r. 


10.000 


uo 

Borte-powox 

Pro.    113. — Values  of  peripheral  loading  and 

primary  slot  depth.  ^^^^ 

Again  the  minimum  is  a  fairly  flat  one  and  considerable  leeway  is  available. 
Iflarger  valuea  of  v  and  kt  are  taken,  larger  B  and  A  may  alao  be  employed. 
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Via.  114. — Influence  of  peripheral  velocity  on  vital  induction-motor 
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which,  liAving  been  ttMumed  coDstant  in  determining  the  above  value  of  At, 

vill  flatten  the  minimum  still 

more  and  raise  the  desirable 

values  of  s  and  kt.     Fig.  115 

shows  feu- a  series  of  100-h.p., 

25-cycle,   three-phase,  squu*- 

rel-ca^e    motors    at    various 

speeds,  the  influence  which  kt 

exerts  on  the  cost,  and  Fig. 

116  shows  the  corresponding 

values  of  the  circle  ratio. 

It  is  instructive  also  to 
regard  the  cost  from  another 
standpoint.  The  cost  of  the 
ropper  and  laminations  is 'first 
ntimated,  and  is  designated 
u  the  coet  of  net  effective 
material.  If  wederignate  the 
overall  diameter(in  inches]  by 
Dp  and  the  grosB  core  length 
[in  inches]  by  /,  we  may  take 
the  cost  of  tjfie  labor,  the  over- 
head charges  and  the  struc- 
tsral  material,  in  dollars,  as 
iD^/ll)  +  0.20D^.        It 
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^A-^^ 
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7^ 
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it 

Fio.   115. — Total  works  cost  of  100-h.p.  in- 
.    .  ^duction  motors  as  function  of  ratio  pole-pitch 

■ccn  from  this  formula  that  a  "to  gross  core  length.     Full-pitch  winding  as- 
motor  inth  an  overall  diam-    sumed. 
etcr  of  80  in.  will  have  an 

oTwhead  cost  approaching  (SSV11)~S680,  as  I  approaches  aero.    If  I  is 

equal  to  16  in.,  the  cost  to  be  debited 
to  labor,  overhead  charges  and  struc- 
tural material  amounts  to  (580 -t-0.20X 
80Xie)-S836.  The  total  works  cost 
is  S836  plus  the  outlay  for  the  net  ef- 
fective material.  While  such  methods 
require  adjustment  to  the  var^nng  con- 
ditions in  different  works,  it  is  never- 
theless instructive  to  employ  them. 

From  the  relation  fa  — 0.71/a,  for 
minimum  total  works  cost,  it  can  be 

shown  that:        

0.79    •  [KR       780    »  [kS 
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Fig.  116. — Circle  ratio  of  induc- 
tion motors  as  a  function  of  ratio  of 
Pole  pitch  to  gross  core  length. 


(80) 
Average   values    employed    for  r  are 
shown  in  Par.  S88. 
IM.  Poto  pitch  (In.)  for  three-phaae  »qulrr»l-o»g«  motori 


Frequency 

Rated 

output 

h.p. 

4 
poles 

6 
poles 

8 
poles 

12 
poles 

16 
poles 

24  , 
poles 

25 
Cycles 

10 
20 
40 
80 
ISO 
400 

7.6 
8.7 
10.2 
U.8 
13.8 
18.6 

6.3 

7.6 

8.7 

10.2 

11.8 

15.8 

5.5 
6.7 
7.9 
9.5 
10.6 
14.2 

5.5 
6.8 
8.3 
9.5 
12.2 

" 

50 
Cycles 

10 
20 
40 
80 
150 
400 

6.7 

7.5 

8.7 

10.0 

11.8 

16.0 

5.6 
6.3 
7.8 
8.7 
9.9 
13.0 

4.7 
5.5 
6.7 
7.9 
9.1 
11.8 

4.7 
5.5 
6.7 
7.9 
10.2 

5.1 
6.3 
7.1 
9.1 

"s.s 

6.3 
7.9 

CM 


Joogle 


Sec.  7-256       a.  c.  gsnerators  and  motors 


>M.  OoU-end-l«ak«ca  limit  of  iMrlpharal  valoelty.  Tha  other  limit 
to  «  it  the  ooU-CDd  leakase,  wbioh  is  proportionsl  to  •*  (aee  Far.  ItS,  Eq.  S8a, 
and  remember  that  Jb  n  proportional  to  *').  q^/  has  been  eomputedf  or  the 
10-h.p.  motor  of  Fi(.  114,  and  is  plotted  in  Fig.  1 17.  If  A  were  taken  laixer. 
both  the  total  copper  and  the  (•/  curvee  of  Fig.  114  would  be  bicner. 
A  change  in  03  would  not  affect  aitner  appreciably.  By  using  a  f  raetional- 
pitch  winding,  both  of  these  curves  would  be  lowered  somewhat,  but  there 
IB  a  limit  to  this,  owing  to  the  necessity  for  more  active  conductors  to  generate 
the  same  e.m.f.,  or  larger  values  of  (B  and  9.1.  A  larger  value  for  A  would 
lower  both,  and  a  larger  n.p.  wouldlowerffc/;  but  these  arespeeifications.  The 
curve*  of  Fig.  117  show  without  necessary  comment  why  •  may  not  be  carried 
above  a  pretty  definite  upper  limit  for  any  given  specifications. 

U1,  Fracttonal-piteh  wlndlnx*.  The  use  of  any  considerable  pitch 
reduction  or  chording  (beyond  the  five^siztfas  used  for  the  curves  of  fi^a. 

118  to  121)  means  an  in- 
cressed  exciting  current 
(g.)  and  a  decreased  reac- 
tance (ss),  other  things  be- 
ing equal.  If  the  motor 
in  (luestion  were  propeiiy 
designed  for  full  pitch,  the 
pitch  reduction  should  be 
accompanied  by  a  decrease 
of  (B,  an  increase  of  A 
and  of  T.  This  will  not  <>•- 
ually  increase  either  the 
power-factor  ortheapeeifie 
output  (ft<  or  t),  but  rather 
2QQ   the  reverse.     It  will,  how- 


»  m  »  » 

PeilpbsralTeloelty  — •  (Pt.iwrgsc.} 

Flo.  117. — Coil-epd  leakage  as  function  ol 
peripheral  velocity  and  of  peripheral  loading  for 
a  &-n.p.  motor. 
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ever,  increaoe  the  diameter 
and  decrease  the  length  of 
the  core,  thuBincreaune  the 
natural  heat-dissipatinc 
power  of  the  machine.  It 
will  alao  reduce  the  overall 
len^h,  which  in  some  cases  means  a  considerable  saving  in  cost.  The  moat 
obvious  place  for  the^  fractional-pitch  winding  is  the  two-pole  motor,  where 
a  pitch  as  low  as  0.5  is  sometime  used. 

SU.  Data.  Figs.  118  to  121  give  values  of  (R.  «  and  Ai,  and  the  corre- 
BI>onding  values  of  a«,  qm,  g,  k»,  (,  kt,  and  paver-faotort  for  squirrel-cage  motors 
with  open-stator  slots  and  nearly  closed-rotor  slots,  and  a  coil  pitoa  of  five- 
sixths  except- where  otherwise  designated.  The  curves  have  been  computed 
on  the  following  basis:  Ai  is  approximated  largely  on  the  basis  of  beating; 
the  values  of  (B  are  a  compromise  between  first  cost  and  stalling  torque  on 
the  one  hand  and  power-factor  on  the  other,  with  more  weight  clven  to  the 
former {k*  (upon  wnich  v  depends)  is  a  compromlBe between  cost  and  ventila- 
tion. From  these  assumed  values  the  other  quantities  have  been  computed. 
Both  (B  and  Jbi  are  larger  than  arc  frequently  met  with  in.  practice,  and  doubt- 
less too  larse  to  meet  some  specifications. 

If  closea  elots  had  been  used  on  the  stators,  larger  values  of  (B  could  have 
been  employed  to  advantage,  not  only  because  of  the  lower  reluctance  of 
air-gap  out  also  because  of  the  higher  allowable  tooth  density.  This  in* 
creased  (B  does  not  ordinarily  result  in  an  increase  of  power-factor,  sometimes 
the  reverse  is  true;  but  it  does  mean  a  smaller  machine  and  less  active 
material.  This  may  or  may  not  mean  a  cheaper  machine,  according  as  the 
extra  cost  of  labor  in  winding  is  or  is  not  made  up  by  the  savingin  materia. 
In  general  it  would  be  cheaper  in  Europe  and  more  expensive  in  this  country. 

Two-pole  motors  are  rarely  met  with  and  the  data  for  this  type  is  given 
to  show  possibilities  and  the  value  of  low  coil  pitch  for  two  poles.  The 
disadvantage  is  chiefly  connected  with  the  poorer  nstural  ventilation  of 
a  long-core  machine  with  short  air-gap. 

SM.  CauHon.  Such  information  as  given  in  Figs.  118  to  121,  and  else- 
where in  tables  or  curves,  should  be  taken  only  as  a  rou^h  guide,  and  as 
indicating  the  relations  between  the  several  quantitiea  involved,  ratiier 
than  their  absolute  values.  These  latter  may  be  altered  over  a  moderate 
range  to  suit  special  specifications,  and  will  vary  condderably  in  machinea 
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Fio.  119. — Vital  conatanta  of  motori  of  Fig.  118. 
Fid*.  118    AND    119. — 25-cycle    3-phasv   squirrel-cafe    induction    motors, 
Stator  alota  open.     Rotor  alots  nearly  clo«ed.Vii^)L>y  IC 
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Ta  woie'I  and  7/  dlfter  in  apaoe  phase  by  from  180  deg.  to  360  d« 


HmgnriA  by  different  engineera  to  meet  the  same  spaeifieationa.     Some  engi- 
Beeca  uae  practically  the  aame  value  of  (&in  allnieafor  a  given   frequency, 

TBI  SIHaLS-PBAU  IHDVOTJOH  KOTOB 
MO.  Theory  of  operation.  Assume  the  primary  ourrent  to  produce  a 
ainuBoidaUy  distributed  Cin  space)  and  sinusoidaUy  alternating  (with  time) 
m.m.f.  This  is  the  exact  equivalent  of  two  equal  half-value  sinusoidaUy 
distributed  in.m./a.  which  revolve  or  glide  around  the  air  gap  at  syn- 
cfaranous  speed  in  opposite  directions.  This  is  illustrated  in  Fig.  122 
where  00  is  the  sir-gap  circle,  developed  out  into  a  straight  line,  /  and  //  are 
the  two  appositely  revolving  sinusoidaUy  distributed  m.mjt.,  and  A  their 
resultant  (tne  alternating  sinusoidaUy  distributed  m.m.f.).     When  /  and  // 

sultant  A  will  be 
e  pnase  by  from  180  deg.  to  aou  dec. 
Thus  /  and  //  wiU  eaoh  have  a  magnitude  one-half  the  maximum  value  of  A. 
Ml.  Oompariion  at  rarolTiac  flalda  with  those  at  three-phaae 
Baton.  It  IS  entirely  legitimate  to  determine  the  effect  of  the  alter- 
natisg  m.iB./.  upon  a  short-circuited  secondary  (s.ff.,  a  s(^uirrel-caae  second- 
•ry)  by  superposing  the  effects  of  the  two  equi  valentrerolving  ffl.m,  ft.  These 
effects  may  be  found  bv  the  ordinary  pMyphase  induction  motor  analysis. 
Let  /  be  the  forward  and  II  the  backward-revolving  m.m.f.  and  let  Ji 
and  Jt  be  the  two  equal,  m.m./.-equivalent,  three-phase  currents.  Assume 
that  thesquirrel-cage  rotor  is  revolving  forward  at  a  small  slip,*,  withrespect 
to  /,  and  therefore  at  a  vctv  large  slip, 
3-<,  with  respect  to  //,  The  total  ap- 
BorefU  impedance  to  ./i  is  relatively 
Urge,  and  that  to  J t  relatively  sm  aU,  so 
that  the  e.m.f .  Bu,  absorbed  by  Ji,  will 
belarge  aa  compared  to  the  e.m.f.  Ba 
■faeorbed  by  Jt.  The  total  impreesed 
e.in.f.  will  be  £i,  the  vector  sum  of  Bn 
and  Bu.  Bi  is  assumed  constant. 
The  flux  of  the  forward-revolving  field 
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Flo.  122. — Sinuwridany  distrib- 
uted alternating  m.m.f.  resolved  into 
two  equal  sinusoidaUy  distributed 
oppcsitdy  revolving  m.m.fs. 


Fia.  123. — The  torque  curves  of 
the  two  hypothetical  fields  of  the 
single-phase  motor,  and  their  result- 
ant. 


win  then  be  much  larger  than  that  of  the  backward-revolving  field,  within 
the  forward  working  range.  With  the  rotor  stationary,  Bii  =  Bu,  the  fields 
are  equal  and  produce  equal  and  opposite  torques. 

m.  Bpoad-torque  eharaeterlitief.  The  torque  curves  of  the  two 
fields  are  shown  approximately  in  Fig.  123,  as  Ti  and  Tt,  with  their  sum 
T-Ti  +  Ti.  These  are  not  normal  polyphase  speed-torque  curves,  since  the 
impressed  voltages  ffii  and  Bu  are  not  constant,  each  decreasing  as  its  own 
dip  increases. 

tW.  Startinc  torqn*  *aro.  The  aingle-phaae  induction  motor  thus  has 
so  startiiig  t<nque,  but  wiU  run  in  either  direction  when  once  started. 
Near  syncnronism  it  behavee  verv  much  like  a  polyphase  motor.  The  com- 
bination of  the  large  forward  field  with  the  amall  backward  field  yields  an 
tOiptical  revolving  field,  the  major  axis  of  which  is  the  sum  of  the  two  fields 
and  the  minor  axis  of  which  is  their  difference.  This  elliptical  field  becomes  an 
alternating  or  straigbt-Une  field  at  sero  rotor  apeed,  and  a  circular  revolving 
field  at  synchronism. 

tM.  ComparisoB  af  iiii|4*-phaM  and  polyphaaa  oparstloit.  A  _Y- 
eoaneeted  three-phase  motor  with  one  terminal  disconnected  from  the  line 
wili  emstitate  a  iairly  normal  single-phase  motor,  see  Fig.  134. 
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3U.  beltinc  currant.  Tbia  b  nearly  tvrioe  u  large  a«  for  the  three- 
pfaaae  oaae,  approzunately  half  of  it  being  the  refleotion  in  the  primary  of  th« 
no-load  secondary  current  which  auppUfle  an  m.m./>  in  apace  and  time  qaad- 
rature  with  the  primary  m.m.f.  and  thus  produces  a  revolving  field. 

IM.  Output  and  rating  ralatiTe  to  polyphaae  machina.    The  ss.fe 

■ingle-phase  rating  of  a  three-phase  motor  at  rated  voltage  is  about  60  per 
cent,  of  the  three-phase  rating  at  the  same  voltage,  but  a  better  balance  of 
losses  is  obtained  at  a  slightly  increased  line  voltage,  when  the  safe  output 
may  be  increased  to  about  two-thirds  that  of  the  polyphase  ease. 

UT.  Saoondary  euirant  and  copper  lou.  Unlike  the  three-phaao 
motor,  the  rotor  current  of  the  single-pnase  motor  is  not  sero  at  synenron- 
ism,  but  has  a  definite  value.  This  may  be  looked  upon  as  a  part  of  the 
exciting  current,  and  is  present  in  lesser  degree  at  higher  slips.  The  seoowlaiy 
copper  loss  is  also  not  sero  at  synchronimn  and  is  no  longer  propoitional  to 
the  alip.     It  is  obviously  larger  at  all  loads  than  when  running  three-phaae. 

Its.  Methods  of  starting.  The  most  common  method  of  startiac 
single-i>ha*e  induction  motors  is  known  as  the  split-phase  method.  The 
motor  is  supplied  with  an  auiiliary  jvinding  in  space  quadrature  with  the 
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Fio.  125. — Dimensions  and 
data  of  a  one-eighth  horse- 
power single-phase  motor. 


Fia.    124. — Characteristic   curves  of  a 
three-phase  induction  motor  operated  (1) 
from  a  three-phase  circuit  and  (2)  from 
single-phase  circuit. 

main  windings  (sometimes  this  consists  of  the  third  phase  of  a  three-phase  Y 
winding).  The  supply  current  is  divided  before  it  reaches  the  motor,  one 
part  gomg  through  a  reactance  to  the  main  winding,  and  the  other  through  a 
non-inductive  resistance  to  the  auxiliary  or  starting  winding.  If  the  resist- 
ance and  reactance  are  properly  chosen,  the  phase  difference  thus  pro- 
duced between  the  c.m.fs.  Em  and  £•  is  sufficient  to  produce  an  elliptical 
revolving  field. 

Sometimes  in  the  case  of  small  motors  which  can  be  thrown  directly  on 
the  line,  h  is  omitted  and  the  extra  resistance  is  obtained  within  the  starting 
winding  itself  by  usint;  a  small  sixe  of  wire.  In  this  case  the  cutting  out  <M 
the  starting  winding  is  accomplished  automatically  by  a  centrifugal  device. 
The  dimensions  and  data  of  such  a  motor  are  given  in  Par.  STO  and  in  Fig. 
125.     Its  test  data  are  given  in  Fig.  128. 

IM.  Design  of  slngla-phase  induction  motor.  From  the  above  it 
is  obvious  that  to  design  a  single-phase  motor  means  simply  to  devga  a 
good  polyphase  motor  for  about  one  and  one-half  times  the  desired  nngle- 
phase  output. 
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Wiadiac  date  for  0.1U-h.p.,  M-ay«to,  4-poto,  ll»-T»lt,  t»U- 
,  ila^a-plMM  ladaetlea  motor.  Bee  Fiat.  125  and  126.  The 
nain  or  workinc  windinc  i*  wound  with  No.  20  wire  and  baa  l.OM  active 
eoDdueton.  TEe  etartinc  windins  ia  woand  with  No.  25  wire  and  hu  576 
aetiTe  oonductora.  For  eaeh  winding  the  active  oonducton  are  connected 
in  aeriea.  Numbering  tile  alota  for  1  pole  from  1  to  S,  the  loUowing  table 
alkOWB  the  diatribution  of  the  two  winding. 


Ui 
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Torquv-Lb.  Tt. 

Flo.   120.-— Characteriatic  curvce  of  a  one-.eighth  horse  power  ainsle-phaae 

motor. 


Slot 

1 

2 

3 

4 

5 

6 

7 

8 

« 

Total 
(1  pole) 

Workinc  winding. 
Starting  winding. 

0 
34 

19 
24 

38 
24 

38 
12 

88 
0 

38      38 
0      12 

38 
24 

19 
24 

2«e 

144 

SPUD  coimtoL  or  iin>noTioir  motosb 

fTl.  Prijnaiy  eontrol.  The  speed  of  an  induction  motor  may  be  changed 
over  a  amall  range  by  variation  of  the  voltage  applied  to  tlie  motor,  the  torque 
being  proportional  to  the  square  of  the  voltage  for  any  given  alio.  Witn  a 
constant  vcdiage  supply,  the  voltage  on  the  motor  primary  may  be  changed 
by  uaing  either  senec  resiatanee  or  a  compensator.  Advantagec  of  the 
primary  system  of  control  are  the  poeaibility  of  uain^  the  squirrel-cage  rotor, 
and  the  aimplidty  of  the  raaiataoce  controller.  A  aquirrel-cage  rotor  designed 
(or  thia  sernce  is  expensive,  as  its  resistance  must  oe  high  in  order  to  obtain 
a  reasonable  speed  Tsriation.  Thisresults  in  large  rotor  Tosses,  and  therefore 
a  large  motor,  so  that  the  temperature  may  be  maintained  at  reasonable 
values.  Compensator  eontrol  is  aomplieatea  and  expensive.  Corapeosator 
coils  eannot  be  short-circuited  aa  can  resistance,  but  must  be  cut  out,  and 
therefore  a  more  complicated  controller  is  necessary.  Compensator  control 
has  a  higher  efficiency  than  reeistance  control,  and  takes  less  current;  but  it 
has  a  poorer  power-factor. 

tn.  Sseondary  siwsd  control  of  induction  motors.  Speed  variation 
can  be  obtained  in  an  induction  motor  by  unng  a  wound  rotor  with  elip-rinn 
and  conneeting  variable  resistances  between  these  slip-rings.     By  propeiv 


proportioning  this  rotor  resistance,  the  starting  current  or  the  starting 
lofqna  may  De  adjusted  to  any  required  value,  and  by  properlv  deaigniM 
the  reststaoee  steps,  any  speed-torque  curve  may  be  approiimated.  Fig.  127 
firee  four  spssd-tMque  eurves  where  this  type  of  control  is  used.     Curve 
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obtained  with  inorAaaing  resistance  steps.  In  Fig.  128  the  ourrent-toroue 
curve  for  the  above  speed-torque  curves,  is  shown,  the  torque  per  amp.  beins 
independent  of  the  speed  for  this  t^pe  of  control.  Since  wiUi  thLs  method 
speed  variation  is  obtained  by  wasting  energy  in  rheostats,  it  is  not  suited  to 
continuous  running  at  speeds  much  below  synchronous  speed. 

ITS.  Dii&dTantages  of  Mcondair-raaiitu&ce  control.  For  mny  one 
value  of  the  resistance  the  speed  changes  greatly  with  variations  of  the  load 
and  rises  to  practically  its  synchronous  value  at  no-load,  whatever  be  the 
resistance.  The  higher  the  resistance,  the  more  the  speed  will  vary  for  a 
small  change  in  load.  An  amount  of  power  proportional  to  the  speed 
reduction  is  lost  in  the  resistance,  that  is,  if  the  speed  is  decreased  to  30  per 
oent.  below  normal,  30  per  oent.  of  the  energy  taken  from  the  line  ia  lost. 
ST4.  AdTuitaffM  of  secondary-resistance  control  are  simpiieity  of 
connections  and  relatively  small  increaee 
in  cost  of  motor,  over  that  of  a  constant- 
speed  induction  motor.  Xhis  method  is 
exactly  equivalent  to  the  armature-eeries- 


0        .  100         200        300 
%  Full  Load  Torqaa 
Fia.  127. — Torque  speed  curves  of 
an  induction  motor  with  speed  con- 
trcdled  by  varying  the  resistances  in 
series  with  the  secondary  circuits. 
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resistance  control  of  the  speed  of  a  direct-current  shunt  motor  under  con- 
stant voltage. 

Uses — cranes,  elevators  and  rolling  mills. 

tra.  Frequency  changing  m  a  meana  of  Mcuring  Tarioua  ■p««da. 

There  are  various  ways  of  applying  this  priociple  and  all  are  characterised 
by  hi^b  first  cost.  £.0.,  use  several  alterQatora  of  different  frequencies,  an 
objection  being'  the  trouble  in  throwing  over  from  one  to  the  other,-  or  use 
alternator  driven  at  variable  speed,  when  each  motor  must  have  ita  own 
alternator. 

IT*.  8p«ed  Chandra  by  Tariatlon  of  number  of  polu  (multlapeod 
ntotora) .  ^  It  is  obviously  possible  by  regrouping  the  coils  on  the  stator  of 
an  induction  motor  so  as  to  alter  the  number  of  poles,  to  also  alter  the 
synchronous  speed  of  the  motor.  With  pole-changing  a  squirrel-cage  rotor 
is  generally  used,  as  with  a  wound  rotor  the  rotor  conductors  must  also  be 
regrouped.  But  in  certain  services  such  as  in  rolling  mills,  secondary  resist- 
ancecontrol  demands  a  wound  rotor.  With  an  ordinary  two-layer  drum 
winding  the  pitch  of  the  coils  changes  as  the  number  of  poles  is  changed: 
for  instance  a  two-thirds  pitch  for  four  poles  means  a  one  and  one-third  pitch 
for  8  poles.  On  this  account  it  is  in  practice  unsatisfactory  to  carry  the 
range  of  speed  variation  by  pole  changing  beyond  the  2  to  1  fatio.  The 
above  suggested  jiitch  is  on  the  whole  the  most  satisfactory  for  a  two  to  one 
change.  It  is  quite  possible  to  get  into  serious  difficulties  by  the  use  of  cer- 
tain other  pitches.  This  method  of  pole  changing  results  in  poor  Constanta 
at  one  or  both  of  the  speeds,  and  the  controlleris  usually  expensive.  Instead 
of  regrouping  the  coils,  the  atator  may  be  provided  with  separate  windings 
of  different  pole  numbers.     This  metnod  is  also  expensive. 

>TT.  Dlraot-eonoatanatlon  and  diflerential  concatenation  control.  * 
ll  the  secondary  of  a  wound  rotor  is  connected  to  the  primary  of  another  in- 

_  *  Danielson,  Kmst.  "A  Novel  Combination  of  Polyphase  Motors  for 
TtMtion  Purpotas,"  Tran$.  A.  I.  E.  E..  Vol.  XIX,  page  527. 
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duction  motor  wjth  a  short-circuited  secondary,  and  the  shafts  of  the  two 
Diotora  coupled  together,  the  two  motors  will  run  at  a  speed  the  same  as  that 
of  a  motor  having  as  many  poles  as  the  two  motors  together.  This  holds  if 
the  two  rotors  tend  to  revolve  in  the  same  direction,  which  is  called  con- 
cecting  the  motors  in  direct  concatenation,  or  direct  cascade.  If  the  motors 
are  ao  connected  that  the  rotors  tend  to  revolve  in  opposite  directions,  the 
speed  of  the  set  will  be  that  of  a  motor  having  a  number  of  poles  equal  to 
toe  difference  of  the  numbers  of  poles  of  the  two  motors.  This  connection 
is  called  differential  concatenation  or  differential  cascade. 

tTB.  Fotgible  iiwed  adjuitznents  with  ooncatonatlon  control. 
Thus  it  is  evident  that  by  connecting  two  motors  of  different  numbers  of 
poles  in  either  direct  or  differential  concatenation,  and  by  using  either  motor 
separately,  four  different  speeds  can  be  obtained.  If  the  second  machine 
has  a  wound  rotor,  a  resistance  can  be  used  to  obtain  speeds  between  the 
different  concatenated  speeds.  By  providing  each  motor  with  pole-changing 
windings,  it  is  obvious  that  the  number  of  speeds  may  be  great.  It  is  rare, 
however,  that  this  combination  is  desirable. 

tT9.  The  chief  objection  to  cascade  control  is  the  poor  utilisation 
of  material,  and  the  poor  operating  characteristics.  One  reason  for  this  is 
that  the  exciting  volt-amperes  of  the  second  motor  must  be  supplied  by  the 
secondary  of  the  first  motor,  and  are  reflected  in  its  primary.  Thus  the  ex- 
dting  volt-amperes  of  the  se^  is  the  sum  of  those  of  the  individual  motors. 
Another  cause  is  that  the  two  motors  are  substantially  in  aeries  and  their  re- 
actanoee  add  together  to  furnish  the  reactance  of  the  set.  Thus  in  the  case 
of  two  equal  motors,  their  combined  output  at  breakdown  will  be  only  half 
that  of  one  of  them  alone.  In  fact  it  will  be  less  than  half,  owing  to  the 
doable  exciting  current  in  the  first  motor.  Both  causes  work  to  produce 
an  unusually  low  power-factor.  Finally  the  losses  are  these  of  two  motors 
(although  some  of  the  loraes  are  less  than  when  the  motors  are  running  alone 
at  fulHoad)  with  a  combined  output  about  one-half  that  of  a  single  motor. 
The  efficiency  is  thus  very  low. 

no.  ActOAl  operatinff  data  of  cascade  control.  These  points  aro 
illustrated  by  the  curves  of  Figs.  129  and  130  taken  from  actual  tests:  the 
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Fio.  12©. — Characteristic    curvee  Fio.    130. — Cbaracloriatic   curves 

for  a  6-h.p.  polyphase  motor  oper-  of  two  motors  of  the  properties 
ated  direct  from  the  supply,  shown  in  Fig.  129,  when  operated  in 

cascade. 

former  for  a  single  5-h.p.  motor,  and  F!g.  130  for  two  such  motors  in  con- 
catenation. In  this  particular  case  it  is  not  safe  to  rate  the  sot  above  2.5  h.p. 
because  of  the  early  breakdown;  but  with  lower  reactance  motors,  the  Inoi- 
vidual  breakdown  might  eanily  be  13  h.p.  and  the  concatenated  breakdown, 
6  b.p.  This  would  allow  a  safe  torque-rating  of  3.fi  h.p.,  which  would  also 
be  about  the  safe  rating,  on  the  basis  of  maximum  safe  temperature. 

Whereas  the  two-speed  <by  pole  changing)  motor  has  a  naif-speed  rating 
of  more  than  half  of  its  full-speed  rating,  the  concatenated  rating  of  two 
equal  motors  ia  at  most  only  about  one-third  of  the  combined  fuU-epeed 
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rfttizk£.  If,  however,  a  16  h.p.  16-pole  motor  be  concateoAied  with  a  4-li.|>. 
4-pole  motor,  their  combined  synchronoua  speed  at  00  eydto  will  be  360  rev. 
permin.  NegleotinsrloBsefl.four-fifthsoftheelectJricalpowerdeUvered  to  tbe 
lG-p(^e  motor  will  oe  converted  to  mechanit^l  power  and  ooe-tifth  t-rmn*- 
mitted  to  tbe  4-pole  motor  and  there  converted  into  mechanical  power.  In 
this  case,  the  breakdown  output  of  the  set  will  be  a  little  leas  than  four-fifths 
thai  of  the  large  motor,  which  is  not  a  sufficient  reduction  to  iofiuenee  the 
ratioK  of  the  set,  which  on  a  heating  basis  wiil  be  only  a  little  less  thaa  that 
of  Uie  larger  motor,  or  a  little  less  than  four^fifths  that  of^  the  two  motors 
combined.  Tlie  same  is  true  of  the  differential  concatenatioo  with  a  M>ee<i 
of  600  rev,  per  min.  This  set  thus  has  throe  speeds — 360,  450,  600  ^rev'. 
per  min.),  all  with  approximately  the  same  power,  and  a  speed  of  1.800  rev. 
per  min.  with  the  small  motor  alone,  but  at  only  4  h.p.  In  differeDtial  cas- 
cade the  small  machine  acts  as  an  induction  generator  and  frequency  chancer. 
This  arrangement  will  not  start  itself  exceptby  connecting  the  small  motor  to 
the  line  until  the  speed  is  nearly  that  desired,  then  throwing  over  to  tha  dif- 
erentiiU  cascade  connection.  The  cascade  operation  is  thus  much  more  eco- 
DomicaJ  and  efficient  for  moderate  speed  changes,  while  {he  pole  chunging 
method  is  more  satisfactory  for  a  two-  to  one-speed  ratio. 

m.  The  spinner  motor.  Different  speeds  are  secured  with  the  spinner 
motor  by  a  combination  of  electrical  and  mechanical  featuf^.  The  motor 
consists  of  a  "stator"  or  fixed  primary,  a  "rotor,"  and  between  them  a 
"spinner"  rotating  independer)tly  of  the  rotor,  and  having  a  short- 
circuited  winding  which  is  the  secondary  for  tbe  stator,  and  a  slip-rio^ 
winding  which  is  the  primary  to  the  rotor.  The  primary  on  the  stator 
and  that  on  the  spinner  are  wound  for  different  numbers  of  poles,  the  stator 
being  usually  wound  for  the  larger  number  of  poles,  owing  to  the  larser 
diameter. 

tSS.  Beourixsf  v*rtout  speeds  with  apianer  motor.  By  dutohinc 
together  the  spinner  and  rotor,  and  exciting  only  the  stator  winding,  one 
speed  is  obtained;  by  exciting  only  the  spinner  and  locking  it  to  the  statcM*, 
a  second  speed  of  the  rotor  is  obtained;  by  allowing  the  spinner  to  run  free 
andexcitingboth  windinesothatthe  m.m./.  of  each  travelsln  the  same  direc- 
tion, gives  a  third  speed,  the  sum  of  the  two  elementary  speeds,  and  by 
exciting  them  so  that  the  m.m./.  travels  around  them  in  opposite  directiooa 
gives  a  fourth  speed,  the  difference  between  the  two  elementary  speeds. 

tSS.  BibUoffrapby  of  spinner  motor.  The  development  o^  the  spinner 
motor  is  due  Mr.  Henry  A.  Mavor,  who  has  described  it  in  (He  following 
papers:  "Electric  Propulsion  of  Ships'*  read  before  the  Institute  of  Engi- 
neers and  fihipbuildera  in  Scotland,  on  Feb.  18,  1908;  and  *'  Marine  Pro-. 
pulsion  by  Electric  Motors."  read  at  the  Institute  of  Civil  Engineers,  on 
Deo.  7,  1909  (see  p.  134  of  Vol.  CLXXIX  of  Proc.  I.  C.  E).  The  develop- 
ment of  this  type  of  motor  has  recently  been  taken  up  by  the  Oerliken  Co.. 
and  a  line  of  spinner  motors  developed  \fy  them  is  described  on  page  1247  of 
the  Electrical  World  for  Mav  30,  1014,  in  an  article  by  A.  Hoemeur  and  M. 
P.  Misslin  entitled  "Adjustaolc-speod  Polyphase  Induction  Motors."  The 
article  contains  complete  data  of  the  efficiency  and  other  properties  of  these 
motors  at  various  spieeds. 

S84.  Multiple  motor.  This  is  also  the  invention  of  Mr.  Henry  A.  Mavor. 
A  500-h.p.  motor  of  this  type  has  been  employed  on  the  electrically  equipped 
cargo  boat  Tynemount  (Sec.  18).  The  rotor  is  of  the  aquirrel-cage  type. 
The  stator  has  two  independent  mutually  non-inductive  windings  of  different 
pole  numbers.  For  full-flpee<t  and  power  these  two  windings  are  fed  with 
electricity  of  frequencies  proportional  to  their  pole  numbers  and  hence  coop- 
erate to  drive  the  rotor  at  a  given  speed.  For  low  speed  and  power,  the 
winding  of  greater  pole-number  is  fed  from  the  supply  of  lower  frequency 
and  dnves  the  motor  at  the  corresponding  low  speed.  The  motor  is  de- 
scribed in  British  Patent.  No.  12917.  of  1909. 

I8S.  The  "Hunt'*  Internally  concatenated  motor.*  This  machine 
operates  upon  the  "cascade"  pnnciple,  having  two  superimposed  magnetic 
systems  in  the  stator,  one  field  being  generated  by  the  stator  winding,  and 
the  second  by  the  rotor  winding  which  reacts  upon  the  stator  producing  the 
second  magnetic  field  and  giving  the  cascade  effect.     Consider  the  case  of  a 


*  Hunt.     Joum,  I.  E.  E.;  Vol.  LII,  1913,  p.  406. 
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motor  wound  for  a  12-poIe  osaoade  apeed.  The  stator  ia  provided  with  an 
ordinary  S-pole  winding,  divided  into  aectiona  which  are  connected  in  parallel. 
The  rotor  ia  wound  in  such  a  way  that  either  an  8-pole  or  both  an  8-pole  and 
a  4-pole  winding  can  be  obtainea  by  either  ahort-oirouiting  or  open  circuiting 
the  rotor  alip-iinga,  producing  either  an  8-pole  or  a  12-pole  ipeecf  of  the  motor. 
The  starting  rheostat  ia  connected  across  the  rotor  alip-rings.  The  Hunt 
motor  gives  constant  torque  at  the  different  speeds,  the  output  being  there- 
fore proportional  to  the  speed. 

ALTERRATnTG-CUKKENT  COMMUTATOR  MOTORS 

SM.  ClmnUoation.  Altemating-cumnt  commutator  motors  may  be 
grouped  into  two  classes,  as  follows: 

(a)  Those  motors  in  which  the  resultant  m,m.f.  providing  the  flux,  increases 
with  the  load.  When  operated  f  rom^  a  source  of  constant  pressure,  the  speed 
of  sndi  motors  decreases  with  increasing  load.  They  are  termed  series  motors 
from  the  similaxity  of  their  oharactenstics  to  those  of  series-wound  direct- 
current  motors,  (b)  those  motors  in  which  the  resultant  num./,  providing 
the  flux,  is  substantially  constant  irrespective  of  the  load.  For  operation 
from  a  source  of  constant  pressure,  the  speed  of  such  motors  is  approximately 
constant.  The  speed  may,  however,  be  increased  or  decreased  (independ- 
ently of  the  load)  bv  increasing  or  decreaainy  the  piessore  at  the  terminals 
of  the  motor,  or  by  the  provision  of  suitably  diaposed  and  connected  auxiliary 
eoila.    Such  motors  are  termed  shunt  motors. 

Attematinc-eurrent  commutator  motors  are  either  single  phase  or  poly- 
phase. 

UT.  Sincto-phM*  itralcbt  Mrim.  An  ordinary  direct-current  series 
motor  if  constructed  with  a  well-laminated  field  circuit,  will  operate  (al- 
though unsatisfactoiily)  if  connected  to  a  suitable  source  of  sinsle-phase 
alternating  electricity.  Snce  the  armature  is  in  series  with  the  nela,  the 
periodic  rerersals  of  current  in  the  armature  will  correspond  with  simultane- 
ous revervals  in  the  direction  of  the  flux,  and  consequently  the  torque  will 
always  be  in  the  same  direc- 
tion. But  the  inductance  of  ^^^.^~^^^y^\^^^^-,-^^  -s^-^^^s^-  ■>f  ->,:  •><•  ■ .  3 
the  motor  will  be  so  great  that 
the  current  will  lag  greatly 
behind  the  Toltage,  and  the 
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Fia.  131. — Circuit  of  series  Fio.    182. — Diagram  showing  location    of 

motor.  -        high-resistance  leads  between  the  winding  and 

the  commutator  segments. 

motor  will  have  a  hopelessly  poor  power-factor.  Such  a  motor  is  shown  di»- 
grammatically  in  Fi^  131,  in  which  F  represents  the  field  and  A  the  armature. 
When  the  motor  is  first  thrown  on  the  circuit  and  before  the  armature  has 
moved  from  rest,  the  field  constitutes  the  primary  of  a  transformer  and  sends 
flux  through  the  armature  core.  Those  armature  turns  which  at  that  instant 
are  short-circuited  under  the  brushes,  act  as  short-circuited  secondary  coils 
and  are  traversed  by  heavy  currents  which  serve  no  useful  purpose  whatso- 
ever and  occanon  serious  beating.  As  soon,  however,  as  the  armature  starts 
to  revolve,  thMe  short-circuited  turns  are  opened  as  they  pass  out  from  under 
the  brushes  and  they  are  replaced  by  other  turns  which  are  momentarily 
abort-circuitwl  and  then  opened.  These  interruptions  of  heavy  currents 
are  accompanied  by  serious  sparking  since  the  heating  is  concentrated  at  the 
few  segments  on  which  the  brushes  rest.  As  soon,  however,  as  a  certuo 
speed  IS  acquired,  the  heating  is  distributed  over  all  the  segments  and,  (be 
conditions  Mcome  amelioratea.     TUa  source  of  sparking  is,  then,  most  senous 
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Bt  the  moment  of  starting.  One  vay  in  whieh  it  has  often  been  souffht  to 
decrease  thu  difficulty^  has  been  by  the  employment  of  leads  of  hi^h  reiri«t- 
ance  oonnecting  the  winding  to  the  commutator  segments  as  indicated  m 
Fig.  132.  The  extra-heavy  lines  in  this  diagram  indicate  the  ccnls  which,  st 
the  particular  instant  considered,  are  short-cirouited  under  the  brushes.  This 
practice  of  introducing  resistance  leads  between  the  wtndinp;  and  the  com- 
mutator segments  has  often  been  carried  so  far  that  notwithstandins  the 
brief  time  during  which  each  lead  is  in  circuit,  the  loss  in  the  leads  has  Deen 
sufficient  to  decrease  seriously  the  efficiency,  and  to  constitute  a  considerable 
component  in  the  total  heating  of  the  motor.  Obviously,  however,  the 
method  affords  a  means  of  limiting  the  short-circuit  currents  occasioned  by 
transformer  action,  and  consequently  improves  the  commutatioa  durinx 
starting. 

The  alternating  current  in  the  intermediate  conductors  (shown  in  lighter 
lines  in  Fig.  132)  is  always  in  such  directions  relatively  to  the  altematinc 
magnetic  mix  set  up  by  the  field  winding,  as  to  occasion  in  the  conductors  a 
torque  in  a  constant  direction.  The  motor  consequently  has  the  necessary 
properties  and  it  becomes  of  interest  to  investigate  means  for  overoomiiig  its 
faults.  How  can  the  power-factor  of  the  motor  be  improved;  how  can  we 
decrease  its  inductance?  We  can  reduce  the  inductance  of  the  field  winding 
by  employing  few  turns.  This  requires  designing  the  magnetic  circuit  for  low 
magnetic  densities  (which,  in  turn,  tends  to  make  the  motor  large  and  heavy)« 
and  with  small  air  gaps. 


Flo.  133. — Loop  of  wire  with 
considerable  inductance. 


FxQ.  134. — Doubled-back  loop 
with  negligible  inductance. 


tSS.  8ingU-ph«M  compensated  tcrics  motor.  At  the  concIuaioQ  of 
Par.  187  we  had  discussed  a  wsy  of  decreasing  the  inductuioe  of  the  field 
winding.  Let  us  consider  now  how  we  may  reduce  the  inductance  of  the 
armature  winding.  A  loop  of  wire,  for  instance  that  shown  in  Fig.  133  has 
considerable  inductance.  A  doubled- 
baok  loop  such  as  that  shown  in  Fig. 
134  has  but  little  inductanoe.  The 
current  returning  in  the  doubled-back 
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Fia.  135. — Circuit)!  of  eeriwi-com-  Flo.    136. — Uaual     diagrammmtio 

penssted  motor.     (The   inner  circle  repreaentatioo   of  a  seriea-compeo- 

reprettenta  the  rotor  winding  and  tlie  sated  motor, 
outer  cirolerepresentsthc  compensat- 
ing winding,  wbicli  ia  on  the  stator.  1 

loop  neutraliiea  the  effect  of  the  outgoing  ourrent  in  the  fint  loop.    Sueh  » 
winding  ia  practically  non-inductive. 

We  mav  crudely  imitate  tfaia  in  a  motor.     If  the  current  after  floiring 
through  all  the  turns  €iC  the  armature  winding  ia  compelled  to  flow  in  the  te- 
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vane  diraatioB  through  a  wiodiiic  of  iurt  the  auoe  number  of  tunu  arnmsed 
in  as  eloee  proziiiiity  as  posmble  to  the  armature  wlndiDS,  than  the  mag- 
uBiomotiTe  toroe  of  the  second  (or  compenaating  winding)  oalancea  the  vamtf 
netomotive  force  of  the  armature  winding,  that  is  to  say,  it  renders  it  non- 
inductive.  Unfortunately  in  applying  thia  principle  to  Our  aingle-phaas 
motor,  we  are  eonstrained  to  loeate  the  compensating  winding  on  the  stator, 
i.e.,  on  the  side  of  the  air  gap  remote  from  the  armature  winding.    Conse- 
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Flo.    13  7. — "  Equivalent"  Flo.  188.— Diagram  of  a  aaries-eompen- 

armature  winding.  sated  motor  indicating  that  the  compensat- 

ing winding  lies  in  the  same  axis  as  the 
"equivalent"  armature  winding,  and  op- 
poaes  it. 

qaantl;r«  wa  fall  eonaidenibly  short  of  rendering  the  system  eompltUy  non- 
inductive;  nevertheless,  it  is  b^  means  of  this  plan  that  single-phase  motors 
are  made  commercially  effective.  In  order  to  obtain  the  Deat  results,  the 
compensating  winding  should  be  distributed  around  the  stator  surface  simi- 
larly or  equivalently  to  the  manner  in  which  the  armature  winding  is  distrib- 
uted around  the  rotor  surface.  It  does  not  suffioe  to  have  the  same  total 
SLsi./.  in  each,  but  it  is  important  tbat,  at  taeh  part  of  the  periphery,  the 
neutralisation  shall  be  as  complete  aa  praeticabte.  The  arrangement  may 
be  indicated  as  shown  in  Fig.  136,  in 
which  the  outer  circle  represents  the 
compensating  winding.  For  diagram- 
matic purposes,  however,  it  is  more 
usual  to  replace  the  outer  circle  by  a 
coil  whose  axis  is  in  the  direction  of  the 
m.m./.   set    up    in    the  compensating  AAAAAAA 

winding  when  the  current  flowsthrough     • ^VWVW""^ 

it.  Whereas  the  main  field  coil  is  In 
space-quadrature  with  the  m.m./.  of 
the  •rmature  winding,  the  m.m./.  of 
the  eompensating  winding  is  in  the  , 
same  apace  phase  as  the  armature  • 
m.inj.,  Dttt  in  the  opposite  direction. 
In  Fig.  136  the  eompensating  winding 
ia  represented  diagrammatiinll^r  by  a 
coil  with  its  axis  coinciding  with  the 
brush  axis.  That  this  is  the  lequired 
location  may  be  more  clear  if  atten- 
tion ia  drawn  to  the  fact  that  the  ar- 
mature winding,  considered  by  itself, 
constitutes  a  source  of  m.m./.  whose 
direction  is  in  a  line  through  the 
brushes.  Whatever  the  actual  form 
adopted  for  the  «rmature  winding,  it 
is  at  any  instant  equivalent  to  the  winding  shown  In  Fig.  137  as  far  as  re- 
lates to  its  m.m./.  Assembling  around  the  armature,  the  field  coil  and  the 
eompensating  coil  in  their  appropriate  angular  positions,  as  in  Fig.  138,  we 
obtain  an  instructive  diagrammatic  representation  of  a  single-phase  com- 
pensated series  motor. 

Mt.  IndtMttT*  Mid  ooBdaotlve  eomp«ns«tiea.    Compensation  may 
be"eoiidiietiTa,"a8shownin  Figs.  185, 136,  and  188,  or  it  may  be  "inductive" 


Fia.  ISS.^Inductively  compensated 
series  motor. 
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as  ihown  in  Fig.  139.  With  the  latter  amngement  the  compeneatinii  our- 
rante  are,  induoed  in  the  ehort-circuited  corajpenaatiiu  coil  juat  aa  cumeAt  u 
induced  in  the  ahort-oirouited  aecoodary  of  a  transformer.  And  amilaiiy 
to  the  eaae  of  the  tranaformer,  the  secondary  current  automatically   i  ~ 


to  such  a  value  aa  to  occasion  a  m.m.f.  approximately  e<^ual  and  oppoeate  to 
the  |>riinary  m.m./.  But  "conductive"  compensation  is  preferable,  for  it 
permits  o^  control  and  adiustment  of  the  compensating  m.m./.  Under  aome 
circumstances  it  is  desirable  to  be  able  to  opercorai^naato,  i.e.,  to  set  up  ia  tlie 
compensating  eoi!  a  m.m.f.  which  shall  slightly  exceed  the  armature  im.m./. 

This  is  readily  effected  iri  th 
"conductive"  compennttaon, 
but  not  with  "inductive" 
compensation. 

MO.  Speed  e  o  n  t  r  o  1 . 
Fairly  good  single-phase  mo- 
tors nave  been  constructed 
on  the  principles  which  bave 
been  set  forth  in  Par.  MS 
and  Mt.  Such  motora  havo 
aeries  characteristics,  tbeir 
speed  decreasing  as  their 
load  increases.  This  ,muait 
obviously  be  the  case,  for 
the  6ela  excitation  is  occa- 
sioned by  the  flow  of  the  armature  current  through  the  field  winding.  Thua 
the  flux  increases  with  the  load  and  the  armature  will  decrease  in  speed  since 
the  counter  e.m.f .  must,  aa  in  a  direct-current  motor,  be  slightly  less  than  the 
terminal  voltage.  But,  while  for  a  given  terminal  voltage,  the  speed  de- 
creases with  increasing  load;  nevertheless  we  can  readily  arrange  that  auch  a 
motor  shall,  for  any  load,  be  operated  at  any  desired  speed  over  quite  a  wide 
range.  This  is  done  hy  aupplying  the  motor  from  taps  out  of  a  transformer 
across  the  main  circuit.  The  arrangement  is  shown  diagrammatioally  in 
Fig  140.  By  varying  the  position  at  which  the  adjustable  terminal  of  the 
motor  is  tapped  into  the  secondary  of  the  transformer,  we  can  vary  the  vol- 
tage imiireesed  on  the  motor  and  thus  readily  control  and  adjust  its  speed.  An 
alternating-current  series  motor  has  in  this  respect  an  important  advantage 
over  a  direct-current  series  motor,  sinoe  in  the  latter  the  speed  control  can 


Fio.  140. — Seriee-oompensated  motor  supplied 
from  a  variable-ratio  transformer. 


e-JV^^Wl 


Fio. 


141. — The  Atkinson  repulsion 
motor. 


Fia.  142. — The  Thomson  repulsion 
motor. 


be  effected  simply  only  by  varying  the  amount  of  resistance  in  aeries  mth  the 
motor,  and  consequently  with  a  serious  loss  in  efficiency. 

Ml.  Slngla-phaie  repuUion  motor.  It  is  only  a  step  from  the  in- 
ductively compensated  motor  illustrated  in  Fig.  139  to  a  motor  in  which 
eurrent  is  induced  in  the  armature  drouits  by  means  of  the  m.m,f.  set  up  in  the 
compensating  winding  when  current  is  sent  through  it.  The  motor  at  which 
we  thus  arrive  is  shown  diaf^ammatically  in  Fig.  141.  Instead  of  short- 
drcuiting  the  compensating  winding,  we  short-circuit  the  armature  winding. 
In  other  words  we  simpls;  exchange  the  relatiooa  of  compensating  winding 
and  armature  winding  which  were  shown  in  Fig.  139. 
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Mt.  IroluttonottlMNpuUanilMtor.  The  eonnootioD  shown  in  Fig. 
141  ia  known  u  the  AtMlMOn  Mpulaton  notor.  It  wu  luccMtsd  by 
^t^i"- ""  many  yenn  altar  th*  inmnUon  by  Prof.  Elihu  Thomson  of  the 
timalt  repulaon  motor.  In  the  oruinal  ThOBUon  repulalon  motor  the 
liela  eoil  and  the  oompensatins  ooil  shown  in  Fig.  141  find  their  eqiuTalent  in 
a  nnaja  ooil  wbiofa  may  be  loolied  upon  aa  aupplyins  a  m.m.f.  oi  wUoh  the 
fidd  a>.m./.  and  the  oompensatins  m.m./.  in  lis.  141  ate  the  oomponents. 
Tte  Thomson  repulsioii  motor  is  shown  in  Fis.  143.  The  stator  oou  has,  in 
this  fisore ,  been  drawn  in  ajposilion  intermediats  between  the  positions  of  the 
compensatins  eoil  and  the  field  ooil  in  Fig.  141  in  order  to  emphasise  the  idea 
that  these  two  component  coils  have  been  replaced  in  magnitude  and  direction 
by  tbeir  resultant.  As  must  be  evident  from  the  nature  of  its  evolution,  the 
Inomaon  repulsion  motor  also  has  the  oharaoteristio  of  a  series  motor  in  that 
its  speed  deereases  with  increasing  load. 

tM.  Unxle-phmM  eompeniatod  rapulilon  motor.  Many  pioneers 
ia  the  dmnga  of  direct-current  motors  have  Ions  aso  sought  to  bring  the  field 
ad  eloae  down  around  the  armature  in  order  to  obtain  the  full  effect  of  the 
field  «•.«!./.  right  at  the  armature  where  it  is  desired.  Eiokemeyer's  name  is 
Hoaely  assoeiated  with  designs  of  this  sort.  What  could  more  closely  spprosi- 
mata  to  the  desired  result  uian  to  employ  the  armature  winding  itself  as  the 
locos  for  the  ezdtation?  Several  inventors  conceived  this  idea  practically 
uraltaneously.     They   accomplished  their  purpose  by  applyins  to   the 


Tlltlli  auto 


F^o.  143. — CSompenaated    repulsion  Fio,  144. — Compensated  repnlrioa 

motor.     (Latoup-Winter-Eiohberg.)        motor  supplied  from  a  variable-ratio 

transformer. 

commutator  a  second  set  of  brushes  situated  in  quadrature  with  the  main 
brashes  and  sending  the  exciting  current  through  the  armature  winding  by 
means  of  these  adcutional  brushes  as  shown  in  Fig,  143,  which  should  be 
rantrsstad  with  the  Atldnson  repulsion  motor  of  Fig.  141.  It  will  be  seen 
that  the  field  coil  has  been  eliminated  from  the  stator  circuit,  and  that  its 
fanetion  has  been  assumed  by  the  armature  winding  through  which  the 
current  is  carried  b^  means  of  the  two  auxiliary  brushes.  The  arrangement 
■hown  in  Fig.  143  is  termed  a  compensated  repulsion  motor.  This  motor 
•In  haa  a  aeries  chKraetetiatic. 

It  would  seldom  or  never  be  convenient  to  wind  the  armature  of  Mg.  143 
with  the  particular  numljer  of  turns  which  is  suitable  for  the  field  excitation. 
Consequently  it  becomes  neceesary  to  supply  the  excitation  from  the  second- 
•ry  cf  a  ttanaformer  whose  |>rimary  is  in  series  with  the  compensating  wind- 
iag.  TUs  arrangement,  which  is  shown  in  Fig.  144,  has  the  further  useful 
leature  <rf  permitting  speed  control  by  varying  the  point  at  which  the  field 
excitation  circuit  ia  tapped  off  from  the  secondary  of  the  transformer.  The 
eompensated  repulsion  motor  illustrated  in  the  above  two  figures  was  inde- 
pendently invented  by  Latonr  in  France  and  by  Winter  and  Eichberg  in 
Oennany.  It  would  be  futile  to  undertake  here  an  enumeration  of  the 
dossns  of  variations  in  the  above  fundamental  types  of  single-phase  com- 
■ntator  motors  with  a  series  oharaoteriatic. 

IM.  Totyphaae  oommTitktor  motor*  with  a  aeries  oharaoteristio. 
In  fig.  145  18  shown  the  simplest  form  of  Oorges  three-phase  motor. 
Its  rotor  haa  an  ordinary  direct-current  winding  with  a  commutator  on 
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which  rest  three  equidistant  bnuhes  per  pair  of  polee.  The  diacram  iadl- 
oatee  a  bipolar  motor.  The  bnuhea  are  connected  to  the  terminals  of  th# 
three  stator  windings,  which,  in  turn,  are  supplied  either  directly  from  th« 
line,  or  else,  as  indicated  in  the  diagram,  from  the  secondary  of  a  8tep-<jioirB 
transformer.  Usu^y  the  moat  suitable  voltage  for  the  stator  windings  will 
be  higher  than  that  meet  suitable  for  the  oommutator.  Consequently,  the 
arrangement  shown  in  Fig.  146  is  often  to  be  preferred.  This  latter  arraxiM- 
ment  permits  of  employing,  for  the  rotor,  the  low  voltage  which  is  essenaaJ 
to  obtaining  good  commutation.  Such  motorB  have  a  series  charaoteristio; 
that  is  to  say,  the  speed  decreases  as  the  load  increasos. 


Une 


) 


Pio.  145. — GSrges  motor  with  Fio.  140. — GSrges  motor  with  traar 
transformer  between  UneandatatOT  former  between  stator  and  rotor. 

windings. 

MS.  Vuisbla-ipaed  polrphaae  commutator  moton.     The  speed  can 

be  adjusted,  for  any  load,  by  shiftins  the  brushes  through  an  appropriate 
angular  distance,  maintaining  the  120-deK.  relation  between  the  three  brushes. 
Tnis  is  done  i  n  the  GeneralElectrio  Co.'s  brush-sblttinc  type  of  variable- 
speed  polyphase  motors. 

a9S.  ComMiuation  of  pdyphaa*  commutator  motor*  with  aartet 
eharactarlraca.  For  the  reasons  already  discussed  in  connection  with  the 
compensation  of  siogle-phase  commutator  motors,  it  is  of  advanta^^  in 
polyphase  commutator  motors  to  fit  them  with  compensating  windia^s  at 
rignt  angles  to  the  exciting  windings.  The  cost,  however,  is  necessarily 
increased,  and  in  America  the  use  of  compensatiog  windings  is  not  customary 
{or  such  motors.  The  arrangement,  when  compensating  windings  ara  enk* 
ployed,  is  indicated  diagrammaticiUly  in  Fig.  147,  in  which  the  three  extnting 
windings  a'fc^  on  the  stator  are  supplied  from  the  three  lines  abc.  After 
passing  through  the  three  exciting  windings  the  current  passes  through  the 
competuating  windings  def  which  are  located  with  their  magnetic  axes  in  line 
with  the  magnetic  axes  of  the  rotor  brushes.  The  addition  of  these  compen- 
sating windings  improves  the  power-factor  and  permits  of  obtaining  better 
commutation.  Since  the  most  suitable  voltage  for  the  main  field  winainKson 
the  stator  will  often  be  different  from  that  most  suitable  for  the  commutator, 
and  for  the  compensating  windings  on  the  stator,  it  would  be  preferable  to 
employ  to  place  of  the  arrangement  indicated  in  Fig.  147a  modioed  arraiic*> 
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amt  in  which  the  main  field  windings  an  located  between  the  supply  oireuit 
ud  the  primary  windings  of  the  transformer,  while  the  compensating  and 
rotor  windincSt  oonnectod  in  series,  are  supplied  from  the  secondary  of  the 
transformer. 

ItT.  Mnate-phaM  eommntetor  moton  with  a  ihunt  oharaetarlatte 
for  ^termtlon  at  a  aiiiffla  (jMsd.  The  only  object  in  employing  a  commu- 
tatonn  the  construction  of  a  single- phase  motor  to  operate  at  but  one  constant 
■peed,  is  to  pro-ride  control  of  the  powei^faotor.  Otherwise  the  single-phase 
induetioii  motor  with  a  sqoirrel-cage^otor  would  be  prrierable.  The  Atkin- 
son eoDunutator  induction  motor  indicated  diacnunmatically  in  Fig.  148 
is  the  (orerunner  of  aU  single-phase  commutator  motors  with  shunt  eharaotar- 
istica.  It  consists  of  a  stator  with  a  distributed  winding,  and  a  rotor  fitted 
with  a  oomznutatoT  and  with  two  sets  of  short-oirouitea  brushes  xx  and  yy. 
There  i«_  no  torque  when  the  motor  is  at  rest.  If,  however,  the  motor  u 
started  in  either  direction,  interactions  occur  which  occasion  in  the  xx  axia 
a  euirent  in  phase  with  the  line  voltage  applied  to  the  stator.  This  current 
sets  op  a  flux  alone  the  xx  axis.  As  the  rotor  acquires  speed,  the  current 
iBdneed  in  the  yy  axis  by  the  stator  winding,  comes  more  nearly  into  phase 
with  the  flux  in  the  xx  axis  and  consequently  the  torque  increases.  In  this 
notor  the  torque  increases  in  proportion  to  the  speed,  from  the  xero  value 
u      %  corresponding  to  standstill.    When  the 

i     i    I  speed  of  the  rotor  nears  synchronism, 

»4     \\  \  the  motor  is  equivalent  to  aaquirrel- 

^  <  Ji     Step  down  cage  induction  motor,  except  that  in 

T  *  *l  /Ttanstormer  place  of  having  end-rings  effecting  a 

,  f      ^^^  -~^^  good  simultaneous  short-circuit  of  all 

il    .^^     —^        ^V  the  rotor  conductors,  there  are  only  two 

*  short-circuiting  connections  by  means 
of  thetwo  pairs  of  brushes.  Obviously 
there  is  no  feature  in  this  tlemeniaTTi 


147. — Compensated  Gorges 
motor. 


Fia.  148. — Atkinson  commutator 
induction  motor. 


eommotator  motor  whish  will  improve  the  j>ower-f actor  as  compared  with 
tkat  of  the  singl^phase  squirrel-cage  induction  motor. 

m.  ComtMiiaation  of  tincIe-phaM  eommatator  motors  with  shunt 
charaetarlraes.  Various  inventors  have  indicated  methods  of  "compen- 
■sting"  such  a  motor,  <.«.,  of  improving  its  power-factor.  These  methods 
nsalve  themselves  into  the  following  classification:  (a)  introducing  in  the 


otvuit  of  the  yv  brushes  a  stator  winding  in  the  xx  axis;  (b)  introducing 
uit  of  the  xs  brushes  a  stator  winding  i 
the  circuit  of  the  xx  brushes  an  e.m.f.  in  pha 
These  three  methods  are  shown  in  Figs.  149, 1 50,  and  1 S 1 . 


in  the  vi/  axis;  (c)  intro- 
hase  with  the  line 


•PWd.  For  any  particular  adjustment  the  speed  will  be  substantially  con- 
"tsot  St  alt  loatu.  The  usual  methods  for  accomplishing  this  are  based  upon 
^investigations  of  Punga,  Fynn,  Creedy  and  Alilch.  The  simplest  method 
""sists  In  introducing  in  the  m  axis  an  electromotive  force  of  the  same 
(*•«  as  the  line  pressure.  This  may  be  done  by  means  of  a  transformer  as 
''■own  in  FSc-  I'''-     U  the  secondary  coil  A  in  the  above  figure  provides  a 
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wt.m.f.  aotinc  in  the  nune  diraetioa  u  the  coil  B,  the  epeed  of  the  motor  win 
be  inereaaed.  If  il  is  connected  to  oppoce  B,  the  apeed  of  the  motor  will  be 
deeieaaed.     Speed  control  may  alao  be  obtained  by  introducing  into  the 


} 


Fio.  149. — Sin^le-phuc  CO  in  mu- 
tator motor  with  powrr-factor- 
modifyinc  eoU  auppliMl  from  the 
yybnlahee. 


Fio.  150. — Single-phane  commu- 
tator motor  with  powrr-fadoT^ 
modifying  ooil  supplied  from  the 
xs  bnuhes. 


drcuit  of  the  xx  brushes  a  stator  winding  A  located   in  the  zx  asis  aa 
shown  in  Fig.  153.     Connecting  A  in  the  one  direction increaseethe^  speed: 

connecting  it  in  the  other  diriectioo 
decreasea  the  speed.  Still  another 
method  of  obtaining  speed  control  is 
shown  in  Fig.  154  and  is  the  inrention 
of  Greedy.  In  thia  case  the  field  along 
the  XX  axis  Is  weakened  or  strenfthened 
and  the  speed  varied,  by  varying  the 
amount  of  inductance  or  capacity  in 
the  circuit  of  the  xx  brushes. 


Fio.  151. — Single-phase  commutator 
motor  with  power-factor  modified  by 
an  e.m.f.  interpolated  in  the  xx  axis  by 
means  of  a  transformer  supplied  from 
the  line. 


Fio.  152. — Single-phase  pommu- 
tatormotor  with*p««a  modification 
by  means  of  an  e.m.f.  interpolated 
into  the  yy  axis  by  means  of  n 
transformer  supplied  from  the  line. 


too.  8iiurle-phaM  rapulalon-itartlnc  Indaetfon  motor  (Aniold 
motor).  This  motor  which  is  built  under  the  patent  of  the  late  Prof.  K. 
Arnold  of  KarUruhe»  in  Germany,  is  extensively  used  in  the  United  States. 
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Ba  ooniiactioiiB  at  (tartiiis  are  thoae  for  a  repulaion  motor  a<  sbown  in  Fi(. 
U3.  tbe  bnuh  azia  itandins  at  an  angle  with  the  axis  of  the  stator  winding 
and  the  bruahea  brang  short-circuited.  Thia  connection  permite  of  starting 
vitk  high  torque.  ^  Wnen  a  certain  speed  is  attained,  a  centrifugal  governor 
acta  to  short-circuit  all  the  eommutator  segments  and  to  remove  the  brushes 
from  the  commutator.     The  motor  then  operates  j  ust  like  a  squirrel-cage 


Fig.  io3. — Single-phase  commutator 
motor  aith  apeca  modification  by 
meana  of  a  coil  led  from  the  xx  brushes 
sod  located  on  the  stator  in  the  xx  axis. 


Fio.  154. — Greedy  sini^e- 
phase  commutator  motor  with 
speed  variation  by  inductance 
in  the  xx  circuit. 


■adaction  motor  and  maintains  approximately  constant  speed  at  all  loads, 
his  osaally  preferable  to  employ  starting  boxes  in  sises  above  7.5  fa. p.,  but 
■uUeraisesarensuaUyttirown  directly  on  the  line.  The  motors  develop  a 
Msrting  torque  (when  thrown  directly  on  the  Hoe)  of  some  250  per  cent,  of 
falMoad  torque,  consuming  approximately  250  per  cent,  of  full-load  current. 
(See  Fig.  136.) 
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^^.  15.5.— Starting    characteristics    of    Arnold    single-phase    comtnutatur 
motor.     (Taken  from  the  manufacturer's  publications.) 

Ml.  Motor  with  npaUon  itartiiur,  gndnally  eonvartod  into 
'tXnettoP"  opormtlon.  (Mtiitor  motor.)  This  type  was  developed 
°r  ScfcOler  for  the  Ferranti  Co.  in  England.  It  started  as  a  repulsion  motor 
"d  <ras  gradually  converted  into  a  single-phase  induction  motor  by  the 
ndiial  deenaae  in  laaiatanoes  oonneoted  to  alip-ringi.    These  raaistanaes 
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are  great  at  Btarting  and  are  reduced  to  lero  at  full  speed.  This  sequeooe  a 
operations  results  in  giving  the  motor  excellent  charac  tens  ties.  The  SchQh 
motor  is  described  on  pp.  712  to  720  of  the  2nd  edition  of  Hobart'a  "  £le< 
trie  Motors." 

SOS.  The  Wftffner  "Vtdtj  Power-factor"  Type  BK  motor.  la  191 
the  Wagner  Electric  Co.  placed  upon  the  market  a  constant  speed  mock 
phase  commutator  motor  so  constructed  as  to  provide  a  leading  power-facto 
at  no-load  and  at  light  loads,  and  unity  power-factor  at  ratea  load.  Tb 
arrangement  is  represented  diagrammatical^ 
'  in  Fig.  156.  As  indicated  in  thia  diaeraii 
there  are  two  stator  windings  1  and  2.  Dux 
;  ^  ing  starting,  the  svritch  (0)  is  open,  so  tha 

only  the  stator  winding  (1)  la  in  circuit.     Th 
motor  consequently  starts  up  with  good  torqu 


Squirrel 
Caso(4> 


Fig.  157. — IMa^ammatio  rep 
resentation  of  deeua  of  rotor  do' 
of  Wagner  **  Unity-Power-Factor* 
(Type  BK)  motor. 


Fia.  156. — Diagrammatio  represen- 
tation <rf  the  Wagner  "  Unity-Power- 
Factor*'  (Typo  BKJ  motor.  1. — Ini- 
tial field  magnetisation  winding.  2. — 
Auxiliary  winding  which  controls  the 
power-factor  or  compensates  the  motor. 

as  a  series  motor.  The  rotor  slot  design  is  shown  in  Fig.^  157.  During  start 
ing,  the  SQuirrel-cage  winding  (4)  Is  more  or  less  inert  as  it  is  protected  by  thi 
magnetic  separator  shown  in  Fig.  157.  The  magnetic  separator  is  describee 
in  the  manufacturer's  publications  as  consisting  of  a  roUed-steel  bar.  Tb4 
upper  winding  (3)  is  termed  a  "commuted"  winmng.  It  is  connected  to  i 
commutator  in  the  manner  usual  in  direct-current  motor  armatures.  Aj 
speed  is  acquired,  the  activity  of  the  squirrel  cage  increases,  and  it  oontrib 
utes  a  torque  which  increases  very  rapidly  as  synchronism  is  approached 


Flo.  158. — Speed  characteristtrs  of  Wagner  BK  motor  with  and  without 
compensating  winding  in  circuit. 

An  automatic  switch  controlled  by  centrifugal  force  closes  the   circuit  d 
the  compensating  winding  (2)  when  a  sufficient  speed  has  been  attained. 

SOS.  Commendable  featurea  of  the  unity  power-factor  motor,  (a) 
*'A  large  portion  of  the  rotor  currents  are  carried  by  the  squirrel-cage 
winding,  in  normal  operation,  thus  imposing  light-load  service  on  toe  coramu- 
tator."  (b)  "The  close  proximity  of  the  squirrel-cage  to  the  commuted 
winding  suppresses  to  a  large  extent  the  short-circuit  currents  which  tend 
to  flow  in  the  individual  coils  of  the  commuted  winding  as  they  paaa  under 
the  bnubea.     Thia  acain  very  greatly  lightens  the  oommutator  ewvioe." 
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(t)  "  The  emidoTinent  of  tba  nquirrel  cafe  aecura  a  nmukably  eoutaat 
ipnd  at  allloada."  Thisiaindieated  in  Fig.  1S8  in  whioh  are  plotted  speed 
conres  for  the  compenaating  circuit  open  and  cloaed.  (d)  The  BQuirrel 
ciffe  aboolutely  prevents  the  unity  power-factor  motor  from  running  away  or 
ndns.  No  poaaible  accident  to  tne  commutator,  bnuh  gear  or  automatic 
■mteaea  of  tnia  motor  can  oauae  the  speed  variations  between  no-load  and 
full-kMul  to  exceed  4  per  cent.  When  the  eompenaating  eirooit  (which  in- 
liadee  the  winding  2  of  Fif .  166)  is  closed,  the  spaed  variation  is  shown  by 
tha  least  alopinjt  curve  of  Fig.  1S8  and  does  not  exceed  l.S  per  cent.  Should 
the  compensating  circuit  be  entirely  interrupted,  then  the  speed  variation 
will  not  increase  to  more  than  4  per  cent.,  as  indicated  by  the  more  sloping 
iorve  of  Fig.  158." 

MM.  The  Oeneral  Haetrie  Oo.'g  U  (rapolalon-lnduetlon)  motor. 
Diacrammatieally   the    General    Eleetrio   Co?8   single-phase   commutator 

motor  of  the  RI  type  may  be  rep- 
resented b^  Fig.  169.  Leaving 
out  of  consideration  the  oompen> 
sating  brushes  and  winding,  the 
motor  is  seen  to  be  a  Thomson  re- 
pulsion motor  (see  Par.  191).  Such 
a  motor  would,  however,  have  two 
faults.  In  the  first  place,  it  would 
have  a  low  power^tactor.  and  in 
the  second  place  its  speed  would 
vary  greatly  with  varying  loads. 
The  addition  of  the  compensating 
winding  improves  the  powei^factor 
and  also  decreases  the  amount  of 
the  variation  of  the  speed  with 
the  load.  The  motor  is  not  de- 
signed for  constant  speed  but  for 
such  a  moderate  decrease  in  speed 


Oompeasattag 
Brush 


Main 
StaiUng  . 
Winding- 


OompiBrash 


Compensating 
Winding 

Pio.  159. — Diagram  of  circuits  of  Gen-  .Pia.    160. — Diagram    of     RI 

ml  Electric  Co.,  Type  RI  motor  with  motor  with  compensation  by  tap- 
iadependent  compensating  circuit.  ping  the  main  stator  winding. 

vith  increasing  load  as  is  considered  desirable  in  a  compound-wound  continu- 
oii^electricity  motor.  An  RI  motor  may  be  started  oy  simply  dosing  the 
line  eixcuit  of  the  motor.  It  will  have  a  starting  torque  of  2iD0  to  250  per 
ceal  of  full-load  torque.  If  it  is  desired  to  reduce  the  starting  current,  a 
Ksistanoe  box  with  low-voltage  release  may  be  used.  This  is  proportioned 
lo  rive  190  per  cent,  of  full-Toad  current  on  the  first  step.  These  motors 
sre  DuOt  for  25,  40  and  60  cycles  and  for  synchronous  speeds  (at  60  cycles) 
of  1,200  and  1 ,800  rev.  per  min. 

M.  Compons&tioa.  In  some  of  the  smaller  sises  the  compensation  is 
obtsined  by  taps  from  the  main  winding  instead,  of  from  a  separate  winding 
ssshownin  Fig.  159.  Thetappedarrangemeotisindicated  diagrammatically 
iaRg.  180. 

IN.  In  rersnlble  rapulaioii-iiiductlon  motors  (Far.  104)  an  auxiliai^r 
viadiiic  >»  qtace-qnadratat*  with  the  main  winding  is  provided.    This 
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winding  is  connected  in  the  one  or  the  other  direction  with  reipect  to  tbe 
main  winding  according  to  the  direction  of  rotation  desired.  The  aohem* 
it  indicated  diagram  matically  in  Fig.  101.  To  reverse  the  direction  of 
rotation,  a  would  be  connected  to  e,  and  b  would  be  connected  to  d.  It 
is  to  be  observed  that  in  Fig.  161,  the  axis  of  the  main  brushes  coincides  with 
the  axis  of  the  main  stator  winding  but  has  the  same  angte  to  the  reaiiltant 
of  the  main  and  reversing  stator  windings,  which,  in  fig.  159,  it  had  with  tha 
main  stator  winding.  Were  no  reversing  winding  provided,  then  in  order 
,to  reverse  the  direction  of  rotation  it  would 
i  I  <{*be  neceasary  to  shift  the  bnsidies  over  to 
tbe  corresponding  angle  on  the  other  aide 
from  tbe  position  for  normal  direction  of 
rotation. 


'pimP^ 


tor.    BapaMon-induetlon 

ba  fitted  tor  adJnitabU-BpMd 
opOTstiom  (Par.  IM)  by  erai>loyinK  a 
transformer  with  ita  primary  ezcited  from 
the  line  eirouit  and  ita  aeeondary  interpo- 
lated in  the  circuit  of  the  energy  bruanee. 
Such  motora  are  arranged  for  a  apeed 
t  of  about  2 : 1,  approximately  one- 
of  thia  range  being  below  and  one- 
abore  aynchronoua  speed.     Finally, 


rani 
half 
half 


Fio.  161. — Diagram  of  oireuita  of  ravera-  Fio.  162. — Diagram  of  D«ri  bruab- 
ible  RI  motor  (General  Eleotrie  Co.).  shifting  motor. 

RI  motors  are  also  arranged  to  pv»  variable  speed  by  shifting  the  brushea. 
A  speed  variation  of  2 : 1  u  provided  in  thia  way. 

tot.  Th«  D<rl  ilngle-phaaa  motor  wltb  ■pead  eontrol  bjr  bruah 
■hlftlnf.  Fig.  162  ia  a  diagrammatic  representation  of  the  Dtri  single- 
phase  motor.  In  this  motor  the  speed  is  varied  b^  varying  the  position  oi 
the  brushes.  Two  of  the  brushes  (those  lying  in  the  ana  of  the  stator 
winding)  are  of  fixed  position.  The  other  two  are  mounted  on  a  movable 
yoke.  For  any  given  brush  position  the  speed  decreases  with  increasing  load. 
Thus  the  motor  has  a  series  characteristic.  The  motor  has  good  starting 
torque,  the  raaximum  value  occurring  when  the  movable  brushes  are  at  an 
angle  of  some  ISO  deg.  to  160  deg.  from  the  fixed  brushes. 

The  motor  ia  widely  employed  abroad  for  driving  textile  maohinery. 
The  simple  mechanical  arrangements  required  to  effect  the  shifting  of  the 
brushea  are  leaa  expensive  than  equivalent  control  devisee  which  panoit  of 
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■wffinp*wl>»'»y  the  speed 
nnaboiia  without  brush 
aoTement.  Behnetsler  hu 
daoribed  the  Diri  motor 
u  apAper  published  in  the 
E.  •fTZ.  for  Not.  14  nd 
21.  1S07  at  pp.  1097  snd 
1128.  There  is  also  a  de- 
scriptioa  of  the  D£ri  motor 
Mcopyinc  pases  66B  to  685 
of  the  2nd  Edition  of  Ho- 
hart'a  "Eleetiie  Motors." 
sn.Tba  Fonc^OrMdy 
ihnto  phuit  eomiauta- 
tar  motor.  Adjuatable- 
•peed,  ain^e-phase,  eom- 
mntator  motors  built  under 
the  Pnnaa-Creedy  patents 
kave  been  placed  on  the 
British  market  by  Measts. 
f.  Parkinson  ft  Co.,  of 
The   motor  is 
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B.F.M. 
»£.EJ(otor,  OOMOO  B.P.M. 
fia.  164. — Efficiency    curvee   for   a  6-h.p. 
Pungft-Creedy  sinsle-pnaae  motor  for  a  speed 
nam  from  000  to  900  r.p.m.     [Messrs.  F. 
Pukinson  k  Co.  of  Leeda,  Englaad.] 
1  in  the  rraiu.  A.  I.  E, 
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t.H.P.  Uotor,  OOMOO  Bf  .11. 

Fio.  163. — Speed-torque  eharacterisUes  of  a 
6-h.p.  Punca-Creedy  smgle-phase  motor  for 
printinB-prsss  work.  [Speed  ranee  is  from  600 
to  900  r«r.  per  min.]  [Messrs.  F.  Parkinson  A 
Co.  of  Leeds,  England.] 

started  by  being  thrown  di- 
rectly on  the  line  and  yields 
a  starting  torque  of  twice 
full-load  torque,  consuming 
twice  full-loaa  current.  Ftgs. 
163.  164  and  165  show  (P 
the  speed-torque,  (2)  effl- 
cienoy,  and  (3)  power-factor 
curves  for  a  6-h.p.  Punga- 
Creedy  motor  for  printing- 
prees  work.  Allusion  has  al- 
ready been  made  in  Par.  ttt 
to  the  principle*  employed  in 
motors  of  this  dass.  The 
chief  patents  employed  in 
the  Punga-Creedy  system  an 
Punga's  British  Patent  No. 
10585  of  1906  and  Creedy's 
British  Patent  No.  5136  of 
1906.  Punga  and  Creedy 
tested  motors  embodying 
these  principles  at  early  dates. 
The  results  of  a  number  of 
these  teats  have  been  pub- 


8.,VoL  XXTIII  (1909).  p. 
479k  in  a  paper  by  Creedy 
cnUtled  ''A  sketch  of  the 
theory  of  adjustable-epeed, 
■iagle-phase  commutator 
Biotars." 

lU.  PolTphaM  ahnnt 
eammntotor  m  o  t  o  r  ■ . 
The  moft  usual  arrsnge- 
nnnt  of  a  polyphase  shunt 
commutator  motor  is  that 
known  as  the  Wlntw- 
■ehbsrjg  typa.  It  is 
Aewn  diagrammatieally  in 
ng.  166  and  is  seen  to  eon- 
Bst  of  a  motor  with  a  three- 
phase  atator  and  a  oom- 
imtator  rotor.  The  speed 
nil]  depend  upon  the  prea- 
nre  applied  to  the  oommu- 
tM«r  brushes.    By  oaing  a 
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Flo.  165. — Power-factor  curves  for  a  6-h.p. 
Punga-Creedy  single-phase  motor  for  a  speed 
range  from  600  to  900  rev.  per  min.  [Messrs.  F. 
Parkinson  Jc  Co.  of  Leeds,  England.  I 
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variable-ratio  transformer  as  indicated  in  the  diagziam,  the  speed  ifill  be 
greater,  the  smaller  the  secondary  voltage  applied  to  the  brushes.  SimA 
motors  have  nut  oomeinto  extensive  use.  They  are  large  and  expensive  for 
their  output  and  the  costf  or  the  variable-ratio  transformeris  a  serious  con- 
sideration. The  whole  equipment  will  cost  over  twice  aa  much  as  an  equi va- 
lent  continuous-current  equipment. 

Sll.  Quarter-phase  shunt  coounn- 
tator  motor  with  adjuitablo  speed  1^ 
Held  control.  In  Fig.  167  is  shown  a 
type  of  motor  in  which  the  compeosatins 
winding  and  the  armature  winding  are  fen 
from  one  phase  of  a  quarterphaae  system 
while  the  exciting  winding  is  fed  from  the 
other  phase.  Sinoe  the  compensating  and 
armature  winding  constitute  a  circuit  oi 
low  inductance,  the  current  in  this  circuit 
is  practically  in  phase  with  the  pressure  of 
the  circuit  from  which  they  aresuj^pUed. 
But  the  exciting  circuit  is  highly  induo- 
tive  andi  ts  current  lags  practically  90  des. 
behind  the  pressure  of  tne  circuit  to  whicn 
it  is  connected  and  180  doe.  behind  the 
current  in  the  armature.  The  armature 
current  and  the  magnetic  flux  are  conse- 

SLiently  in  phase,  just  as  in  a  simple  mn- 
_  e-phase  series  motor.  The  motor  is  thus 
the  eouiviUent  of  a  direct-current  motor 
with  snunt  excitation.  Its^ speed  for  any 
given  field  strength  is  practically  constant 
at  all  loads.  But  any  desired  speed  oan 
be  obtained  by  inserting  reactance  of  suit- 
able amount  in  series  with  the  excitation 
winding.  Speed  control  can  also  be  ob* 
tained  bv  supplying  the  main  circmt  from 
a  variable-ratio  transformer.  On  page 
2488 of  Partlllof  Vol.  XXX  (1911)  of  ^ 
Trana.  A.  I.  E.  E..  Mr.  B.  G.  Lamme 
discusses  this  type  of  motor  and  alludes  to  a  20-h.p.,  25-cycl6  motor  built  in 
this  way  which  gave  excellent  satisfaction  and  with  which  the  speed  was 
adjustable  from  practically  eero  up  to  1,000  rev.  per  min.  The  speed  was 
controlled  by  adjustable  armature  pressure  from  transformers. 

Mr.  Lamme  also  mentions  the  equivalent  arrangement  shown  in  Fig.  16S. 
In  this  arrangement  the  armature  circuit  instead  of  being  conduetirely 


Fio.  166. — Diagrammatic  rep- 
resentation of  Winter-Eichberg 
typo  of  polyphase  shunt  com- 
mutator motor. 


Fia.  167. — A  type  of  quarter- 
phase,  variable-speed  commutator 
motor. 


Fio.  168.— a  modiBed  lype  of 
quarter-phase,  variable-speed,  com- 
mutator motor. 


connected  to  the  supply  as  in  Fig.  167.  is  closed  on  itself,  the  armature  our* 
rent  being  set  up  by  induction  from  the  winding  which,  in  Fig.  107.  served 
as  compensating  winding. 

Sit.  The  polyphase  commutator  motor  with  shunt  oharaoteristies 
and  with  speed  oontrol  hj  brush  shlfttng.  The  expense  of  the  oontrol 
arrangements  limits  the  application  of  variable-speed  polyphase  motors  of 
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ai  which  that  described  Id  Par.  SIO  (Winter-Eichberg)  is  raprasent- 
■li-v«.  It  is  often  considered  that  bruah-ehifting  types  are  preferable. 
One  Bueh  type  which  is  eiploited  by  the  Siemetu-Schuckert-Werke  and 
M  drecribea  by  Bchenkel  on  pages  1059  and  14  of  The  Electrician  for 
Oct.  4  asd  11,  1012,  is  illustrated  diagrammatically  in  Fi^.  160.  In 
ttti*  ficure,  the  stator  windings  are  represented  by  S.  These  windings  are 
(ia  the  particular  variety  illustrated  in  Fig..  169)  supplied  directly  from  the 
Bae.  A  transformer  T  is  interposed  between  the  stator  windings  8  and 
tltaB  rotor  brushes  Ki  and  Kt.  One  of  these  sets  of  brushes  is  fixed,  and  the 
oaher  is  movable.  By  varying  the  relative  angular  positions  of  Ki  and  Kt 
the  speed  of  the  motor  mav  be  controlled.  Each 
of  the  two  brush  gearsiaotted  with  three  brush 
•plndles  per  pair  of  poles  for  multiple-circuit  rotor 
vio4linKS,  orsome  suitable  equivalent  for  two-cir* 
e«it  rotor  windings.  These  motors  have  shunt 
chaxscteristica  and  are  to  be  distinguished  from 
the G6ive« motors  to  which  reference  has  been  made 
in  (Par.  SM) ,  which  have  series  characteristics. 

Such  motors  are  the  subject  of  other  articles 
pcdvlisbed  by  RQdenberg  in  the  Electrician  for 
April  7  and  July  21.  1911,  and  by  Meyer  in  The 
Electrician  for  Feb.  2  and  9,  1911.  The  former 
deals  with  the  theory  and  the  latter  with  the  field 
of  apfdication  for  these  motors. 

SIS.  The  D^rl  bruah-ihiftlni:  motor  for 
potjphasm  drcnlta.  It  is  often  considered  that 
tor  ootainins  variable  speed  drive  from  polyphase 
ciraiitB,  tiie  best  plan  consists  in  employing  two 
IMri  single-phase  motors  (of  the  brush-shifting 
type  already  described  in  Par.  SOB),  coupled  to 
tM  same  shaft  and  connecting  one  motor  to  each 
phase  of  a  quarter-phase  system.  This  plan  has 
Deen  employed  by  Messrs.  Brown,  Boveri  &  Co. 
Among  other  applications  of  the  method  may  be 
aieBtioned  some  heavy  hoisting  work.  Where  the 
■spply  is  three-phase,  the  Scott  connection  of  two  transformers  may  be  emi> 
ployed  to  obtain  quarter-phase  supply  for  the  two  motors. 

SYSTEMS  OF  SPEED  CONTROL  REOmRIN^  AUXIL- 
IARY COMMUTATINO  MACHINES 

tl4.  ThA  Kr&mer  ijstem  of  ipaed  control.  This  system  is  appro- 
priate for  applications  where  the  desired  range  of  speed  is  a  moderate  per- 
center of  the  normal  speed.  It  consists  in  the  employment  of  a  single 
riip-rin^  induction  motcn*  which  at  practically  synchronous  speed  carries 
the  entire  load.  For  lower  speeds  the  slip-rings  of  the  rotor  of  the  main 
motor  supply  energy  to  the  commutator  brushes  of  an  auiiliarv  motor 
on  the  same  shaft.  The  arrangement  is  indicated  diagrammatically  in 
Fig.  170.  A,  the  main  motor,  ia  of  the  induction  type.  B.  the  auxiliary 
Actor,  is  fitted  with  a  commutator.  The  counter  e.m.f.  of  the  auxiliary 
motor  may  be  controlled  by  the  position  of  the  points  of  the  secondary  of  a 
transformer  C  from  which  the  connections  to  the  commutator  brushes  are 
tapped  off.  In  American  practice,  however,  it  is  much  more  usual  to  make 
OK  of  a  small  directr^onnected  polyphase  exciter  similar  in  design  to  the 
SQxiliary  regulating  motor.  This  arranfrcment  (which  has  been  employed  by 
Dr.  Meyer- Delius  in  his  designs  for  the  General  Electric  Co.),  is  shown  in  Fig. 
I7l„  which  is  the  same  as  Fig.  170.  except  that  the  transformer  is  replaced 
by  the  exciter  whose  stator  is  supplied  from  the  slip^ringa  of  the  main  motor 
i.  through  a  three-phase  resistor  D.  Qpbed  control  is  obtained  by  manipula- 
tion of  the  resistor  and  a  far  larger  number  of  running  points  is  provided  than 
it  commercially  practicable  with  the  transformer  arrangement  shown  in  Fig. 
170.  The  greater  the  counter  e.m.f.  supplied  by  £,  thelower  willbe  thespera 
oftherotorof  A  and  consequently  also,  of  theshaftcommon  to  A  and  B.  The 
losd  carried  byB  ia  proportional  to  its  counter  e.m.f.,  consequently  fi'coontri- 
tntion  increases  as  the  speed  decreases,  with  the  result  that  the  total  torque 
irovided  by  the  set  increases  as  the  speed  decreases.  The  set  thus  yields 
Iks  same  total  kw.  output  at  low  speeds  as  at  normal  speed,  and  this  is 


Pio.     169. — Polyphase 

commutator  motor  with 
speed  control  by  brush- 
snifting. 
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»n  important  chsracteriatie  of  the  ayatem.  It  ia  rarely  praetie«lil«  or 
deairabie  to  provide  for  more  than  30  per  cent,  reculation  on  60-«yele  ay*- 
tenia  or  SO  per  cent,  regulation  on  2S-eyde  ayatema,  adnoe  it  ia  dimoult  to 
deaign  the  auxiliary  motor^  for  good  oommutatioQ  except  at  low  frequenciea. 
and  the  frequency  aupplied  to  ita  commutator  ia  proportional  to  the  alip  or 
the  rotor  of  A.  Qreater  eapacitiea  and  greater  apeed  rangea  can  be  aupplied 
by  theae  aeta  the  lower  the  frequency  of  the  ayatem  from  which  they  are 
o^ratsd.  A  diaadvantaga  of  the  KrSmer  ayatem  relatea  to  the  fact  that 
aince  auch  aeta  are  uaually  required  for  alow-apeed  work,  the  auxiliary  machina 
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170. — The    Krftmer  ayatem 
apeed  control. 


FiQ.   171. — American  variation  of 
Krftmer  ayatem. 


B  muat  be  large  and  expenaive,  aince  the  regulating  motor  muat  be  deaigned 
to  deliver  ita  maximum  output  at  the  mimmum  apeed  of  the  main  motor. 
Furthermore,  this  arrangement  neceaaitates  a  apedal  de^gn  for  the  regulat- 
ing motor  for  each  inatallation  where  the  aynchronoua  apeeda  of  the  aeveral 
main  motors  differ,  even  though  the  total  alip  energy  a  the  aame  in  each 
eaae. 

'  U(.  Th«  Beharbiua  ■ystom  o(  ipaad  eontrol.  The  arrangement  in- 
dicated in  Fig.  172  ia  known  aa  the  Sehertriua  ayatem.  Aa  in  the  Krftmer 
ayatem,  the  main  motor  A,  ia  a  aimple  induction  motor  with  alip-rings.     The 

apeed  eontrol  ia  effected  by  an  auziliai/ 
aet  on  an  independent  ahaf t.  Tina 
auxiliary  aet  compriaea  a  commutator 
motor  B,  dii^ng  an  induction  generator 


Fio.    172. — The  Scherbiua  ayatem  of       Fio.  173. — Synchronoua  oonverter 
apeed  control.  method  of  apeed  control. 

D.  The  auxiliary  machine,  inatead  of  delivering  mechanical  power  to  tb« 
main  motor'a  ahaft  aa  in  the  Krftmer  ayatem,  retuma  electrical  energy  to  the 
aupply  ayatem.  The  amount  of  power  tranaformed  by  the  auxiliary  aet  » 
controlled  by  the  adjuatment  of  the  podtion  of  the  tape  in  the  tranafonner 
C  (or  rheoatat  if  an  exciter  ia  uaed  aa  deacribed  in  Par.  114  and  Fig.  171); 
The  greater  the  amount  of  energy  abaorbed  by  B,  the  lower  will  be  the  apeed 


of  the  main  motor  A,  juat  aa  in  the  eaae  of  the  Krkmer  avaten 

It  may,  in  general,  oe  aaid  of  the  Scherbiua  ayatem  that  tne  ntst  coat  o 
laaa  than  for  the  Krimar  system  and  that  the  operation  is  equally  auceeaafuL 
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Tkc  OM  of  an  indapeadant  liigh«pe»d  let  wbioh  out  be  nadily  traufarrad 
la  iOBw  other  motor  if  snbaaquant  aonditiona  maka  the  ehaace  deairable,  ia 
•bo  aa  advantaoe.  While  the  Krkmer  syatam  poaaeaaea  acme  advaotace 
ladar  eonditiona  involTiiw  the  full  kilowatta  output  at  theloweat  apeed  and 
Ugh  avncikranoua  apead,  tnta  adrantage  often  diaappeara  where  dow-apaed 
Botoia  are  ooneerned. 

nc.  gynehronom  ooaTarter  method  of  ipood  control.  Aa  auted 
ibore,  the  permiaaible  range  of  apeed  resulation  with  either  the  Krkmer 
or  Sdbiarfaiua  ay  atem  aa  deacnbad,  ia  limited  Dy  the  maximum  frequency  which 
eu  be  auooeeafully  applied  to  the  reaulatins  motor  without  ezoeaaiye  oommu- 
uiioo  iilnaaoi  In  cenaral  thia  liequency  ahould  not  exceed  18  to  20 
trdea  or  approximately  30  i>er  oent.  rtnulation  for  60-oyele  syatema,  and 
Iram  10  to  12)  cyclea  or  approximately  SO  per  cent,  reculation  for  25- 
ode  ayatema.  where  greater  rangea  are  required  or  with  unite  inTolring  a 
lap  energy  of  1,000  hw.  or  more,  a  aynohronoua  converter  and  diieet-eurrent 
aotor  can  be  attooeaafuDy  aubatituted  for  the  iwljrphaee  eommutator  motor. 
Ia  Una  caae  (Fig.  173)  the  alip  energy  of  the  main  motor  A,  at  varying  fre- 
qaaney  and  voltage  ia  tiaaaformed  to  direct  eurrent  at  pnqwrtionateljr  vary- 
iai  potential  by  a  ayaehionoua  oonverter  B.  Thia  oireet  current  la  then 
xbfiaed  to  drive  a  aenarately  ezdtad  ahunt  motor  C  which  may  be  diraot- 
eoooaeted  on  the  ahaft  of  the  main  motor  (Krftmer),  or  (Fig.  173)  may  form 
on  nnit  of  (CO,  a  two-unit  motor^anerator  (Soherbioa),  the  aecond  unit 
of  vldoh  (i»  u  a  atandard  aouirral-cage  induction  motor  which,  driven  above 
naehroniam,  acta  aa  an  induction  generator  and  returna  to  the  ayatem  the 
•up  energy  of  the  main  motor,  leaa,  of  courae,  the  loaaea  in  the  rotary  and 
aotor  generator.  Thia  arrangement  can  be  uaed  for  practically  any  range 
o(  ■peed  reduction  which  may  De  deaired.  It  ia  of  eapeeial  advantage  on  60- 
c^ae  ayatema,  not  only  becMiae  of  the  freedom  from  difficultiea  encountered 
vith  the  commutator  motor  when  aubjected  to  higher  frequenciea  but  alao 
dae  to  the  fact  that  the  limitation  impoaed  by  the  minimum  frequency  at 
vfaieh  the  synclironoua  converter  will  remain  in  aynchroniam  ia  leaa  ob|ec- 
tiooable  on  00-eycIe  than  on  25-eyele  equipmenta.  With  auitable  electrical 
ud  mechanical  devicea  for  controlling  the  apeed  of  the  aynohronoua  con- 
Tirter  during  the  unatable  period  of  minimum  impreaaed  frequency  corre- 
■fonifing  to  the  interval  between  approximately  2  oydea  above  and  below 
<ae  aynehronoua  apeed  of  the  main  motor,  the  apeed  of  the  main  motor  can 
l»  inaed  above  normal  aynchroniam  by  an  amount  eorreaponding  to  the 
'raqaeney  impiaaaed  on  the  alip-ringa  by  the  now-inverted  aynehronoua 
coavartcr. 

UT.  Btbllognkpby  of  gyitems  of  speed  control  reqnlrlng  auiillarT 
cenanitetljtc  ntaolilaes* 

FagH  2483  to  2484  of  Part  III  of  Vol.  XXX  (1911)  of  Trona.  A.  I.  E.  E.  in 
a  IMper  by  O.  A.  Maiar  entitled  "Methoda  of  Varying  the  Speeda  of 
Attatiiatinc-current  Motora." 

TrmiTA.  I.  E.  E.,  Vol.  XXXI  (1912)  p.  2067,  by  P.  W.  Meyer  and 
Wilfied  Sykee  entitled  "The  Economical  Speed  Control  of  Alternating- 
.  nrrent  Motora  Driving  Rolling  MiUa." 

F.  B.  CsoasT. — "  Speed  Control  of  Polyphaae  Motora."  Oerural  EUetric 
SnitK  for  June,  1914,  pagea  589  to  599. 

PHASE  MODIFIERS 

<U.  DaAnlUon.  In  order  to  correct  for  the  lagging  eurrent  conaumed 
by  induction  motora  and  other  inductive  apparatua,  and  thua  improve  the 
Po«er.(aotar  of  a  ayatem,  apparatua  known  aa  phaae  modifiera  (or  phaae 
notroUera),  may  be  employed.  Theae  are  of  two  claaaea,  aynehronoua,  and 
acoeynehronoiia. 

n*.  tyaetannioiu  phaae  medilUn  (uiually  tsmiad  lynehronoui 
(■adenaers)  are  of  the  aame  general  oonatruction  aa  aynehronoua  motora, 
eanpt  that  they  need  not  be  proportioned  to  deliver  power  from  the  ahaft 
ud  that  their  fiielda  ahould  be  proportioned  for  a  wide  range  of  excitation. 

W.  The  nsoal  method  of  employlnc  ■ntohronou*  condenaen 
csariati  in  installing  them  to  float  on  the  Une.  They  are  overexci  ed  ao 
■•  to  (baw  a  oarrent  leading  the  pieaaure  by  nearly  90  deg.  Thia  eurrent 
^avtraUaaa  an  equal  amount  of  lagging  component  due  to  other  apparatua 
^  the  ayatem,  aneh  aa  induction  motora  and  lightlpr  loaded  or  unloaded 
'narformen.     If  designed  with  the  neoeeaary  meohauoal  atrength,  aynchro* 
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nouB  condensers  may  simultaneously  operate  as  motors  and  it  is  cuBtomanr 
to  proportion  them  to  thus  operate  to  the  extent  of  a  consumption  of  70  per 
cent,  of  their  rated  kv-a.  They  can,  when  thus  operatinK,  be  so  excited  tnat 
they  also  draw  from  the  line,  as  leading  wattless  kv-a.,  70  per  cent,  of  tbair 
rated  capacity  in  kv^a.  thus  effecting  power-factor  improvement  at  the  same 
time  that  they  are  serving  as  motors  to  deliver  mechanical  ener^.  Synchro- 
nous condensers  are  fitted  with  amortisseur  windings  to  improve  tJbi^ 
starting  qualities  and  to  serve  in  preventing  surging  and  hunting. 

Stl.  Non~fl^ehronoui  phue  modlflon  (or  phase  eontrollen). 
Sev«iU  varieties  of  apparatus  customarily  called  phase  advancers,  have 
been  developed  for  use  in  oonneotion  with  individual  induction  motors  for 
the  purpose  of  improving  their  power-factor.  Such  apparatus  is  supplied 
with  very  low  frequency  electricity  from  the  secondary  windings  of  the 
induction  motors.  The  frequency  is  that  corresponding  to  the  "slip"  of  the 
induction  motor.  Such  phase  advancers  have  an  innerent  charactmstio 
which  may  conveniently  serve  to  distinguish  them  from  synchronous  ooih 
densers  (Par.  S19  and  StO).  This  characteristic  is  that  they  are  not  synrAr^ 
nous  machine*. 

Leblane  was  probably  earliest  in  drawing  attention  to  methods  of  aecuring 
phase  control  by  the  use  of  non-synchronous  auxiliaries.  His  proposak 
may  be  explained  by  reference  to  the  accompanying  dia^ams.  In  Fig. 
174,  AC  and  BD  represent  two  series-excited  machines  which,  by  suitable 
mechanical  means,  are  driven  at  some  appropriate  speed.  The  6eld  C  of 
AC  and  the  armature  B  of  BD  are  conneeted  in  series  with  phase  N  of  the 
quarter-phase  rotor  MN.  Similarly,  the  field  D  of  BD  ana  the  armature 
A  of  AC  are  connected  in  series  with  the  other  phase,  M.    Thus  the  current 
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5^0.  174. — Leblane  phase 
advancer  with  two  armatures 
and  fields. 


Fio. 


17o. — Leblano   phase   advanctf 
with  a  sinsle  armature. 


Cor  exciting  the  field  surrpuodins  each  armature  is  displaced  90  des.  from 
the  current  in  the  phase  with  which  the  armature  is  in  series.  The  armatun 
pressure  is  consequently  00  dc^.  displaced  from  the  pressure  of  the  rotor 
winding  with  which  it  is  in  series.  The  resultant  pressure  and  current  is  ' 
each  rotor  circuit,  can,  by  these  means,  be  displaced  by  any  desired  amount 
from  the  phase  relations  which  would  subsist  were  the  rotor  windings  merely 
short-circuited  on  themselves  in  the  customary  way.  Obviously,  the 
greater  the  speed  at  which  A  and  B  are  driven  and  the  greater  the  m.m./. 
provided  by  C  and  D,  the  more  may  the  resultant  pressures  (and,  oonse- 
quently,  also  the  currents)  be  advanced  in  phase  from  the  conditions  sub- 
swtifig  with  a  normally  short-circuited  rotor  without  a  phase  advancer. 

In  practice,  however,  it  is  more  «oDv«nient  to  employ  a  single  armature, 
as  indicated  in  Fig.  ITS,  and  to  supply  its  commutator  (assuming  a  bipolar 
deaigD  of  phase  aavanoer)  with  four  brashes.  The  armature  AB  (^g.  17S) 
may  be  either  directly  mounted  on  the  motor  shaft  or  it  may  bo  driven  at  a 
suitable  speed  by  an  auxiliary  motor.  The  currents  supplied  to  the  brushes 
will  be  of  the  low  frequency  corresponding  to  the  slip  of  the  rotor  MN  of  the 
induction  motor  whose  power-factor  it  is  desirsa  to  improve.  Fig.  17( 
differa  from  Fig.  175  simply  in  that  a  field  structure  is  tnmcated  surrouad- 
ing  the  armature  AB,  and  also  in  the  subdivision  of  the  field  windini*  C 
and  D  among  the  four  poles.  It  must  be  noted  that  although,  geometrie- 
ally  speaking  there  are  tour  poles,  magnetioally  considered,  it  la  a  bi-poiar 
design.     Similarly,  as  shown  in  Fig.  177,  a  thiee-pbaaa  bi-polar  advasesr 
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im  tlma  geometria  polos.  The  windincg  an  usually  distributad  in  alots 
•t  tha  inner  periphery  of  the  atator  instead  of  being  arranged  on  aalient 
(oiaaa  indicated  diagrammatioally  in  Fig.  176. 

ttl.  Tha  miai  Walker  phage  adrancer.  In  the  jphaae  advancer 
dmloped  by  Prof.  Miles  Walker,  a  compensating  winding  is  added  as 
ihown  in  Fig.  178  in  which  BiEJBi  are  the  three  exciting  windings  and 
CiCiCt  the  three  compensating  windings.  The  exciting  windings  E  are  (for 
sbi-p(dar  deeipi)  usually  coneentratedinthrcelargeequi-distantslotsin  the 
■Istor  core,  wtule  the  comjpensating  windings  C  are  distributedin  many  small 
■lots  in  order  to  neutralise  (or  sTightly  overneutralise),  the  mm./,  of  the 
rotor  winding.  It  is  ciaimediorthistype  thatitpossesseafeatures  specially 
^mdndve  to  ready  adjustment  and  good  commutation. 

m.  Oxniasion  of  itator  windings  in  non-iynehrononi  pIuM 
adwaacsn.  Leblanc's  ori^nal  proposals  showed  examples  of  phase  ad- 
Tsaocrs,  in  which  no  windings  were  provided  on  the  stator.  Such  a  plan 
is  uplied  to  a  tiiree-phase  four-pole  advancer,  is  shown  diagrammatically 
is  ¥1%.  179-  The  recesses  opposite  the  brushes  are  provided  for  improving 
the  eommutstion.     Soherbius  in  some  phase  advaneera  btiilt  by  Messrs 


Fia,  176.  Fio.  177.  Fio.  178. 

.  Fio.  176. — Alternative  method  of  diagrammatic  representation  of  Leblano 
linjde-annature  phase  advancer. 

na  177. — IHagrammatio  representation  of  phase  advancer  wound  for 
tkne  phases. 

Flo.  17S.—Milas  Walker  phase  advancer  with  exciting  and  compensating 
■indings  on  the  stator. 

^wn-Boveri  A  Co.  has  employed  this  plan  of  omitting  exciting  windings 
fMni  the  stator.  But  eom.vtn»alina  windings  are  usually  fitted  on  the 
tstcr  in  phase  advancers  for  large  slow-speea  induction  motors. 

m.  An  undantandlng  of  tba  underlying  Idea  of  the  non- 
•mehrenoas  phase  adTancar  (Par,  Ml)  may  also  be  obtained  by 
mst  considering  that  the  low-frequency  currentsr  from  the  secondary 
•f  the  main  motor.  Sow  into  the  rotor  of  the  phase  advancer  while  it 
u  at  rest.  Under  these  conditions  the  current  will  lag,  since  the  rotor  cir- 
cvta  are  inductive.  But  if  the  rotor  is  driven  in  the  cUiection  of  the  mag- 
■Mie  field  which  is  circulating  in  it  and  which  has  been  occasioned  by  the 
"■•1/.  tS  the  low-frequency  currents  from  the  secondary  of  the  main  motor, 
•ad  n  the  speed  at  which  it  is  driven  is  exactly  that  of  the  rotating  field,  then 
■hers  is  a  state  of  relative  rest  between  the  field  and  the  rotor,  and  the  latter's 
nadings  are  non^nductive  and  occasion  neither  lag  nor  lead.  If  the  rotor 
u  driven  at  higher  speeds,  the  rotor  circuits  again  become  inductive  but 
ioUoiate  Uading  eleettomotive  toroee  into  the  secondary  circuits  of  the  main 
notcr. 

Bl.  Sdisrtrfns  phase  adraneon  with  sntin  omiislen  of  itator. 
8<h»bias  has  devised  a  phase  advancer  consisting  simply  in  a  rotor  with 
Its  windings  completely  embedded  below  the  surface.  DiagrammatirAlIy 
nch  a  phase  advancer  audita  connections  reduce  to  the  simple  arrange- 
■Bit  shown  in  Fig.  180^  in  which  A  represents  the  rotor  of  the  induction 
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motor  iriUi  ita  windinca  oonmotad  to  the  briuhn  of  the  Seherbiue  phai 
mdvanew  B.  The  latter  ia  uaually  mounted  direotly  on  the  ahaf  t  of  the  mai 
motor.  Thtia  the  aeheme  reduoea  to  the  aimple  propoaition  of  aatabliaUa 
a  field  in  the  macnetic  circuit  of  B  by  roeaoa  of  the  at, at./,  of  the  current  au 
plied  to  ita  bruahea  from  A.  Thia  field  rotatea  very  alowly  in  apace  ainee  M 
frequenoy  of  the  rotor  currenta  is  amall.  But  a  ia  rotated  mechanieall 
at  the  hish  speed  of  the  rotor  A  and  consequently  the  windin^B  on  B  rotal 
much  faster  than  the  maf aetio  field  in  B,  and  in  cutting  throush  tbia  fiel 
they  aet  up  an  e.m.f.  which,  combined  with  the  e.m.f.  in  the  nuun  rotoi 
ocoasions  an  adTaaee  in  the  phaae  of  the  currenta  in  the  rotor  drcuita  and  in 
proves  the  power-faetor  of  the  motor. 

In  a  letter  pubiiahed  in  The  BUelrieian,  July  13, 1912,  pace  582,  Scherbiu 
•tatea  that  both  theory  and  practice  aupport  the  idea  that  a  mere  ring  i 


Fio.  179.  —  Leblano-Scher- 
bius  phase  advanoer  without 
windings  on  atstor. 


Fio.  180.  —  Diacrammatio 
repreeentation  of  Scberbiua 
atatorieas  phaae  adranoar. 


sufficient  to  complete  the  maanetio  circuit  and  that  no  stator  is  necessary 
Consequently  in  a  considerable  number  of  his  smaller  alses  of  phase  advana 
era  Scberbiua  has  abandoned  the  use  of  a  atator  and  baa  bwlt  his  phaai 
advancers  without  any  air  apace  in  the  magnetic  circuit.  The  conaequen 
reduction  in  the  magnetic  reluctance  permits  at  small  loads  the  generatioi 
of  an  increased  e.m.f.  of  rotation  and  results  in  a  greater  improvement  of  tin 
power-faotor  at  light  loads. 

lU.  Operating  data  of  Bcharbini  phaae  advaaeen.    In  Fig.  181 
are  given  curves,  showing  the  power-factor  obtained  by  Scherbiua  on  t 
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Fio.  181. — Performance  curves  of  a  400-h.p.  motor  when  operated  re- 
spectively with  (upper  curve)  and  without  (lower  curve)  a  Soheibiaa  pbaas 
advancer. 

WO-h.p.  motor  when  operated  respectively  with  and  without  a  phaae  ad- 
vancer. It  is  seen  from  the  curvee  that  at  only  20  per  cent,  of  rated  load  the 
power-faetor  is  improved  from  0.4  to  0.8,  and  that  beyond  half  load  the 
current  is  leading.  The  400-h.p.  motor  on  which  the  testa  were  made,  has 
24  poles  and  runs  from  a  3,300-volt,  32-cycle  circuit  at  ISO  rev.  per  mis. 
The  overall  dimensions  of  the  advanoer  (including  a  small  motor  to  drive  it) 
are  50  iD.X23  in.X2S  in.,  and  the  wei^t  of  the  advancer  and  ita  driviK 
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Botor  amounts  to  0.34  metric  ton.  This  particular  phase  advancer  was 
ifcted  with  a  stator  but  without  any  windings.  The  general  tendency  is 
toward  the  employment  of  a  stator  fitted  with  compensating  windings  but 
«itiM>at  any  exciting  windings.  {  At  page  366  of  Vol.  L,  of  the/oum  I.  E.  K. 
m  given  curves,  reproduced  in  Fig.  1S2,  showing  the  improvement  effected 
IB  a  25-h.p.,  60-cycle,  450-volt,  1,000-rev.  per  min.,  three-phase  induction 
■otor  by  fitting  a  Scherbius  phase  advancer  on  the  end  of  the  shaft  of  its 
rotor.  In  the  motor  the  stator  is  the  secondary  and  its  three  terminals  are 
coonectad  to  three  brushes  on  the  commutator  of  the  advancer.  The  total 
weight  of  the  motor  and  advancer  is  only  0.36  metric  ton,  or  14.5  kg. 
per  h.p. 

At  a  steel  mill  in  Sheffield  in  England,  a  Scherbius  advancer  with  a  sta- 
tor fitted  exclusively  with  compensating  windings  is  employed  in  the  rotor 
circuit  of  a  700-h.p.  induction  motor  which  is  usually  running  lightly  loaded. 
Without  the  phase  advancer  the  power-factor  of  the  system  is  0.55.  With 
the  advancer  it  is  increased  to  0.7.  The  advancer  is  driven  by  a  2-h,p.  in- 
daetion  motor  running  at  neariy  1,500  rev.  per  min. 

SST.  The  Kftpp  vibrator.  In  Eclairage  Electrique,  for  August  5, 
1809.  Leblano  suneeted  that  phase  control  could  be  accomplished  by  the 
Me  of  a  device  wnifdi  be  termed  a  "recuperator**  and  which  consisted  of  a 
eopper  diso  through  which  alternating  current  was  transmitted  radially 
between  the  centre  and  the  periphery,  and  which  was  located  in  a  magnetio 
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Flo.  182.— Performance  curves  of  a  25-b.|>.  motor  when  operated  respec- 
tivdy  with  and  without  a  Scherbius  phase  advancer. . 

fidd  in  which  it  oecillated.  The  current  was  transmitted  to  and  from  the 
£k  by  means  of  a  slip-ring  on  the  ^aft  and  a  trough  of  mercury  in  which  the 
disc  dipped. 

Dr.  Gisbert  Kapp  has  developed  from  this  prindple  a  commercial  phase 
■dvancer  which  he  terms  a  "vibrator."  Kapp  has  realised  that  success  is 
eoDtingent  upon  emplo^ng  as  a  vibrating  element  a  rotor  of  small  diameter. 
He  conveys  uie  current  into  the  rotor  windings  by  brushes  bearing  on  a  com- 
mutator. In  order  that  the  commutator  may  be  smidl  and  cheap,  it  is 
desirable  that  the  secondary  of  the  main  motor  shall  be  wound  for  a  fairly 
Iti^  preesure  and  small  current.  The  scheme  is  illuatrated  in  Fig.  183 
tiun  from  an  article  by  Kapp  published  in  "The  Electrician"  for  May  17 
iod  24,  1912,  pp.  222  to  272.  YVY  are  three  vibrating  armatures  for 
improving  the  power-factor  of  a  three-phase  motor  whose  rotor  has  a  tbree- 
piiue  winding.  A  three-phase  motor  can,  as  well,  have  a  two-phase  rotor, 
ud  this  will-  permit  of  reducing  the  number  of  vibrating  armatures  from 
Uiree  to  two.  A  starting  resistance.  <S>,  of  the  usual  type  is  provided.  It  is 
■bort-drcuited  after  the  motor  has  acquired  speed.  The  field  of  the  vibrator 
■sabown  excited  from  a  battery,  but  any  convenient  aource  of  direct  current 
■nty  be  emirfoyed.  Dr.  Kapp  states  that  the  power  required  for  excitation 
■  only  a  fraction  of  1  per  cent,  of  the  power  of  the  motor,  and  that  the  loss 
(tf  power  by  windage  and  brush  resistance  in  the  armatures  is  of  the  same 
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order  of  magnitude.  A  switoh  may  be  arranged  to  short-eireuit  the  vibratoi 
while  the  motor  is  being  started  and  thus  avoid  subjecting  the  windings  oi 
the  vibrating  armatures  to  the  high  pressure  estabbshed.  during  startins< 
in  the  rotor  of  the  induction  motor.  When  it  is  arranged  to  protect  th< 
vibrator  in  tliis  way,  its  armature  need  only  be  providea  with  low^volta^ 
insulation,  since  the  pressure  of  the  rotor  windings  during  normal  running  u 
only  a  small  percentage  of  the  pressure  during  starting. 

There  is  no  difficulty  in  proportioning  a  vibrator  for  jcood  commutation. 

At  maximum  speed  the  cur- 
rent is  sero  and  at  maxi- 
mum current  the  speed  u 
sero.  Consequently  ai 
both  these  limits  the  reac- 
tance voltage  is  sero.  The 
reactance  voltage  passes 
through  its  maximum  vaiae 
at  some  intermediate  value 
of  speed  and  current,  but 
there  is  no  difficulty  in  so 
proportioning  the  vioratoi 
that  this  maximum  value 
of  the  reactance  voltage  will 
below.  In  Vol.  LlTlOlS) 
of  the  Joum.  I.  E.  E.,  are 
given,  p.  202  the  curves 
reproduced  in  Fig.  1^. 
These  curves  were  obtained 
on  a  40.S-cyclc,  2,650  volt, 
408-rev.  per  nun.,  12-pole, 
00-h.p.  induction  motor, 
when  run  with  and  without  a  Kapp  vibrator.  The  natural  slip  of  the  motor 
was  2.75  per  cent,  at  full-load.  The  curves  disclose  a  slightly  undesirable 
feature  which  is  more  or  less  common  to  all  these  phase  advancers,  namely, 
that  their  use  increases  the  slip.  The  use  of  a  phase  advancer,  however, 
greatly  increases  the  instantaneous  overload  capacity  of  the  induction  motor 
to  which  it  is  applied. 


Fio.  183. — Diagrammatic  representation  of 
an  induction  motor  and  a  Kapp  vibrator  type  of 
phase  advancer. 
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Flo.  184. — Performance  curves 
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Kv-lnpat 
of  a  00-h.p.  motor  fitted  with  a  Kapi 
vibrator, 

StS.  Operating  data  of  Kapp  ribrator.  In  Fig.  185  are  fiven  curvet 
showing  the  improvement  efTccted  in  a  20-h.p.  motor  by  equippinj^  it  with  a 
Kapp  vibrator.  In  Fig.  186  is  given  a  power-factor  curve  obtained  on  a 
330-h.p.  12-pole  three-phase  induction  motor  operated  from  a  40-cycle,  2.750- 
volt  circuit  and  fitted  with  a  Kapp  vibrator.  In  this  case  the  armatures  of  the 
vibrator  are  only  10  cm.  in  diameter  and  at  full-load,  with  a  slip  of  2.45  per 
cent,  rotate  about  3)  revolutions  in  each  direction.  Since  the  frequency  of 
supply  is  40  cycles  per  sec,  the  direction  of  rotation  reverses  every  nag 
second.  The  curve  shows  that  at  half  load  the  power-factor  was  0.09 
leading;  and  that  at  full-load  it  was  0.96  leading.     The  correspondisf  powW* 
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factors  without  the  vibrator,  were  0.70  lag^ng  and  0.87  laupnM  retpectavelj. 
The  exdtation  loas  in  the  fields  of  the  vibrator  was  only  50  watts. 

The  Kapp  vibrator'a  chief  advantage  over  revolving  types  of  phase  ad- 
raneen  relates  to  the  greater  facility  with  which  ^ooa  commutaUon  may 
be  obtained.  Its  chief  disadvantage  relates  to  its  dejwndenoe  upon  a 
■apply  of  direct  current  for  field  excitation. 
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fio.  1S5. — Performance  curve*  of  a  20-b.p.  motor    Btted  with  a  Kapp 
vibrator. 

M.  CompeoMkUnc  windiiifa  mmy  b«  UMd  in  the  Kapp  vibrator 

iBd  permit  of  emplo^ns  atronger  armaturea,  i.«.,  leas  fiux  ana  more  turna. 
Iq  a  preliminary  deaiKn  for  a  compenaated  vibrator  for  a  16-cycle  l,fiOO-h.p. 
motor,  the  diameter  of  the  armaturea  was  13  cm.  and  tlieir  groaa  core  length 
*u  15  em.     In  thia  oaae  the 


mimated  veightfor  the  com' 
plete  vibrator  waa  0.6  metric 
ton.  The  armaturea  were 
nlnilated  to  make  some  7  to 
B  revolutiona  in  each  direc- 
tion ud  to  attain  a  peripheral 
■peed  of  about  30  meters  per 
Mc.  In  another  deaign  for  a 
nbrator  for  a  3S0-h.p..  50- 
~cle  induction  motor,  the 
of  the  vibrator'a  ar- 
Baiiiraa  waa  12  cm.,  and  the 
Poaa  core  length  waa  24  cm. 
Thu  could  be  conaidend  aa  a 
<aM  in  which  the  eonditiona 
"•n  favorable,  for  the  na- 
tvnl  dip  of  the  motor  was 
<>B>y  1.5  per ''cent,  at  rated 


Leadlnf 

^•'•Oite 

LO 


oil 


au 

Laniaf 


•aie 


^ 

' 

^ 

y 

y 

MO 


MO         iw         ao 

XilewatU  Upat 


Fio.  18S. — Power-factor  curve  of  a  330-h.p. 
induction  motor  fitted  with  a  Kapp  vibrator. 


W 

>°*<1  and  the  alip-ring  preasure  waa  high,  namely,  600  volts.  The  weight  of 
'{>i>  vibrator  waa  estimated  at  O.SS  metric  ton,  and  the  calculations  indicated 
that  the  powei^faotor  would  reach  I.OO  at  one-fourth  load,  and  that  there 
voiiM  be  •  lesdiac  ourrent  from  one-fourth  load  up  to  heavy  overloada. 
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Dr.  Kapp  puta  the  coat  of  the  vibrator*  as  ran^ns  from  about  tl.2S  per  h.n. 
ID  favorable  anaea,  up  to  S4.00  per  h.p.  in  relatively  unfavorable  oases,  susn, 
for  instance,  of  considerable  slip  or  low-^resaure  secondary  windinffi  or  both. 

■SO.  Oenaral  eoniideratiaiu  in  the  daiigii  of  phaM  adTmnoan.     In 

order  to  keep  down  the  size  and  cost  of  the  commutators  and  the  losses  at  tha 
brushes,  it  is  desirable  to  wind  the  secondary  of  the  main  motor  for  fairi^ 
high  pressure,  and  it  is  also  desirable  that  the  slip  shall  be  small.  It  la 
claimed  by  Kapp  that  the  smaller  the  sUp,  the  more  favorable  is  the  case  for 
employing  a  vmrating  rather  than  a  rotating  phase  advancer.  The  w^ght 
ana  cost  per  h.p.  decrease  with  decreasing  slip  and  increasing  secondary 
>  of  th(        ' 


pressure  of  the  main  motor.     All  of  these  types  of  phase  advancer  have  the 

valuable  feature  -' '*"  ■ " —  **--  — ' — * ' — ' ^*— 

of  the  motors  witi 


valuable  feature  of  greatly  increasing  the  instantaneous  overload  capacity 

rith  woich  they  are  employed.     For  a  given  load  the  pnmaiT 

current  is  considerably  decreased,  and  the  secondary  current  increased. 


This  would  lead  to  about  the  aame  total  copper  ioas  for- a  given  load,  were 
it  not  for  the  circumstance  that  it  is  usually  quite  practicable  to  increoae  the 
cross-section  of  the  secondary  copper.  It  is  fair  to  state  that  the  decrease  in 
the  losses  in  the  main  motor  for  a  given  load  approximately  off-eet  the  losses 
in  the  advancer,  leaving  the  efficiency  substantially  ummpaired  at  fated 
load.  The  efficiency  wUl  usually  be  materially  improved  at  email  loads. 
The  power-factor  and  overload  capacity  may  be  both  greatly  increased. 

131.  Bibliography  of  phase  modifiers. 

Walker,  Miles. — ^"The  Infiuence  of  PoweMactor  in  Altemating-ouiTeiit 
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Kapp,  Gisbbrt. — "On  Phase  Advancers  for  Non-synchronous  Machines." 
The  Electrician,  Vol.  LXIX,  Mav  17  and  24,  1912,  pages  222  and  272. 
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factor  of  Alternating-current  Systems."  Journ,  I.  E.  E.,  Vol.  L,  1013,  page 
329. 
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MOTOR  GENERATORS 

tSt.  Osmsral  llezlbiUtr  of  combinations.  For  transforming  alternat- 
ing electricity  from  one  pressure  or  phase  system  to  another  of  the  same 
frequency,  stationary  transformers  usually  offer  advantages  over  rotating 
apparatus.  Even  for  such  transformations,  however,  motor-generator  sets 
permit  of  adjusting  the  ratio  of  transformation  at  will  and  over  a  wide  range. 
This  advantage  of  greater  flexibility  in  the  motor  (generator  rarely  suffices  to 

i'ustify  its  use  m  transformations  where  it  is  not  desired  to  alter  the  frequency, 
'or  effecting  all  other  transformations  of  electricity,  motor  generatora 
usually  represent  the  most  satisfactory  means,  if  questions  of  cost  and 
efficiency  are  left  out  of  account. 

Sn.  Motor  censraton  for  fraquaney  changing.  Tranaformatiooa 
from  alternating  electricity  of  one  n'equency  to  alternating  electricity  of 
another  frequency  are  usually  effected  by  means  of  synchronous  motor- 

?snerator  sets.     Such  frequency  changer  sets  are  discussed  in  diviaon  headed 
ar.  tM  to  tM. 

04.  Synehronoui  convartsrs  and  motor  convertars.  The  lower 
cost  and  higher  efficiency  of  transformations  from  alternating  to  direct 
current  by  means  of  synchronous  converters  (Sec.  9)  or  motor  converteis 
fSec.  9)  justify  their  use  for  certain  classes  of  work  notwithstanding  certain 
less  desirable  features. 
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SM.  Synehronoua-motor  drlT«  for  motOT-eaner^tor  Mti.    The  um 

itf  a  syncfaroELOua  motor-generator  for  tranaforming  from  alteroatinc  to 
Arecfc  current  permitaof  effecting  phase  control  to  practically  any  desired  ex- 
tent; whereas,  with  asynchronous  converter,  phase  controlia  only  practicable 
mtiiiii  very  narrow  limits  (Sec.  Q).  Moreover  the  direct-current  generator 
ti  a  motor-Kenerator  set  can  be  provided  with  all  the  desirable  attributes  of 
a  machine  driven  by  a  prime  mover.  Although  the  motor-generator  set  may 
be  employed  in  a  substation  many  miles  away  from  the  generating  station. 
the  direct-current  generator  will  have  as  cloM  speed  regulation  as  the  prime 
marcm  in  the  generating  station.  Its  voltage  may  be  controlled  through  any 
(feared  range  and  it  may  be  provided  with  a  compound  winding  for  giving 
it  practically  any  characteristics  which  may  be  desired.  For  operating  fron 
QO-eyde  drcuita  and  for-  commutator  pressures  above  1,!K)0  volts,  thesjru- 
idircKious  converter  has  a  oompetitor  in  the  synchronous  motor-generator 
Kt.  The  motor  converter  (See.  0)  is  also  a  rival  for  such  work.  For  still 
kigjwr  commutator  preasureSf  the  synchronous  motor-generator  set  is  ex- 
cbnTely  suitable  for  operation  from  60-oycle  circuits  and  it  is  often  prefer- 
^ie  on  25-cycle  drcuits. 

SM.  Induction-motor  drlv*  for  motor-ffener»tor  leti.  While  it 
is  omaUy  preferable  to  employ  a  synchronous  motor  for  a  motor-generator 
set.  eases  arise  where  the  simplicity  of  the  squirrel-cage  induction  motor 
and  its  lower  cost  is  considered  sufficient  inducement  to  employ  it  notwith- 
■tsnriing  its  low  power-factor.  The  induction-motor  drive  is  usually  con- 
fined to  relatively  small  sets  and  for  low  voltages  at  the  motor.  It  is  leM 
obiectionable  at  25  than  at  60  cycles,  since  for  a  given  siie  and  speed  the 
power-factor  of  induoUon  motors  is  higher  the  lower  the  periodicity. 

tST.  Btartlnff  of  motor-ffenerator  'setl.  It  is  at  present  usual  to 
Mart  synchronous  motor-generator  sets  from  low-voltage  taps  of  trans- 
formers or  auto-transformers  by  means  of  the  torque  supplied  by  squirrel- 
Offft  vindingB  fitted  in  the  pole  shoes.  After  the  rotor  has  come  up  to 
■peed,  the  stator  windinei  are  thrown  over  to  the  full-voltage  position.  The 
nethod  differs  in  no  essential  respect  from  the  "tap"  starting  of  an^  syn- 
dnY>nous  motor  or  rotary  converter.  Another  available  method  which  as 
yet  is  but  rarely  emploired  in  America  consists  in  fitting  a  small  auxiliary 
induction  motor  on  the  shaft  with  its  stator  windings  either  in  series  with  the 
Kator  windings  of  the  synofaronotis  motor  or  else  with  its  stator  windings 
iQl^itied  from  the  secondaries  of  a  series  transformer  whose  primaries  are, 
thinns  etarting.  in  series  with  the  synchronous  motor's  stator  windings. 
TUs  method  is  especially  appropriate  for  large  sets.  Aa  a  third  method  may 
be  mentioned  that  of  starting  from  the  commutator  end  by  temporarily 
nnployinff  the  direct-current  generator  as  a  motor.  Some  25  per  cent,  of 
rated  fttll-Joad  current  is  usually  required  by  this  method  of  starting  motor- 
ffmerator  sets.  The  method  is  the  more  worthy  of  consideration,  the  higher 
the  frequency  of  the  supply  circuit,  since  tap  starting  requires  more  current 
*itb  the  bicker  frequencies.  If  the  sot  is  started  from  the  commutator 
nd.  the  eompound  winding  should  be  temporarily  short-circuited  bv  a 
switch  mounted  on  the  frame  of  the  machine  or  close  to  it.  For  this  method 
of  startiDg  it  becomes  necessary  to  employ  synchronizing  apparatus.  When 
ioduction  motor-generator  sets  are  employed,  one  of  the  motives  usually  re- 
Utes  to  the  readineas  of  starting  from  the  induction-motor  end  in  the  same 
*ay  in  which  any  large  squirrel-caf[e  induction  motor  is  usually  started  up. 
i-9.,  by  iBpB  from  b-ansformers  or  induction  starters. 

MS.  Mdtor-g^o/mU^T  sati  for  charging  storaffe  batteries.  It  might 
be  concluded  at  first  sight  that  the  mercury-arc  rectifier  would  monopolise 
tiie  funetion  of  charging  storage  batteries  when  the  available  supply  consists 
of  sHernating  current.  There  is,  however,  a  consideration  which  often 
*cs|)m  decidedly  in  favor  of  the  motor  generator  for  such  work:  There  is 
tn  internal  drop  of  some  20  to  30  volts  in  the  mercury  arc  rectifier.  Let  us 
for  explanatory  purposes  take  the  drop  as  25  volts.  Then  for  supplying 
electricity  at  a  pressure  of  25  volts,  the  efficiency  cannot  be  greater  than 
125/(26+26)  J  X 100 -50  per  cent.  But  for  auppfying  energy  at  250  volts. 
the  efficiency  may  be  of  the  order  of  250/(250+25)  =91  per  cent. 

Consequently  the  higher  the  required  pressure  the  more  appropriate  is 
the  mercury-are  rectifier,  and  the  lower  the  required  pressure  the  more 
sppropriate  is  the  motoi^generator.  We  thus  see  that  for  low-voltage  stor- 
tge-bsttery  charging  there  is  an  important  consideration  weighing  in  favor 
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of  the  motor  generator.  alChougli  >t«  greater  initial  cost,  the  sreater  cost  for 
attendance,  and  the  general  inconvenience  inherent  to  rotating  machinery 
may  turn  the  balance  in  favor  of  the  mercury-arc  rectifier  in  many  instanoea. 

SSt.  Uotor-tenerator  sets  for  electrolytic  work.  The  explanations 
in  Par.  SS8  apply  in  still  greater  degree  to  the  provision  of  direct-current 
for  such  electrolytic  work  as  requires  a  pressure  of  only  a  few  volts.  For 
Buoh  work  the  required  pressure  is  often  of  the  order  of  only  some  2  to  10 
volts.  Since  the  technical  problems  arising  in  connection  with  sueh  sets 
hinge  around  the  abnormal  proportions  required  for  the  direct- cur  rent 
generator,  and  since  the  alternating-current  motor  for  such  sets  is  entirely 
narmaJ,  this  matter  is  more  appropriately  discussed  in  Sec.  8. 

S40.  Hotor-generaton  for  main-line  railway  substattona.  In 
most  main-line  railway  electrification,  direct  current  will  be  suplied  to  the 
conductor  rail  or  overhead  trolley  wire  at  pressures  of  not  lees  than  1 ,200  volts 
and  often  of  from  2,400  volts,  to  4,000  volte.  Sueh  pressures  cannot  suooees- 
fully  be  provided  by  synol^onouB  converters  or  motor  oonverten.  Coit- 
sequently  motor-generators  will  be  employed. 

341.  Ward  Leonard  efstem.  The  modern  conception  assootated  with 
the  term  "Ward  Liconard  System'*  is  of  a  system  for  effecting  any  desired 
variations  in  the  speed  of  a  motor  for  all  loads  carried  by  the  motor  without 
incurring  any  rheostatic  losses  in  the  main  circuit.  This  is  aooomplished  by 
interposing  a  motor-generator  set  between  the  variable-speed  motor  in  ques- 
tion and  the  system  from  which  it  is  supplied.  If  the  system  be  one  furnish- 
ing alternating  electricity  it  will  be  usual  to  employ  for  the  motor-generator 
set  a  svnchronouB  motor  coupled  to  a  direct-current  generator.  It  is 
anangea  that  the  exdtation  of  tne  latter  may  be  varied  over  a  wide  range  by 
means  of  a  rheostat  io  its  field  circuit.  The  generator's  armature  and  the 
motor's  armature  constitute  a  circuit  by  themselves  which  is  not  interrupted 
in  service.  By  simple  and  efficient  manipulations  of  the  field  rheostaU 
and  switch  gear  in  the  exciting  circuits  of  the  generator,  and  of  the  variable- 
speed  motor  the  latter's  speed  and  direction  of  rotation  are  under  perfect 
control  at  all  loads.  The  system  ia  regenerative;  thus,  when  applied  to 
hoisting,  the  descending  load  drives  the  motor,  which,  as  a  generator,  re- 
verses the  action  of  the  motor-generator  set  and  returns  energy  to  the 
supply  system. 

S4S.  The  Ward  Leonard  lyatem  has  been  applied  to  a  large  Tarietr 
of  work  requiring  economical  operation  under  wioely  varying  conditions  of 
speed  and  load.  Among  these  applications  is  that  of  operating  railway 
trains:  In  this  instance  Ward  Leonard  has  employed  single-phase  trans- 
mission to  a  motor-generator  set  on  the  locomotive.  The  generator  driven 
direct  current  to  motors  geared  to  the  driven  axles.  The  control  is 
effected  exclusively  by  manipulation  of  the  field  excitation.  This  system  of 
railway  electrification  was  formerly  occasionally  employed  by  the  Oeriikon 
Ca 

S4S.  Bibliography  of  Ward  Leonard  lystem.  The  system  has  been 
described  and  discussed  on  several  occasions  when  its  inventor  presented 
papers  before  the  American  Institute  of  Electrical  Engineers.  The  following  is 
a  luit  of  several  papers  by  U.  Ward  Leonard  relating  to  his  svstem;  these  were 
published,  at  the  various  times  noted,  in  the  Trans.  A.  I.  E.  E. 

"A  New  System  of  Electric  Propulsion  (June,  1892),"  Vol.  IX,  page  £66.   ; 

"How  Shall  We  Operate  an  Electric  Railway  Extending  One  liundred 
Miles  from  the  Power  Station*'  (Feb..  1804).  Vol.  XI.  page  76. 

"Volu  vs.  Ohms  (Speed  Regulation  of  Electrio  Motors)"  (Nov..  1806). 
Vol.  Xin.  pase  377. 

"Multiple  Unit,  Voltage-speed  Control  for  Trunk  Line  Bervioe"  (Nov., 
1902),  Vol.  XX,  page  155. 

S44.  The  Ilgner  Bystem.  By  providing  the  motor^generator  set  with 
a  fly-wheel,  Ilgner  goes  a  step  farther  than  Ward  I^eonard  and  obtains  h 
system  for  supplying  electricity  to  a  motor  which  shall  carry  sharoly  varying 
loads  at  widely  varying  speeds  without  imposing  any  material  loaa  variations 
on  the  supply  system.  When  operated  from  a  direct-current  supply,  both 
members  of  the  motor-generator  set  are  direct-current  machines  as  indicated 
at  A  and  B  in  Fig.  187.  The  shunt  motor  A  is  supplied  from  the  dire^- 
current  system  G,  and  drives  the  generator  B  and  the  flv-wheel  C.  It  ii 
desired  that  the  motor,  F.  shall  be  economically  operatea  at  any  speed  ia 
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>  direction  and  with  widely  Tsryiog  loads.  For  inatance,  P  may  driva 
KTcnible  rolls  in  a  steel  mill  or  a  winder  at  a  coal  mine.  (Although  in  the 
csae  of  such  heavy  work,  the  supply  would  consist  in  polyphase  electricity,  it 
ia  simpler  first  to  deecribe  the  arrangement  employed  with  a  supply  of  con- 
tinuoua  electricity.)  It  will  be  observed  that  there  are  no  switches  or 
riieoctata  in  the  circuit  of  the  armatures  of  the  generator  £,  and  the  variable- 
^wed  motor  F.  The  excitation  for  the  latter  may  be  supplied  from  O,  aa 
indicated  in  the  diagram.  The  control  of  the  speed  of  F  is  effected  by  control 
of  the  field  excitation  of  the  generator  B  by  means  of  the  rheostat  D.  The 
direction  of  F  is  controlled  by  the  switch  E.  Assuming  the  case  of  winding 
a  load  up  out  of  a  shaft,  let  us  take  the  moment  when  the  load  is  at  rest  at 
the  bottom.  Switch  B  will  be  0|>en  at  this  moment  and  F  will  be  at  rest. 
To  wind  n^  the  load  the  switch  S  is  dosed  in  the  right  direction  and  the  field 
of  £1  ia  rapidly  strengthened  by  cutting  out  the  rheostat  D,  point  hy  point. 
This  accelerates  the  motor  F 
to  its  full  speed. 

The  load  thus  imposed  on 
the  fly-wheel  motor-genera- 
tor  set  is  largely  provided 
from  the  energy  stored  up  in 
the  fly-wheel  CT  Bv  the  time 
tte  wind  is  completed,  the 
motor  generator's  speed  has 
decreased  a  few  per  cent. 
Dozing  the  descent,  the  mo- 
tor A  n  atill  loaded,  since  it 
ia  accelerating  the  fly-wheel 
to  its  full  speed  and  storing 
eaefgy  in  it.  The  descending 
lead  may  contribute  to  the 
proee**  by  regeneration. 

Hi.  WM&  of  kpplleatlon 
at  tlu  Ilcn«r  lystam.  The 
Dgner  system  hiia  been  exten- 
STely  used  and  instances  are 
on  record  of  reversing  rolling 
miUsin  wbichload  variations 
<4  enormous  amount  occur- 
ring many  times  per  min.  are 
10  effectively  equalised  as  to 
occasion  practically  constant 
bad  on  the  supply  system. 
See  Sec  15.  However,  for 
heavy  work  of  this  character, 

the  aupply  consists  of  poly-  _  ,  ,^      j. 

phase  energy,  and  an  induction  motor  replaces  the  direct-current  motor 
A  of  the  motor-generator  set.  But  the  generator  B  and  the  variable-speed 
motor  F  remain  direct-current  motors,  and  the  operation  is  quite  as  ex- 
plained above.  It  is,  however,  necessary  to  provide  an  exciter  for  the  field 
winding  of  F.  Furthermore,  certain  details  are  introduced  relating  to  the 
■utomatic  insertion'  of  resistancein  the  secondary  windings  of  the  induction 
motor  of  the  motor  generator,  in  order  to  control  the  rate  and  extent  of  deliv- 
erance <^  the  kinetic  energy  of  the  fly-wheel. 

FREQUENCY  CHANGERS 
S4C.  n«ld  of  application  of  the  frequency  chancer.  With  the 
ri^Hdly  eztendins  employment  of  electricity  aa  a  means  of  tranBmitting 
energy  to  a  diatanoe,  it  has  oome  about  that  most  civilised  regions  of  the  world 
are  now  provided  with  enormous  networks  of  transmission  conductora. 
Various  networka  in  neighboring  localities  are  often  the  outgrowth  of  small 
mi^ertakings  which  were  originally  in  competition  with  one  another,  and  they 
differ  aa  regarda  pressure,  phase  system,  and  frequency.  At  the  present 
stage  of  development  it  is  becoming  important  to  interconnect  these  Byateme. 
The  difference  in  preasure  and  phase  system  are  readily  reconciled  by  means 
o(  stationary  transformera.  See.  6.  But  the  different  frequencies  can  only  be 
dealt  with  commercially  io  the  Uoking-up  process  by  me»ns  of  rotating  ma* 


Fig.  187. — Ilgner  system. 
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ohinery  termed  "frequency  changera.'*  Such  maehiues  are  also  required 
when,  for  a  portioa  of  the  load  on  a  syatem,  a  different  frequency  is  appro- 
priate from  that  required  for  the  bulk  of  the  load.  Thus  single-phase  rail- 
ways are  leas  unsatisfactory  the  lower  the  frequency  employed.  Consequently 
when  a  large  60-oyole  power-supply  undertaking  contracts  to  supply  a 
eingle-phaae  railway,  frequency  changers  iiust  be  employed  to  provide 
electricity  of  a  frequency  of  25  or  preferably  15  cycles  per  sec.  In  Europe  a 
periodicity  of  16.66  cycles  per  sec.  has  been  standardized  for  sincde-pnase 
railways,  and  50  cycles  for  general  power  and  lighting  purposes,  without 
devoting  more  space  to  a  specific  discussion  of  the  occasions  for  frequency 
changers,  we  may  briefly  subdivide  these  occasions  into  two  groups  relating, 
respectively:  first,  to  the  case  of  the  exclusive  supply  of  electricity  through  a 
subsidiary  system  with  no  other  source  of  power,  at  a  frequency  differing 
from  that  of  the  main  system,  and,  secondly,  to  the  linking  up  of  two  systems 
of  different  frequencies,  each  system  also  having  its  own  independent 
l^nerating  plant.  While  the  first  case  is  relatively  simple,  a  number  of 
important  considerations  involving  attention  to  complex  details  arise  in 
eonnection  with  the  second  case. 

547.  Vrequeiic7  chazuen  for  the  ezcluilre  supply  of  subsldUrf 
netWOrkl.  Let  us  now  deal  with  the  first  case  and  bass  our  explanations 
on  the  example  of  a  circuit  for  which  25-cycle  energy  is  requireq,  the  fre- 
quency of  the  main  system  being  60-cycles.  The  simplest  plan,  and  the  cos 
umost  always  adopted,  consists  in  employing  a  synchronous  motor-generator 
Bet,  the  motor  of  which  is  designed  to  run  at  60-cycIe8  while  the  generator  is 
dMigned  with  such  a  number  of  poles  that,  when  driven  by  the  motor,  its 
frequency  will  be  25  cycles  per  sec.  The  smallest  number  of  poles  for 
these  two  combinations  are  24  for  the  motor  and  10  for  the  generator,  since 
24/2  "i  12,  and  10/2  »  5  are  the  smallest  whole  numbers  bearing  to  one  another 
the  ratio  of  60  to  25.  A  24-pole  motor  on  a  60-cycle  circuit  runs  at  (60X 
60)/12*300  rev.  per  min.  It  is  usually  desirable  to  select  the  sraaJlest 
practicable  number  of  poles,  since  this  corresponds  to  the  highest  speed  and 
consequently  to  the  smallest  and  cheapest  motor-generator  set.  The 
synchronous  motor  of  such  a  set  may  be  designed  with  an  appropriate 
squirrel-oage  (amortisseur)  pole-face  winding  to  enable  it  to  run  up  to  speed 
as  an  induction  motor.  In  this  case  it  will  be  started  from  low-pressure 
tape  of  a  transformer  or  induction  starter  as  described  in  Par.  SS7.  As  an 
^ternative,  it  may  be  started  hy  means  of  an  induction  motor  in  series  as 
also  mentioned  in  Par.  S37,  and  will  be  self-synchronizing.  In  other  instanres 
it  may  be  preferred  to  employ  an  auxiliary  direct-current  motor  to  bring 
the  set  up  to  speed.  After  the  set  is  in  synchroniam,  the  25'cycle  load  may 
be  supplied  from  the  generator.  Synchronous  frequency  changers  have  the 
good  feature  that  by  overexcitins  the  synchronous  motors,  they  can  be  made 
to  also  act  as  syncnronous  condensers  to  improve  the  powei^faotor  of  the 
system  as  described  in  Par.  S19  and  StO, 

548.  Induction  motor  Tsriui  synchronotu  motor  as  primary  • 
member  of  a  froQusncy  changer  ist.  Except  for  this  last  feature  (Par. 
S47).  it  may  occasionally  be  preferable  in  such  a  case  to  employ  a  motor  c/t 
the  non-synchronous  type  and  with  a  squirrel-cage  rotor.  But  by  such  a 
plan  a  lagging  load  will  be  imposed  upon  the  main  system  and  this  will 
usually  be  so  objectionable  that  it  will  more  than  offset  the  advantage  of 
simplicity  possessed  by  the  squirrel-cage  induction  motor.  Furthermore,  it 
will  not  permit  us  to  dispense  with  a  supply  of  direct-current  for  excitation, 
since  this  will  be  required  in  any  case  for  providing  the  excitation  for  the 

Knenator  member  of  the  motor-generator  set.  In  exceptional  cases  it  micbt 
a  good  plan  to  let  the  motor  be  of  the  induction  type  and  arrange  to  operate 
it  at  unity  or  leading  power-factor  by  the  employment  of  a  phase  advancer 
M  one  of  the  types  discussed  in  Par.  8S1  to  381.  The  Brooklyn  Edison  Co. 
has  1,000-kw.  and  500-kw.  induction-motor-driven  frequenoy-oh anger  eef 
(which  have  been  supplied  by  different  manufacturers)  operating  in  parallel. 
S4I.  The  parallel  oparatton  of  two  or  mors  fk-squency  chanfwi. 
If  two  or  more  frequency  changers  of  the  synchronous  motor-generator 
type  mentioned  in  Par.  tSS  and  S47  are  required  to  operate  in  parallel  in 
supplying  aload,  certain  complications  arise  due  to  the  necessity  for  synchro- 
nixing  the  frequency  changers  at  both  ends,  and  due  to  the  requirement  that 
the  internal  reactance  and  shifting  of  magnetic  axes  in  the  machines  (with 
loads  varying  as  regards  amount  or  phase)  shall  not  be  such  as  to  cause 
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iHppropriate  division  of  the  load  among  the  different  maohinea  in  parallel. 
'  Tbaae  matters  have  been  carefully  considered  by  J.  B.  Taylor  in  a  paper 
entitled  "Some  Features  Affecting  the  Parallel  Operation  of  Synchronous 
Mtrtor-Kenerator  Sets,"  published  m  Proceedings  of  the  American  Institute 
Bectrical  Ensineera.  Vol.  XXV  (1906).  p.  113  and  by  N.  £.  Funk  in  a 
piper  entitled  "Operation  of  Frequency  Changers"  at  p.  1579  of  the  July, 
1913,  issue  of  the  Proceedings  Amencan  Institute  Electrical  Engineers.  The 
rdations  involved  are  too  complicated  to  be  satisfactorily  abstracted.  Let 
IB.  however,  consider  the  matter  briefly  by  reference  to  the  case  of  supplying 
ti>  cycles  from  a  60-cycle  system  through  two  sets,  each  consisting  of  a  6-pole 
l,2U>-rev.  per  min.  synchronous  motor,  direct-connected  to  a  4-^ole  synchro- 
noQB  generator.  Let  us  assume  diat  the  relative  angular  positions  of  the 
lenerator  and  motor  fields  are  as  shown  in  Fig,  188,  see  7  and  //.  Set  / 
is  in  aerviee  and  it  is  desired  to  place  set  II  in  parallel  with  it.  The  large 
letters  N  and  S  relate  to  the  North  and  South  poles  of  the  6-pole  motors  and 
the  snudi  letters  n  and  a  to  the  poles  of  the  4-polG  generators.  It  is  not  only 
neeeasary  that  the  North  poles  of  //  shall  occupy  the  same  angular  positions 
M  the  North  poles  of  i*.  out  it  is  furthermore  necessary  that  a  particular 
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Fia.  188.— Correct  angular  relation   of  two  frequency-changer  sets   for  - 
parallel  operation. 

North  pole  Ni  of  //.shall  occupy  the  same  angular  position  as  a  particular 
North  pole  Ni  of  /.  It  is  not  permisttble  that  ^3  or  Nt  of  //  shall  be  syn- 
efaronixed  with  Ni  of  7,  sinoe  then  a  North  pole  of  the  generator  of  set  // 
could  not  be  brought  into  the  same  angular  position  as  a  North  pole  of  the 
generator  of  set  /. 

saO.  STnehronixlng  nziloaded  frequency  changers.  Thus,  when 
syochronixing  at  random,  thtre  is  only  one  chance  in  three  that  the  desired 
rdative  portions  will  be  obtained.  Consequently  after  synchronizing  the 
two  motors,  the  fields  of  one  of  them  will  usually  have  to  be  reversed  either 
oooe  or  twice,  before  the  correct  relative  positions  of  the  two  generator  fields 
is  obtained. 

Ul.  STnchronlslntf  loaded  Irequenej;  clutn|rert.  If,  when  it  is 
desired  to  add  set  //  to  the  system,  set  I  is,  as  will  usually  be  the  case, 
already  loaded,  then  the  nuigTictic  axes  in  set  /  will  be  displaced  from  the 
geometric  axes  and  this  displacement  will  not  be  exclusively  a  function  of 
the  amotiDt  of  the  load  but  will  also  be  greatly  dependent  upon  whether  it  is 
in  phase  or  whether  and  to  what  extent  it  is  lagging  or  leading.  The  matter 
is  laereaeed  in  c(»nplexity  when  frequency- changer  sets  of  different  designs 
and  capacities  *re  to  be  operated  in  parallel.  When  care  has  not  been  exer- 
cised  in  the  ori^nal  designs,  it  has  often  proved  impossible  to  arrange  to 
divide  the  load  in  proper  proportions  between  the  different  sets.  One  set 
may  take  too  great  a  share  at  light  loads  and  too  small  a  share  at  heavy 
loads,  or  one  set  may  take  too  great  or  too  small  a  share  at  all  loads.  All 
these  troubles  may  be  avoided  by  the  application  of  known  principles, 
but  there  have  in  the  past  been  many  instances. in  which  factors  reouir- 
iog  careful  attention  have  been  overlooked.     Funk  in  the  paper  to  which 
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reference  has  already  been  made,  deBcribea  interesting  arrangements  for 
syncbroniiing  frequency-changer  seta   when  operating   in  parallel. 

tBS.  Kaflnemeata  of  construction  necMtary  to  permit  of  parallel 
operation.  From  the  above  diacussion  it  will  be  evident  that  in  order  to 
obtain  an  appropriate  division  of  the  load  between  two  frequency  changer 
seta  operatea  in  paraJteU  great  exactness  in  construction  and  adjuatmMits 
is  necessary.  It  is  desirable  to  be  able  to  effect  a  final  mechanical  adjust- 
ment  of  the  stators  with  relation  to  one  another.  This  is  often  arranged  by 
providing  a  cradle  construction.  The  stator  of  one  machine  is  bolted  to  a 
cradle  fastened  to  the  base.  By  ** slacking  off"  the  bolts,  a  small  angular 
adjustment  of  the  stator  may  be  effected,  and  the  bolts  afterward  tightened. 

SSS.  KflSdency  of  a  motor-generator  fraquanc^  changer.  By  using 
a  motor-generator  set  as  afrequencv  changer.each  of  toe  two  machines  has  to 
be  proportioned  for  the  entire  load  to  be  delivered  to  the  ohanged-frequencv 
circuit,  and  the  set  is  consequently  large  and  expensive.  Furthermore,  if 
each  machine  has  an  efiBciency  of,  say,  95  per  cent.,  the  combined  efficiency 
is  only  9 1  per  cent,  since  0.95  X  0.95  -  0.9 1. 

SM.  Induction-type  frequencsr  changer.  We  shall  now  consider 
means  by  which  better  results,  in  these  respects,  may  sometimes  be 
obtained.  These  means  rest  fundamentally  upon  the  circumstance  that, 
in  an  ordinary  polyphase  induction  motor,  the  frequency  of  the  current  in 
the  rotor  winding  depends  upon  the  speed  of  the  rotor.  Let  us  consider  a 
60-cycIe  three-phase  induction  motor  with  a  three-phase  rotor  and  tiiree 
slip-rings.  If  the  stator  windings  are  connected  to  a  60-cyoIe  circuit,  then, 
if  the  rotor  is  restrained  from  moving,  the  frequency  in  tne  rotor  windings 
will  also  be  60-cycles  per  sec.  If,  on  the  contrary,  the  rotor's  speed  is  the 
same  as  that  of  the  revolving  magnetic  field  in  the  stator^  and  in  the  same 
direoUon,  then  the  frequency  in  the  rotor  winding  will  be  sero.  Thus  if  the 
60-cyoIe  induction  motor  has  four  poles,  the  magnetic  field  will  travel  around 
the  stator  at  a  speed  of:  (60X60)  +  (4/2)  =  1,800  rev.  per  min. 

If  the  rotor^s  speed  is  also  1,800-rev.  per  min.  and  in  the  same  direction, 
then  the  frequency  in  the  rotor  windings  will  be  sero.  If,  however,  the  rotor's 
speed  is  onlv  1,200  rev.  per  min.  the  frequency  will  be  ((1,800—  1,200V1.8001X 
60*20  cycles  per  sec.  If  the  rotor's  speed  is  only  300  rev.  per  min.,  the  fre- 
quency will  be  [(1.800-300)/1.8001X60-50  cycles  per  see.  If  the  rotor  is 
restrained  from  running,  the  frequency  will  be  1(1.800  — OV1>8001XGO>»60 
'  cycles  per  sec.  If  the  rotor  is  driven  at  a  speed  of  300  rev.  per  min.  in  a 
direction  opposite  to  that  of  the  magnetic  field  in  the  stator,  the  frequency 
will  be  [(1,800  +  3001/1,8001X60  =  70  cycles  per  sec. 

In  our  case  we  wish  a  frequency  of  25  cycles  per  sec.  Consequently,  if 
we  denote  by  R  the  speed  at  which  we  shall  drive  the  rotor  we  may  haTe 
either  [(A- l,800)/l.S00]X60-25  or  [(l,800-iZ)/l,800lX60-*26  and 
R  =  2,550  or  R- 1,050. 

SSS.  Direct-current  motor  drive  for  Inductlon-tsrpe  fMQtieney 
changer.  Let  us  select  the  former  case  and  drive  the  rotor  at  a  speed  <u 
2,550  rev.  per  min.,  by  another  motor.  Wo  can  only  do  this  if  we  have  a 
source  of  supply  of  continuous  electricity  and  employ  a  2,550  rev.  pernun., 
continuous-electricity  motor.  We  could  not  employ  a  60-cyc1e  induction 
motor  to  drive  the  rotor  since  this  would  run  at  only  1,800  rev.  per  min., 
if  wound  with  4  poles  and  at  3.600  rev.  per  min.,  if  wound  with  2  poles,  and 
we  require  it  to  run  at  2,550  rev.  per  min. 

SSS.  Alternating-current    motor   drive    for   induction-type   tra- 

Siency  changers.  If  there  is  no  source  of  continuous  electricity  supjdy, 
us  limiting  us  to  the  use  of  a  60-cycle  motor  to  drive  the  rotor  of  the  fre- 
quency changer,  then  we  shall  have  to  abandon  the  plan  of  employing  a 
4-poIe  frequency  changer  and  we  shall  be  obliged  to  employ  one  with  more 
poles  which,  consequently,  will  be  heavier  and  more  expensive.  We  can 
determine  ugon  a  suitable  combination  by  consulting  the  table  in  Par.  SBT. 
S67.  Selection  of  proper  speed  and  number  of  poles  tn  induotioii- 
tsrpe  frequency  chajigers.  In  the  table  given  in  Par.  SSS,  the  smallest 
number  of  poles  which,  in  column  IV,  corresponds  to  the  synchronous  speed  of 
a  60-cycIe  motor,  is  14,  corresponding  to  a  rotor  speed  of  300-rev.  per  min. 
Our  frequency  changing  outfit  thus  consists  of  a  14-pole  induction  motor 
with  its  rotor  driven  bv  a  300-rev.  per  min.,  60-eycIe  synchronoiis  motor 
which  will,  consequently,  have  2X[C60X60)/300]-24  poles.     But,  for  ao 
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ri>*  •  veed,  the  outfit  will  be  hesTT  and  expensive.  Examining  eoluinn 
y  of  the  table  ve  aee  that  for  an  8-pole  frequency  changer  in  which  the  rotor 
ii  driven  at  a  apeed  greater  than  that  of  the  Btator  field,  the  required  speed 
is  1^5  rev.  per  xnin.  Since  a  6-pole,  60-cycle  synchronoue  motor  runs  at  a 
need  of  only  1,200  rev.  per  min.,  the  frequency  will  be  only  (1,200/1,275)  X 
B»23.5  cycles  per  sec. 

It  has  been  assumed  that  the  frequency  changer  is  required  for  supplying 
■a  independent  circuit  which  has  no  other  source  of  supply.  In  such  a  case,  a 
Doiadieity  of  23.5  cycles  would  usually  be  nearly  as  appropriate  as  25  cycles. 
If,  on  the  other  band,  we  were  to  elect  to  employ  a  6-pole  frequency  changer, 
tbe  rotor  speed  required  for  25  cycles  would|  as  seen  from  column  V,  be 
1,700  rev.  per  min.,  and  if  we  arranged  to  drive  it  by  a  4-pole  synchronous  . 
motor,  the  speed  would  be  1,800  rev.  per  min.,  giving  ( 1,800/ 1,700)  X  25- 
26.5  cycles  per  sec.  If,  in  the  latter  case,  we  were  to  employ  a  squirrel- 
nge  induction  motor  to  drive  the  rotor,  instead  of  employing  a  synchronous 
notor,  and  if  we  were  to  design  the  induction  motor  for  a  full-load  slip  of 
5.5  per  cent.,  then  the  periodieity  would  vary  from  26.5  cycles,  at  no-load, 
to  26.5X0.945 -■25.0-cycles,  at  fuU-load.  Enough  has  been  said  to  indicate 
tbat  tile  cirRumstanoes  of  each  proposed  installation  will  largely  govern  the 
aiitaUe  design. 


Si8.  Tftbl*    of    raUtlT*    gpaada 

for    tnduotlon-type 

frequeney  changers 

Nninber  of 

poles  <rf 

stator  of 

frequency 

changer 

Speed  of  mag- 
netic field  in 

Required  rela- 
tive speed  of 
stator  field 
and  rotor  in 
order  to  pro- 
vide 25  cycles 

Speed  at  which  rotor  must 
be   driven 

stator  when 

excited  from 

60-cycle  eii^ 

cuit 

Rev.    per    min. 

If  below  speed 
of  stator  field 

If  above  speed 

in  rotor 

of  stator  field 

/ 

II 

III 

ir 

r 

2 

3,600 

1,500 

2,100 

5,100 

4 

1,800 

750 

1,050 

2,550 

6 

1,200 

500 

700 

1,700 

8 

900 

375 

525 

1,275 

10 

720- 

300 

420 

1,020 

12 

600 

250 

360 

850 

14 

514 

214 

300 

728 

I« 

450 

187.5 

262.5 

637.5 

18 

400 

168.7 

233.3 

666.7 

20 

360 

150.0 

210.0 

510.0 

22 

327 

136.5 

190.5 

463.5 

24 

300 

126.0 

175.0 

425.0 

28 

277 

115.3 

161.7 

392.3 

28 

257 

107.0 

150.0 
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SM.  A  disadvuitage  of  inductlon-lype  freqaency  chancers  relates 
to  the  need  for  delivering  energy  to  the  system  from  the  slip-rings  of  the 
rotor.  This  limits  the  voltage  which  can  be  supplied  to  toe  low  value 
for  which  it  is  expedient  to  wind  a  rotating  element,  and  may  entail  the 
necessity  for  a  step-up  compensator  or  transformer.  The  outfit  also  re- 
quires tne  inclusion  of  some  form  of  potential  regulator  to  provide  the  pre- 
aae  voltage  required  at  all  loads. 

MO.  Power  raqulrad  to  drive  the  rotor  of  an  Induction-type  tre- 
Qttsncy  ChJkncor.  In  induction  types  of  frequency  changer,  irrespective 
of  wfaeUier  the  rotor  is  driven  by  a  direct-current  motor,  a  synchronous  motor, 
or  an  induction  motor,  the  output  required  of  the  motor  driving  the  rotor 
wiD  (if  the  rotor  is  driven  in  the  same  direction  as  the  stator  field)  Be  equal  to 
the  ontput  from  the  frequency  changer  plus  the  copper  losses  inthe  latter's 
rotor  circuits.  If,  on  the  contrary,  the  rotor  is  driven  in  opposition  to  the 
itator  field,  the  output  required  from  the  driving  motor  is  only  proportional 
to  that  put  of  the  frequency  which  it  adds  to  the  frequency  impressed  by  the 
main  circuit.    For  example,  if  60-cyeles  is  required  from  8  SO^ycle  citcuiti 
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we  may  employ  a  4-pole  frequency  changer  and  drive  ita  rotor  at  300  rer. 
per  mia.  in  opposition  to  the  1,500  rev.  per  min.  of  the  atator  field.  If  the 
output  delivered  from  the  frequency  changer  is  1,000  kw.,  then  (300/1,800)  x 
1,000 ->  167  kw.  is  provided  by  the  driving  motor  and  (1.500/1,800)  X  1.000  «* 
833  kw.  is  proviaod  by  the  frequency  changer  itself  in  its  transformer 
eapaeity,  and  at  high  efficiency. 

Obviously  the  less  the  required  alteration  in  frequency,  the  greater  is 
the  appropriateness  of  the  induction- tsrpe  of  frequency  changer  as  compared 
with  the  motor-generator  type. 

Ml.  BeUtlve  marito  of  Tftiious  kinda  of  moton  for  drlTliiff  tbo 
.  rotor  of  an  induetlon-tn>o  frequenoy  chMiir«r.  Whether  or  no  it 
may  be  practicable  to  employ  an  induction  motor  to  drive  the  rotor*  depends 
to  a  considerable  extent  upon  the  importance  or  otherwise  of  supplsrinc 
absolutely  constant  frequency  at  all  loads.  When  it  is  permissible  tnat  the 
frequency  may  decrease  1  or  2  per  cent,  or  more  from  no-load  to  full-load, 
an  induction  motor  may  proviae  the  most  satisfactory  solution,  rinoe  it 
eliminates  the  necessity  for  having  a  supply  of  continuous  eleetridty  for 
excitation. 

In  Borae  instances  instead  of  emplojdng  a  squirrel-cage  induction  motor 
and  then  haviz^  a  ^p  necessarily  proportional  to 'the  load,  it  beoomes 
appropriate  to  drive  the  frequency  changer's  rotor  by  a  slip-ring  induction 
motor  and  regulate  its  slip,  and  consec^uently  the  frequency  supplied,  by 
regulating  the  resistance  in  its  rotor  circuits.  This  becomes  the  more  expedi- 
ent, the  smaller  the  proportion  of  the  total  energy  which  is  supplied  bv  the 
■  driving  motor.  For  mstanoe,  in  the  example  in  Par.  S60,  only  (300/1,800)  X 
100—16.7  per  cent,  of  the  total  output,  is  provided  by  the  driving  motor, 
and  a  considerable  rheostatib  loss  in  its  rotor  circuits  would  not  aeriouslT 
affect  the  efficiency  of  the  complete  outfit.  It  should  again  be  emphasised 
that  induction-type  frequency  diangers  are  not  used  in  commercial  practice. 
Synchronous  motor-generator  sets  are  practically  always  employed. 

S6S.  Trequency  changers  for  connecting  two  systanu,  each  of 
which  hat  its  own  generating  machinery  of  flzed  frequency.     We 

now  come  to  the  problem  encountered  when  frequency  changers  are  employed 
between  two  systems  each  of  which  has  a  definite  frequency  imposed  upon  it 
by  its  own  generating  plant.  Synchronous  motor^nerator  sets  hare 
nearly  always  Deen  employed  for  this  class  of  work.  Thus,  in  order  to  link 
up  two  8]^tems  with  frequencies  of  60  and  25  cycles  per  sec,  respectively,  two 
synchronous  machines  of  24  and  10  poles  respectively  are  coupled  together. 
It  is  necessary  for  the  frequencies  of  the  two  systems  to  be  exactly  identical 
in  order  to  successfully  operate  such  plant.  Furthermore,  there  are  the 
TariouB  complicated  relations  necessarily  observed  in  sjnichronising  auoh 
^>paratus,  as  already  discussed  in  Par.  S4t. 

Indeed,  there  is  the  further  consideration  that  when  setf  f<^  parallel 
opwatlon  are  so  proportioned  and  adjusted  that  thev  share  the  load  in  ap- 
propriate proportions  when  delivering  power  from,  let  us  say,  a  25-cycle 
system  to  a  6()-cycle  system,  the  division  of  the  load  will  be  altered  when  it  is 
oesired  to  reverse  the  sets  and  deliver  power  from  the  60-cycIe  set  to  the 
25-cycle  system.  Notwithstanding  the  niceties  imposed  by  the  relative- 
frequency  conditions,  synchronous  motor-generator  sets  constitute  the 
usual  means  employed. 

When  synchronous  sets  are  employed  to  link  two  large  systems,  the 
slightest  alteration  in  the  relative  frequencies  of  the  two  systems  occasions 
enormous  fluctuations  in  the  load  carried  by  the  frequency  changers.  This 
difficulty  is  less  the  greater  the  sixe  of  the  frequency  changers  as  compaired 
with  the  size  of  the  systems  connected.  Unless  the  frequency  changers  are 
of  large  size  as  compared  with  the  sise  of  the  systems  which  they  connect, 
they  will  be  pulled  out  of  step  if  t^ere  is  any  slight  change  in  the  ratio  of  the 
frequencies  of  the  two  systems.  Consequently,  when  the  frequency  changers 
cannot  be  of  relatively  great  sise,  it  would  be  preferable  to  employ  sets  in 
which  an  induction  machine  constitutes  the  motor  member. 

S6S.  Induction-motor  drive  for  non-reTflnlble  frequency  ohanc«n> 

Where  the  object  is  to  deliver  energy  always  in  the  same  direction,  the  em- 
plovment  of  an  induction  machine  with  a  slip-ring  rotor  as  motor  element, 
ana  the  control  of  its  precise  speed  by  the  adjustment  of  a  rheostat  in  its 
rotor  circuits  provides  freedom  from  the  neces«ty  for  maintaining  at  exactly 
the  same  value  the  ratio  of  the  frequencies  of  the  inter-connected  systems. 
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bdaed  any  alight  change  in  the  ratio  of  the  frequeneiea  i«  automatieally 
leeomiMknied  by  an  appropriate  alteration  in  the  elip  of  the  induction  motor 
lad  this  alteration  is  of  such  a  nature  as  to  reduce  the  accompanying  load 
nziatioa  to  »  moderate  amount. 

IM.  The  nae  of  an  Induction  machia*  in  a  rarwtibl*  traqiMney 
chinnr.  It  has  even  been  suggested  that  by  the  adoption  of  suitable 
poie  numbers  and  by  providing  sufficient  range  of  slip-control  by  the  reeist- 
laeea  in  the  rotor  cirouits,  such  a  set  could  be  employed  reversibly.  In 
larh  a  case  the  induction  machine  would  function  as  a  generator  to  an  extent 
wtncfa  may  be  controlled  by  adjustment  of  the  resistances  in  the  rotor  circuits. 

IH.  Fraqnanoy  nhanglny  by  two  induction  machines.  Both 
'lines  could  be  of  the  induction  type,  the  one  operating  as  a  motor  and  the 
-  aa-a  generator.  This  arrangement,  if  required  to  be  reversible,  would, 
!ver,  only  be  poesible  for  connecting  two  systems  each  of  which  is  pro- 
tided  with  synchronous  apparatus,  since  the  generator  member  woula  be 
dcnondeat  upon  such  apparatus  for  its  excitation.  Each  machine  would  have 
aaip-rinc  rotor  and  the  amount  and  direction  of  the  load  would  be  controlled 
by  adioatmeDt  of  the  amount  of  resistance  in  the  rotor  circuits. 

•M.  Foattion  of  ihaft  in  trsqusney  changers  (horizontal  or  yer- 
tieal).  While  frequency  changers  are  usually  built  with  horizontal  shafts, 
the  vertical  type  oners  uie  advantage  in  large  sets  that  an  econorav  in  floor 
■pace  is  effected.     The  construction  may  also  permit  of  reducedl  friction 


MT.  Kmnbor  of  baaiingf  in  tNqaaney  changers.  Where  floor  space 
is  restricted,  seta  with  only  two  bearings  are  occasionally  employed.  Three- 
bearing  deaigns  are,  however,  to  be  preferred.-  They  afford  better  oppor^ 
tomty  for  circulation  of  air  through  the  machine,  since  the  shaft  may  be 
smaller.     Such  designs  also  provide  for  more  ready  access  to  all  parts. 

MS.  Pain  of  rotary  conTsrten  as  traqusney  chan^an.  It  has 
been  proposed  to  accomplish  frequency  transformation  by  the  employ- 
■lent  of  two  rotary  converters  arranged  with  their  alternating-current  ends 
eoniweted  to  the  circuita  of  the  two  frequencies  and  with  the  commutators 
in  parallel.  This  plan  of  transforming  from  alternating  electricity  of  one 
frequency  into  continuous  electricity  and  then  into  alternating  electricity 
of  another  frequency  avoids  the  difficulties  of  speed  inflexibility  of  synchron- 
oos  motor  generators  while  retaining  their  desirable  feature  as  regards 
powep-f actor  contr<J. 

Stf.  Utarattira  relating  to  traquaner  ohangan  is  rather  meagre. 
The  moat  important  contributions  are:  J.  B.  Taylor's  pai>er  entitled, 
"Some  Featnrea  Affecting  the  Parallel  Operation  of  Synchronous  Motor- 
Knerator  Sets,"  Proe.  A.  I.  E.  E.,  Vol.  XXV  C1906),  p.  113,  and  N.  E. 
Foidc's  paper  entitled,  "Operation  of  Frequency  Changers.  Proc.  A.  I. 
E.E.,  July,  1913,  p.  1579. 

Intha  Blectrician.SfC^  27,  1912,  page  1021,  is  an  article  by  C.  Tumbull, 
entitled,  "Frequenoy  Changers."  In  the  General  Electric  Review,  Augui^t, 
]913u9age  609,  are  some  notes  on  "Frequency-changer  Sets."  In  the  Gm- 
rnl  Kuctric  Seriew,  Dea,  1913,  page  941,  is  an  excellent  article  by  Gordon 
Harris  and  L.  B.  Bonnett  entitled,  "  Frequency  Changers,"  which  covers  the 
Diain  considerations  thoroughly. 
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OINXKAL  P&ZMOIPLIS 

1.  Linei  of  maffnettc  flux.  A  m&gnetio  field  may  be  reprooented  by 
continuous  lines,  called  lines  of  flux,  whose  direction  at  any  point  In  the  field 
is  that  of  the  force  acting  on  a  north  pole  placed  at  the  civeo  point;  they 
therefore  emerge  from  a  north  pole  and  enter  a  south  pole  (See.  2). 

t,  XlcotromAfnetlc  inducUoa.  When  the  total  macnetia  flux  thread- 
ing a  coil  undergoes  a  change,  an  electromotive  force  (e.m.f.)  is  generated 
or  induced  in  the  coil.  This  e.m.f.  is  proportional  to  the  time  rate  of  chance 
of  flux.  One  volt  is  generated  in  a  coil  of  one  turn  when  the  rate  of  change 
of  flux  threading  the  coil  is  10'  lines  per  sec. 

3.  Magnitude  of  induced  e.mi.  In  Fig.  l.JV  and 5  are  respectively  the 
north  and  south  poles  of  a  magnet  and  ^  represents  the  direction  of  the 
magnetic  flux  i}a88ing  from  the  north  to  the  aoath 
pole.  When  coil  A  ia  moved  from  position  1  wtore 
the  flux  threading  the  ooil  is  ^,  to  position  2  where 
the  flux  threading  the  ooil  is  lero,  in  i  sec.,  the  average 
e.m.f.  generated  m  the  coil  is  £»  (^/O  ICT'  volts. 

i.  The  direction  of  the  cenerated  e.m.f.  may  be 
foundby  nemlnff'irifflit-nand  rule,  which  statee 
that  if  the  thumb,  forennger,  and  middle  finger  of  the 
right  hand  be  placed  at  right  angles  to  one  another 
80  as  to  represent  three  coordinates  in  space,  with  the 
thumb  pointed  in  the  direction  of  motion  of  the  con- 
ductor relative  to  the  field,  and  the  forefinger  in  the 
direction  of  the  lines  of  flux,  then  the  midcUe  finger 
will  point  in  the  direction  of  the  induced  e.m.f. 
(Sec.  2).  The  direction  of  the  e.m.f.,  found  by 
Fleming's  rule,  is  shown  by  the  arrow  in  Fig.  1, 
and  it  may  be  seen  (Sec.  2),  that  the  magnetic 
effect  of  the  current  produced  tends  to  prevent 
the  flux  threading  the  coil  from  decreaainc  or,  as 
*'         ^  stated  by  Lens's  law  (Sec.    2),   the  generated  e.m.f. 

Fio.  1.— 'Direction  of  always  tends  to  send  an  electric  current  in  such  a 
generated  e.nLf.       direction  as  to  oppose  the  change  of  flux  whioh  pro- 
duces  it. 
S.  Force   on  a  conductor  in  a  magnetic  field.     A  conductor  L  em. 
long,  carrying  a  current  of  I  amp.  [)eri>endicular  to  a  magnetic  field  <rf  <B 
lines  per  sq.  cm.,  is  acted  on  by  a  force  of  (BL//10  dynes  in  a  direction  found 
by  rieminff'i  left-hand  rule,  which  states  thatif  the  thumb,  theforefinger 
and  the  middle  finger  of  the  left  hand  be  placed  at  right  angles  to  one  another 
so  as  to  represent  three  coordinates  in  space,  with  tne  thumb  pointed  in  the 
direction  of  the  force  on  the  conductor  and  the  forefinger  in  the  direction  of 
the  \ineB  of  flux,  then  the  middle  finger  will  point  in  the  direction  of  the 
current. 

•.  Identity  of  generator  and  motor  ■truetore.  Diagram  A,  Fig.  2, 
shon^  a  generator  under  load;  the  direction  of  rotation  is  determined  by  the 
prime  mover,  while  the  direction  of  the  current  in  the  conductors  may  be 
found  by  the  right-hand  rule  (Par.  4).  A  force  is  exerted  on  the  con- 
ductors, inasmuch  as  they  are  carrying  current  in  a  magnetic  field;  the 
direction  of  this  force  is  found  by  the  left-hand  rule  (Par.  8)  and  is  opposed  to 
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lannvr- 


Right  hand  rule 


ItMmninaA 

'.t.M.T. 


the  diieetion  of  motion  of  the  armature.    The 

drivins  force  must  be  large  enoush  to  over- 

eome  tbia  retarding  force  and  alao  to  overcome 

the  friction  of  the  machine. 

Dimcram  B  shows  the  same  machine  acting 

as  a  motor.     In  this  case  the  direction  of  the 

current  is  determined  by  the  iwlarity  of  the  N 

Gonnftcted  line,  while  the  direction  of  motion 

is  thAfc  of  the  force  on  the  conductors  and  may 

be  found  by  the  left-hand  rule  (Par.  B).    fiince 

tlie  motor  armature  revolves  in  a  magnetic 

field,  an  e.m.f .  will  be  generated  in  the  eonduet- 

ota.       The  direction  of  this  e.m.f.,  found  by 

the  right-hand  rule,  is  opposed  to  the  direc- 

tioD  oTthe  current.    The  applied  e.m.f.  must 

be  large  enou^  to  overoome  this  eotmMr 

•.axJ.  and  also  to  eend  the  current  through 

the  resistanee  of  the  armature. 
T.  Annatnre  dreulta.       Armature    con- 

dueton  must  be  connected  together  in  such 

a  way  that  a  desired  resjiltant  e.m.f.  may  be 

maintained  between  two  terminals  connected 

to  the  external  circuit,     fig.  3  represents  a 

type  of  connection  known  aa  the  Oruiuna 

ling  wludinc  in  which  all  the  conductors  are 

connected  in  series.  Each  eonduetor  is  marked  tf 

with  a  do*  (within  the  eirole)  when  the  direc- 
tion of  the  e.mX  is  fetoord  the  reader  and  b^ 

a  croM  (within  the  circle)  when  the  direction  is 

frvm  the  reader.     Between  the  lowermost  and 

the  appermoat  conductors,  represented  aa  cross- —  _ 

ing  tne  neutral  uds,  there  are  two  conduct-  '" 

ive  paths  through  the  winding,  but  inasmuch  Left  hand  rule 

as  the  e.m.fs.  generated  in  these  paths  are   n™' f««-o-to«« 

equal  and  opposite,  no  current  can  now  until  rwtnn^ .Lia«frrtu 

the  brushes  Bare  placed  on  the  commutator  C.   Jii««»nn« — — *"■" 

By  the  latter  means  the  equal  and  opposite  jr,o,  2. — Direction  of  current 

e.m.fs.  of  the  two  halvee  of  the  armature  wind-       ;„  generator  and  motor. 

ing  are  connected  in  parallel  with  respect  to 

the  external  circuit.    The  commutator  consists  of  a  number  of  copper  blocks 

connected  to  various  jioints  of  the  winding,  but  insulated  from  one  another. 
t.  Commntetor  and  bnuhac.     As  the  armature  in  Fig.  3  revolves,  the 

coil  M  passes  from 
one  side  of  the  neu- 
tral line  to  the  other, 
and  the  direction  of 
the  current  in  this 
coil  is  shown  at  three 
successive  instants  in 
diagrams  At  B  and  C. 
As  the  armature 
moves  from  ,4  to  C 
and  the  brush 
changes  contact  from 
segment  2  to  seg- 
ment I,  the  current 
in  coil  M  is  automat- 
ically reversed.  For 
a  short  period  the 
brush  is  m  contact 
with  both  segments, 
and  during  this  inter- 
val the  coil  is  short- 
circuited  ;  it  should 
therefore  be  in  such  a 
position   that  no 


Simplex  singly 

re-entrant  gramme  ring 

winding 


Fia.  3. 


Stages  in 
commutation 
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e.m.f .  is  being  generated  in  it,  tliat  a,  it  should  be  midway  between  the  poles 
or  in  the  neutral  position. 

•.  71eld  ezoitation.  The  m.m.f.  necessary  to  establish  the  flnz  in  the 
magnetic  circuit  is  obtained  by  means  of  field  coils  which  ate  wound  upon  the 
poles  of  the  machine.  The  exciting  current  for  the  field  coils  may  be  supplied 
in  various  ways.  When  a  generator  supplies  its  own  exciting  current  it  m  said 
to  be  self -excited ;  when  the  exciting  current  is  supplied  from  some  external 
source,  such  as  an  exciter,  the  machine  is  said  to  be  leparatelT  excited. 
The  different  connections  used  are  shown  diagrammatieaUy  in  Fig.  4. 

Diagram  A  shows  a  separately  excited  machine.  Diagram  21  shows  a 
shunt  maehine,  in  which  the  field  ooils  form  a  shunt  across  the  armature 
terminals  and  have  manv  turns  of  small  wire  carrying  a  current  which  is  pro- 
portional to  the  terminal  voltage  of  the  machine.  This  field  current  eeldom 
exceeds  5  per  cent,  of  the  armature  current  under  f  uU-load  conditions.  Dia- 
gram C  shows  a  Miles  machine,  in  which  the  field  coils  are  in  series  with  the 


C- Series 


D-Oompooud 
liona  Shunt 


£-  Onmpcund 
Short  Shnst 


^ 


Fia.  4. — Methods  of  excitation. 

armature  and  have  fewer  turns  than  the  ooils  of  a  shunt  winding,  but  employ 
a  larger  siie  of  wire  because  they  carry  the  whole  or  a  fixed  proportion  c/tbe 
total  current.  Diagram  D  shows  a  compound  machine  in  whioh  there  ia 
connected  to  the  terminals  a  shunt  winding  which  carries  an  exciting  current 
proportional  to  the  terminal  voltage;  and  also  a  series  winding  wMch  caniee 
a  current  proportional  to  the  armature  current.  This  method  of  connection 
is  known  as  the  "long  shunt."  Diagram  E  shows  a  compound  machine 
connected  in  another  manner.  The  connection  in  this  case  is  known  as  the 
"Short  shunt" :  that  is,  the  shunt  coil  is  connected  to  the  terminals  of  the 
armature.  Small  machines  using  permanent  magnets  for  field  ixdea  are 
called  macnetos. 

CLASSmCATION  OF  TYFI8 

10.  Olassiflcation  aeoordlng  to  the  number  of  poles,  as  follows: 

(a)  Bipolar  machines  (Fig.  4)  have  only  two  poles. 

(b)  Multipolar  machines  (Fig.  46)  have  more  than  two  poles;  the 
number  of  poles  is  always  a  multiple  of  two. 

(c)  Bomopolar  machines  (Fig,  89)  have  two  poles,  but,the  conductors 
always  cut  lines  of  unidirectional  nux.  The  resulting  e,m.f.  is  continuous  in 
one  direction  and  therefore  no  commutator  is  required. 

11.  Olassiflcation  acoordlntr  to  the  method  of  driTC,  as  {oIIowb: 

(a)  Belted-type  motors  and  generators  are  seU-contained.  This  type 
of  machine  includes  bearings,  shaft  extended  for  a  pulley  and  a  mH^ing 
base  with  belt-tightening  device.  An  outboard  bearing  ia  usually  provided 
with  machines  oflarger  capacity  than  200  kw,  at  600  rev,  per  min. 

(b)  The  engine-type  generator  has  its  armature  mounted  on  a  oontinoa- 
tioD  of  the  crank  shaft  m  the  engine,  and  slow-speed  units  are  generally 
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•applied  without  base,  bearinga,  or  shaft,  these  being  furnished  by  the  engine 
builder. 

(e)  The  dlreet-connMtad  turbo-canarAtor  has  its  armature  shaft 
coupled  directly  to  that  of  a  steam  turbine.  In  tlus  type  tlie  oonstruction  of 
the  generator  is  special  on  account  of  the  high  speed. 

(d)  The  reared  turbo-cenerator  has  its  armature  shaft  connected  to 
the  shaft  of  a  steam  turbine  through  a  reduction  gear,  so  that  a  generator  of 
moderate  speed  and  simple  construction  may  be  used. 

(•)  The  water-wheel  type  generator  has  its  armature  shaft  coupled 
directly  to  that  of  a  water  wheel.  ^  Such  a  generator  may  be  of  either  the 
hohiontal  or  the  vertical  type  and  is  generally  supplied  complete  with  base, 
bearings,  shaft  and  coupling. 

(f)  The  back-saarea  type  motor  embraces  a  speed-reduction  gear  as  an 
element  of  the  machine.  The  slow-speed  shaft  is  supported  in  bearings 
attached  to  the  frame. 

U.  Clauifloatlon  aceordlnc  to  special  faaturei  of  eonatruetlon,  a* 
follows: 

ia)  Intmpole  machine*  (Fig.  24)  have  small  auxiliary  poles  which  carry 
■eries  windings  and  improve  commutation. 

(b)  Comiwnsatad  machinal  (Fig.  27)  have  series  windings  on  the  pole 
faces  to  neutralise  armature  reaction.  Such  machines  may  also  have  inter- 
pdes. 

(e)  MtseaUaiwoui.  Under  this  class  may  be  included  mill  motors, 
uaed  in  rolling  mills;  flaina-proof  motors  for  mine  service;  Tarlable-ipeed 
CoiaratMn,  f or  train  lighting;  etc.  (Par.  ISS  to  US). 

ABMATUSI  WINDIMOS 

It.  Th*  Oramme  ring  winding  is  almost  obsolete;  examples  of  it 
are  shown  in  Figs.  3,  5,  ana  G  merely  to  present  clearly  the  Tng^ning  of  the 
terms  used  in  describing  the  various  types  of  winding. 

14.  A  re-entrant  winding  closes  or  re-enters  on  itself.  A  singly  re- 
entrant winding  closes  on  itself  only  after  including  all  of  the  conductors; 
■ee  Figs.  3  and  6.  A  doubly  re-antrant  wisdinc  closes  on  itself  after 
ineludjjig  half  of  the  conduoton;  see  Fig.  5. 


Fia.  5.— Doubly  re-entrant  duplex 
winding. 


Fio.  6. — Singly  re-entrant  duplex 
winding. 


1ft.  A  simplex  winding  has  only  two  paths  through  the  armature  from 
each  bnish;  see  Hg.  3.  A  duplex  winding  has  twice  as  many,  or  four  paths, 
through  the  armature  from  each  brush.  In  this  winding  each  brush  should 
cover  at  least  two  commutator  segments;  sec  Figs.  5  and  6.  Although  it  is 
poenble  to  use  multiplex  and  multiply  re-entrant  windings,  they  are 
leldom  found  in  modem  machines.  Even  duplex  windings  are  rarely  used 
except  for  machines  of  very  large  current  capacity. 

It.  Tha  drum  winding  has  coils  shaped  as  shown  in  Fig.  7.  At  any 
iaatant,  two  aides  of  each  coil  are  under  adjacent  poles.  Since  the  number  of 
tondueton  in  each  coil  must  be  a  multiple  of  two,  the  total  number  of  conduct- 
en  must  be  even.  A  winding  made  with  coils  of  this  shape  must  lie  in  two 
tsjers  and  ia  called  a  double-layer  winding. 

IT.  B«Iir«a«atatloil  of  drum  windincs.     Fig.  8  shows  a  double-layer 
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drum  winding  comsponding  to  the  Gramme  ring  winding  in  fig.  8.  It  haa 
the  same  number  of  conductors  and  the  same  number  of  patba  through  the 
armature,  but  only  half  the  number  of  commutator  segments.  Conductora 
in  the  upper  layer  are  represented  by  full  lines  and  those  in  the  bottom  layer 
by  dotted  lines.  The  radial  lines  represent  face  conductors;  the  connecting 
lines  on  the  inside  represent  the  connections 
at  the  commutator  end,  and  those  on  the  out- 
side represent  the  connections  at  the  opposite 
end.  -For  convenience  the  brushes  are  shown 
inside  the  commutator. 


Fio.  7. — Coil  group  lor  double 
layer  winding  with  two  turns  per 
coil  and  eight  conductors  per  slot. 


Fia.  8." 


-Simplex  singly  re-entrant 
drum  winding. 


18.  Multiple  wtndinc.  Fig.  9  shows  a  six-pole  drum  winding  with  six 
paths  in  parallel  between  the  positive  and  the  negative  terminals.  The  thtee 
positive  brushes  are  connected  together  outside  of  the  machine  by  a  copper 
ring  T*,  and  the  three  negative  brushes  are  connected  by  a  similar  ring  r_ 

inding  is  of  the  multiple  type,  that  is,  the  number  of  armature  circuits 

:n  terminals  is  a  multiple  of  the  number  of  poles. 


nng 
This  wini 
between 


Flo.  9.  Flo.  10. 

Flos.  9  AND  10. — Simplex,  singly   re-entrant,  fuU-pitch   multiple  winding 

witn  equalisers. 

It.  BqusUien.  Fig.  10  shows  a  multiple-wound  armature  which  is  not 
central  with  the  poles.  The  flux  density  in  the  air  gaps  A  is  greater  than  that 
in  the  air  gaps  B,  and  the  voltage  generated  in  a  circuit  under  poles  A  is 

Greater  than  that  in  a  circuit  under  poles  B,  so  that  the  generated  voltage 
etween  c  and  d  is  greater  than  that  between  /  and  g;  hence  a  olroulstill|[ 
current  will  flow  through  the  winding  and  brushes,  causing  sparking,  addi- 
tional loss  and  additional  heating.  This  circulating  current  may  be  mini- 
miied  by  osraf  ul  centering  during  erection,  while  the  sparking  may  be  i>ie- 
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noted  by  providing  a  low-resistance  path  of  copper  between  c  and/,  and  also 
one  between  d  and  o  (shown  outside  of  the  brush  circle) ,  so  that  the  circulating 
nurent  will  flow  through  this  path  rather  than  through  the  brushes.  These 
equaliser  connections,  aa  the  low-resistance  paths  are  called,  do  not  eliminate 
tbe  circulating  current,  but  merely  prevent  it  from  passing  through  the 
bmahes. 

An  armature  is  completely  equalised  by  connecting  together  all  oommu- 
Utor  segizkents  which  should  be  at  the  same  potential.  However,  it  is  usual  to 
provide  about  30  per  cent,  of  the  maximum  number  of  equaliser  connections 
Slid  make  their  crosa-section  equal  to  half  the  cross-section  of  the  armature 
conductor.  The  equaliser  connections  shown  in  Fig.  9  are  located  behind 
tbe  commutator.  In  this  position  it  is  difficult  to  reach  them  for  repair; 
ODoseqnently  it  is  usual  to  connect  the  equalisers  to  the  windings  at  the  rear 
nd  of  the  machine. 

St.  The  number  of  sloti  and  the  nnmber  of  commutator  leg - 
mente,  in  a  multiple-wound  armature  supplied  with  equalisers,  should,  for 
samples  winding,  be  a  multiple  of  p/2,  the  number  of  pairs  of  poles. 

11.  Pitdi  of  winding.  The  winding  shown  in  Fig.  0  is  a  full-pitch 
vlndlng  or  one  in  which  the  width  of  the  coil  exactly  equals  the  pole  pitch. 
Hg.  1 1  snows  part  of  a  ih<vt-pltch  winding  or  one  in  which  the  width  of  the 
eoil  is  leas  than  the  pole  piton. 


FlQ 


12. — Two-circuit  progreraive 
winding. 


Fio.  11. — Simplex  singly  re-entrant 
^ort-pitch  multiple  winding. 

IS.  Two-etrtmlt  or  leriei  winding.  Fig.  12  shows  a  six-pole  drum 
winding  with  only  two  paths  between  the  positive  and  tbe  negative  terminals. 
Only  two  sets  of  brushes  are  required  and  each  bnuh  short-circuits  p/2  coils 
Id  series.  Since  the  points  a,  6.  and  c  are  all  at  the  same  potential,  and  also 
the  points  d^  ',  and  /,  it  is  possible  to  place  brushes  on  the  commutator  at  each 
of  these  points,  so  that  the  current  may  be  collected  from  three  sets  of 
bmshes  instead  of  from  one,  and  a  shorter  commutator  may  be  used.  A 
machine  with  a  twcMiircuit  winding  has  generally  as  many  brush  sets  as  there 
-  are  polea. 

U.  The  number  of  commutator  legments  in  a  two-circuit  winding 
must  not  be  a  multiple  of  the  number  of  pairs  of  poles,  for  otherwise  the 
winding,  after  it  haa  paased  once  around  the  armature,  would  close  upon 
itself.  To  be  singly  re-entrant,  the  winding  must  progress  or  retrogress  by 
one  commutator  segment  each  time  it  passes  around  the  armature,  the  con- 
dition for  which  is  that  the  number  of  commutator  segments  must  equal 
Otp/2)±l,  where  ib  is  a  whole  number  and  p  is  the  number  of  poles. 

14.  Application  of  two-circuit  winding.  Each  circuit  of  a  two- 
circuit  winding  is  made  up  of  conductors  passins  under  all  the  poles,  so  that 
po  equalisera  are  required.     Because  of  this,  and  also  because  only  two  sets 
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of  bruahea  are  required,  thia  type  of  winding  ia  well  auited  for  direct-curreixt 
railway  motors,  inasmuch  as  the  two  seta  of  brushes  for  a  four-pole  motor 
are  placed  00  deg.  apart  so  that  they  may  easily  be  inspected  from  the  car. 

S6.  Lap  windlnfi  and  wave  windlngi.  A  multiple- wound  armature 
ia  aometimea  said  to  have  a  lap  winding  and  an  armature  with  a  two-cirouit 
winding  is  said  to  have  a  wave  winding. 

Sft.  Dead  colls.  There  are  generally  more  coils  than  there  are  slota,  and 
each  coil  may  have  more  than  one  turn.  A  coil  in  this  oaee  ia  defined  as  the 
shortest  winding  element  between  two  commutator  segments.  It  ia 
not  always  possible  to  put  a  proper  two-circuit  winding  into  a  given 
armature.  A  llCKvolt,  four-pole  machine,  with  forty-nine  alota.  forty-nine 
coila,  and  two  conductors  per  slot,  may  have  a  two-circuit  winding  becauae 
it  fulfilla  the  condition  that  49»(24  p/2)  +  l;  when  wound  for  220  volts. 
however,  four  conductors  per  slot  are  required,  and  the  number  of  ooils  is 
98"*  (49  p/2)  ±0,  which  will  not  give  a  two-circuit  winding.  In  such  a  ease, 
one  coil,  ccdled  a  dead  coil,  is  not  connected  into  the  winding,  its  two  ends 
being  taped  so  as  to  completely  insulate  the  coil.  The  machine,  there- 
fore, may  have  a  two-circuit  winding  with  ninety-seven  active  ooils  and 
ninety-seven  commutator  segments. 

ST.  Turbo- generator  wlndinffB.  In  turbogenerators  the  conductors 
are  long  and  move  at  high  speed,  so  that  the  voltage  between  adjacent  com- 
mutator segments  is  often  higher  than  desirable.  For  such  machines  it  has 
been  proposed  to  use  the  type  of  winding  ahown  in  Fig.  13,  the  voltage 
between  adjacent  commutator  segments  being  that  generated  in  one  con- 
ductor. To  keep  the  inductance  of  the  return  conductors  low,  it  ia  desirable 
to  group  together  return  conductors  in  which  the  currents  at  any  inatant  are 
in  oppoaite  directions. 


Fia.  13. — Winding  with  half- 
turn  coil. 


Fxa.  14. — Connection  of  equali^r 
between  parallel  windings. 


S8.  Kquallier    connections    for    turbo-ffenerator     windings.     The 

normal  multiple-circuit  doubly  re-entrant  duplex  or  multiplex  windings 
can  only  be  used  to  their  full  advantage  when  the  voltage  between 
the  segments  belonging  to  the  different  parallel  windings  is  equally  dis- 
tributed, that  ia  to  aay,  the  potential  between  aegments  I  and  2  should 
be  exactly  half  of  the  potential  between  segments  1  and  3;  but  without 
special  means  of  bringing  about  this  condition  it  is  rather  dangerous  to  use 
these  windings.  It  may  happen  that  the  potential  is  very  unevenly  distrib- 
uted between  the  aegments,  and  this  gives  rise  to  very  great  equalizing  losseo 
over  the  brushes.  Thew-inding  shown  in  Fig.  14  is  a  multiple -circuit  doubly 
re-entrant  duplex  winding;  the  thin  lines  in  the  diagram  indicate  one  of  the 
parallel  windings,  the  thick  the  other.  The  thin  lines  at  the  bottom  of  the 
diagram  indicate  the  normal  equaliier  connections  for  the  winding  ahown  in 
thin  lines,  and  the  thick  lines  at  the  top  indicate  the  normal  equaliier  con- 
nections for  the  winding  shown  in  thick  lines.  The  corresponding  equaliser 
rings  of  the  two  parallel  windings  are  connected  through  the  equ^isers  indi- 
cated on  the  left  of  the  diagram,  and  by  means  of  these  connections  equal 
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(fiviaion  of  potential  between  adjacent  segments  ia  ensured.  In  the  diagmm, 
the  point  which  should  be  of  the  same  potential  as  segment  3  is  shown  con- 
secied  through  two  equaliser  rings  and  the  connection  o.  The  potential 
of  point  e  lies  midway  between  the  potential  of  segments  2  and  4,  the  poten- 
tUl  of  segment  3  will  therefore  also  be  midway  between  2  and  4.  The 
complete  equalising  connection  is  denoted  by  the  letters  a,  6,  o,  c*  d,  e. 
This  winding  is  especially  useful  for  turbo- machines. 

n.  Shop  izutnietlons  to  the  winding  department  are  generally 
pren  in  the  following  form:  For  a  winding  such  as  that  in  Fig.  0.  slot  piten 
1-5,  commutator  pitch  1—2;  which  means  that  the  two  sides  of  the  first  coil 
riall  be  put  in  slots  1  and  5  and  the  commutator  leads  of  that  coil  shall  be 
connected  to  segments  1  and  2,  where  the  position  of  segment  1  relative  to 
that  of  slot  1  is  fixed  by  the  shape  of  the  end  of  the  coil.  For  a  winding  such 
u  that  in  Fig,  12,  slot  pitch  1-5,  and  commutator  pitch  1-0.* 

AmMATITBX  BKACTION8 
M.  CroeB-m*fiMtixinff  effect.     Diagram  A,  Fig.   15,  represents  the 
mscnetie  field  produced  in  the  air-gap  of  a  two-pole  machine  by  the  m.m.f. 


Pia. 


Arsuiture  Field 
15. — Flux  distribution. 


Z<oad  Oondltloiu 


of  the  main  exeiting  coils  and  B  represents  the  magnetic  field  produced  by 
the  m  m.f  of  the  armature  acting  alone.  If  each  of  the  Z  armature  con- 
ibeton  carries /e  amperes,  then  the  m.m.f.  between  a  and  b,  due  to  the 
•rmatore,  ia  equal  to  Zle/p  ampere-tums.  and  that  between  c  and  d  is  equal 
tofZ/e/p  amper»-turns,  where  ^  is  the  ratio  of  pole  arc  to  pole  pitch.  As- 
ismiiig  that  all  reluctance  is  in  the 
air-gap,  h^  of  the  m.m.f.  between  c 
and  d  acts  across  the  path  ce  and  the 
other  half  across  /cf,  so  that  the  cross- 
is&Knetixlng  effect  at  each  pole  tip  is 

--  -i  (ampere^urns)      (1) 

for  any  number  of  poles. 
Jl.  Field  dictortion.     Diagram  C 


(Hg.  15)  dkows  the  resultant  magnetic 
Wdwhenl 


TT» 


1  both  armature  and  main  cz- 

dtlng  m.m.fs.  exist  together;  the  flux 
<fensitf  is  increased  at  pole  tips  d  and    Hph 
i  sad  IS  decreased  at  tips  c  and  A.  f 

It.  Flm  Tttdootlon  due  to  crois- 
nttgnetisAtion.  Fig.  16  shows  part 
flf  a  large    machine    with   p   poles.  Flo.  10. — Flux  distribution. 

Curve  D  shows  the  flux  distribution  in 

the  air-gap  due  to  the  main  exciting  m.m.f.  acting  alone,  flux  density  being 
plotted  vertically.  Curve  O  shows  the  distribution  of  the  armature  m.m.f. 
Ud  curve  F  shows  the  resultant  flux  distribution  when  both  the  armature 

*For  further  Information  regarding  windings  see:  Arnold,  "Die  Qleich- 
*tn>mniasohine,"  Vol.  I  and  II;  S.  P.  Thompson,  "Dynamo-electric  Machin- 
T/'  Vd.  I;  Hobert  and  EUie  "Armature  Construction." 
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and  thfi  main  ezdUag  m.m.ffl.  exist  together.  Since  the  armature  teeth  are 
■aturated  at  normal  mix  densities,  the  inoreaae  in  flux  density  at  /  is  less  than 
the  decrease  at  0,  so  that  the  total  flux  per  pole  is  diminished  by  the  crosa- 
magnetiiing  effect  of  the  armature. 

tt.  DaouiiVnetisinff  effect.     Fig.  17  shows  the  magnetic  field  produced 
by  the  m.m.f.  of  the  armature  when  the  bnishes  are  shifted  through  an  ansle 


Fio.  17.  Fio.  18. 

Fios.  17  AND  18.— Demagnetiiing  and  oroes  magnetising  effect. 

tf  so  as  to  improve  commutaUon  (Par.  47);  The  armature  field  is  no  longer 
at  right  angles  to  the  main  field,  but  may  be  considered  as  the  remiltant  of 
two  components,  one  in  the  direction  OY,  called  the  cross-magnetising  com- 
ponent, the  effect  of  which  is  discussed  in  the  last  paragraph,  and  the  other 
in  the  direction  OX,  which  is  called  the  demagnetising  component  beoauae 
it  is  directly  opposed  to  the  main  field.  Fig.  18  shows  the  armature  divided 
so  as  to  produce  these  two  components,'  and  it  may  be  seen  that  the  demag- 
netising ampere-turns  per  pair  of  poles  arc 

V   p      ^  ^    180 


(ampere-turns)        (2) 


where  20/180  is  generally 
about  0.2.  Therefore  the 
demagnetising  ampere-tuma 
per  pole  are 

0. 1  f ^)  (ampere-turns)  (3) 

S4.  No-load  and  fuU- 
load  laturation  ourres. 
Curve  1,  Fig.  19,  shows  the 
no-load  saturation  curve  of 
a  direct-current  generator. 
When  full  load  is  put  on  the 
generator  there  is  a  decrease 
in  flux  and  therefore  a  drop 
in  voltage  06  due  to  the  arma- 
ture crosa-magne tiling  effect 
(Par.  SS).  A  further  voltage 
drop  due  to  the  armature 
^4x10*  <l®i°A8°o^i*i°K  effect  is 
counter-balanced  by  an  in- 
crease in  excitation  of  bc» 
0.1  iZIe)/p',  also  a  portion 
cd  of  the  generated  e.m.f.  is 
required  in  overcoming  the  internal  resistance  of  the  machine.  With  an  ex* 
citation  of  10,000  ampere-tuma.  the  voltage  at  no  load  and  normal  speed 
equals  240  volts.  At  full  load,  with  the  same  excitation,  the  terminal 
voltage  equals  106  volts.  In  order  that  the  full-load  voltage  ma^  be  the 
same  as  that  at  no  load,  the  number  of  ampere-turns  per  pole  which  must 
be  supplied  by  the  series  field  is  (13,400-  10,000)  «  3,400  ampere-tunu. 


4        e        8       10      12 
Ampere  Tama  per  Pole 

FiQ.  19. 
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SI.  malatiT* 
DnafOiat  main  •>- 
done  Mid  axmktiir* 

igreas.     luspection  of 
ri(.  la  will  ahow  that. 
u  the  amiAture  current 
hare  aueh  •  value  that 
tlie  CToaa  ainper«-tunia 
a  the  pole  Upa,  namely 
tZl c/2p,      b  e c  o  me ■ 
equal   to    the   excitina 
ajupeiv-tuma  for  tooth 
and  gap.  then  the  flux 
draaity  will  be  uro  un- 
der the  pole  tip  toward 
which  tbe  bruahea  have 
been  ahiCted  (Par.  SI). 
The  quanUty  Z/</2p  u 
the  number  of   anna- 
tote   ampers-tuma  per 
pole.         The     excitiDg 
amper»-tunia  per  pole 
for  tooth  and  gap  an 
•eldom    leaa    than    1.2 
times     tha      armature 
ampere-tnma  per  pole 
for    a    machine   which 
muat    operate  without 
Bp&rkinc  up  to  25  per 
cent,      overload,      and 
which  baa  a  aeriea  field 
to  counteract  the  de- 
magnetising   effect    of 
armature  reaction.  For 
a   machine  such   aa  a 
i^unt  motor,  which  haa 
no  aeries  field,    the  ex- 
citing ampere-turna  for 
gap  and  tooth  ahould 
not   be   leaa   than    l.S 
timea      the     armature 
ampere-turns  per  pole. 

comnrTATiow 

M.  BMUtanea  eom- 

mutatlon.  Fig.  20 
ahowa  part  of  a  ma- 
chins  with  a  full-pitch 
double-layer  multiple 
winding,  two  conduct- 
ors per  alot.  and  with 
eoila  M  ,  underling 
commutation.  ^  The 
current  in  coils  M  is 
terersed  as  the  arma- 
ture movea  and  the 
bruahea  change  from 
segments  1  and  5  to 
segmenta  2  and  6.  If 
the  brush  contact  re- 
nstance  is  large  com- 
pared with  the  renst- 
ance  and  self  induction 
of  coil  3f  then,  in  dia- 
gram B,  the  current  2/> 


I 
Fjo.  20. — Stages  in  commutation. 
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divides  into  two  parU  which  are  proportional  to  the  areas  of  eontact  betweea 
the  brush  and  segments  5  and  6  respectively,  and  the  current  density  is  uni- 
form across  the  brush  surface.  In  diagram  C  the  two  contact  areas  are  equal; 
there  is  no  tendency  for  current  to  pass  round  coil  Af ,  and  the  current  density 
is  again  uniform  across  tbe  brush  surface.  In  diagram  D  the  contact  areft 
between  the  brush  and  segment  5  is  small  while  tbat  between  the  brush  and 
segment  6  is  large;  the  larger  part  of  the  current  therefore  enters  at  sesment 
6  and  the  current  in  coil  M  is  reversed,  while  tbe  current  2/c  again  cUvidea 
into  two  parts  which  are  proportional  to  the  contact  areas  between  the  brush 
and  the  two  commutator  segments,  and  the  current  density  is  still  uniform 
across  the  brush  surface. 

ST.  Perfect  commutation  is  defined  as  such  a  chance  of  current  in  the  I 
coil  being  oommutated  that  the  current  density  over  the  brush  contact  | 
surface  is  constant  and  uniform. 

38.  The  brush  contact  resiltanee  depends  on  the  brush  material  andt 
for  carbon  brushes,  it  decreases  with  increase  of  current  density  as  shown 
in  Fig.  21.  The  contact  resistance  with  current  flowing  from  commuta- 
tor to  brush  is  somewhat  higher  than  with  current  flowing  from  brush  to 
commutator. 

S9.  Change  of  contact  reiiftance  with  temperature.  If  the  current 
density  in  a  brush  contact  be  suddenly  increased,  the  contact  reaiatance 

does  not  immediately  decrease  to 
the  value  given  in  Fig.  21,  but 
gradually  decreases  as  the  temper- 
ature of  the  contact  increases,  mzKl 
reaches  a  constant  value  after 
about  20  min.  This  explains  why 
a  machine  will  carry  a  considerable 
overload  for  a  short  time  without 
sparking,  whereas,  if  the  overload 
be  maintained,  the  machine  will 
begin  to  spark  as  the  brush  tem- 
perature increases  and  the  contact 
resistance  decreases. 

iO.  Current  densttr  In  th* 
bruihei.  For  sparkless  com- 
mutation. (1)  the  current  density 
in  the  brush  tip  must  not  hi- 
come  infinite,  and  (2)  the  aver- 
age amount  of  energy  expen<U»d 
at  the  brush  contact  must  be  lim- 
ited.     For  machines  required     to 
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Fzo.  21. — Brush  contact  resistance. 


operate  without  sparking  up  to  25  per  cent,  overload,  a  rate  of  energy  dissi- 
pation of  35  watts  per  sq.  in.  (5.5  watts  per  sq.  cm.)  may  be  allowed  at 
full-load,  so  that  the  perminsible  current  density  depends  upon  the  voltage 
drop  across  the  brush  contact.  The  better  the  commutation,  tbe  more  nearly 
uniform  is  the  current  density  in  the  brush  contact,  ana  the  higher  the 
average  density  which  may  be  allowed. 

41.  Current  density  In  the  brush  tip.  The  effect  of  coil  resistance 
may  generally  be  neglected,  but  that  of  self-induction  must  be  considered. 
The  e.m.f.  of  self-induction  and  mutual  induction  of  coil  M  (Fig.  20)  oppoeee 
the  change  of  current  in  that  coil,  so  that,  in  diagram  C,  at  the  end  of  naif  of 
the  period  of  commutation,  the  current  in  the  coils  M  has  not  become  sero. 
When  it  does  become  zero,  some  time  later,  and  the  currents  entering  seg- 
ments  5  and  6  are  equal,  tbe  contact  area  with  segment  5  is  smaller  than  witn 
segment  0  and  the  current  density  in  the  brush  tip  .S  is  greater  than  normal. 
It  may  be  shown  theoretically  that  the  tip  density  at  the  end  of  commutation 
becomes  infinite*  when  RTe/(L-\-\f)  is  less  than  unity, 

where   R  is  the  resistance  of  the  brush  contact  in  ohms, 
Te  is  the  time  of  commutation  in  seconds. 
L  is  the  coefficient  of  self-induction  in  henrys  of  one  coil  Af, 
and  M  is  the  coefficient  of  mutual  induction  in  henrys  between  coil  M 
and  coils  M\  and  Ms. 

•  Reid,  on  "  Direct-current  Commutetion,"  Tran$.  A.  I.  B  E.,  Vol.  XXIV, 
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4>.  Oo^par  last  bnilhai  can  carry  150  amp.  i>er  sq.  in.  (23  amp.  per 
M}.  cm.)  with  a  drop  of  0.3  volt  at  the  contact. 

Carbon  brushm  can  carry  35  watts  per  bq.  in.  (5.5  watts  per  sq.  em.), 
Par.  40,  for  example  35  amp.  per  sq.  in.  (5.5  amp.  per  sq.  cm.)  with  a  drop 
of  1.0  volta  at  the  contact. 

U.  AT«rac«  reaetene*  voltage.  The  criterion  for  aparkleas  commu- 
Ution  is,  then  (Par.  41),  that  RT,/{L  +  M)  shall  be  greater  than  unity,  or 
that 

21JI>^1'  {L+M)  (4) 

i  « 

where  2X«  ia  the  current  eDtering  the  brush  (Pig.  20).    The  latter  quantity  is 

called  the  average  reaatance  voltage  and  the  former  ia  the  voltage  drop  acriiss 

one  brush  contact.     It  will  lu' 

be  found  that  the  higher 

the  contact  resistance  and 

the    lower    the    reactance 

voltage,   the  better  is  the 

commutation. 

Fig.  22  shows  the  mag- 
netic field  encircling  the 
sh(»t-circuited  coils  of  a 
foll-^tch  multiple  wind- 
ing. The  reluctance  of  the 
magnetic  path  may  readilv 
be  calculated  from  which 
the  vidue  of  the  flux  per 
unit  current  and  L+M, 
the  coefficient  of  self  and 
mutual  induction,  are  ob-  Fia.  22. 

tained.       Deep    slots    de- 
crease the   reluctance  of  the  magnetic  path  (for  the  same  cross-section  of 
conductor)   and  increase    tbo    reactance  voltag^,  therefore  they  should  be 
avoided  if  possible. 

44.  Effect  of  type  of  winding  on  reactance  voltage.  In  the  ihort- 
pftcb  winding  shown  in  Fig.  11,  the  conductors  undergoing  commutation 
ue  in^  different  slots,  and  the  reluctance  of  the  magnetic  path  around  the 
coils  is  greater,  and  the  coefGcicnt  of  mutual  induction  smaller,  than  in  a 
ftlll-plteh  winding.  The  use  of  a  short-pitch  winding  therefore  lowers 
the  reactance  voltage  and  improves  commutation,  but,  as  shown  in  Fig.  11, 
it  also  reduces  the  effective  interpolar  apace  by  the  angle  Q. 

Jn  the  two-circuit  winding  with  one  set  of  positive  and  one  set  of 
ne^tive  brushes,  shown  in  T^g.  12,  each  brush  shortr-circuits  p/2  coils  in 
■enes,  so  that  the  reactance  voltage  is  p/2  times  that  of  a  multiple  winding. 
When,  however,  the  number  of  brush  sets  is  the  same  as  the  number  of  poles, 
there  is  a  short  commutation  path  around  one  coil  and  the  commutation  is 
improved. 

41.  B«»ctance  voltage  formula.  Approximate  results  may  be  obtained 
by  use  of  the  following  formula  for  the  average  reactance  voltage.  * 


f  l#  f 


T~r 


ft-tS(r.p.m.)I.L.r.(?^)lO-. 

where  S  is  the  number  of  commutator  segments, 
r.p.m.  is  the  speed  of  the  machine  in  rev.  per  min., 
Ia  is  the  current  in  each  armature  conauctor, 
he  is  the  frame  length  in  inches  (see  Fig.  38), 
T  ia  (he  number  <«  turns  per  ooil  between  segments. 


(volta) 


(5) 


rE— J— J     •  1  for  multiple  windings  and  p/2  for  two-circuit  windings, 

it  — 1.6  for  two-circuit  windings  and  for  full-pitch  multiple  windings, 

t  — 0.93  for  short-pitch  multiple  windings. 
Deep  slots  increase  the  reactance  voltage  above  this  value. 


Ipatba 
and 


'  Orsjr.    "Electrical  Machine  Design,"  p.  84. 
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46.  XSect  of  brtish  arc.  An  increase  in  the  brush  arc  has  no  effect  on' 
the  reactance  voltage  because,  while  it  increases  the  number  of  coils  in  series  ] 
at  short  circuit,  it  decreases  the  time  of  commutation  in  the  same  ratio,  and 
the  reactance  voltage  remains  unchanged.  On  the  other  hand,  a  wide  arc 
may  eause  sparking  by  starting  commutation  in  the  coils  before  they  are  in 
a  reversing  field,  or  by  keeping  them  short-circuited  until  they  are  in  too 
strong  a  field.     To  minimise  this  trouble  make  the  proportions  such  that, 

L       L  ^  /  pol*  pitch\  ^,  /commutator  diameter\  ,^^ 

brush  arc<  (-^j— )  X  (-li;;„-;Si;;^diameter   )  '« 

where  all  dimenaions  are  in  inches.  Furthermore,  the  brush  should  not 
cover  more  than  three  commutator  segments  except  in  machines  of  low 
reactance  voltage,  otherwise  there  will  be  large  circulating  eurrenta  in  the 
brush  face. 

47.  ShUtinf  of  bnuhet.  To  improve  commutation,  the  brushes  are 
shifted  from  the  neutral  position,  so  that  the  short-eircuited  coils  arv  in  a 
magnetic  field  and  an  e.m.f.  (£•)  Is  generated  in  them  which  opposes  the 
reactance  voltage  and  improves  commutation.  As  the  current  in  the  machine 
increases,  the  reactance  voltage  increases  with  it.  To  have  perfect  commu- 
tation at  all  loads,  the  voltage  B,  must  maintain  an  unvarying  ratio  to  the 
current.     This  is  only  possible  when  the  distance  by  which  the  brushes  are 

moved  from  the  neutral  position  increases  as  the  cur- 
rent increases.     Modem  machines  must  operate  from 
no  load  to  25  per  cent,  overload  without  sparking  and 
-without  shifting  of  the  brushes  during  operation.     In 
these  machines  the  brushes  are  i>ermanently  shifted 
(at  the  time  of  erection)   from  the  neutral  position 
uptil  the  voltage  St  is  so  large  that  sparking  takes 
place  at  no  load. 
48.  Nnmbar  of  tloU  per  polo.    Fig.  23  shows 
,  three  of  the  stages  in  the  commutation  of  a  machine 

I  III  with  six  coil  sides  per  slot.    The  commutator  segments 

are  evenly  spaced  while  the  coils,  being  in  slots,  are 
■  .  .  not.    Between  the  instant  when  the  brush  breaka  con- 

1^  '   '  ■-  tact  with  coil  A,  and  the  instant  it  breaks  with  coil  C, 

I  -_£_^—  the  slot  has  moved  through  a  distance  x,  so  that  if  the 

L«JDl  magnetic  field  in  which  the  coils  are  commutated  is 

I  ^^ni  suitable  for  coil  A,  it  is  too  strong  for  coil  C,  and  the 

I      f-\\  latter  will  therefore  be  badly  commutated,  every  third 

1  III—  commutator  segment  being  blackened.     The  distance 

'■*■-*  X  is  equal  to  the  slot  pitch  minus  the  width  of  one 

commutator  segment.  To  minimise  this  trouble,  a 
machine  should  have  more  than  twelve  slots  per  pole. 
Large  machines  have  generally  more  than  fourteen 
slots  per  pole. 

'-'  4t.  Limits  of  reactance  Toltara.      Experience 

„       ^        _  shows  that  when  the  following  conditions  are  fulfilled, 

Fig.  23. — Comma-    namelv: 

tation    with    several        {Y\  Number  of  slots  per  pole  is  greater  than  twelve, 

coils  per  slot.  ^  (2)  Brush  arc  is  less  than  one-twelfth  of  the  pole 

Ettch  measured  at  the  commutator  surface. 
&n  seven-tenths  of  the  pole  pitch,  and 
(4)  Ampere-turns  for  air-gap  and  teeth  are  greater  than  1.2  to  1.5  times 
the  armature  ampere-turns  per  pole    (Par.  St):    then  the  reactance  voltace 
calculated  bv  £q.  5  (Par.  46)  should  be 

(1)  Less  than  seven-tenths  of  the  voltage  drop  per  pair  of  brushes,  with 
brushes  in  neutral  position,  and 

(2)  Less  than  the  full  voltage  drop  per  pair  ell  brushes,  witL  the  brushes 
shifted  to  improve  commutation. 

A  machine  with  a  two-circuit  winding  will  eommutate  about  20  per  cent. 
better  than  would  be  indicated  by  the  value  of  reactance  voltage  obtained 
from  Eq.  5  (Par.  46),  while  the  commutation  of  a  machine  with  a  short- 
pitch  winding  will  be  about  30  per  cent,  worse  than  indicated,  because  of  the 
reduction  of  the  effective  interpolar  space  (Par.  44). 

60.  Shunt,  oompound  and  aeziei  machinal.  Due  to  armature  reaction. 
the  flux  at  the  pole  tip  toward  which  the  brushes  are  shifted  decreases  with 
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FiQ,  24. — Magnetic  circuit  of 
interpole  generator. 


.  I  of  armature  current  (Far.  11).    This  decrease  is  kept  within  reason- 

aUe  limits  by  the  use  of  a  strong  exciting  field  (Far.  8S)  and  is  less  in  a  com* 
wmnd  machine  than  in  a  shunt  machine  operating  on  constant  excitation. 
la  the  aeries  machine  the  main  exciting  m.m.f.  and  the  armature  m.m.f. 
iaereaae  together,  and  the  flux  at  the  commutating  pole  tip  may  increase  or 
decrease,  depending  on  the  relative  strength 
of  field  and  armature. 

•1.  Intarpolai.  An  interpole  rehara- 
tor  is  shown  diagrammatioally  in  Ilg.  24, 
wtiere  n  and  a  are  auxiliary  poles  which 
have  a  aeries  winding  so  oooneoted  that  their 
strength  increases  with  the  armature  cur- 
rent. To  improve  commutation  in  a  non- 
iaterpole  generator,  the  brushes  are  shifted 
forward  in  the  direction  of  motion,  so  that 
B+  would  come  under  the  tip  of  the  N  pole 
and  B-  under  the  tip  of  the  iS  pole.  In  the 
interp<^e  machine  tne  auxiliary  pole  n  is 
plariied  opposite  the  brush  B-^  and  the  auxili- 
ary pole  a  opposite  the  brush  £.. 

B.  Interpol*  ezeitatlon.  The  inter- 
pole vust  have  a  m.m.f.  equal  and  opposite 
to  that  of  the  crosa-munetising  effect  of 
the  armature,  namely, Z/(/2)> ampere-turns 
per  pole  (Par.  <0)  and,  in  addition,  a  m.m.f.  which  can  send  across  the  gap 
a  flux  large  enough  to  generate  in  the  ahort-circuited  coil  an  e.m.f.  equal 
and  opposite  to  the  reactance  voltage.  In  order  that  the  interpole  flux 
may  be  always  proportional  to  the  current,  the  interpole  magnetic  circuit 
must  not  be  idlowed  to  become  saturated. 

IS.  Tb*  aBeetlTS  Interpole  arc  is  represented  by  the  expression  Wi,+2l 
(SM  Fig.  26)  and  should  be  of  such  proportions  that  while  the  current  in  a 
conductor  is  being  commutated,  the  slot  carrying  that  conductor  is  in  the 
interpole  field.  The  distance  moved  by  the  coil  A  (Fig.  23)  while  short- 
eireuited  equals  the  brush  arc  multiplied  by  the  armature  diameter  and 
divided  by  the  commutator  diameter  and  the 
effective  interpole  arc  must  exceed  this  by  the 
distanc6  x  (Fig.  23). 

M.  The  reluetanoe  of  the  Interpole  air- 
gap  should  vary  as  little  as  possible  for  differ- 
ent positions  of  the  armature,  otherwise  the 
interpole  field  will  be  pulsating.     The  effect- 
ive   interpole     arc    should     therefore    lea 
multiple  of  the  slot  |>itch:  it  is  generally  made  about  15  per  cent,  of  the  pole 
piteh  and,  to  minimise  the  interpole  leaka^  flux,  the  main  pole  arc  is  not 
more  than  about  65  per  cent,  of  the  pole  pitch. 
if.  The  axial  length  of  th«  Intorpola  in  inches  is  given  by  the  formula,  * 
y  _24  X  core  length  in  inches  X  amp,  eond.  per  in.  ^_ 

**  interjiole  gap  density  in  lines  per  sq.  in. 
The  ampere-conductors  per  in.  (Par.  89)  seldom  exceed  900,  and,  with  an 
interpole  gap  density  of  45,000  lines  per  sq.  in.  (7,000  lines  per  sq.  cm.), 
the  interpole  circuit  will  not  be  saturated  up  to  50  per  cent,  overload;  the 
interpole  len^h,  therefore,  need  not  exceed  half  the  frame  length,  if  there 
are  aa  many  interpoles  as  there  are  main  poles  and  if  the  overloads  do  not 
exceed  SO  per  cent. 

M.  Tbs  Intorpola  ampera-tnma  per  polo  for  a  newly  designed  machine 
are  usually  made  equal  to  1.4  times  the  armature  ampere-tums  per  pole 
(Far.  U).  This  is  generally  too  large,  so  adjustment  must  be  made  after 
the  naemne  is  erected. 

■T,  naahing  over  is  generally  caused  by  a  sudden  change  of  load.  Fig. 
20  shows  a  repreeentation  of  the  armature  cross-field  in  a  loaded  machine. 
A  sudden  change  of  load  alters  the  value  of  the  cross-flux,  and  a  voltage 


:i> 


MimliJ^ 

Fio.  26. — Interpole  width. 


*  Qray,    "Electrical  Machine  Design,"  p.  94. 
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proportional  to  the  rate  of  change  of  flux  is  generated  in  coil  a.  This  majr. 
increase  the  voltage  that  already  exists  between  adjncent  segmenta  to  such  » 
value  that  arcing  starts,  and  then  the  machine  flashes  over  from  brush  to 
brush,  particularly  if  the  commutator  is  dirty.  Machines  with  badly 
distorted  fields  and  a  high  average  voltage  between  commutator  segmenta 
are  especially  likely  to  flash  over. 

B8.  CoxnpenMbting  windings.  For  such  service  aa  the  operation  of 
reversing  rolling  mills,  the  current  in  the  motors  may  change  suddenly  from 
full-load  value  in  one  direction  to  three  times  full-load  value  in  the  opposite 
direction.  For  such  machines  the  average  voltage  between  adjacent 
commutator  segments,  which  is  equal  to  the  terminal  voltage  divide<l 
by  the   number  of   commutator   segments    per    polo,   should   not    exceed 


Fio.  26.  Fia.  27. 

Fias.  26  AND  27. — Armature  6eld  with  and  without  compensating  wtDdincs. 

about  16*  otherwise  compensating  windings  will  be  required  to  prevent 
flashing  over.      The  compensating  winding  is  carried  by  the  pole  face,  and 

is  in  series  with  and  has  the  same  number  of  ampere-turns  per  pole  aa 
the  armature.  However,  the  current  passes  in  the  opposite  direction  to 
that  in  the  armature  and  thus,  as  shown  in  Fig.  27,  the  armature  field  ia 
completely  neutralised.  For  further  discussion  of  the  subject  of  commu- 
tation see  the  references  below.* 


\ 


ASMATXntl  DBSIOM 

n.  Output  equation.     The  output  of  a  machine  ia  proportional  to  tha 
armature  volume,  and  the  output  equation  ia 

_,  „        wattaX  60.8X10'  ,       ■    s 

''•''"-rirm:x«7x7x*  <"'••"'•'         <«> 

where  D«  is  the  armature  diameter  in  inches. 

Lt  is  the  frame  length  in  inches  (Fig.  38), 
(Bg  is  the  apparent  gap  density  in  lines  per  sq.  in., 
♦  is  the  per  cent,  enclosure  ( =»  pole  arc  pole  -^ pitch),  and 
q  is  the  ampere-conductors  per  in.  ("Zle/rDa)' 
60.  The  e.m.f.  equation  for  all  types  of  direct-current  generators  is:' 

^-^^•(-rOdat^^O-  <-"•>         <») 

where  E  is  the  generated  voltage  between  terminals, 
Z  is  the  total  number  of  fnce  conductors, 

^a  is  the  flux  per  pole  which  crosses  the  air-gap  and  is  cut  by  the  arma- 
ture conductors, 
r.p.m.  is  the  armature  speed  in  revolutions  per  min. 
"paths"  refer  to  the  number  of  parallel  circuits  (electric)  through  the 
armature. 


*  Arnold.  "Die  Glcichstrommaschine,**  Vol.  I  and  II;  Hawkins  and 
WalUe,  "The  Dynamo,"  Vol.  II;  Baily  and  Cleghorne,  Journal  of  Inst,  of 
Elec.  Eng.:  Vol.  XXXVIII;  Qray, ''Electrical  Maehlne  Design:"  Hobart, 
*'  Dynamo  Deaign."  Lamme,  Trons.  of  A.  I.  E.  E.,  Vol.  XXX,  p.  2369. 
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(10) 


n.  AnwthT  oa4>ut  •qu«Uon,  readily  obtained  from  the  e.m.f.  equa- 
tioB,  ia  giTen  by 

watU  _ 

r.p.m.      Vpatbay 

vbei*  (Z/^patba),  called  the  electric  loadlsyr,  ia  the  total  number  of  am- 
pere-conductors on  the  armature  periphery.  The  larger  the  electric  loading, 
the  more  copper  and  the  less  iron  there  is  in  the  machine.  The  mafnetie 
leadinc,  tm  the  quantity  (^.X  poles)  is  termed,  is  the  total  Sux  entering  the 
armature.  The  larger  the  magnetic  loading,  the  more  iron  and  the  less  cop- 
per there  ia  in  the  machine. 

U.  Th*  v»p  dcnglty  (IB>)  ia  limited  by  the  density  at  the  bottom  of  the 
teeth;  the  greater  the  oiameter,  the  less  tne  tooth  taper,  and  the  higher  the 
gap  density  for  a  given  tooth  density  at  the  root.  The  relation  between 
iBf  and  Dm  ia  given  In  Fig.  28. 
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Fia.  28. 


FiQ.  29. 


tt.  TlM  ainp«r*-€ondueton  p«r  In.  (g)  are  limited  by  heatinc  and  by 
commutation.  If  9  ia  larse,  the  copper  section  must  be  large  and  the  alota 
uwp  in  order  to  keep  down  the  temperature,  but  deep  slots  tend  to  cause 
■PfuluDK.  It  is  found  that  a  depeads  principally  on  the  output  of  the  machine, 
M  shown  in  Fig.  29. 

If  the  Bi>eed  for  a  siven  output  bo  increased,  a  smaller  diameter  can  be 
used,  and  the  {peripheral  velocity  will  not  be  greatly  increased.  Since  the 
*ni&U  machine  is  not  so  well  ventilated  as  the  large  machine,  see  Fig.  31, 
the  same  value  of  q  should  be  used  in  each  case. 

M.  R«l»tlTe  coit  factor.  Acertainratioik,  which  is  equal  to  the  magnetic 
loading  divided  by  the  elecUic  loading,  will  give  the  cheapest  machine. 
Then 

•■  a  const,  (electric  loading)    (magnetio  loading.)  Par.  •!, 

r.p.m. 

—  a  const,  (electric  loading)*  (11) 

uid  the  relation  between  the  watts  per  rev.  per  min.  and  the  electric  loading, 
piven  in  Fig.  30,  may  be  used  in  preliminary  design.  The  value  of  k 
u  affected  by  the  cost  of  labor  ana  material  and  by  the  conditions  of 
i&aDufacture. 

M.  HumtMT  of  polM.  A  pole  of  circular  cross-section  has  the  largest 
Be«tion  for  the  shortest  mean  turn.  If  the  pole  be  rertaiiKular,  then  that 
vith  a  square  section  has  the  largest  area  for  the  shortest  mean  turn.  For 
^nomy  in  copper,  the  ratio  of  pole  pitch  to  frame  length  will  generally 
UTe  a  value  between  1.1  and  1.7. 
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M.  The  armftture  amp«re-tunii  p«r  i>ole  seldom  ezoeed  7JSOO  in 
non-interpole  machines.  A  larger  number  requires  a  long  pcrfe  pitch,  lone 
end  oonnecUons,  a  large  number  of  exciting  ampere-turns  per  pde,  long 
poles*  and  a  yoke  of  large  diameter.  For  inten>ole  machines,  the  main 
field  need  not  oe  so  strong  relatively  to  the  armature  field  as  in  non-inter- 
pole machinest  and  a  reasonable  limit  for  the  armature  ampere-turns  per  polo 
IS  10.000. 

•7.  A  simple  procedure  for  armature  desicii  is  given  in  the  follow- 
ing: 

Zle,  the  number  of  ampere-conductors,  is  obtained  from  Fig.  30. 
q^Zlt/fDaj  the  number  of  ampere-conductors  per  in.,  is   obtained 

from  Fig.  29. 
Da,  the  armature  diameter,  is  next  determined. 
(Bff  is  obtained  from  Fig.  28. 
Le  ia  found  by  substitution  in  £q.  8,  Par.  59. 
p,  the  number  of  poles,  is  so  chosen   that  the   pole    itttch   divided 

by  Le  equals  I.l  to  1.7. 
0,  the  flux  per  pole -0.7  (pole  pitch)  X^cX(B«,  assuming    the  pole 

enclosure*  0.7. 
Z,  the  number  of  armature  conductors,  is  found  from  Eq.  9,  Par.  SO. 
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FlO.   31. 


The  winding  is  then  so  chosen  that  the  reaotance  voltage  will  be  below 
the  desired  limit.  A  two-cirouit  winding  is  the  cheapest,  and  a  winding 
with  two  turns  per  coil  is  cheaper  than  one  with  only  one  turn  per  ooil. 

W.  The  commutator  diametor  (Dt)  is  made  equal  to  six-tenths  of  the 
armature  diameter  so  as  to  have  reasonably  long  "necks"  (coil  leads),  but 
a  peripheral  velocity  greater  than  3,500  ft.  per  min.  (1,070  m.  per  min.),  ia 
undesirable.  One  objectionable  feature  of  the  turbo-machine  is  that  ita 
commutator  speed  may  run  as  high  as  7,000  ft.  per  min.  (2,140  m.  per  min.). 

<•.  Bruih  design.  The  brush  arc  should  not  exceed  the  valua 
/po    p'_£_\ /"'""JIJ-    '*-\      The  volts  drop  per  pair  of  brushes  should  be 

chosen  to  suit  the  reactance  voltage  (Par.  49).    The  energy  at  the  bmah 
contacts  is  limited  to  35  watts  per  sq.  in.  (S.S  per  sq.  cm.)    (Par.  40). 

TO.  Szazni>le  of  armature  deiign.  It  is  required  to  determine  approxi- 
mate dimensions  for  a  direct-current  generator  of  the  following  rating:  400 
kw.,  240  volts,  1,670  amp.,  200  rev.  per  min.  The  results,  determined  in  con- 
secutive order,  are  as  follows; 

-1.33X10' 

-733 

-58  in. 


Z/«,  ampere-conductors, 

a,  ampere-conducturs  per  in., 

D., 


Da,  armature  diameter, 
B„  apparent  gap  density, 
Lt,  frame  length. 


■  58,000  lines  per  sq.  in. 
- 12  in. 
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KPoiM,  -10 

r,  pole  intah,  -18.2  in. 

t,  flux  per  pole,  -8.8X10* 

Z,  total  face  eondueton,       -164  -820  -820 

Windiiig,  l-tum  ser.  2-tum  mult.         1-tum  mult. 

short  pitoh         short  pitch 
S,  commutator  segments,      —82  —206  —410 

Sr,  reactance  voltage,  -13  -3.1  -1.6 

Da  eomLznutator  diameter,  —35  in. 

Brash  are,  — O.Bl  in. 

Tolta  per  pair  of  brushes,  —2 

Amp.  per  sa.  in.  brush  contact,  —36 

Brush  lenctll.  - 10 .  S  in. 

F,  commutator  face,  - 13  in. 

If  the  winding  were  series,  or  two-tum  multiple,  the  reactance  voltage 
would  be  too  high  and  interpoles  would  be  required. 

Comparative  designs  should  be  worked  out  with  both  larger  and  smaller 
snnatuTe  diameters  and  with  different  numbers  of  poles;  then  a  choice 
diould  be  made,  and  the  design  completed  as  below. 

The  final  or  detetUd  design  is  worked  out  in  the  following  order.  The 
probable  number  of  total  face  conductors  is  820,  from  the  preliminary  design. 
The  aamber  of  slots  per  pole  should  be  greater  than  fourteen  and  the  total 
nmber  of  slots  gnater  than  140;  the  nearest  number  of  slots  that  will  give 
sa  even  number  of  eondnstors  per  slot  is  200.  Therefore 
Sou  -200 

CoDduetora  per  slot  —  4 

Cute  -400 

Commutator  segments  -  400 

Winding  1-tum  multiple 

Ampere-oonduetors  per  in.  - 107  X  800/r  X  68  -  730 
Amp^e-conductorsperin.^^  3  ^^  ^  ^^^  ^^^ 

Cir.  mils  per  amp. 
Or.  mils  per  amp.  —  560 

Amp.  per  conductor  at  full  load  -  167 

Section  of  conductor  -g3,000  cir.  mils -0.073 

sq.  ia 
Slot  opening- 0.47  X  (slot  jntch)  in  large  machines 

—  0.52  X  (slot  pitch)  in  snuUl  machines  . 
For  a  first  approximation,  therefore 
Slot  pitch      -0.91  in. 
Sot  opening -0.43  in. 

0.064  width  of  slot  insulation  (fig.  47) 
0.04    clearance  between  coil  and  core 
0.326  available  space  for  copper  and  conductor  insulation. 
Use  flat  atrip,  as  in  Fig.  47,  with  two  conductors  in  the  width  of  the  slot; 
make  the  strip  0.14  in.  wide  and  insulate  it  with  half-lapped  cotton  tape. 

Depth  of  conductor- 0.073/0.14— 0.62  in.;  increase  this  to  0.66  in.  to 
allow  for  rounding  of  the  comers. 
Slot  depth  is  found  as  follows: 

O.&S  —  depth  of  each  conductor 
0.024  — inflation  of  each  conductor 
0.084 -depth  of  slot  insulation  (Fig.  47) 
0.068 -depth  of  each  insulated  coil 

2  —  number  of  coils  in  depth  of  slot 
1.316— depth  of  coil  space 
0.2     —thickness  of  stick  at  top  of  slot 
1.516  — necessary  slot  depth;  make  it  1.6  in. 
The  tooth  flux  density  shoiild  now  be  checked  to  make  sure  that  it  is  not 
too  high,  see  Par.  lit,  and  the  internal  diameter  of  the  armature  made  such 
that  the  flnx  density  m  the  armature  core  shall  not  exceed  86,000  lines  per 
sq.  in. 

Tl.  SflMt  of  intariMlM.  When  interpoles  are  used,  the  reactance  vol- 
tage is  no  longer  a  limiting  factor  in  the  design,  so  that  deep  slots  may  be 
used  and  a  large  amount  of  copper  put  on  each  inch  of  the  periphery.  For 
interpole   machines,    the    value  ot  «,  the  ampere-conductors  per  in.,  will 
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generally  be  20  per  cent,  greater  than  given  in  Fig.  29.  The  oommutetuac 
fringe  under  the  pole  tip  is  not  used,  bo  that  the  ratio  of  the  exciting  ampere- 
turns  per  pole  for  gap  and  teeth  to  the  armature  ampere-turns  per  pole,  whicb 
is  eeldom  lesB  than  1.2  for  non-interpole  machines,  is  generally  made  about 
0.8  for  similar  machines  with  interpoles.  There 
is  therefore  a  large  saving  in  field  copper,  and 
in  pole  Eind  yoke  material. 

TS.  Bpeed  Umltationi  In  deai^.  *     If  the 

}*woi  I  \r^|  TAI  I  M  I  I  I  I    peripheral  velocity  of  a  machine  is   fixed,  the 
_ J^  ^-i- output  can  be  increased  only  by  increasing  the 
uou  — tXi^^-'/ frame  length,  the  number  oi  conductors,  or  the 

"^      "  current  per  conductor,  all  of  which  increase   the 

reactance  voltage;  so  that,  after  a  certain  out- 
put has  been  reached,  interpoles  must  be  sup- 
plied or  the  peripheral  velocity  increased. t  Fig. 
32  shows  the  maximum  output  that  can  be  ob- 
tained for  a  given  speed,  the  peripheral  velocity 
being  taken  as  6,000  ft.  per  min.  (1,830  m.  per 
min.)  for  machines  of  ordinary  construction,  &ik1 
Fig.  32. — Maximum  output  15,000  ft.  per  min.  (4,600  m.  per  min.)  for  turbo- 
ourves.  machines.      The  high-speea  turbo-machine    ie 

not  too  satisfactory  as  regards  efficiency,  oom- 
mutation,  and  heating  and  the  tendency  is  to  gear  a  high-<peed  turbine  to  a 
moderate  speed  generator  through  a  MelTlU*-fEacalplne  reduetloii  ff^ar. 

niLD  DKBIGir 
7S.  The  macn^tle  eirouit  is  well  shown  in  general  in  Fig.  38,  where  the 
closed  dot-and-^ash  line  indicates  the  complete  path  through  one  pair  of 
poles,  two  aii^gaps,  the  armature  and  the  yoke,  all  in  series.  There  are  as 
many  paths  similar  to  this  one,  in  a  multipolar  machine,  as  there  are  poles. 
This  path,  of  course,  is  the  path  of  the  useful  flux,  and  does  not  take  into 
consideration  the  leakage  flux. 
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Fia.  33.  Flo.  34. 

Flos.  33  AND  34. — Fringing  constant. 

H.  The  trUxt^ng  eonitant.  t  The  actual  air-gap  area  per  pole  eaual* 
(^L.)x/X,  Far.  It,  where  X/i  (Fig.  33)  is  the  fringing  constant  C.  Now 
X  « t  +/«  where  /  depends  on  the  slot  width  •  and  on  the  aii^gap  clearance  1 
and  may  be  obtained  from  Fig.  34.     Then 

C-X/i -((  +  .)/ ((+/.)  (12) 

For  the  machine  shown  in  Fig.  35: 
•/J -0.43/0.3 -1.44 

/-0.78  from  Fig.  34. 

C- (0.48+0.43)7(0.48+0.78X0.43)  =  1.12 

•  Hobart  and  Ellis.    "Hifth  Speed  Dynamo-electric  Machinery." 
tGray.    "Electric  Machine  Design,"  p.  142. 

t  Carter,  Electrical  World  and  Engineer,  Nov.  30,  ISOl;  Hele-Sbaw,  B«r 
ftod  PoweU;  Jmtr.  of  Inct.  of  Eleo.  Eng.,  Vol.  XXXIV,  p.  21. 
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Tkere  im  a  amall  amount  of  ftin^ng  at  the  pole  tips  which  tends  to  increaw 
the  air-^amp  area,  but  this  effect  is  counterbalanced  by  the  effect  of  the  in- 
cnaae  in  the  aii^gap  clearance  near  the  pole  tips.  The  fringing  constant 
for  the  vent  ducts  may  be  found  in  the  same  way  as  for  the  uots,  but  is  so 
nearly  eqaal  to  unity  that  the  calculation  is  seldom  made. 
TC.  Tba  mkcnetlo  arau :     InFig.  38,  let 

it,  •-  the  yoke  area; 

A,  —  the  pole  area-  Wptp  for  solid  rectangular  poles  and -0.95    WUi,  for 

poles  built  of  Uminatioai; 
A,  —the    tooth  area  per  pole-(^iV/p)(L„  where  L,,  the  net  length  of  the 

core  equals  0.0  (La— the  space  taken  by  the  ducts),  ^  is  the  ratio  pole 

arc/pole  pitch,  and  iV  is  the  total  number  of  teeth. 
At  —the  armature  core  area  — d»/^H; 
Af  —the  apparent  gap  area  per  pole— ^Z,e; 
A^—tike  actual  gap  area  per  pole  — vl,/C',  where   C  is   a  constant  greater 

than  unity,  which  takes 

into  account  the  effect  of 

the  slots  in  reducing  the 

gap  area. 
These  areas  are  determin- 
able, in  the  first  instance,  by 
diriding  the  total  flux  in  a 
IJTen  portion  of  the  magnetic 
circuit,  by  the  allowable  flux 
density. 

TS.  naz  denalty  in  the 
tll-fmp.  The  apparent  gap 
density  irhich  may  be  allowed 
for  an  armature  of  specified 
diameter  is  shown  by  the  curve 
in  Fi«.  28.  It  will  be  noted 
that  (Sit  —  ^t/A„  where  A,  is 
the  apparent  gap  area  per  pole. 
Tbe  apparent  gap  ares  is  connected  with  the  actual  gap  area  by  the  relation 
Ai  —  CA^,  where  C  (fringing  constant)  is  greater  than  unity.  Conversely, 
the  apparent  gap  density  is  oonoectea  wiui  the  actual  gap  density  by  the 
same  constant,  and  Bag^CBg. 

Tl.  FIus  daniltlai  in  the  iron  are  given  below.     These  are  average 
values  found  in  standard  machines  designed  for  continuous  duty. 


«» 

T<lu  ••  U*l  MS 
Talta  Adl  Ini  s« 
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Fio.  35.— Fringing  constant  study. 


Expres- 
sion for 

Material  of 
magnetic  cir- 
cuit 

Lines 

per  sq. 

in. 

Lines 

per  sq. 

cm. 

<B„  the  yoke  density 

'2A. 

cast  iron. . . . 
cast  steel 

40,000 
80,000 

6,200 
12.400 

A, 

laminations. . 
cast  steel.. .  . 

95,000 
90,000 

14,700 
14.000 

<B<,  the  apparent  tooth  density 

A, 

laminations. 

150,000 

23,000 

iA. 

laminations. 

85,000 

13,000 

TB.  The  apparent  tooth  density  ((Bi)  is  ercater  than  the  actual 
dvDsit^  in  the  teeth  because,  since  the  teeth  are  highly  saturated  at  normal 
denatiefl,  a  considerable  amount  of  flui  passes  down  tbe  slots,  vent  ducts, 
and  air  spaces  between  the  laminations.  The  relation  between  the  appa- 
rent and  the  actual  tooth  density  is  given  in  Fig.  36,  for  the  magnetisation 
curves  shown  In  Fig.  37  and  for  tbe  ratio  Ln/Le'=  O.S. 

Tt.  Lealcaff*  factor.     Fig.  38  shows  two  poles  of  a  multipolar  machine ; 

^^3  dkjiiic  iiy^^iouyie 


Sec  8-80 


D.  C.  QBNBRATORS  AND  MOTORS 


't 

/ 

z' 

' — 

/, 

< 

■" 

■'/ 

:> 

^m 

•i^, 

^ 

|.« 

A 

rts 

4 

^ 

tin 

^ 

AIM 

/ 

W 

^ 

r 

/ 

/ 

y 

—J 

110   iM    lao   MO    iH    i«o  in    uoxto* 


^m^  the  total  flux  per  pole,  oon- 

'  sists   of    the    flux    4«   whiefa 

tm>\i  oroBBes  the  ^r-gap  and  is  cut 

,3  by  the  armature  eonduotora, 
aod  the  leakage  flux  ^«  whSeh 
croasee  between  the  poles  but 
does  not  enter  the  armature. 
The  ratio  ^wj^»  called  the 
leakage  factor,  ia  greater  than 
unity:  ite  value  may  be  ealou- 
lated  with  a  fair  decree  of  ac- 
curacy if  the  dimensions  of  the 
magnetic  circuit  are  known, 
but  for  direct-current  machinea 
it  is  usual  to  assume  a  value  of 
leakage  factor  and,  for  a  first 
approximation,  the  following 
table  may  be  used  for  the  type 
of  machine  shown  in  Fig.  38. 


Fio.  36. — Armature  tooth  densities. 


Leakage  factor 

Four-pole  machines  up  to  10  in.  armature  diameter 

Multipolar  machinea  between  10  in.  and  30  in.  diameter.. 
Multipolar  machinea  between  30  in.  and  60  in.  diameter.. 
Multipolar  machinea  greater  than  60  in.  diameter 

1.25 
1.2 
1.18 
1.15 
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so       40       so      80      100     120     140     ISO     180     SOO 

Ampere  Tama  tier  liicli 
Fio.  37. — Magnetiiation  curves. 

SO.  Caleulation  of  the  leakaca  (»etor.*  Fig.  39  abowa  part  of  a 
machine  with  a  large  number  of  poles.     The  total  leakage  flux  per  pole  is 

».-»i  +  »i  +  ^i+^< (13) 

*The  derivation  of  these  formulie  ia  given  in  Gray.  "  Electrical  Machine 
Design.'*  page  51,  for  other  cases  see  Hawkins  and  Wallis.  "  The  Dynamo/* 
Vol.  1.  p.  471. 
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4<-ie*(n/)f«i  Aflocit  (l+  -^2(r~) 


*,-6.6*(nD,^,    -^^ 


^«-9.5JI:(nD,^i  A,  logic  (l+  -^7^) 


(1« 
(15) 
(16) 
(17) 


Fio.  38. — The  pathi  of  the  main  and  the  leakage  fluxes. 

•ad  t  is  equal  to  unity  for  inch  units  and  to  1/2.54-0.3937  for  centimeter 
oiuta.  For  a  given  value  of  «.,  the  flux  crossing  the  air-gap,  the  value  of 
inT),u.  th«  neceasary  ampere-turns  per  pole  for  gap  and  teeth,  may  be  found; 
and,  substituting  this  value  in  the  above  formulas,  the  corresponding  value 
ol  ^  may  be  found.     The  leakage  factor- 1-|-W#s. 

n.  CaleoUtlon  of  fisld   .. — 

■nqtsra-tunu    per    pole.  Yoke 

The  totad  ampere-turns  per 
pole  reqmred  to  establish  the 
neceasary  flux  in  the  mag- 
netic circuit  may  be  analysed 
into  a  eezies  of  components. 
The  natural  subdivision  fol- 
lows the  several  different 
members  or  elements  which 
■o  to  make  up  the  complete 
cireuit.  These  would  in- 
dnde  tbe  yokes,  the  field 
cores,  the  air-gaps,  the  arma- 
ture teeth  and  the  armature 
core.  Since  the  field  poles 
are  structurally  duplicates  of 
each  other,  except  where  in- 
terpolee  are  used,  it  is  nat- 
ural to  eonfice  the  calcula- 
tions of  required  ampere- 
tariM  to  a  single  field  pole. 
Fic.  40  shows  the  unit  mag- 
netie  csreoit  for  a  multipolar  .j   *„ 

machine,  or  that  part  olthe  total  magnetic  rt™**:''™  *'»'=!' ?0"*fP°^J^ 
one  field  pole  and  simply  needs  repeated  apphcation  to  bmld  up  the  who^e 
structure.  This  unit  magnetic  oircmt  comprises  one  complete  field  core,  one 
complete  air-gap.  one  complete  group  of  armature  teeth  under  a  single  pole 


Fio.  39. — The  leakage  paths. 


695 


dbyv^iuuyic 


Sec.  8-82 


D.  C.  aSNERATORS  AND  MOTORS 


) 


fac«,   two  half-yokes  in  parallel  and  two  half-armature  cores  in  parallel. 
The  total  number  of  ampere-turns,  at  no  load,  may  be  expressed  as 

nJ-(n/),  +  (n/)e+(nDp  +  (ni-),  +  (n/),  (18) 

where  the  several  quantities  in  the  formula  are  as  follows: 

(n/)f  represents  the  number  of   ampere-turns  required  to  establish  the 
flux  ^n/2  through  a  length  of  yoke  equal 
to  If  in  Fig.  38;  this  length  is  one-half  the 
total  length  of  the  yoke  circuit  from  pole 
to  pole.     In  a  single-yoke  machine,  such 
as  the  horse-shoe  bipolar  type,  with  two 
field  coils,  the  full  value  of  flux,  or  ^h, 
should  be  assumed  instead  of  ^■/2. 

{nl)t  represents  the  number  of  am- 
pere-turns required  to  establish  the  flux 
^•/2  throu^  a  length  of  armature  core 
equal  to  U  in  Fig.  ^. 

{nl),  represents  the  number  of   am- 
pese-^urns  required  to  establish  the  flux 
^«  through  tne  field  oore,  which  baa  a 
length  of  £p  as  shown  in  Fig.  38. 
—       ,^      -,  ..  ....       (n/)i  represents  the   number  of  am- 

Fia.  40,— Unit  magnetic  circuit  of   pere-turns  required  to  establish  the  flux 
multipolar  machine.  ^^  through  one  set  of  armature  teeth 

under  one  pole  face. 
(n/)f  represents  the  number  of   ampere-tums  required  to  establish  the 
flux  ^«  through  one  air-gap. 

The  calculation  of  ampere-turns  in  each  case,  except  for  the  air-^ap,  is 
carried  out  by  taking  different  values  of  flux  density  (B  and  obtaining  the 
proper  value  of  ampere-turns  per  in.  from  the  curves  in  Fig.  37;  the  latter 
IS  then  multiplied  in  each  instance  by  the  length  of  the  corresponding  por- 
tion of  the  magnetic  circuit,  in  inches. 

The  recfuired  number  of  ampere-turns  for  the  air-gap,  in  terms  of  inch 
units,  is  given  by 

-—"*•-  (19)  — " 


<'*^'-3T20- 


and    in    terms 
units,  by 


of    cei^ttmeteT  ' 


W),- 


C(Bgi 
1.26 


(20) 


_] 

^ 

•^ 

> 

/ 

' 

^ 

~l 

^ 

< 

/ 

'^ 

'y 

' 

^y> 

r^ 

' 

'ii 

10 

M 

« 

\ 

<; 

^ 
^ 

^ 

0 

d 

Iw 

-f 

;■, 

\ 

M 

^ 

J 

; 

^  ^ 

i^ 

P 

V 

t  0 

^ 

> 

r" 

L- 

^ 

'< 

■^ 

'- 

■■ 

J 

?^ 

!^ 

-• 

2 

\ 

''/ 

1 

\\ 

_ 

L. 

_ 

. 

L 

_J 

L 

I' 

I  ISO  - 

The  quantity  C  ia  the  fringing  3 
constant  (Par.  76).  ■*  i»  - 

SI.  Excitation  {or  tapared  j  ,,„, 
t««th.      When   the   armature  j      ' 
teeth    are     tapered,    the    flux  bv^  . 
density  is  not  uniform  through-  1 
out    the    total   depth    of   the  a  ) 
tooth.     The  tooth  length  must  j 
therefore    be    divided   into    a  4  i 
number  of  short  lengths,   the  | 
flux    density    and    the    corre-  {  ' 
spooding  ami>ero-turns  per  in.  '* 
length  found  in  each  case,  and 
the   average   value  multiplied 
by    the    tooth  length  to  give 
(n/)(.      This   process    can    be  Fxo.  41. — Magnetisation  curves  for  tapered 
shortened  by  use  of  the  series  teeth, 

of  curves  shown  in  Fig.  4] ;  if 

k,  the  ratio  between  the  actual  flux  densities  at  the  bottom  and  at  the  top  of 
the  tooth,  is  known,  the  average  ampere-turns  per  in.  can  be  found  directly. 

U.  CaleuUtion  of  the  no-load  saturation  eurra.     Takins  the  ex- 
ample of  the  ten-pole  machine  shown  in  Fif.  35,  the  following  calculations 
must  be  carried  out  in  order  to  obtain  a  series  of  points  from  which  to  plot 
the  no-load  saturation  curve. 
Z,.- the  net  axial  length  of  armature  core  -0.9  (12— SX0.6)-9.4S  In. 
A, -the  yoke  area  ••  130  sq.  in. 
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l»-tha  pole  •»•  -  0.96XI0.5Xll.S-114aq.  in. 

200 
iti-the  minimuin  tooth  area  p«r  pole     ■=0.7X-r^X0.43X9.4S-57  sq.  in. 

^ .  -  th«  core  uea  -  8.66  X  9.4S  -  S3.5  aq.  in. 

il,  — the  apparent  gap  area  —  12.7  X 12 1*  153  tq.  in. 

C  -the  frinsinc  constant  -  1.12  from  Par.  T4. 

.u  «  1  a       _.       1  240X6OX1OX10',         _       „ 

♦.-the  oeefol  flus  per  pde  800X 200xro-  "•°'"  ^"^  ** 

-9X10* 
The  leakase  factor  —  l.ie  from  Par.  It. 

♦.-the  total  9uz  per  pole  -  lO.SX  10< 

S,  -  the  yoke  danuty  —  39,000  line*  per  aq.  in. 

S,-tiie  pole  density  •  93,000  lines  per  aq.  in. 

Sf  -  the  appiwent  tooth  density  •  158,000  lines  per  sq.  in. 

The  actual  tooth  density  (F1«.  30)  —  150,000  lines  per  aq.  in. 

A.  ->tlie  core  density  —  84,000  lines  per  sq.  in. 

Si  —  the  apparent  gap  density  .>  50.000  lines  per  aq.  in. 

■/,  -for  a  cast-iron  yoke  -  75  X 13  -  980  ampere-turns. 
«/r»for  steel  punehings  -  40X15=  600  ampere-turns, 
a/i-  -1300X1.6-  2080  ampere-turns,  from  Vim.  41. 

«/.-  »      20X6.5 -130  ampere-turns 

,       1.12X69.000X0.3         « o™,  , 

»/,—  =~= —8,200  ampere-turna. 

The  total  ampere-tuma  i>er  pole  at  240  volts  — 9,990.  Three  more  point! 
•re  worked  out  in  the  same  way  and  then  plotted  in  curve  1,  Fig.  19. 

tt.  The  full-load  saturation  eurre  is  shown  in  curve  2,  Fig.  19.  The 
drap  in  voltage  ab  is  due  to  the  decrease  in  fluz  oauaed  by  the  cross-mag- 
netuing  effect  of  the  armature.  Par.  S2:  the  ampere-turns  be  are  required  to 
overcome  the  demagnetising  effect  of  the  armature  and  are  equal  to 
fLlZlg/p,  from  Par.  U;  the  voltage  cd  is  that  required  to  send  full-load 
nurent  through  the  resistance  of  the  armature  winding,  the  brushes  and 
the  aeries  field  coils. 

SS.  Calculation  of  eroM-magnetialng  efleot.  The  method  of  cal- 
cnlatlag  the  decrease  of  fluz  due  to  the  armature  orosa-magnetising  effect  is 
complicated  and  will  be  found  in  aeveral  standard  texts.  *  The  deoreaae  in 
flax  is  directly  proportional  to  the  armature  ampere-turns  per  pole;  it  also 
depends  on  the  tooth  density  and  on  the  ratio  of  the  armature  ampere-tuma 
per  pole  to  the  excitini^  ampere-tuma  per  pole  for  tooth  and  gap  (Par.  86). 
For  a  first  approximation  on^  atand&ra  machinea,  allowance  may  be  made 
by  making  the  distance  /e,  Fiy.  19,  equal  to  0.3  tiroes  the  armature  ampere- 
tuma  per  pole.     In  the  machine  shown  in  Fig.  35, 

1       800 
The  armature  ampere-turns  per  pole       —  :?  X  -rrr-  X 167  —  6,700 

The  demagnetizing  ampere-turns  per  pole  —  0.2  X  6,700  — 1,340 
The  equivalent  cross-magnetising  ampere- 
turns  per  pole  —  670 
The  reaistanoe  of  armature  and  aeries  field  coils  —0.0037  ohms 
The  volts  drop  in  armature  and  aeries  field  coils  —  6.2 
The  volts  drop  per  pair  of  brushes  —2.0 
M.  TlM  lUa  of  wire  for  field  ooUa  is  given  by  the  formula 

cir.  mil.-^;^^  (21) 

where  1/  is  the  current  in  each  field  coil, 

nr  is  the  number  of  turns  per  field  coil, 

M  is  the  length  of  mean  turn  in  inches, 

£/  is  the  voltage  drop  aoroaa  each  field  coil. 
Thus,  for  a  given  machine,  the  aiae  of  wire  for  the  field  coila  ia  fixed  aa  aoon 
aa  the  number  of  ampere-turna  per  pole  and  the  voltage  per  coil  have  been 
determined. 

'Gray  "Electrical  Machine  Deaign,"  p.  56;  Hobart.  "  Dynamo  Deaign," 
p.  75:  Karapetoff,  "  The  Magnetic  Circuit,"  p.  166;  Tbompson,  "  I>yiiamo< 
•ieetrie  Maeuiwrjr,"  VoL  I,  Chap.  17. 


597 


yGoogle 


Sec.  8-87 


D.  C.  aSNSBATOBS  AND  MOTORS 


ST.  Th*  mlnimam  hncth  of  llald  eoU  to  give  the  neoenmry  ra<liating 
surface  for  cooUog  ia  given  Dy  tlie  formula* 


!■/ 


l.OOOV 


lengtli  of  mean  turn 


external  periphery  X  watts  per  sq.  iu.Xd/  Xs/Xl>27 


(22) 


where  L/  is  the  length  of  the  field  coil  in  inches,  Fig.  42, 
d/  is  the  depth  of  the  field  coil  in  inchee, 

</  is  the  space  factor  of  the  winding  and  may  be  found  from  Fig.  43. 
fj  The  allowable  watts  per  sq.  in.  of  surfsoe  B,  Fig.  42, 

T     may  be  found  from  Fig.  44. 

U.  The  weight  of  mid  eoU  for  »  given  machiaa 
'     is  equal   to  ■\/d/  multiplied  by  a  constant.     The 
'  '^  larger  the  value  of  d/,  the  shorter  the  length  Z,/,  the 
smaller  the  radiating  surface  and  the  lower  the  per- 
missible loss  in  the  coil.      Since  the  section  of  the 
field  coil  wire  is  fixed  (because  it  depends  only  on 
.      the  ampere-turns  and  the  voltage  per  coil.  Par.  M), 
Fia.  42. — Field  coil    a  lower  permissible  loss  can  be  obtained  only  by  the 
length.  use  of  a  smaller  current  If,  a  larger  number  of 

turns  n/,  and  therefore  a  more  expensive  coil.  It  must  not  ne  overlooked, 
however,  that  when  df  becomes  smaller  and  the  field  coil  becomes  cheaper, 
the  value  of  Lf  increases  and  therefore  the  cost  of  the  poles  and  the  yoke 
increases.  The  most  economical  value  for  d/  must  be  determined  by  trial; 
an  average  value  is  2  in. 

S*.  Bzunple  of  field  lystem  dealgn.     The  armature  of  a  ten-pole. 
240-volt  no-load,  240-volt  full-load,  1,670  amp.,  200  r.p.m.    generator  ia 
shown  drawn  to  scale  in  Fig.  35;  it  is  required  to  design  the  field  system, 
which  is  not  supposed  to  be  given. 
The  following  data  are  taken  from  Par.  SS. 
♦»- 10.5X10' 
♦.  -  9  X  10« 
nil  -  2,080 
(B«  —  69,000  lines  per  sq.  in. 


^ 


ar 

'^-f(^')' 

s 

_.     * 

S 

\ 

'.0 

s**.? 

\f 

•i 

r 

■V 

N. 

\ 

'V 

S 

r'-^ 

\ 

\ 

u 

£,/-•• 


1  4  •  e  10  u  u  u  u  10  a  <« 

Fio.  43. — Space  factor  for  wire. 


1       i       14       •       s<  u> 

FHlpfaMil  TdMlt;  of  a«  AnMlan 
la  ri.  pa  Mb. 

Fia.  44. — Field-coil  heating  constant.  ' 

(a)  Calculation  of  the  air-gap  olearano*. 

(n/)a-|-(n/)i«>  1.2  times  Ihe  armature  ampere-tuma  per  pole,  from  Far.  SS, 

-  1.2  (800X 167/2X 10)  -8,100 
(nJ)i  -  2,080  see  above 

(n/),- 6,020, 

Ct  -  3.2  X  6,020/59,000,  from  Par.  SI, 

-  0.328  In., 

C=  1.12  from  Pig.  34. 

«-  0.29  in.  (make  it  0.3  in.). 


'  Gray.    "'  Klectrical  Machine  Design,"  p.  66. 
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(b)  OalBuUtion  of  wpraiiiiuktc  dliiMiiitoiia  tor  tha  inaciMtlo 


Aaiuae  the  no-load  ezdtetion—  U5((nJ)t+(n/)i) 

»  10,100  ampete-turns  par  pole. 
Not  find L/  for  the  ahunt  coil  from  eq.  22  (Par.  ST], 

wber*  dr  ia  aaaumed  to  be  2  in.;  if  ia  a«umed  to  M  0.6,  from  F!(.  43;  the 
allowable  watta  per  eq.  in.  —0.6  from  Fig.  44;  the  external  periphery  of  tha 
SM  ooil  equala  1.2  timea  the  lensth  of  the  mean  turn,  approximately;  there- 
fore I,/ » 10  in.,  approximately;  the  latter  ahould  be  increaaed  30  per  cant,  to 
allow  tor  the  aenea  coil. 

The  pole  area  -  «>/  <B,  -  lO.S  X  10*/fl5,000  - 1 12  sq.  in. 

Tha  yoke  area  -  ^a/2S,- 10.5  X10V2X  40,000 -132  sq.  in. 

(e)  Battiratlon  eurraa.  From  theee  dimenaiona  the  magnetic  circuit 
b  (Vawn  to  aoale  and  the  no-load  and  the  full-load  aatnration  auiree  are 
datermined  and  plotted.  For  the  machine  in  question,  the  curves  are  given 
iaFig.  10. 

(d)  Daaign  of  the  ahnnt  eolla.    The  details  are  aa  followa: 
Tha  no-load  excitation— S,990  ampaie-tums  per  pole.  Fig.  18,  or  Par.  St. 
Et.  the  volts  per  ooil,  equals  0.8  X  240/10  -  IS  volta:  tbia  leavea  20  per  cent. 

of  the  termmal  voltage  to  be  absorbed  by  the  field  rheostat. 
Jf ,  the  mean  turn,  equals  53  in.     The  external  periphery  equala  61  in. 
Tha  siae  of  wire  equala  9,990  X  53/19,  from  Par.  U,  or  28,000  eir.  mils.     The 

proper  aisa  of  wire  ia  No.  5.5  A.W.G.,  a  special  siie  between  Nos.  5  and  6, 

which  has  a  section  of  29,500  cir.  mils  and  a  diameter  when  insulated  with 

double  cotton  of  0.19  In.    When  inch  odd  siies  are  not  available,  the  coil 

can  be  made  with  the  proper  number  of  turns  of  No.  5  wire  in  series  with 

the  proper  number  of  turns  of  No.  6,  so  as  to  have  a  field  coil  of  the  proper 

resistance. 
The  number  of  layers  of  wire  in  a  2-in.  depth  equals  2/0.19  — 10. 
The  number  of  turns  per  layer  in  a  10-in.  lenstb  equals  10/0.19  —  53. 
a/,  the  number  of  toma  per  coil,  equals  630. 
It,  the  shunt  cunent,  equals  9,990/530-18.8  amp. 
The  eorrant  denrity  equali  29,500/18.8-1,670  cir.  mils  per  amp. 

(a)  Itasi(n  of  the  inlai  coils.     The  details  are  as  follows: 
Excitation  at  full  load  and  normal  voltage     —  13,400  ampere-tuma.  Fig.  19. 
Shunt  excitation  at  normal  load  —  9,990  ampere-tuma. 

Sariea  ampere-tuma  i>er  pole  at  full  load      —  3,410 
Beriea  turns  per  pole  —  3.5 

Seiiea  current -3,410/2.5  -1,370  amp. 

Currant  in  aeiiee  ahunt  >  300  amp. 

The  current  denaity  is  taken  20  per  cent,  greater  than  in  ahunt  coils  becauae 

tile  seriea  eoila  are  better  ventilated. 
Current  denaity  .  —  1,300  eir.  mila  per  amp. 

8be  of  wire»  1,300X1,370  -  1,780,000  cir.  mila-1.4  aq.  in. 

Baaistanee  of  2.5  turns  -  7.4  X  10->  ohms. 

Loaa  in  one  seriea  coil  -  1 ,370> X7.4X10-*-140  watta. 

The  permiaaible  watts  per  sq.  in.  ia  taken  20  per  oent.  greater  than  in  ahunt 

eoua. 
Watta  per  sq.  in.  -  0.72 

Neeeaaary  radiating  suifaoe  ••  140/0.72  •>  195  aq.  in. 

hmtth  ht  of  series  ooil  -  195/61  -  3.2  in. 

Depth  of  wire  —  wire  section/Ii/  —  0.45  in. 

8ise  of  wire-3  strips  (3.2  in.X0.I5in.). 

annuAL  okbiqit  Aifo  coinTBucTioir 

M.  Tjrpa  of  oonatruotion  tor  amall  mmebinaa.  Fig.  46  shows  the 
^rpe  of  eonatruction  generally  adopted  for  machines  up  to  100  h.p.  at  600 
lev.  per  min. 

SI.  Tha  annatiire  core  (M  in  Fig.  45)  ia  built  of  laminations  of  sheet 
stsd  14  mila  (0.35  mm.)  thick,  which  are  separated  from  one  another  by  layers 
of  vamish  and  have  slots  F  punched  to  carry  the  armature  coils  0. 

St.  A  marUnc  notch  ia  punched  at  one  aide  of  the  key-way  K  (Fig.  45) 
sad  tbeae  notebea  must  line  up  when  the  punehings  are  assembled,  to  ensure 
tkat  tlw  buna  »X  the  edges  all  lie  in  the  same  direction, 
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M.  Brut  Tent  Mffm«nU  {P  in  Fig.  45),  about  |  in.  (1  em.)  wide. 
Mparate  the  core  into  sections  about  3  in.  (7.5  cm.)  wide.  The  core  sad  the 
raot  secments  are  clamped  between  end  heads  N  which  carry  cchI  supports 
h  attached  by  arms  shaped  like  fans.  The  coils  are  held  in  place  against 
centrifugal  force  by  steel  band  wires. 

94.  The  polea  (B  in  Fig.  45).  are  of  circular  crosa-section  in  order  to  giTO 
the  required  area  for  the  magnetic  flux  with  the  minimum  length  of  mean 
turn  of  field  coil  A.  They  are  made  of  forged  steel  and  have  laminated  pole 
faces  B  made  of  sheet  steel  25  mils  (0.63  mm.)  thick. 

•8.  Snd  play  is  provided  for  by  making  the  axial  length  of  the  pole  faoe 
I  in.  (1  cm.)  shorter  than  that  of  the  armature  core.  This  enables  the 
revolving  part  of  the  machine  to  oscillate  aziatly  and  so  prevent  the  joumais, 
bearings  aod  commutator  from  wearing  in  grooves. 


Fia.  45. — Small  direct-current  motor. 

96.  The  joke  (C  in  F^g.  45)  carries  the  bearing  housings  D  which  stiffen 
the  whole  machine.  The  housings  can  be  rotated  with  respect  to  the  yoke 
through  90  de^._  or  180  deg.,  so  that  the  machine  may  be  mounted  either  on 
a  wall  or  a  ceiling.  This  rotation  of  the  bearings  is  necessary  because  the 
machine  is  lubricated  by  oil  rtnga  and  the  oU  welli  must  always  be  below 
the  shaft. 

tT.  The  commutator  serments  {.J  in  Fig.  45)  are  of  hard-drawn  copper 
and  have  a  wearing  depth  of  from  0.5  in.  (1.25  cm.)  on  a  S-in.  (12.5-«in.) 
commutator  to  1.0  in.  (2.5  cm.)  on  a  50-in.  (125-cm.)  commutator.  The 
commutator  shell,  as  the  clamps  and  their  supports  are  called,  is  provided 
with  air  passages  R  which  help  to  keep  the  machine  cool. 

9S.  The  bearing  oonitruotlon  is  shown  in  detail  in  Fig.  45.  The 
projection  T  on  the  oil-hole  cover  keeps  the  oil  ring  from  rising  and  resting 
on  the  bushing;  the  oil  slingers  prevent  the  oil  from  creeping  along  the  shaft. 
The  liner  of  special  bearing  metal  is  given  a  snu^  fit  in  the  bearing  shell,  and 
can  be  removed  when  ^orn  and  another  put  in  its  place.  A  small  overflow 
at  U  makes  it  impossible  to  fill  the  bearing  too  full. 

99.  The  bnuhei  are  carried  on  studs  which  are  insulated  from  the  rocker 
arm  V.  The  rocker  arm  is  carried  on  a  turned  seat  on  the  bearing  and  can 
be  clamped  in  a  definite  position. 

100.  Ttim  of  construction  for  large  engine-tTpe  generaton.  For 
large  direct-connected  engine-type  units  the  type  of  construction  shown  in 
Fig.  46  is  generally  adopted.  The  armature  core  is  built  of  segmenta  carried 
by  dovetails  on  the  spider.  The  segmenta  of  alternate  layers  overlap  so  as  to 
break  Joints  and  give  a  solid  core.     The  polos  are  of  rectangular  cross  eemion 
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and  are  built  of  Umiutioiu  25  mila  (0.63  mm.)  thick,  of  the  shape  shown  at 
P,  sad  usembled  w  tiiat  the  rounded  pole  tips  point  in  opposite  direotiona 
■lid  A  saturated  tip  is  produced  which  helps  commutation.  The  shaft, 
ban  aad  baarlnca  are  generally  supplied  by  the  engine  builder,  so  that  the 
eommutator  must  be  sup* 
ported  from  the  armature 
spider;  the  bruih  rlcginr 
must  also  be  supported  by 
the  machine. 

101.  Macbanioal  dadgn.  * 
The  yoke  should  be  heav^ 
and,  in  engine-type  tmits,  is 
often  made  with  a  large  sec- 
tion of  cast  iron  rather  than  a 
smaller  section  of  cast  steel; 
it  must  be  stiff  enough  to 
prevent  undue  sagging  even 
when  there  is  a  large  unbal- 
sneed  magnetic  pull.  The 
■hift  should  be  stiff  enough 
to  limit  the  deflection  to  6 
per  cent,  of  the  air-gap  clear- 
ance and,  along  with  the 
ntdar,  should  have  a  taotor 
«  Sl^atgr  of  12  to  take  care 
cf  short-mrcuits. 

IM.  Dnbalsnoed  macnetio  pull.t  H  the  armature  of  a  machine  is  z 
cm.  out  of  centre,  the  flux  density  under  the  poles  where  the  gaps  are  smfdlest 
will  be  greater  than  under  the  pioles  where  the  gaps  are  largest,  and  the  pull 
on  one  side  of  the  machine  will  be  greater  than  on  the  other  by  an  amount 


Fio.  46. — I^rge  engine-type  generator. 


0 

where  (B  is  the  effective  gap  density, 

8^w  DaLet  the  total  armature-core  surface, 
z  ••  armature  displaoement, 
S  —  length  of  air-gap. 


(23) 


if  inch  units  are  used  and  the  pull  is  in  pounds. 


k- 


7.2X10' 

if  centimeter  units  are  used  and  the  pull  is  in  kiloframa. 


The  above  formula  holds  for  a  two-circuit  winding;  if  a  multiple  winding  is 
used,  the  e.m.fs.  in  the  different  paths  will  be  unequal,  and  droulating 
currents  will  flow  tending  to  keep  the  flux  densities  under  the  poles  nearly 
equal,  so  that  the  pull  will  be  less  than  that  given  by  the  formula. 

IHSULATION 

m.  0«n«ral  raqtllreiiMiiti.  A  good  insulator  for  electrical  machinery 
must  have  high  dielectric  strength  and  high  electrical  resistance,  should  be 
tough  and  flexible,  and  should  not  be  affected  by  heat,  vibration,  or  other 
operating  conditions. 

IM.  The  inaulatinc  mateiiala  generally  UMd  for  revolving  machinery 
an  ■■  follows: 

(a)  Mieanlta,  whioh  is  easily  bruised  and  should  be  protected  by  a 
tougher  material. 

(b)  VamJahad  oloth,  which  must  be  carefully  handled  to  prevent 
cracking  or  scraping  of  the  varnish  film. 

(e)  Paper,  whicn  is  chosen  for  its  toughness  and  should  be  baked  dry 
when  tested. 

* livingstone,  "Mechanical  Design  and  Construction  of  Commutators;" 
Livingstone,  "Mechanical  Design  and  Construction  of  Generators:"  Haw- 
kins and  Wallis,  "The  Dynamo;    Hobart  aad  Ellis."  Armature  Construction.' 

t  Behrend,  B.  A.    Traru.  A.  I.  E.  E.,  Vol.  XVII,  p.  617. 


601 


,  Google 


Sec.  S-106       D.  c.  astrsRATORs  and  motors 


> 


Fio.  47. 


Fio.  48. 


^d)  Cotton  t^e,  which  ia  used  to  innUate  oopp«r  strip  of  Urge  Motion. 
(•)  Cotton  cOTOrinc  is  used  in  one,  two  or  three  lityers,  and  has  the  tliick- 
ness  given  in  Sec.  5.  when  applied  to  round  wire.  Small  strip  copper  ia 
^neratly  double-ootton-covered,  and  the  total  thiokneaa  of  insvuatioa  (two 
sides)  varies  from  about  14  mils  on  the  smaller  sises  to  about  20  mila  on 
sises  more  than  i  in.  thick. 

(0  Impregnating  compound  must  be  used  at  a  temperature  lower  tiuui 

120  deg.  cent.,  which  is  the  breakdown  temperature  of  cotton.    It  should  havo 

as  little  chemical  action  as  possible  on  copper,  iron  and  insulating  materi&ls. 

(g)  SUttlc  ««<■*! ««g  vamilh  should  have  a  hard  skin  when  dry   and 

should  be  proof  against  oil,  water,  acids,  and  alkalies. 

100.  The  limiting  temperature*  for  cellulose  materials  is  about  120 
deg.  cent.,  but  the  operating  temperature  should  not  exceed  about  90  deg. 
cent.  When  subjected  to  higher  temperatures  for  long  periods,  the  matortiU 
becomes  dry  ana  brittle,  and  pulverises  under  vibration.  When  mica, 
asbestos,  enamels  and  special  gums  can  be  prepared  in  such  a  manner  that 

they  are  tough  and  flexible 
and.  do  not  become  brittle 
at  high  temperatures,  then 
the  operating  temperature 
limit  may  be  increaeed. 

IM.  Insulation  of  ad- 
jacent conductor!  In  a 
•lot.  The  voltage  between 
adjacent  commutator  aes- 
ments  seldom  exceeds  20 
volts,  so  that  cotton  tape 
ia  sufficient  insulation  be- 
tween adjacent  coils  in  a 
slot.  When  the  individual 
coils  are  mode  of  a  number 
of  turns  of  round  double- 
cotton-covered  wire,  it  ia 
advisable  to  put  extra  in- 
sulation between  them  as  shown  in  Fig.  48.  because  the  cotton  covering  may 
become  damaged  when  the  coils  are  squeesed  together  to  get  them  into  a  alot. 
107.  Example  of  SiO-volt  armature  insulation.  The  winding  ia  to 
be  of  the  double-layer  multiple  type  with  two  turns  per  coil  and  four  coUa 
or  eight  conductors  per  slot.  The  conductors  are  to  be  of  strip  copper 
wound  on  edge._  A  section  through  the  slot  and  insulation  is  shown  in  Fig. 
47,  and  the  various  operations  are  as  follows: 

(a)  After  the  copper  has  been  bent  to  shape,  tape  it  all  over  with  one  layer 
of  half-lapped  cotton  tape  6  mils  (0.15  mm.)  thick.  This  forms  the  insula- 
tion between  adjacent  conductors  in  the  same  slot. 

(6)  Tape  together  the  two  coils  that  form  one  group,  with  one  layer  of 
half-lapped  cotton  tape  6  mils  (0.15  mm.)  thick.  This  forms  the  end- 
connection  insulation  and  also  part  of  the  slot  insulation. 

(c)  Bake  the  coil  in  a  vacuum  tank  at  100  deg.  cent,  so  as  to  expel  all  mois- 
ture, then  dip  it  in  a  tank  of  impregnating  compound  at  120  deg.  cent,  and 
leave  it  there  long  enough  to  become  saturated  with  compound. 

id)  Place  one  turn  of  empire  cloth  10  mila  (0.25  mm.)  thick  on  the  slot 
portion  of  the  coil  and  lap  it  over  as  shown  at  d.  This  empire  cloth  oell 
should  project  0.75  in.  (2  em.)  from  each  end  of  the  core. 

(e)  Place  one  turn  of  papier  10  mils  (0.25  mm.)  thick  on  the  Blot'portion 
of  the  coil  and  lap  it  over  as  shown  at  e.  This  paper  also  should  projeot 
0.75  in.  (2  cm.)  beyond  the  core  at  each  end.  It  is  not  placed  on  the  coil  for 
insulating  purposes,  but  to  protect  the  other  insulation  which  is  likely  other- 
wise to  become  damaged  when  the  coils  are  being  placed  in  the  slots. 

(/)  Heat  the  coil  to  100  deg.  cent,  and  then  press  the  slot  portion  to  shape 
wlule  hot.     The  heat  softens  the  compound  and  the  pressure  forces  out  uie 
excess  of  compound.     The  coil  is  allowed  to  coot  under  pressure  and  comes 
out  of  the  press  with  such  a  shape  and  sise  that  it  slips  easily  into  the  slot. 
ig)  Dip  the  ends  of  the  coil  into  elastic  finishing  varnish. 

*Rayner.    Journal  of  Inst,  of  Elec.  Eng.,  Vol.  XXXIV,  p.  013. 
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Fios.  47  AND  48. — Armature  slot  insulation. 
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Ut.  faunple  of  UO-Tolt  InioUtion  for  •  railiraj  motor  urm»tar«. 

The  winding  u  of  the  double-layer,  tvo-oireuit  type  with  four  turn*  per  coil 
of  dodble-cotton-covered  wire  And  six  ooila  or  twenty-four  eonduotors  per 
•lot.  A  ero—  iioction  through  the  slot  and  insulation  is  shown  in  Fig.  48. 
The  Tarioua  operations  are  as  follows: 

{ft)  The  cotton-covered  wire  is  treated  with  enamel  to  increase  its  heat- 
reasting  properties  and  is  then  bent  to  shape. 

(6)  A  group  of  three  coils  are  placed  together  and  a  wrapping  of  mica  cloth, 
made  of  5-mU  (0.13-mm.)  mica  and  5-mU  (0.13-mm.)  clotn  is  placed  on  the 
riot  imrtion  of  the  coil  to  form  the  insulation  between  coils  andalso  between 
the  coil  group  and  the  sides  of  the  slot. 

(c)  The  end  leads  of  each  coil  have  to  pass  all  the  other  turns  of  the  coil 
and  are  insulated  with  a  stocking  of  cotton,  different  colors  being  used  for 
the  thr«e  coils  in  a  group  so  that  the  position  of  each  coil  may  be  easily 
determined  when  the  winding  is  being  connected  to  the  commutator. 

(d)  The  group  of  three  coils  is  taped  on  the  ends  with  half-lapped  cotton 
tape  6  mils  (0.16  mm.)  thick,  which  tape  is  allowed  to  overlap  tne  slot  in- 
mlataoo  for  0.6  in.  (1.3  cm.)  so  as  to  bind  it  in  place. 

(«)  The  gronp  of  coils  is  completely  taped  with  one  layer  of  half-lapped 
sotton  tape  6  mils  (0.15  mm.)  thick. 

(/)  The  top  and  the  bottom  layers  of  the  winding  are  separated  from  one 
•Bother  at  the  ends  by  a  layer  of  canvas  30  mils  (0.75  mm.)  thick  and  in  the 
dot  by  a  layer  of  fibre  30  mils  (0.76  vam.)  thick. 

(«)  After  being  wound,  the  armature  is  impregnated  with  compound  and  is 
Sttally  painted  with  elastic  finishing  varnish. 


Fio.  49. — Field  coil  insulation. 

IM.  Ftold  eoQ  insolation.  Three  examples  are  shown  in  Fig.  49.  The 
coils,  after  being  wound  and  taped,  are  baked  in  a  vacuum  tank  and  then 
impregnated  with  compound.  This  compound  is  a  better  insulator  than  the 
sir  wmch  it  replaces;  it  is  also  a  better  conductor  of  heat. 

110.  VnttUstod  flald  coils,  as  shown  at  C  in  Fig.  49,  are  insulated  with 
wooden  sps£iDS  pieces  about  0.5  in.  (1.3  cm.)  thick.  The  coils  are  made 
■df.«upporting  by  being  impregnated  with  solid  compound  at  about  120  deg. 
cent.  The  insulation  on  the  individual  turns  of  the  series  coil  oonsiste  of  one 
layer  of  half-lapped  cotton  tape  6  mils  (0.15  mm.)  thick. 

111.  Fire-proof  field  colls  for  railway  motors  have  been  made  with 
•trip  copper  wound  on  edge,  with  asbestos  insulation  between  layers.  The 
coils  are  brought  to  a  red  neat  to  expel  the  binding  material  in  the  asbestos 
fabric  and  then  placed  in  a  metal  case  lined  with  asbestos  and  sheet  mica. 

lU.  Conunatktor  sermants  are  insulated  from  one  another  by  mican- 
its  about  30  mils  (0.76  nun.)  thick,  strips  of  uniform  thickocBS  being  used 
Md  the  eopper  segmente  tapered  to  suit.  The  mica  must  be  one  of  the  soft 
vacistiM  (Bee.  4)  so  that  it  will  wear  equally  with  the  copper  segmente. 
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The  Begments  of  copper  and  mioa  are  assembled  together  in  an  external 
press  ringt  are  next  heated  to  soften  the  binding  materiu  in  the  mieanite,  and 
are  then  drawn  tightly  together.  The  V-groovea  shown  in  Fig.  45  ar«  then 
turned  and  the  segments  clamped  tightiy  by  the  V-cones,  from  whioh  they 
are  insulated  by  mioa  cones  ^  in.  (1.6  mm.)  thick. 

lis.  Potential  ■tresiei  due  to  switching.  A  conductor  conrejrins  a 
current  is  surrounded  by  a  magnetic  field.  _  If  the  circuit  be  suddenly  opened, 
the  flux  decreases  rapidly  and  an  e.m.f.  is  induced  in  the  circuit.  In  the  caae 
of  shunt  field  ooils  with  many  turns,  this  e.m.f.  may  be  excessive  and  most 
be  provided  against  as  described  in  Par.  246  and  S49.  This  flux  due  to  the 
field  coils  also  threads  the  arpiature,  and  the  sudden  change  of  flux  may 
increase  the  e.m.f.  per  coil  enough  to  cause  flashing  over  between  segments 
or  to  break  down  the  insulation  between  adjacent  coUs  in  the  same  slot. 
This  latter  trouble  may  also  be  caused  by  a  sudden  change  of  load  Csee 
Par.  57). 

^  114.  If,  due  to  switching,  any  p<unt  in  a  ooil  be  suddenly  raised  by  a  poten- 
tial of  E  volts,  the  potential  of  the  whole  winding  will  gradually  rise;  but* 
as  this  requires  a  definite  though  vei^  short  interval,  the  potentisl  difference 
across  the  first  few  turns  of  the  coil  is  approximately  equal  to  E  and  may  be 
large  enough  to  break  down  the  insulation  between  adjacent  tunis  near 
the  terminals. 

Hi.  Puncture  t«st.  To  make  sure  that  there  Is  enou|ch  insulation  be- 
tween the  conductors  and  the  core,  and  that  this  insulation  has  not  been 
damaged  in  handling,  all  new  machines  are  subjected  to  a  puncture  test  be* 
fore  they  are  shippecT  that  is,  a  high  voltage  is  applied  between  the  conductors 
and  the  core  for  1  min.  If  the  insulation  does  not  break  down,  it  is  a»> 
sumed  to  be  amide.  The  values  of  puncture  voltage  recommended  by  the 
Standards  Committee  of  the  American  Institute  of  Electrical  En^neers  nxay 
be  found  in  See,  24.    For  further  information  on  insulation  see  footnote.  * 

GOOUMO  AK  D  TINTILATXOK 

lit.  Heat  tranafen.  The  losses  in  an  electrioid  machine  are  transformed 
into  heat,  causing  a  rise  of  temperature  at  the  source  of  loss.  Heat  is  trans- 
mitted in  general  by  three  methods,  namely,  conduction,  convection  and 
radiation.  In  order  that  a  flow  of  heat  may  take  place,  there  must  be  a 
difference  of  temperature,  and  heat  flows  in  the  direction  of  diminishing 
temperature.  Thus  the  highest  temperature,  or  "  hot  spot,"  in  an  elec^iciu 
machine,  is  at  the  seat  of  loss;  the  temperature  falls  in  the  direction  in  which 
the  heat  flows,  and  becomes  a  minimum  at  the  point  or  points  where  the  heat 
leaves  the  machine.  The  temperature  becomes  stationary  when  the  rate  at. 
which  heat  is  generated  is  equ^  to  the  rate  at  which  it  is  conducted  away. 

117.  Heating  and  cooling  curros.  The  rate  at  whioh  heat  is  diaripated 
depends  on  the  difference  between  the  temperature  of  the  machine  ana  that 
<A  the  surrounding  air.  During  a  brief  interval  after  starting  under  load, 
this  temperature  difference  is  small,  very  little  heat  is  dissipated,  and  the 
temperature  rises  rapidly.  As  the  temperature  increases,  more  of  the  heat 
is  dissipated,  and  the  temperature  rises  more  slowly.  ^  The  heating  and  cool- 
ing curves  of  a  continuous-current  motor  are  given  In  f^g.  60,  the  oooUng 
curve  being  the  reciprocal  of  the  heating  curve. 

lis.  Ocn«ral  effect  of  dcnsltiei  and  speed.  The  lower  the  flux  and 
the  current  densitieB,  the  larger  will  be  the  mass  of  material  in  the  machine 
for  a  given  loss,  and  the  longer  the  time  taken  to  reach  the  final  temperature. 
Slow-speed  machines  are  poorly  ventilated,  have  low  current  densities,  sad 
require  a  long  time  to  reach  the  final  temperature;  field  coils  require  longer 
than  armature  coils  because  they  are  stotionary  and  the  current  denuty  in 
the  wire  is  very  low. 

lit.  Permissible  temperature  rise.  Cotton  insulation  should  not  be 
operated  continuously  at  temperatures  greater  than  about  90  deg.  oent. 
iliis  permits  a  temperature  rise  of  50  deg.  cent,  with  an  air  temperature  of 
40  deg  cent. 

*  Fleming  and  Johnson,  Journal  of  Inst,  of  Elec.  Eng.,  Vol.  XLVII,  p.  530; 
Holbart  and  Turner.  '*  Insulation  of  fHeotric  Machines;  **  Rayner, /ei 
of  Inst,  of  Eleo.  Eng..  Vol.  XXXIV.  p.  613;  Vol.  XLIX.  p.  3. 
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IM.  Intermittent  rfttlnn.  Suppose  that  a  machine  is  operating  on  a 
eontiiiuGus  c^ole,  x  min.  loaded  and  y  min.  without  load.  The  temperature 
of  the  znachine  will  vary  during  each  cycle  between  the  values  0m  and  0« 
(Fig.  SO),  where  the  temperature  increase  in  the  interval  x  is  equal  to  the 
temperature  decrease  in  the  interval  y.  Under  these  service  conditions, 
#x.  the  hishest  operating  temperature,  is  less  than  $»,  the  maximum  tem- 
peraUire  uiat  would  be  obtained  on  continuous  operation  under  load.  For 
tiib  service,  therefore,  a  machine  may  be  designed  with  higher  copper  and 
iron  doDsitiee  than  oUierwise  it  would  have  if  designed  for  the  same  load  but 
for  eontinuous  operation.  It  must  be  noted  that,  if  the  machine  is  stationary 
dufinc  the  period  of  no  load,  the  drop  in  temperature  is  small,  and  the 
imting  of  the  machine  cannot  be  made  much  greater  than  if  it  were  operating 
on  continuous  load. 
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Fio.  50. — Heating  and  oooling  curves  of  a  direct-current  motor. 


lU.  Beat  eenduetlon  In  the  ermeture  core.  The  hottest  part  of 
the  core  is  at  i4.  Fig.  51 ;  consequently  the  heat  has  to  be  conducted  along  the 
laminations  and  dissipated  from  surfaces  B,  and  also  across  the  laminations 
and  layers  of  varnish  and  dissipated  from  surfaces  C.  The  conductivity 
along  the  laminations  is  about  bft^  times  that  across  the  laminations,  but 
the  end  surface  of  the  laminations  is  small  compared  with  the  sui^ace  of  the 
vent  ducte,  so  that  radial  ducts  are  effective  and  necessary. 


-tri 
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Fia.  51. — Heat  conduction  in  armature  core. 


111.  tVax  density  and  peripheral  Telocity. 

of  a  machine  in  ft.  per  min.  is 


Ttie  poriplieral  velocity 


■  10  X  pole  pitch  in  inches  X  frequency  in  cycles  per  sec. 
Hence  for  a  |pven  frequency,  the  peripheral  velocity  of  the  machine  is  pro- 
portional to  Its  pole  pitch.  Tho  flux  in  the  armature  core  of  a  direot-cur- 
rent  machine  is  always  alternating,  and  the  frequency  is  equal  to  the 
product  of  the  revolutions  per  sec.  and  the  number  of  pairs  of  poles  Onter» 
polta  exeluded). 
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The  cors  length  being  fixed,  the  longer  the  pole  intoh  the  peater  will  be 
the  flux  per  pole  and  the  deeper  the  core  required  to  carry  this  flux.  When 
the  periuieral  velocity  i<  high,  the  core  is  therefore  deep  and  the  vent  duets 
hsTe  a  urge  euifaoe  and  are  very  effective,  eo  that  the  ventilation  ia  good. 
The  loie,  however,  ie  large  since  much  iron  is  used  in  the  core.  When  the 
peripheral  velocity  is  low,  the  core  is  shallow  and  the  vent  duet*  an  not  veiy 
effective  beeauae  of  their  snuUl  surfaoe,  and  the  ventilation  i*  poor;  the  loae, 
however,  is  small  because  there  is  not  much  iron  in  the  core.  It  ia  found 
that,  for  a  given  frequency,  the  same  fiux  densities  can  be  uaed  for  all  p». 
ripherai  velocities. 

1».  Tooth  and  eore  deniitiei.  For  frequencies  up  to  60  oyoles  per 
sec.  and  for  a  temperature  rise  of  lese  than  50  deg.  cen^.,  the  following  flux 
densities  may  be  used: 

Actual  maximum  tooth  denrfty  (  ^M  U«s  ?fr  S*.  ^ 

Avera*.  core  densit,  j   «^«-  ^  ^5;  ^ 

Higher  densities  may  be  used  for  frequencies  lower  than  60  oydea,  aa  far  as 
heating  is  eoneemed;  but,  with  a  greater  dendlw  than  the  above,  tha  core 
becomes  saturated  and  the  coat  ofthe  extra  field  copper  required  to  send 
the  flux  through  a  saturated  core  is  greater  than  the  cost  of  the  extra  iron 
required  to  keep  the  flux  density  below  the  saturation  point.  There  is  no 
such  objection  to  high  tooth  densities,  because  a  machine  with  saturated 
teeth  and  a  short  air-gap  ia  just  as  effective  in  preventing  field  distortion  as  a 
machine  with  unsaturated  teeth  and  a  long  air..gap.  With  tooth  densities 
greater  than  the  above,  it  is  difficult  to  predetermine  the  ampere-turns  for 
the  teeth  with  sufficient  accuracy  to  ensure  enough  field  margin  to  give 
normal  voltage  at  full  load,  because  the  permeability  of  the  iron  uaed  may 
be  lower  than  was  expected. 

It4.  Hatttbic  of  armatur*  wiadinf*.  The  heating  of  the  end  con- 
nections must  be  considered  separately  from  the  heating  of  the  core,  because 
the  Idnd  of  radiating  surface  is  different,  and  also  the  manner  in  whioh  it  is 
cooled.     The  temperature  rise  is  proportional  to 

ampere-conductors  per  in.  of  periphery  *  ._.. 

cir.  mils  per  amp. 
and  may  be  obtained  from  Fig.  £2.     For  a  given  loss  per  unit  area  of  radiating 
surface,  a  large  machine  ojierates  at  a  lower  temperature  than  a  small  one 

-    9I 1 1 1 1 1 1         because  its  windings  are  not  so  crowded 

i  on  the  ends,  and  free  passue  of  air  into  the 

^ J         machine  is  not  restricted  by  the  bearing 

.o  1  ,^L/^         housings. 

111.  Overload  tamixraturag.  Due  to 
the  fact  that  the  heat  loss  in  the  copper 
has  to  pass  through  the  insulation  or  be 
dissipated  from  the  end  connections,  the 
maximum  rise  in  temperature  of  a  machine 
I  I  ^>  will  be  more  nearly  proportional   to  the 

I  J    ^^  — copper  loss  than  to  the  total  loss  in  arma- 

e  i  ture  core  and  copper.     A  large  number  of 

i  2   I       I       I       I       I       I       I         tests  on  standard  machines  have  shown 

4  0  1       I      >      4      t      *«><>*that  the  tempereture  rise  of  an  armature 

taiieaaiV4Mi«r>rikimuaibKp«i0i.is  approximately  proportional  to  the  sum 

Fio.  52.— Temperature  rise  of    o*  the  annature  copper  loss  plus  30  per 

armature  coils.  cent,  of  the  iron  loss.  .,      »   .      .. 

IM.  TanuMratnrs  gradlant  in  the 

conductors.*     The  hottest  part  of  the  winmng  is  at  e.  Fig.  51.     If  it  be 

assumed  that  all  the  heat  is  conducted  along  the  copper  and  disaipated  from 

the  ends,  then  the  difference  in  temperature  Detween  e  and  a  in  deg.  cent,  is 

Kiven  by  the  formula,  t 

*  Qoldschmidt,  Sledrolechnuche  ZtiUehrift,  Vol.  XXIX,  p.  886;  Gray, 
"  Electrical  Machine  Design;"  Symonsand  Walker,  Joumald  Inst,  of  Elec. 
Eng.,  Vol.  XLVIII,  p.  674. 

t  Oray.    "  Kleetrical  Machine  Design,"  p.  110. 
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S.7X10<X  Oansth  a$  in  inohM)> 


(deg.  oent.) 


(28) 


(cir.  milB  per  amp.)' 
If  ack  10  in.,  and  the  number  of  dr.  mils  per  amp.  ii  SCO,  then  thia  tempera- 
tan  differvnce  is  23  dag.  cent. 

Mneh  of  the  heat,  however,  is  oonducted  through  the  insulation  and, 
wrnmint  that  all  the  heat  travels  in  this  direction,  the  temperature  difference 
between  ^e  copper  and  the  surrounding  iron,  in  deg.  C,,  is  given  by  the 
feranila 

1  /am{>ere-conduetor«  per  slot)\        /thickness  of  in»ul.\        .     . 

0.003      V.  eir.  mils  per  amp.  J  '^  K  M+s  )       ^    ^ 

Ib  the  machine  shoifp  in  Fig.  3S,  the  design  data  is  as  follows: 
Ampere-eondncton  per  in.  —  730 

Slot  idtch  xCSl  in. 

Ampere-conductors  per  slot  *  070 

Gr.  mils  per  amp.  ••680 

id+t  -3.S3  in..  Fig.  51 

TUekneas  of  insulation  —0.06  in.  including  clearance 

Temperature  difference  ^6.6  deg.  cent. 

UT.  Conunntator  haating.  The  direction  of  the  air  circulation  in  a 
eommiitator  with  open  necks  is  shown  in  Fig.  53,  and  the  temperature  rise 
Bay  be  obtained  from  the  heating  curve.  The  radiating  surface  is  taken  as 
wD,P.  The  effect  of  the  necks 
hsa  not  yet  been  determined 
experimentally.  Part  of  the 
neck  from  a  to  b  can  be  closed 
op  without  affecting  the  venti- 
lation or  the  temperature  rise 
to  any  great  extent.  The  losses 
are  aaaumed  to  be  brush  fric- 
tion and  contact  resistance 
losses;  hence  if  the  commuta- 
i*  poor  and  the  brushes 
r  Dadly  the  temperature 
r  be  higher  tnan  that  • 
1  from  the  curve. 

Ut.  ruid  e«a  heattng. 
The   temperature    rise  of  the  ] 
eoal  surface  is  proportional  to    a 
the  loaa  per  unit  area  of  ex-  * 
temal  surface  and  may  be  ob-   I 

tained  from  F5g.  44  if  B,  Fig.   •    

42^ U  taken  a»  the  radiating  J  as     Lt     u      t»     u      u>     u.n* 

suriace.      The  effect  of  arma-         fmiifiwut  rai<aiir  •< ""  <!»•-•<•<«  ••  n,  p«  «h. 
ture  fanning  can  readily  be  un- 
derstood; a  short  coil  is  more  FiQ.  53. — Temperature  rise  of  commutaton. 
effective  thvi  a  long  one  be- 
cause of  the  larger  per  cent,  of  the  loss  that  is  dissipated  from  the  ends  of  the 
eciL     Ventdlating  openings,  as  shown  in  C,  Fig.  49,  allow  the  loss  per  unit  area 
of  external  surface  to  be  50  per  cent,  greater  than  for  an  unventilated  coil. 

119.  The  maTimum  temperature*  of  the  coil  is  that  which  limits  the 
current  it  can  carry,  but  this  temjierature  cannot  readily  be  determined 
experiment^ly.  The  •xtamal  lonaoe  temperature  may  be  measured 
by  a  thermometer  and  the  mean  temperature  can  be  found  by  the  increase 
in  resistanoe  of  the  coil.  The  resistance  at  any  temperature  (  is  approxi- 
mately iZj  —  H«(l -{-0.0040,  where  Bo  ia  the  resistance  at  0  deg.  cent.,  and  I 
is  expressed  ia  deg.  cent.  The  ratio  between  the  maximum  and  the  mean 
temperatures  seldom  exceeds  1 .2,  but  the  ratio  between  the  mean  and  the 
external  surf aoe  temperatures  may  have  any  value  from  1.4  to  3  depending 
on  the  thickness  of  the  coil  and  the  amount  of  insulation  used,  an  average 
value  for  coils  2  in.  thick,  made  of  double-cotton-covered  wire  and  impreg- 
nated, is  1.5  when  no  external  protecting  covering  is  used. 

*  lister.    Journal  of  Inst,  of  Elec.  Eng.,  Vol.  XXXVIII,  p.  3SSl 

40  607  , 
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150.  8«mi-«nel0iad  machines  have  the  frame  openings  screened  with 
perforated  sheet  metal.  This  prevents  free  circulation  of  air  through  the 
Eoachine  and  causes  the  temperature  to  rise,  on  an  average,  about  20  per  cent, 
higher  than  if  operating  as  an  open  machine. 

151.  In  totally  enclosed  machines,  the  temperature  rise  of  the  core  and 

the  coils  is  proportional  to  the 
total  loss  in  the  machine  (neg- 
lecting bearing  friction);  it  la 
independent  of  the  distribution 
of  this  loss  and  may  be  found 
from  Fig.  54.  The  ratins  as 
an  enclosed  machine  wUT  be 
considerabTy  lower  than  that 
as  an  open  machine.  A  casing 
around  the  machine  makes  it 
equivalent  to  an  enclosed  ma- 
chine with  an  extra  large  Fix- 
ating surface;  the  casing  should 
be  of  heat-conducting  material 
such  as  sheet  metal  and  should 
not  be  of  wood.  Fans  on  the 
armature  help  in  the  oooUng  of 
enclosed  machines  by  blowing 
the  hot  air  against  the  casing. 
Temperature  rise  of  enclosed  motors.     ISl.  Forced  TentUatlon,  * 

whereby  air  is  blown  through 
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a  machine  by  an  external  fan  or  by  a  fan  attached  to  the  armature,  allows 
the  machine  to  have  the  same  rating  as  it  would  have  when  operating  as  an 
open  machine;  100  cu.  ft.  (2.8  cu.  m.)  of  air  per  kw.  loss  should  be  supplied 
lor  a  temperature  rise  of  the  windings  and  the  core  of  40  deg.  cent. 

XmCISNCT  AHD  L088I8 

13S.  The  iron  lotsest  oonnst  of  hysteresis  and  eddy-current  losses  in  the 
armature    teeth    and    core; 

these  may  be  kept  small  by  **•*"  »•  ■***" 

the  use  of  special  grades  of  "  inMst  ao   ^o     bo 

iron  (Sec.  4)  and  by  the  use  ^^^ 
of  tmn  and  well-varnished  „,, 
laminations.  There     are 

losses  also  in  the  end  heads   ,^ 
and  spider  due  to   leakage 
flux ;  losses  due  to  filing  of  the  ^ 
slots  which  short-circuits  the   •."' 
laminations;  losses  due  to  the  * 
fact  that  the  core  flux  takes  &^ 
the  shortest  path  and  crowds  J 
in  behind  the  teeth,  so  that  3  ^ 
the  core  density  is  not  uni- 
form;  and  pole-face  losses^     to 
due  to  the  movement  of  the 
armature  teeth  past  the  faces 
of  the    poles.      In  order  to  6iou»««»««w 

mini  miie  the  pole-face  I  oeses,  "**  ** 

the  pole  faces  should  be  lam-    Fia.  55. — Tron-Ioss  curves  for  direct-current 
inated  if  the  slot  opening  is  machines. 

greater  than  twice  tne  au^gap  clearance. 

1S4.  The  iron  losses  increase  with  the  load  if  the  flux  per  pole  is  kept 

*Qray.  **  Heating  of  Pipe-ventilated  Machines,'*  London  Electrician. 
Jan.  16.  1914. 

t  Thornton.  "Distribution  of  Magnetic  Induction  in  Armatures/'  Jounul 
of  Inst,  of  Elec.  Eng..  Vol.  XXXVIl,  p.  125. 

t  Wall  and  Smith.  **Pole-face  losses."  Jovmat  of  Inst,  of  Eleo.  Eng.,  Vol, 
XL.  p.  677. 
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caaUat,  beeatue  of  Sekl  dutortion,  u  the  deiuitiM  an  then  very  bich  under 
iltemste  pole  tips. 

Ui.  Til*  IndlTidiuI  Iron  louea  cannot  be  ealeulated  leparately,  and 
eorree  nich  aa  thoee  in  fig.  55,  obtained  by  testa  on  completed  machinee. 
auft  be  used  as  foUowa: 
Ttidn<  the  machine  shown  in  Fi<.  35: 
Actual  maziinum  tooth  density 
.VTcrage  core  density 
Weight  of  armature  teeth 
Weight  of  armativ^  core 
Frequency  —  p  X  r.p.m./120 
Tooth  loM  per  lb. 
CoR-losB  per  lb. 
Total  iron  low  -  (385  X  S)  +  (2.300  X 1 .8)  ■ 


» 150,000  lines  per  sq.  in, 
-84,000  lines  per  sq.  in. 
-385  lb.  • 

-2.300  lb. 
— 16.0  cycles  per  sec. 
—  e  watte,  from  Fig.  55. 
-1.8  watte. 
•  6.460  watte. 


IM.  Tb*  armature  copper  lota  is  given  by  the  formula 


(27) 


(watte) 
cm. 

vbeie  Z  is  the  number  of  conductors,  L  is  the  length  of  one  conductor  in 
in.  (¥^  56),  le  is  the  current  in  each  conductor,  or  the  total  current  divided 
hj  the  number  of  armature 
paths,  and  cm.  is  the  cro»- 
Kction  of  each  conductor  in 
or.  mils. 

UT.  Th«  aliiuit  asdtation 
leas  equals  BJt  watte,  where 
Et  a  Uie  terminal  voltage  and 
//  the  shunt  current.  In  a 
generator,  about  20  per  cent.  . 
of  this  loss  will  be  in  the  shunt-  j 
field  rfaeostet. 

US.  The  sertas  aseitation 
lou  equals  I,'R,  watts,  where 
I.  is  the  total  current  in  the 
machine  and  Rg  is  the  com- 
bined parallel  resistance  of  the 
series  neld  coils  and  the  aeries  shunt. 

in.  The  JinUh  contact  reslitancc  loM  has  been  discussed  in  Par, 
SI  and  equals  S^I^  watte,  where  Et  is  the  voltage  drop  per  pair  of  brushes 
and  /«  is  the  total  current  of  the  machine. 

140.  The  bcarlnc  friction  lou  for  moderate-speed  bearings  with  ring 
lubrication  and  light  machine  oil  is  given  by  the  formula 


t      10      U      ID     K 
Fols  PUnh  In  Inohei 
Fio.  56. — Dimensions  of  coils. 


0.8d( 


uoo/ 


(watte) 


(28) 


vhete  d  is  the  bearing  diameter  in  inches,  1  is  the  bearing  length  in  inches, 
and  9  is  the  rubbing  velocity  in  feet  per  min. 

141.  The  bmah  friction  lou,  assuming  the  coeCBdent  of  friction  to  be 
0.28  and  the  brush  pressure  to  be  2  lb.  per  sq.  in.,  is  given  by  the  formula 

1.25  Xj^  (watte)  (29) 

■here  A  is  the  total  brush  rubbing  surface  in  square  inches,  and  V  is  the 
nibbing  velocity  in  feet  per  min.  The  brush  pressure  is  generally  less 
than  21b.  per  sq.  in.  (0.14  kg.  per  sq.  cm.)  except  for  railway  motors,  where 
it  may  be  twice  as  large  in  order  to  keep  the  contact  firm  in  spite  of  the  vibra- 
tion of  the  machine. 

141.  The  windage  lou  cannot  be  accurately  calculated  and,  with  periph- 
enil  velocities  less  than  6,000  ft.  per  min.,  is  so  small  that  it  may  be 
neglected. 

141»  Th*  eSclMloy  of  a  generator  is  given  by  the  expression 


output+loeeea 
600 


(30) 
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) 


The  efficiency  of  a  motor  U  expreaaed 

input  — loflaea 


«//--- 


input 


(31) 


When  the  copper  loaaes  only  are  taken,  the  reault  is  the  eleetrtoal  afBclaney. 
The  eonunerolml  efflelene^,  which  is  the  important  one,  is  obtained  by 
subetitutinc  the  total  loaeeB  in  the  above  equations. 

OniXEATOK  OHAKAOTKKIBTIOB  AHD  RKOVLATIOir 

144.  BxtemAl  oluurftctarlstlGa  of  Mp«rat«l7  ezol,t«d  fenerators. 
Fig.  57  showB  some  of  the  saturation  curves  of  a  oontiauous  ourrant  seneim- 
tor.  Given  a  oonstant  excitation  of  18  amp.,  the  terminal  voltase  at  no 
load  10  320,  at  full  load  is  292.  and  at  twice  full  load  ia  262  volta.  The  rela- 
tion between  ^t,  the  terminal  voltage,  and  la,  the  load  current,  is  given  in 
curve  1,  F^.  58,  the  excitation  and  the  speed  being  oonstant.  This  curve  is 
called  the  external  characteristic  of  the  machioo.  The  voltage  drops  as  the 
load  increases  because  the  cross-magnetising  and-the  demagnetuing  effecta 
of  armature  reaction  reduce  the  flux  per  pole,  while  part  of  the  generated 
voltage  ia  required  to  send  the  armature  current  through  the  armatore  and 
brusbee.  The  demagnetising  ampere-turns  per  pole  are  directly  proi>or- 
Uonal  to  the  armature  current,  but  their  effect  in  reducing  the  flux  increases 
aa  the  flux  density  decreases. 
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FiQ.  58.— External  oharacteriatioa. 


14C.  The  external  charaeteriitic  of  a  shunt  maehlne  ia  plotted  in 

curve  2,  Fig.  58;  the  drop  in  voltage  is  greater  than  in  a  aeparatdy  excited 
machine  because,  since  the  field-coil  resistance  ia  constant,  the  exciting  cur> 
rent  in  the  shunt  coils  decreases  as  Et  decreases.  The  points  for  this  oharaoter- 
istic  curve  are  obtained  as  follows:  the  dotted  straight  line  in  Fig.  57  is 
drawn  through  the  point  a,  where  ah/oh  "  ^mt  —  17.8  ohma,  the  latter  beinc 
the  constant  field  resistance.  With  a  terminal  voltage  of  320  and  the  cor- 
responding shunt  current  of  18  amp.,  the  load  current  is  sero.  With  a  ter- 
minal voltage  of  272  and  the  corresponding  shunt  current  of  15.3  amp.,  full- 
load  current  is  required  to  give  the  proper  armature  reaction.  As  the  reaint- 
snoe  of  the  external  circuit  is  reduced  the  armature  current  increases  and  the 
terminal  voltage  decreases  until  point  d  is  reached,  after  which  a  further 
reduction  in  external  resistance  causes  such  a  large  drop  in  voltage  that  the 
load  current  decreases.  For  example,  with  a  terminal  voltage  of  63  and  the 
corresponding^  shunt  current  of  3.55  amp.,  full-load  armature  current  ia 
sufficient  to  give  the  proper  armature  reaction. 

144.  Critical  reiiitance  of  ihunt  genaraton.  The  external  reaiat- 
ance  equals  Et/Ia,  and  may  be  found  from  curve  2,  Fig.  58.  Using  the 
value  so  found,  the  relation  between  terminal  voltage  and  external  teaiat- 
ance,  and  also  that  between  current  and  external  resistance,  are  plotted  in 
Fig.  50.     The  critical  resistance  is  0.1  ohms;  whenever  thQ  cxtenud  redst- 
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uee  is  reduced  below  this  value,  the  maohine  becomes  oompleieiy  demac- 
wtued  (except  for  the  reaidtial  magnetism),  and  the  termizuU  voltage  and 
the  arznature  current  both  become  practically  aero. 

14T.  Wlnen  a  ibunt  fenerAtor  li  ahort-eiroulted  the  machine  is  de- 
^igDetued  and  the  current  becomes  negligible  (Fig.  60).  At  the  instant 
d  short-circuit,  however,  the  Sux  In  the  pole  cannot  reduce  suddenly  to 
KTo,  and  the  -ratase  due  to  this  flux  will  send  a  large  current  through  the 
drenit;  at  the  end  cv  a  few  seconds,  however,  the  current  will  have  become 


14S.  Instability  of  unsaturatad  thunt  raurators.  If  the  no-load, 
Mrmal  voltage  point  on  the  saturation  curve  is  a,  Fi^.  60,  below  the  point 
itf  saturation,  then  the  overload  capacity  of  the  machine  will  be  smejl,  and 
the  chaose  of  voltage  with  load  will  be  large.  Furthermore,  a  sUght  decrease 
ia  apeed  will  cause  a  decrease  in  the  generated  voltage,  which  will  decrease 
the  rtLunt  field  current  and  cause  the  voltage  to  drop  still  further.  If  ac  is 
tansent  to  the  saturation  curve  at  point  a,  then  the  ratio  of  voltage  change 
tothe  change  of  q;>eed  producing  it,  is  ab/oe. 
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Fia.  69. — Shunt  ebaraotaristics  on  a 
neistance  base. 
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Fio.  60. — No-load  and  full- 
load  saturation  ourrea. 


14>.  Tbe  raffnlation  of  electrioal  loaohinery  is  defined  in  the  A.  I.  E.  E. 
Standardiiation  Rules  (See.  24).  Tbe  Toltage  recuUtion  of  a  separately 
excited  generator  ia  bc/bh  (Fig.  58) ;  for  a  shunt  generator  it  is  ee/th  (Fig. 
5S) ;  for  a  flat-compounded  generator  it  ia  fg/ch ;  and  for  an  overcompounded 
generator  it  ia  mn/Kk  (Fig.  58).  The  current  reculatlon  of  a  constant- 
current  generator  depends  largely  on  the  type  of  regulator  used  and  is 
de6ned  as  the  ratio  of  the  maximum  difference  of  current  from  the  rated  load 
Talus  ^occurring  within  the  range  from  rated  load  to  short-drcoit,  or  mini- 
mum hmit  of  operation)  to  the  rated  load  current. 

UO.  To  tnafTitatn  the  terminal  voltage  eonitknt,  shunt  generators 
nuor  be  operated  with  an  adjustable  resistance  in  series  with  the  shunt  field 
eotb;  this  resistance  may  be  reduced  automatically,  or  by  hand,  as  the  load 
increases.  Automatic  regulators  for  this  purpose  generally  consist  of  a  sole- 
noid connected  across  the  terminala  of  the  machine,  acting  as  a  relay  which 
win  open  or  dose  an  operating  circuit  and  vary  the  resistance  of  the  field 
circuit  as  required. 

Ul.  Tlio  Tfrrill  Kagulator,  described  in  Sec.  10,  periodically  short- 
drcuita  part  of  the  field  rheostat  by  means  of  light  vibrating  contacts  of 
small  inertia;  the  time  during  which  the  rheostat  is  short-circuited  or  is 
setive  determines  the  average  field  current  and  therefore  the  voltage  of  the 
machine. 

lit.  Compound  nUMShlnei,  operated  without  a  regulator,  keep  the  vol- 
te^ approjdmately  constant  from  no  load  to  full  load  because,  due  to  the 
aeries  field  coils,  the  total  excitation  increases  with  the  load;  the  machine  is 
then  said  to  be  fiAt-compounded.  By  the  use  of  an  extra  strong  series 
field,  the  voltage  may  be  made  to  increase  with  the  load;  the  machine  is 
then  said  to  be  oraroompou&ded.    Curves  3  and  4,  fig,  'S8,  show  the 
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eharaeteristie  curves  for  compound  genenitorB.  The  eompoundinc  ot  m 
maobine  may  be  reduced  by  shunting  the  oeriea  field  ooila  with  a  reuatanoe; 
Uiia  resutance  ia  called  a  "series  shunt." 

IIS.  B«ziM  ffenerAtort.  Curve  1,  Fix.  31;  shows  the  relation  betweea 
voltage  and  current  if  there  is  no  armature  resistance  or  armature  reaetion. 
This  IB  really  the  no-load  saturation  curve  of  the  machine  and  is  deternuii«cl 
by  separately  exciting  the  field  cchIs  so  that  no  current  flows  in  the  armnture. 
CTurve  2  shows  the  actual  relation  between  terminal  voltage  and  load  currvnV 
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Fio.  61.  Fia.  62. 

Fios.  61  AND  62. — Caaraoteristic  curves  of  a  series  generator. 

The  total  voltage  drop  oonsuts  of  that  portion  due  to  the  decreaae  in  flux 
caused  by  armature  reaction,  and  that  required  to  Bend  the  ourrent  through 
the  armature,  brushes  and  series  field  coils. 

IM.  Critical  raiiatanoa  of  saries  fenaraton.  The  values  of  current 
in  a  series  generator  and  the  resistance  of  the  external  circuit  are  plotted  in 
Fi^.  62.  The  critical  resistance  of  the  machine  is  4.9  ohms;  with  an  external 
resistance  greater  than  this,  the  machine  will  not  excite,  or  build  up. 

lU.  SeriM  mKChlnef  were  formerly  used  as  eoiutuit-ouiTant  r«n- 

•raton  for  the  operation  of  are  lampi  in  series,  but  few  of  them  are  now  in 

service.    Specially  designed  machines  were  oper- 

n    B      ated  with  automatic  regulators  so  as  to  have  the 

f,-  8~|  line  ah  (Fig.  61)  nearly  vertical,  and  the  current 
__       g      practically  constant  for  all  voltages  up  to  B^ 

—/^homrC^^  (Fig.  61). 

^\J^  UOUU  ijg.  ih,  Bruth  reralator,  shown  diagram, 

matically  in  Fig.  63,  nas  been  used  as  a  eon- 
itant-eurrent  reculfttor.  The  carbon  pile  c 
has  the  property  that  its  resistance  decreases 
through  a  wide  range  as  the  pressure  betweea 
the  ends  increases.  If  the  current  in  the  ex- 
ternal circuit  increases,  the  pull  of  the  solenoid  S 
also  iacreases,  and  the  carbon  pile  is  oompreoaed 
and  its  resistance  reduced  so  that  it  shunts  more  of  the  current  from  the  seriea 
field  eoils;  the  flux  in  the  machine  is  therefore  reduced  and  the  voltage  dropa 
until  the  current  reaches  the  value  for  which  the  regulator  was  set.  Other 
types  of  constant-current  regulators  are  described  in  Par.  109  and  SU. 

MOTOB  CBARACTEaiBTICS  AND  BKOULATIOH 

187,  Cotinter  a.m.f ,  It  was  pointed  out  in  Far,  6  that,  since  a  motor 
armature  revolves  in  a  magnetic  field,  an  e.m.f.  is  generated  in  the  oonduetota 
which  is  opposed  to  the  direction  of  the  current  and  is  called  the  counter 
e.mJ,    The  applied  e.m.f.  must  be  large  enough  to  overcome  the  counter 


:  'lo.  63.- 


-Constant-current 
regulator. 
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!  uai.  ajul  also  to  send  the  armature  ourrent  /•  throufh  Bm,  the  reeiitanoe  of 
tt  uinature  winding,  the  bruabea  and  the  series  field  ooUs;  or 

S.-Si+IJlm  (volts)  (32) 

(fere  Ea  is  the  applied  e.m.f.  and  £t,  the  counter  e.m.(.,  is  given  by  Eq.  9, 
Pu.W. 

IM.  Blilftiziff  of  the  bruslies.  It  may  be  seen  from  Fig.  2  that,  while  the 
bniabea  of  a  generator  are  shifted  forward  in  the  direction  of  motion  to  help 
eommutation,  those  of  a  motor  have  to  be  shifted  backward.  In  each  casot 
howeTCT,  the  armature  reaction  reduces  the  flux  per  pole. 

IM.  Tit*  torqa*  equation.  The  torque  of  a  motor  is  proportional  to 
tfe  nvmber  of  oondactore  on  the  armature,  to  the  ourrent  per  conductor 
ud  to  the  total  flux  in  the  machine.     The  formula  for  the  torque  is 

torque  -0.1175  2r«/.(?5^JlO-«      (lb.  at  1  ft.  rad.)  (3S) 

where  Z  ia  the  total  number  of  armature  conductors,  0  is  the  total  flux  par 
pate,  and  /•  is  the  armature  current  taken  from  the  line. 
IM.  Tb«  speed  equation  is 

For  a  0lven  motor  the  number  of  arm&ture  conductors  Z,  the  number  of  p<deB, 
utd  the  number  of  armature  paths,  are  constant.  The  torque  can  therefore 
be  ezpreseed  aa 

torque  «  a  constant  X  ^/a  (38) 

lad  the  speed,  likewise,  is  expressed 

r.p.m.  ■■  a  constant  X  (    *      — ~j  •  (37) 

Ul.  Bbont-motor  speed  and  torque.  In  this  case  Eat  Rm  and  ^  are 
eooatant,  and  the  speed  and  torque  curves  are  shown  in  ourres  1,  Fig.  64;  the 
effeetive  torque  is  less  than  that  generated,  by  the  torque  required  for  the 
wxndacB  and  the  bearing  and  brush  friction.  The  drop  in  speed  from  no 
load  to  fuU  load  seldom  exceeds  5  per  cent.;  indeed,  since  ^,  the  flux  per  pole, 
decreases  with  increase  of  load,  due  to  armature  reaction,  the  speed  may 
zemain  approximately  constant  up  to  full  load. 

Itt.  Xfleet  of  flald-coil  heatln«r  on  speed.  The  field-coil  resistance 
inereaaes  and  the  exciting  current  decreases  about  20  per  cent,  as  the  field 
eoila  increase  in  temperature.  The  flux  per  pole  is  therefore  less  and  the 
speed  greater  when  the  machine  is  hot  than  when  cold,  unless  a  field  rheostat 
is  mampulated  to  keep  the  exciting  current  constant.  The  effect  of  chan^ 
of  exeitiiig  current  on  speed  is  minimised  by  having  the  magnetic  circuit 
veil  saturated,  so  that  a  large  change  in  current  will  produce  only  a  small 
cbaoge  in  flux. 

IM.  Variable-speed  operation  of  shunt  motors  can  best  be  investi- 
gated by  means  of  £q.  37,  Par.  160.  In  order  to  increase  the  speed,  ^  must 
be  reduced  by  inserting  a  resistance  in  series  with  the  field  coils.  In  order 
to  decrease  the  speed  below  the  value  which  It  has  with  full  field,  the  quantity 
(Xa— /JSn)  must  be  decreased  by  placing  a  resistance  in  series  with  the 
snaature.  The  latter  resistance  must  be  able  to  carry  the  armature  current, 
but  the  starting  resistance  must  not  be  used  for  this  purpose  since  it  is  de- 
sigiied  for  starting  dutv  only,  and  would  bum  out  if  allowed  to  carry  full- 
load  current  for  more  than  a  few  minutes. 

IM.  Bpaad  control  of  shunt  motors  by  armature  restota&ee  is  not 
Terr  satinaotory,  since  the  speed  regulation  is  bad.  If  a  motor  is  operaUng 
with  full-load  current  at  half  speed,  about  50  per  cent,  of  the  appliea  voltage 
is  oonsumed  in  the  resistance,  but  if  the  load  were  decreased,  bp  that  only 
half  oi  full-4oad  ourrent  was  required,  then  only  25  per  cent,  of  the  applied 
roltsAB  would  be  consumed  in  the  same  externi^  resistance,  and  the  motor 
qpeed  would  iiuirease  to  76  per  cent,  of  normal  Qieed,  unless  the  external 
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control  reaiitaQce  were  autonuiUoally  inoreaaed  with  deoraaae  of  load.  l>f] 
to  the  large  voltoce  drop  across  the  external  renatanoe,  the  efficiency  of  tt 
system  is  low. 

IH.  When  the  ipMd  of  iliuiit  motors  la  eontoolUd  by  flald  raslsl 
*ne«,  the  speed  regulation  and  the  efficiency  are  both  jEOod.  but  the  oommt 
tation  is  generally  poor  because,  at  high  speeds,  the  mam  field  is  weaker  tha 
normal  while  the  armature  field  is  unchanged,  so  that  the  field  distortion  j 
excessive  and  the  commutating  field  under  the  ^le  tip  consequently  dii 
appears  (Par.  S().  The  reactance  voltage  also  is  increased  (Par.  4f).  WTH 
standard  shunt  motors  without  interpoles,  it  is  generalljr  impossible  to  is 
oreaae  the  speed  more  than  60  per  cent,  by  field  weakemng  without  hmvin 
trouble  due  to  sparking,  the  output  of  the  machine  being  the  normal  f  ol 
load. 

IM.  Spaed  ehanxas  of  ihunt  moton  undar  rapidly  fluetuaUxii 
load*.  *     When  the  load  on  a  shunt  motor  increases  slowly,  the  flux  par  pol 

decreases  due  to  armature  reaotion 
and  the  speed  (Eq.  37,  Par.  IM)  re 
mains  approximately  constant.  Ij 
however,  the  load  changes  rapidlji 
the  flux  per  pole  cannot  eostnc 
rapidly  due  to  the  seU-induetion  a 
the  field  coils;  the  machine  Ihei 
operates  for  the  instant  aa  a  con 
stant-flux  machine,  and  the  apee^ 
drape  rapidly  to  lUlow  the  oountft 
e.m.f.  to  decrease  and  the  necaaaar; 
current  to  flow. 

ItT.  Spaed  and  torque  of  aartai 
motors.  The  speed  equation  CEq 
37,  Par.  IM)  and  the  torque  BQua 
tion  (Eq.  33,  Par.  IM)  apply  ti 
motors  of  all  continuous-ourran' 
types.  In  the  ease  of  aeiiea  mofam 
the  flux  ^  increases  with  the  amiA 
ture  current  J«;  the  torque  woul<|  |m 
proportional  to  /•'  were  it  not  thai 
the  majtnetia  oireuit  becomes  aatu 
rated  with  increase  of  current.  Sinoa 
^  increases  with  load,  the  speed  dron 
as  the  load  increases.  The  apeec 
and  torque  oharacteriatios  are  ahowri 
in  curves  3,  Fig.  S4. 

IM.  IzeatiiTe  speedt  of  Mriai 
moton  on  imall  loada.  If  th« 
load  on  a  series  motor  becomes  small 
the  speed  becomes  very  high^  ao  that 
a  series  motor  should  fdwaya  b4 
geared  or  direct-connected  to  tlM 
load.  If  it  were  belted,  and  the  belt 
broke,  the  motor  would  run  awaj 
and  would  probably  burst. 
IM.  Speed  adjuatment  of  aerlas  motori .  For  a  given  load,  and  theiv- 
fore  for  a  given  current,  the  speed  of  a  series  motor  can  be  increaaed  bj 
shunting  the  series  winding  or  by  short-circtiiting  some  of  the  series  turna 
so  as  to  reduce  the  flux.  The  speed  can  be  decreased  by  inserting  resistance 
in  series  with  the  armature. 

170.  The  compound  motor  is  a  compromise  between  the  shunt  and  the 
series  motor.  Because  of  the  series  winding,  which  assists  the  shunt  windinc, 
the  flux  per  pole  increases  with  the  load,  so  that  the  torque  increases  more 
rapidly  and  the  speed  decreases  more  rapidly  than  if  the  series  winding  iras 
not  connected,  but  the  motor  cannot  run  away  on  light  loads,  because  of  the 

*  Short,  E.  W.  "  Inherent  Regulation  of  -Direct-current  Motor:  **  Journal 
of  Inst,  of  Else.  Eng.,  Vol.  XLVI,  p.  171. 
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Aant  ezeat&tton.  Tha  ■peed  and  torque  oharaeteriatiaa  for  auch  a  ouehine 
■n  ahown  in  curres  3,  rig.  64.  The  epeed  of  a  compound  motor  oan  tw 
adiuata<i  by  armAture  and  Geld  rbeoatata,  juat  u  in  the  shunt  machine 
(Fir.  Its). 

ITl.  AntoBUtUe  ipaed  reiulatioii.  To  keep  the  speed  constant  under 
A  oonditioiis  of  load  some  kind  of  centrifugal  governor  ma^  be  used  to  operate 
oa  the  ahtut-field  rheostat.  A  piece  of  apparatus  of  this  kind  now  on  the 
■■iket*  is  an  adaptation  of  the  Tirrill  voltage  regulator,  in  which  a  cen- 
trifogal  oontrcd  device  mounted  on  the  motor  shaft  performs  the  functions 
of  tlie  main  control  magnet  in  the  standard  regulator.  The  regulator  period- 
ically ahorb-circuits  part  of  (he  ahunt-deld  rheostat  by  means  of  light  vibrat- 
ing eontaets  of  small  inertia.  The  dme  during  which  the  rheostat  is  short- 
dreoited,  or  ia  active,  determines  the  average  field  current  and  the  flux  per 
pcle,  and  therefore  the  speed  of  the  machine.  When  the  speed  is  too  high, 
the  eenirif  ugal  device  short-circuits  the  rheostat  for  a  long  period  and  allows 
the  flu  per  pole  to  increase  and  the  speed  to  decrease. 

in.  Tba  dlBarential  motor  is  a  eomiwund-wound  machine  with  the 
imes  winding  opposing  the  shunt  winding,  so  that  the  flux  will  decrease  as 
ito  load  increases  and  the  speed  be  oODStant  from  no  load  to  full  load,  or 
aetaally  increase  with  increase  of  load.  The  aeries  winding  of  such  a  motor 
riuold  be  short-eireuited  when  starting  the  machine,  ao  that  the  starting  oui>- 
icnt  will  not  be  ezoaSBve.    Differential  motors  are  rarely  used,  because  the 

rd  of  the  shunt  motor  is  so  nearly  constant  from  no  load  to  full  load  that 
extra  complication  of  the  differential  winding  is  rarely  necessary.  Dif- 
ferential windings  are  uaed  to  aome  extent  for  small  motors,  in  older  to 
aecoxe  constant  speed  with  variable  load. 

17B.  Uzutable  operation  with  rliinc-ipeed  eharaetarlstio.  Upon 
saddenly  increasing  the  load  torque  on  a  differential  motor,  designed  for  a 
risuic-speed  characteristic,  the  speed  for  a  brief  instant  decreases.  This 
nenlta  in  a  momentary  drop  of  counter  e.m.f.,  which  admits  a  larger  armature 
current,  in  turn  weakening  the  resultant  field  strength  and  further  reducing 
the  eonnter  e.m.f.  The  attendant  increase  in  armature  current  increases 
the  armature  torque,  and  the  reactions  are  such  that  the  latter  continues 
to  increase  until  it  exceeds  the  load  torque  and  commences  to  accelerate 
the  armature.  The  increase  in  sjieed  continues  until  the  rising  counter 
e.mi.  finally  limits  the  armature  current  to  a  value  at  which  the  armature 
torque  equaia  the  load  torque,  and  the  speed  becomes  constant.  These  re- 
aetsona,  with  change  of  load,  occur  qmte  rapidly;  if,  however,  the  field 
cocesare  large  ana  massive,  changes  in  flux  attendant  upon  sudden  changes 
in  in.in.f.  will  lag  by  an  appreciable  time  interval,  on  account  of  eooy 
currents  in  the  cores.  The  presence  of  an  appreciable  flux  lag,  with  very 
rapidly  changing  loads,  results  in  unstable  operation;  for  example,  when  the 
load  is  suddenly  increased,  the  speed  will  drop  appreciably  before  it  oom- 
menoes  to  accelerate,  and  when  the  load  is  sudaenly  removed,  the  speed 
will  rise  appreciably  before  it  commences  to  decreaae.  The  .effect  of  the 
armature  inertia  will  accentuate  theae  defeota  in  ajieed  regulation.  Such 
defects  are  not  found  in  motors  whose  speed  decreases  with  increasing 
load.  i.t.,  which  have  a  drooping  speed  characteristic. 

174.  Intarpola  motors  have  a  commutating  field  which  increases  with 
the  ennent  and  is  not  affected  by  armature  reaction  (Par.  61).  Motors 
which  are  subjected  to  excessive  overloads,  and  adjustable.4peed  motors 
operating  at  high  speeds  with  a  weak  main  field,  give  little  trouble  due  to 
sparking  if  supplied  with  interpolea.  Himtinxt  takes  place  in  interpole 
in^hiiij«i  which  have  a  rlaln^-ipesd  charaeMristle.  Booh  a  character- 
istie  may  be  obtained  by  working  with  a  weak  main  field  and  with  a  short 
air-gap  under  the  main  poles,  so  that  the  field  distortion  under  load  is  large 
aDdtDe  flux  per  pole  decreases  with  inoroaae  of  load  due  to  the  orosa-mag- 
aetising  effect  of  the  armature  (Par.  31). 

Sneh  a  eharaeteiistie  may  also  be  obtained  by  making  the  interpoles  too 
strong.  If  oommutataon  is  perfect,  the  current  in  the  short-circuited  coil 
wiUl  be  sero  when  that  coil  is  in  the  geometrical  neutral-position.  .  If,  however, 

*  General  Eleotrio  Company's  Bulletin  on  "  Automatic  Voltage  Regulators," 
1913. 
t  Rosenberb  SUetrician,  Aug.  4,  1911. 
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the  eommutatinff  field  ii  too  itronfft  the  revenal  of  this  current  will  be  ■■ 
vaaoed,  so  that  the  true  neutt'al  will  be  shifted  backward.  The  flux  per  pd 
iriU  Uierefore  deereaae  with  iocreaae  of  load,  due  to  the  demac^etiains-c^dl 
produced,  and  the  speed  will  increase  with  load.  J 

Due  to  saturation  of  the  ioterpole  core,  the  Interpc^e  field  will  be  too  strofl 
at  light  loads,  if  of  the  proper  strength  at  full  l<wd.  Hunting  is  therefia 
Ukely  to  occur  at  light  loadSj  particuluiy  if  the  nuun  field  is  so  weak  that  tl 
effect  of  the  brush  currents  in  demagnetising  the  machine  is  proportaonatol 
large. 

175.  iron-induetiTa  shunts  should  not  be  used  with.  Interpd 
windings  if  the  l<MMi  fluctuates  rapidly,  because  then  the  current,  which 
rapidly  changing,  will  pass  through  the  shunt  rather  than  through  the  int4 
pole  coils,  since  the  latter  have  ooosiderable  inductance,  and  the  commutntic 
will  therefore  be  poor.  To  make  the  shunt  take  its  proper  share  of  the  cu 
rent  under  all  conditions  of  load,  it  should  be  made  inductive  by  winding 
on  an  iron  core,  and  the  ratio  of  the  shunt  reactance  to  the  interpoleHsc 
reactance  should  be  equal  to  the  ratio  of  the  shunt  reeistanoe  to  the  interpolS 
ooU  resistance. 

ITS.  BeTertal  of  direetion  of  motion.  In  order  to  reverse  a  motoi 
it  is  necessary  to  reverse  the  current  in  the  field  colls,  or  in  the  armature,  btfl 
not  in  both.  In  an  interpole  machine,  the  interpole  winding  mtxst  bf 
eonsidered  aa  part  of  the  armature  and  not  as  part  of  the  field  system. 

WXIOHT8  AMD  OOBTB 

ITT.  Weights  and  costs.  The  coat  figures  given  by  different  manufae- 
turers  on  a  Targe  generator  may  vary  as  much  as  50  i>er  oent.  One  mann- 
faoturer  may  build  an  entirely  new  machine  and  charge  part  of  the  cost  or 
development  to  the  order;  another  may  offer  a  standard  machine  of  larger 
capacity,  with  a  lower  rating  for  the  particular  case;  while  still  another 
manufacturer  may  increase  the  rating  of  a  machine  of  smaller  capacity* 
adding  fans  if  necessary  to  keep  the  machine  cool. 
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FfO.  65. — Coat  of  small  direct-current  motors  without  base  or  pulley. 

ITS.  ▼•TTlnc  eotU  of  labor  and  matwial.  The  cost  of  large  uniu 
depends  largely  on  the  cost  of  material,  while  that  of  small  motors  depends 
lar^el^  on  toe  cost  of  labor.  These  costs  are  continually  chanKing,  so  that 
it  IS  impossible  to  give  figures  which  are  always  reUable.  The  curves  in 
Fi^.  05,  60  and  07  are  average  figures  for  standard  machines. 

The  curves  in  Fig.  66  are  interpreted  as  follows:  A  machine  which  weighs 
2,000  lb.  will  cost  (380  and  will  have  a  rating  of  12  h.p.  at  SOO  r.p.m.  aa  an 
enclosed  machine  on  continuous  duty;  or  10  h.p.  at  600  r.p.m.  as  an  open 
machine  on  continuous  duty;  or  31  h.p.  at  500  r.p.m.  with  a  1-hr.  rating;  or 
40  h.p.  at  SOO  r.p.m.  with  a  half-hour  rating.  The  temperature  rise  on  full 
load  Is  40  deg.  cent,  as  an  open  machine,  and  60  deg.  oent.  aa  an  enoIoMd 
machine.    TEe  bone-power  U  proportional  to  tba  ipeMl  over  »  nuige  of  80 
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Fia.  06. — Weisht   Bnd    cost   of   standard   22(>-volt   direct-current 
without  base  or  pulley. 
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Fio.  67. — Weight  and  cost  of  standard  550-Tolt  direct-current  gen 
mtbout  base  or  bearings.  A,  Slow-speed  engine  type;  B,  high-speed 
type;  C,  high-speed  generators. 
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p«r  Mnt.  above  or  below  the  rated  speed.  The  maximum  permiaaiblo  opoed 
18  the  highest  that  can  be  used  for  variable-epeed  operation  with  the  par- 
ticular line  of  machines  on  which  data  is  givfln. 

IT*.  BSect  of  Toltaffe  on  weiffht,  cost  and  efflciener.  If  two  machines 
are  built  on  like  frames  for  the  same  output  and  speed  but  for  different  toI- 
tages,  the  number  of  commutator  segments  will  be  proportional  to  tl^  voltaea 
and  the  commutator  length  will  be  proportional  to  the  current.  The  low- 
Toltage  machine  will  be  the  heavier  because  of  the  long  commutator,  but« 
for  moderate  outputs,  there  will  not  be  much  difference  in  cost  between  a 
120-Tolt  and  a  600-volt  machine;  the  cost  of  the  extra  copper  on  the  low- 
T<dtage  machine  is  compensated  for  by  the  cost  cJ  the  extra  labor  on  the  hisb- 
TiAtage  commutator. 

The  losses  will  be  affected  in  the  following  way:  The  windage,  bearing 
friction,  excitation  and  iron  losses  will  be  unchanged;  the  brush  frictaon  loss 
will  be  the  smaller  in  the  machine  with  the  higher  voltage;  the  eontaet 
resistanoe  loss  will  be  the  smaller  in  the  machine  with  the  higher  v«ritace 
because^  the  contact  drop  is  the  same  in  each  case  and  the  loss  is  therefine 
proportional  to  the  current.  The  armature  copper  loss  will  be  unchanged 
if  the  same  amount  of  armature  copper  is  used  in  each  machine,  because, 
mnce  the  number  of  conductors  is  (ureotly  proportional  to  the  voltage,  the 
section  of  each  conductor  will  be  proportion^  to  the  current  and  the  current 
density  will  be  the  same  in  each  machine.  If,  however,  due  to  the  space  taken 
by  the  insulation  on  the  large  number  of  conductors,  the  total  amount  of 
copper  is  the  smaller  in  the  machine  with  the  higher  voltage,  then  the  copper 
loss  will  increase  with  the  voltage  and,  for  the  same  copper  loss  in  each 
machine,  the  output  of  the  high-voltage  machine  will  be  less  than  that  of  the 
low-voltage  machine. 

180.  Bfleot  of  speed  on  weight,  eoet  and  effleiency.    The  output  of  a 
machine  equals  the  product  of  (volts  per  conductor)  X  (current  per  con- ' 
ductor)X  (number  of  conductors).     For  a  given  frame,  the  volts  per  con- 
ductor iJB  directly  proportional  to  the  speed,  and  the  product  of  (the  current 

Ser  conductor)  X  (number  of  conductors)  is  constant  for  a  constant  current 
ensity  and  a  constant  weight  of  armature  copper.  The  output  is  therefore 
directW  proportional  to  the  speed.  As  a  matter  of  fact  the  flux  denai^ 
must  decrease  as  the  speed  and  the  frequency  increase,  in  order  to  keep  down 
the  iron  loss;  but  the  current  density  may  increase  with  speed  due  to  better 
ventilation.  However,  the  output  is  direetiy  proportions  to  the  speed,  over 
a  considerable  range.  The  higher  the  speed,  tne  larger  the  output,  and  there- 
fore the  longer  the  commutator  and  the  heavier  the  machine. 

At  very  low  speeds  the  number  of  conductors  becomes  large  and,  on  account 
of  the  amount  of  insulation  required,  the  total  amount  of  copper  is  less  than 
normal;  the  rating  of  such  machines  must  therefore  be  reduced  in  faster  ratio 
than  the  speed  is  reduced. 

The  total  armature  loss  for  a  dven  frame  and  a  ^ven  temperature  rise  is 
equal  to  A(A+£Xr.p.m.)  (see  Fig.  52)  so  that  while  the  output  is  directly 
proportional  to  the  speed,  the  losses  do  not  increase  so  rapidly;  and,  unw 
turbo-speeds  are  reacned,  at  which  the  windage  losses  become  excessive,  the 
efficiency  increases  with  the  speed. 

8TANDABD  0ON8TANT-POTXRTIAL  aXKSRATORS 

181.  Oenerators  for  power  and  lighting  lervice  are  usually  wound 
for  125  volts  or  250  volts  and  are  either  flat-compounded  or  slightiy  over- 
compounded,  BO  that  the  voltage  at  the  lamps  varies  but  littie  with  change  lA 
load.  The  effioiency,  weight,  cost  and  speed  may  be  obtained  from  Figa.  M 
and  67.     The  regulation  should  be  less  than  2  per  cent. 

188.  CMneratori  for  railway  ierrioe  are  subject  to  rapidly  fluctuating 
loads  and  to  sudden  and  excessive  overloads.  The  engine  q>eed  wUl  drop 
ooDsiderably  on  an  excessive  overload  unless  a  large  flywheel  is  supi^ed,  einoe 
the  ^nerator  will  not  have  the  necessary  flywheel  effect  in  itself.  The 
machines  are  generally  wound  for  550  volte  at  no  load  and  600  volts  at  full 
load,  and  have  one  terminal  grounded.  In  order  to  secure  proper  commuta- 
tion under  all  load  conditions,  interpole  machines  are  often  employed. 

188.  OeneraUnv  for  electrolytic  work  are  usually  low-voltage  machines 
fA  large  current  capacit}^.  When  the  terminal  voltage  is  very  low,  the  excit- 
ing current  will  be  large  if  the  machine  is  shunt  wound,  and  the  field  rheostat 
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•in  be  reUtively  ■xpenaiTe;  therefore  mielk  maohinea  are  often  aepantely 
caatad  from  a  aouroe  of  higher  voltage.  For  aleotrie  amelting  aii4  other  work 
wlKce  the  maohioe  ia  likely  to  be  aubjeoted  to  short  cirouita,  shunt  excitation 
is  desrable,  since  a  shunt  generator  will  not  maintain  a  large  current  through 
aahort  eirauit  (Par.  14T).  Becauae  of  the  large  currenta  to  oe  collected,  theae 
Bocfainea  have  low-reaiatanoe  bruahea,  a  hi^n  current  density  in  the  brush 
eootact  and  »  wide  brush  arc.  These  conditions  are  bad  for  commutation, 
BO  that  intarpf^ea  axe  often  used.  Since  each  armature  circuit  has  compare- 
tiTety  few  conductors  in  series,  and  these  conductors  are  of  large  section,  there 
«iU  be  large  circulating  currenta  unless  equalisers  (Par.  It]  of  large  eroaa- 
aeetion  are  used.  Wintun^  such  as  that  shown  in  Fig.  14  are  particularly 
■uited  for  generators  of  this  type.  ^  Electrolytic  generators  cost  and  weigh 
more  than  standard  550-volt  machines,  because  oi  the  large  amount  of  eom- 
mntator  oopper  required.  Accurate  cost  figures  cannot  oe  given  since  the 
design  ia  generally  apecial. 

1S4.  Hoostera  are  used  in  constant-potential  systems  to  compensate  for 
feeder-drop  or  to  aid  in  charging  storage  batteries,  etc.  Boosters  carry  large 
ennenta  at  low  voltages  and  have  long  commutatora  in  proportion  to  their 
output.  In  order  that  the  flux  may  be  proportional  to  the  exciting  current, 
the  masnetio  circuit  must  not  be  saturated;  for  this  reason  the  machine  ia 
heavier  than  a  machine  of  normal  ventage  and  of  the  aame  output.  Boosterf 
often  cany  large  ounenta  in  a  weak  magnetic  field,  so  that  they  must  be 
lifaerally  designed  for  commutation.  Bevanlbl*  boostan  often  nave  lami- 
sated  field  systems.  When  reversing  a  machine  with  a  solid  field  system, 
eddy  currenta  set  up  in  the  solid  masses  by  the  change  of  flux  prevent  this 
change  from  being  very  rapid. 

IM.  beiten  are  generally  flat-compounded  for  120  volts  or  240  volte  if 
the  excited  machine  is  operated  without  an  automatic  regulator.  When 
operated  with  an  automatic  regulator,  the  exciter  must  be  capable  of  supply* 
ia^  a  voltage  about  40  per  cent,  more  than  normal.  The  magnetic  circuit 
should  not  be  highly  saturated,  , 

in  order  that  the  necessary  in-  I  i-     '    E- 

oeaae  ia  excitation  for  a  given 
increase  in  voltage  of  the  ex- 
cited machine  may  not  be  too 
large.  Machinea  with  solid 
poles  are  quite  satisfactory,  as 
Tery  rapia  changes  of  voltage 
sie  not  desirable.  The  weight, 
ecet  and  efficiency  of  such  ma- 
chines may  be  obtained  from 

IM.  VarUble-ipeed  gen- 
■raton*  naed  for  the  lighting 
cf  vehicles  are  required  to  give 
constant  voltage  over  a  wide 
range  of  speed.  Many  patenta 
have  been  taken  out  on  ma- 
chinea for  thia  purpose.  In  one 
type  the  armature  is  moved 
axially  out  of  the  field  by  a  governor,  as  the  speed  increases.  In  another 
type  the  brushes  are  shifted  automatically  as  the  speed  changes.  Other 
machines  are  driven  by  slipping  belts  or  slipping  clutches. 

iXt.  The  BoMnbarg  Tarlable-ipeed  generatort  is  self-regulatin{E  and  ia 
shown  diagrammatically  in  Fig.  08.  The  battery  voltage  is  approximately 
constant  and  the  shunt  field  sends  across  the  air-gaps  a  mix  01,  which  ia  ap- 
proximately constant.  The  armature  outs  this  flux  and  an  e.m.f.  ia  generated 
between  bruahea  bb,  but  none  between  bruahea  BB.  The  former  brushes  are 
short-circuited,  so  that  a  current  flows  in  the  armature  and  sets  up  an  arma- 
ture field  ^t.    Since  the  armature  cuts  this  latter  field,  there  is  an  e.m.f. 

*  Motgan.  "Pynamoa  for  Motor  Road  Vehicles,"  Journal  of  Inst,  of 
Bee.  Eng.,  Vol.  5CLVIII,  p.  749. 

t  Hall.  "The  Rosenberg  Generator,"  General  Eteclrie  Review,  Vol.  XIII, 
pw37. 
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Fio.  68.  F:a.  69. 

Figs.  68  and  69. — Hosenberg  car  lighting 
generator. 
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between  bruahee  BB  and  a  oumnt  I  in  the  external  oirouit.  This  current  Z 
seta  up  ft  Ahx  ^a,  which  oppooae  ^i,  but  can  never  exceed  ^i,  so  that  /  oannot 
ezoeea  that  value  at  which  the  armature  ampere-turns  per  pc4e  equal  the 
shunt-field  ampere-turns  per  pole.  The  relationship  between  current  and 
speed  for  different  shunt  excitations  is  given  in  Fig.  09.  The  direction  of  the 
current  I  is  independent  of  the  direction  of  rotation  of  the  machine. 

IM.  A  sjatam  of  car  llfhtinff  by  a  ihunt  ffenarator  driven  from 
the  oar  axle  is  shown  diagrammatically  in  Fig.  70.  The  diagram  shows  the 
conditions  at  standstill;  the  switch  S  is  opcD,  the  generator  is  cut  out  and  the 
battery  supplies  the  lamps.  As  the  car  speeds  up,  the  generator  voltage 
inoreases  and,  when  the  value  Is  reached  for  Vhich  solenoid  r  was  set,  the  pull 
of  the  magnet  closes  the  switch  and  connects  the  generator  in  parallel  'with 
the  battery.  The  generator  then  delivers  current  to  the  battery  and  to  the 
lamps,  which  current,  flowing  through  coil  H,  helps  to  keep  the  switch  closed. 
As  the  speed  increases,  the  voltage  of  the  generator  and  the  battery  current 


Fio.  70. — Cax^lighting  system. 

both  increase,  but  when  fall-load  battery  current  is  reached,  the  pull  of  coil  i> 
acts  to  lessen  the  pressure  on  the  carbon  pile  B  and  the  generator  vt^taKe 
decreases;  coil  D  therefore  limits  the  battery  charging  current.  When  the 
battery  reaches  full  charge,  its  voltage  rises  to  the  maximum  value  and  then 
the  pull  of  ooU  E  acts  to  lessen  the  pressure  on  the  carbon  pile,  preventing 
further  rise  of  voltage  and  permitting  the  generator  to  supply  only  the  current 
for  the  lamps.  When  the  speed  drops  below  a  certain  value,  the  battery  vol- 
tage is  higher  than  that  of  the  generator;  current  then  flows  back  throu^ 
the  ootl  H,  thus  releasing  the  switch  5  and  disconnecting  the  generator  from 
the  circuit. 

Since  the  generator  current  should  always  be  in  the  same  direction  no  mat- 
ter what  the  direction  of  motion  of  the  car,  a  pole  changer  A  is  supplied;  tbia 
consists  of  a  double-throw  switch  operated  by  means  of  a  mechamem  on  the 
shaft,  which  meohanism  reverses  the  switch  when  the  rotation  of  the  genera- 
tor reverses. 

18t.  The  windmill  c^nerating  plant  consists  of  a  storsige  battery  oper- 
ated in  parallel  with  a  shunt  generator  driven  by  a  w^indmill,  an  automatic 
cut-in  being  used  to  connect  or  disconnect  the  generator  from  the  battery  at 
the  proper  times.  The  cut-in  is  similar  to  the  switch  S  in  Fig.  70  and  is 
equipped  with  a  shunt  coil  connected  across  the  generator  terminals  and  a 
aenee  coil  in  the  line  between  the  generator  and  the  batterer.  When  the  wind- 
mill speed  and  the  generator  voltage  are  high  enough  to  give  a  charging  cur- 
rent, the  shunt  coil  pulls  up  the  plunder  and  closes  the  switch;  the  cfaargzDc 
current  then  flowing  in  the  series  coil  holds  the  switch  closed.  The  series 
coil  has  a  second  plunger  which  is  attracted  downward  by  the  charging  cur- 
rent and,  in  its  downward  movement,  opens  the  circuit  of  the  shunt  coil, 
allowing  the  first  plunger  to  drop  to  normal  position.  Current  cannot  again 
flow  in  the  shunt  coil  until  the  battery  current  has  fallen  to  about  0.5  amp., 
when  the  battery  switch  opens,  and  the  shunt  circuit  is  again  cloeed  and  ready 
to  operate.     See  Seo.  22. 

THBBX-WIBl  CONSTANT-POnNTIAL  aXNXBATOBB 
IfO.  The  aarly  three-wire  aystems  were  operated  with  two  similar 
generator  units  connected  in  series  and  the  neutral  connected  to  the  centre 
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poiBt  MM  shown  in  Fig.  71.     In  this  system  the  Toltaces  Sm  and  E^,  can  be 
ngolmted  independently  of  one  another. 

IM.  Ttia  earliest  ^rpe  of  three-wire  fenerator  was  a  machine  which 
had  two  armature  winmnga  on  the  same  core,  revolving  in  the  same  magnetic 
bid.  with  a  separate  commutator  for  each  winding.  This  machine  was 
connected  as  shown  in  Fig.  72.     Bince  the  armature  reaction  affects  each 


FiQ.  71.  Fio.  72,  Fio.  73. 

Fias.  71,  72  and  73. — Three-wire  systems. 

windins  equally,  it  has  no  effect  on  the  division  of  voltage,  so  that  Bm  differa 
from  Bh  only  by  the  armature  resistance  drops  in  the  two  windings.  These 
Toltages  cannot  be  regulated  independently  of  one  another  by  means  of 
&eld  rheostats. 

IM.  Tlia  DettmAr  and  Bothart  machine  is  of  the  ipUt-pole  type 
ar^  is  shown  diagrammatically  in  Fig.  73  for  the  case  of  a  two-pole  armature 
revolviniE  in  a  field  system  with  four  pole^pieces.  Even  on  balanced  load, 
the  armature  reaction  strengthens  the  upj^er  S  pole  and  weakens  the  lower 
S  pde,  so  tikat  Bm  increases  and  Eb  decreases  with  increase  of  balanced  load. 
To  neuUialixe  this  effect,  the  weakened  poles  are  compounded  cumulatively 
azid  the  strengthened  poles  are  differentially  compounded.     If  the  shunt 
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Fia.  74.  Fio.  75. 

Fios.  74  AND  75. — UDbalanred  currents  in  three-wire  generatorA. 

eoib  2  and  4  are  oonnected  acroM  £..  and  the  coils  1  and  3  acrom  £bt  the 
frnlani*^'*ff  wUl  be  better  than  if  tUl  four  coils  were  connected  in  aeries  across 
B.  The  voltages  ■&.  and  Bb  can  be  regulated  independently,  by  hand,  when 
the  excitation  u  thua  divided. 

IM.  Tbe  DobrowoUky  nuushine  is  that  generally  used  for  three-wire 
oiMTBtion.    It  is  shows  diaKrammatioally  in  Fig.  74  and  consists  of  a  stand- 
loUne  with  »  ooll  of  high  i 


■rd  two-wire  maoUne  ' 
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l.jV^iUUyHJ 


Sec.  S-194  D,  C.  GENERATORS  AND  MOTORS 

neoted  permanently  aoroas  diametrioally  opposite  points  on  the  mrmsiure. 
The  Toltace  between  a  and  b  is  alternating  and,  even  at  no  load,  or  wb^ 
the  load  is  perfectly  balanced,  an  alternating  current  flows  in  this  reactAiioi 
coil.  This  current,  however,  is  extremely  small  because  the  reactance  u 
large.  The  center  o  of  the  coil  is  always  midway  in  potential  between  the 
brushes  c  and  d,  and  is  connected  to  the  neutral  of  the  system.  When  ths 
loads  on  the  two  sides  of  the  system  differ,  the  difference  betweeii  the  cur- 
rents in  the  outside  lines  flows  in  the  noutrsl  wire  and  through  the  reactance 
coil,  which  offers  only  a  small  resistance  to  direct  current. 

1*4.  The  current  distribution  in  the  Dobrowoliky  maohina  *  may 
be  considered  as  that  due  to  the  average  current  (,ii-\-u)/2  and  a  miper- 
imposed  unbalanced  current  (h—ii)/2,  as  shown  in  Fig.  75.  The  former 
oi  these  currents  flows  in  the  outsit^  lines,  but  does  not  pass  throush  the 
neutral  line,  and  so  does  not  a^ect  the  potential  of  the  point  o.  The  un- 
balanced current  is  that  which  affects  the  voltages  on  the  two  sides  of  the 
system  and  this  current  is  shown  separately  in  Fig.  76. 


► 


Fio.  77. 
Fios.  76  AND  77. — Unbalanced  currents  in  three-wire  generators. 

If  Rm  is  the  resistance  of  the  armature  from  brush  to  brush,  then  the  resist- 
anoe  from  a  to  c  varies  from  O  to  2Ra  and,  in  the  fiosition  shown  in  Fig.  76. 
it  is  equal  to  Ra.  If  Rh  is  the  resistance  of  each  of  the  two  legs  of  the  balance 
coil,  the  voltage  drop  from  o  to  a  is  equal  to  (,ii~it)Rb/2;  the  drop  from  a  to  c 
equals  itRt  and  is  alternating,  with  an  average  value  of  (t'l  — ii)As/6.  The 
average  drop  from  o  to  c  is  expressed  by 

<-^'>(^-+«0  (volt.)  (38) 

IH.  The  unbalanced  current  (ii— I'l)  ii  geoerally  limited  to  25  per  cent, 
of  tho  full-load  current  in  the  outside  lines  and,  since  the  armature  drop  at 
full  load  equals  the  product  of  full-load  current  and  Ra,  and  seldom  exceeds 
3  per  cent,  of  £,  it  follows  that  the  aversfie  voltage  from  a  to  c  eeldom 
exceeds  0.25  per  cent,  of  £.  for  25  per  cent,  unbalanced  current.  Tberefoie 
the  regulation  of  each  side  of  the  system  is  determined  principally  by  the 
drop  in  the  balance  coil  and  can  readily  be  kept  within  2  per  cent. 

IM.  The  uie  of  two  balance  colli  connected  as  shown  in  Fig.  77  results 
in  a  dight  improvement  in  the  machine.  The  average  voltage  drop  from 
o  to  c  in  this  case  is 

^-7--(^"-|-B6)approi.  (volts)  (38) 

and  is  apparently  less  than  it  would  be  with  only  one  coil.  But  when  two 
coils  are  used,  as  in  Fig.  77,  each  one  carries  half  of  the  current  carried  br 
the  single  coil  in  Fig.  76;  therefore  the  wire  used  has  half  the  section  and  eaeo 
of  the  coils  in  Fig.  77  has  twice  the  resistance  of  the  coil  in  Fig.  76,  and  tbt 
drop  from  o  to  o  is  the  same  in  each  case.  Tbe  drop  from  a  to  c  is  leM  is 
Fig.  77  than  in  Fig.  76,  but  the  difference  is  so  small  that  it  has  little  effect  on 

'  Hawkins.     Journal  of  Inst,  of  Elec.  Eng.,  Vol.  XLV,  p.  704. 
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ihi  refulation;  it  does,  however,  reduce  the  heating,  because  the  unbalanced 
curent  has  the  shorter  distance  to  travel  in  the  armature  when  two  balance 
oh  are  used,  so  that  for  the  same  armature  temperature  rise,  the  machine 
vith  the  Btosle  balance  coil  requires  slightly  larger  copper  for  the  armature 
noductozB  inan  that  with  two  balance  coils. 

Itr.  Til*  ratlzic  of  the  balance  eoil.  The  voltage  between  a  and  6 
[Tig.  74  to  Fie.  76)  is  alternating  and  has  a  maximum  value  equal  to  E  and  an 
effective  value  equal  to  Ef's/2.  The  current  in  each  half  of  the  balance  coil 
cqaals  (ii  — is)/2,  neglecting  the  small  exciting  current^  so  that  the  volt- 
■vpere  capacity  of  the  balance  coil  equals  B{i\  —  \t)/^\/2.  The  normal  out- 
nt  of  the  generator  on  balanced  load  equals  EI  volt-amperes,  so  that  for 
25  per  cent,  unbalanced  cur- 
rent, the  tranaformer  rating  in 
nlt-amperea  is  only  9  per  cent, 
of  that  of  the  generator. 

IM.  Compoand-w  o  a  n  d 
three  wire  reneraton  have 
iD  the  seriea  coils  on  the  N 
poles  placed  on  one  side  of  the 
drcuit  and  all  the  series  coils 
oa  the  S  poles  placed  on  the 
«her  side  of  the  circuit,  so  that 
the  compounding  is  independ- 
ent of  the  unbalancing  of  the 
load.  The  compounoUng  has 
10  effect  OD  the  voltage  unbal- 
udng. 

in.  Parallel  operation  * 
{Par.  SM>  ia  possible  if  two 
eqaaliaera  are  used,  one  for 
each  set  of  series  field  coils. 
The  diagram  of  connections  is 
■hown  in  fig.  78;  six  leads  per 
raachine  are  required  because 
the    circuit-breakers    on    the 
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Fig.  78. — Parallel  connection  of  three-wire 

generators. 


switchboard  must  be  in  the  armature  circuit  and  not  in  the  equaliser  circuit. 

STAHDiJtD  0OK8TANT-POTKHTIAL  HOTOR8 
SM.  Moton  for  general  Industrial  servioe  should  be  of  the  open  tvpe 
whenever  i>ossible.  The  totally  enclosed  type  should  not  be  used  unless 
sbsolutely  necessary.  For  crane  service,  a  totally  encloeed  series  motor  is 
nsed  with  a  half-hour  rating.  For  elevator  aervioe,  an  open  compound 
motor  is  used,  and  for  freight  hoilta,  an  open  series  motor  each  with  a  1-hr. 
rating. 

Ml.  Koton  for  railway  lerrice  are  generally  wound  for  650  volts. 
They  are  series  wound,  and  so  constructed  that  they  may  be  easily  opened  for 
repair.  The  steel  frame  is  of  the  split-box  type,  so  arranged  that  the  complete 
trmature  may  be  easily  removed.  The  armature  core  and  commutator  shell 
sre  mounted  on  a  cast-steel  spider,  in  order  that  a  damaged  shaft  may  readily 
be  removed.  Railway  motors  have  undercut  mica  (commutator  insulation) 
and  abrasive  brushes,  but  the  tendency  is  to  use  interpoles  in  order  to  mini- 
mixe  sparking  and  flashing-over  and  to  allow  high  speeds  to  be  obtained  for 
suburban  service  by  field  weakening.  Since  the  load  fluctuates  between  wide 
limits,  interpole  shunts  should  not  be  supplied  (Par.  1T6). 

Railway  motors  may  be  built  for  1,200  volts,  but  the  weight,  size,  and  cost 
ire  increased  for  a  given  rating.  A  100-h.p.  6(X>-volt  motor  can  be  rebuilt 
to  develop  75  h.p.  at  1,200  volts;  the  larger  the  output  the  less  will  be  the 
<tiflerence  in  rating  between  the  high-voltage  and  the  low-voltage  machine. 
The  1,200-volt  machine  has  the  shorter  commutator  and  therefore  the  longer 
eore  and  the  larger  flux  per  pole,  but  has  less  copper  in  the  slots  due  to  the 
extra  insulation  required  for  the  large  number  of  conductors  and  the  high 
voltage.    A  four-pole  machine  with  an  average  of  20  volts  between  segments 


*  Bulletin  on  "  I.  T.  E.  Circuit  Breakers." 
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will  have  240  Begments  and,  with  a  minimum  segment  and  mioa  of  0.2  in. 
ra.fi  cm.)  thickness  will  have  a  commutator  diameter  of  about  15  in.  (38  om.). 
For  further  information  see  Sec.  16. 

SOS.  Mill  xnoton  for  rolling-mill  work  are  built  like  street  railway  motors 
set  on  feet,  and  are  constructed  in  a  similar  manner  in  order  that  they  may  be 
readily  repaired.  The  shafts  are  made  stiffer  than  usual,  which  results  in 
greater  bearing  friction  and  smaller  effioienoy  than  in  standard  motors. 
These  motors  weigh  and  cost  about  20  per  cent,  more  than  standard  motors 
of  the  same  rating. 

SOS.  BUns  moicui  are  designed  to  operate  in  a  damp  atmosphere  and 
must  therefore  be  specially  impregnated  with  waterproof  compound. 

504.  nama-iwoof  motmv,  *  for  operaUon  in  explosive  atmospheres,  must 
have  the  curreat-oarrying  parts  oom^tely  enclosed  in  flame-tigfit  enelosures 
of  non-inflammable  material  of  sufficient  strength  eo  as  not  to  be  endangered 
by  an  explosion  in  the  motor  interior.  The  housings  of  such  motors  should 
never  be  opened  in  service  except  when  the  motor  is  completely  discon- 
nected from  the  supply  circuit. 

It  IB  impossible  to  construct  motors  which  are  gSJ-tight.  When  the 
machine  becomes  heated,  any  gu  which  is  in  the  case  expands  and  some  of  it 
is  forced  out  along  the  shaft.  When  the  motor  cools  agfun,  a  fresh  supply  of 
gas  will  be  drawn  into  the  case.  Flams-tight  motors,  wherein  the  trans- 
mismon  of  an  inside  explosion  to  the  outside  is  prevented,  have  proved  faas- 
ibis.  There  are  two  types:  (a)  Totally  enclosed  machines,  constructed  to 
withstand  a  pressure  of  110  lb.  per  sq.  in.  (7.7  kg.  per  sq.  cm.),  are  built  in 
capacities  up  to  about  26  h.p.,  out  become  large  and  expensive  for  greater 
outputo.  (b)  Flate-proteoted  motors  have  openings  which  are  filled  with 
pistes  about  0.02  in.  (0.5  mm.)  apart  so  as  to  form  a  labyrinth  passage  for 
the  gases;  the  function  of  this  labyrinth  is  to  cool  the  products  of  combustion. 

SOi.  Adjustable- speed  m.ot(m  are  efficient  only  when  operated  by  field 
control  (Par.  164).  For  a  wide  range  in  speed,  iaterpoles  are  required  (Par. 
16S).  The  mse  and  cost  of  the  machine  depend  on  the  minimum  speed  at 
which  it  is  necessary  to  supply  the  rated  output,  and  the  maximum  speed  is 
that  at  which  the  peripheral  velocity  reaches  a  safe  limit.  By  the  use  of 
interpoles,  deep  ^ots  may  be  employed,  and  the  output  for  a  given  weight 
increased  10  per  cent,  over  that  for  a  non-interpole  machine,  but  the  cost  per 
horse^rawer  is  not  reduced.  The  following  taue  |gves  a  list  of  raUnjpi  that 
may  be  obtained  from  a  machine  of  weight  x  (rig.  66).  suitable  windings 
being  supplied;  a  speed  range  of  3  to  1  is  ample  for  most  purposes: 

46  h.p.  at  800  to  1,200  rev.  per  min. 
40  h.p.  at  700  to  1,200  rev.  per  min. 
34  h.p.  at  600  to  1,200  rev.  per  min. 
20  h.p.  at  500  to  1,200  rev.  per  min. 
20  h.p.  at  350  to  1,050  rev.  per  min. 
17  h.p.  at  300  to  900  rev.  per  min. 
14  h.p.  at  260  to  750  rev.  per  min. 
11  h.p.  at  200  to  600  rev.  per  min. 

STANDARD  CONSTANT- CURRENT  OKNERATORS 

505.  Ol>en-clrcnit  windings.  Fig.  79  shows  an  armature  with  two  open 
coils  and  four  commutator  sexments.  The  volt^o  between  A  and  B  varies 
as  shown  in  fig.  80;  the  current  is  pulsating  and  only  half  of  the  armature 
is  in  use  at  any  given  instant. 

SOT.  In  the  Brush  arc  machine  the  commutator  segntents  are  made  to 
overlap  as  shown  diagrammatically  in  Fig.  81  and  the  brushes  are  wide  enough 
to  cover  two  overlapping  segments.  During  the  first  one-eighth  rev.,  coil  C 
alone  is  active  and  the  e.m.f.  in  that  coil  passes  through  its  maximum  value. 
During  the  next  one-eighth  rev.,  coils  C  and  D  are  in  parallel;  the  e.m.f.  in  C 
is  decreasing  and  that  in  D  is  increasing.  During  the  next  one-eighth  rev., 
coil  C  is  cut  out  and  coil  D  alone  is  active.  When  two  coils  are  in  parallel 
the  higher  e.m.f.  in  one  coil  tends  to  reverse  the  current  in  the  coil  of  lower 


*Baum.    '*Fire  Damp-proof    Apparatus/'   General  Blectric  RtvUto,  Vol* 
XIII,  p.  402. 
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ubJ.  and,  when  the  latter  ourrent  U  lero,  the  eontsct  between  the  oorre- 
ipondins  coil  and  the  brush  may  be  broken  without  sparking.  Thus  byroeking 
Ibe  bruabefl,  a  position  of  minimum  sparking  may  be  found. 

SOS.  BAtincs  of  Brush  arc  (eneraton.  A  6,2S0-volt,  9.e-amp.,  800- 
KT.  per  min.  Brush  maebine  weighs  9,500  lb.  (4,350  kg.),  occupies  a  floor 
1  of  S4  in.  by  56  in.  (2. 1  by  1.4  m.)  and  requires  91  h.p.  to  dnve  it. 


Fio.   79. — Open  coil  armature.       Fio.  80. — Voltage  between  A  B. 

gav.  Tbe  Bnuh  rarnlator  in  its  simplest  form  is  shown  in  Fig.  63. 
A  more  recent  type  consists  of  two  electromagnets  rotated  in  opposite  direc- 
tiom  on  a  common  axis  by  means  of  belts  from  the  main  shaft;  between  the 
nMcnete  is  a  piece  of  iron  which,  when  clutched  by  either  electromagnet, 
I  sill  II  the  contact  arm  to  move  over  the  face  of  a  rheostat  which  shunts  the 
field  windin^Ea.  The  excitation  of  the  clutch  magnets  is  controlled  by  a  sole- 
Botd  in  the  hne  circuit,  so  adjusted  as  to  close  the  circuit  of  one  magnet,  or  the 
other,  according  as  the  value  of  the  line  current  is  too  great  or  too  smsll. 


Fio.  81. — Brush  type.  Fia.  82. — Thomson-Houston  type. 

Arc  light  generators. 


tU.  The  Thomion-Rouston  machine  has  three  open  coils  spaced  120 
^ectrical  degrees  apart,  joined  together  at  their  inner  ends,  and  connected  to 
a  three-part  commutator  at  the  oufer  ends,  as  shown  diagrammaticallj^  in 
Fig.  82.  At  the  position  shown  in  Fig.  82,  the  e.m.f.  in  coU  C  is  increasing, 
thaa  in  i>  is  decreasing,  and  that  in  A  is  sero;  coil  A  is  therefore  out  of  cir- 
emt  at  the  instant.  As  the  armature  revolves,  the  e.m.f.  in  A  increases  and 
that  in  D  decreases,  until  finally  the  brush  disconnects  the  coil  D  and  connects 
A  in  aeries  with  C.  This  cannot  be  done  suddenly,  however,  or  bad  sparking 
woold  result;  therefore  the  extra  set  of  brushes  (shown  b^  dotted  finer)  is 
added  and  ema  A  and  D  are  connected  in  parallel  until  the  increasing  voltage 
in  A  is  able  to  reduce  the  current  in  Z>  to  lero,  and  thereupon  the  latter  coil 
can  be  disconnected  from  the  brush.    The  voltage  regulation  in  this  machins 


*  For  tables  of  ratings  of 


Recent  types  of 


9  of  arc-lighting  generators  see  Houston  and  Ken^ 
Dynamo-electno  Machinery,"  pub.  1898. 
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u  obtained  by  shifting  the  bnubes.  When  the  brushes  iin  in  the  position 
shown 'in  Fig.  82,  laree  e.m.fs.  are  being  generated  in  the  coils  connected  in 
series;  when  the  brushes  are  stiifted  through  90  deg.  these  coils  are  ^eneratins 
low  e.m.fs,  and  the  terminal  voltage  is  a  minimum.  The  meohamsm  which 
shifts  the  brushes  also  varies  the  angle  e  between  brushes  so  as  to  securs 
good  commutation  with  all  brush  positions. 

til.  *»""g  of  Thomson-Houston  are  machines.*  A  2,500-volt. 
10-amp.,  829  rev.  per  min.  Thomson-Houston  machine  weighs  fi,075  lb. 
(2,700  kg.),  occupies  a  floor  space  of  64  in.  by  52  in.  (l.S  X  1.3  m.)  and  re- 
quires 38  h.p.  to  drive  it. 

tit.  The  Thomson-Houston  nrulator  is  shown  diagrammatieally 
in  Fig.  83.  The  electromagnet  M  is  snort-circuited  through  the  contact  .S. 
When  the  line  current  is  too  strong,  contact  S  is  opened  by  the  magnet  N  and 
the  main  current  passes  through  3f ,  which  raises  a  lever  and  increaaea  the 


Fio.  83. — Thomson-Houston  regulator. 

brush  arc.  At  the  same  time  the  brushes  are  shifted  from  the  position  of 
maximum  e.m.f.  The  arcing  at  the  commutator  issuppressed by  a  mechan- 
ically-operated blower,  and  the  arcing  at  the  switch  £  ie  '"■"'H">^  by  the 
discharge  resistance  R. 

lis.  The  Wood  arc  machine  has  a  Gramme-ring  winding  with  a  liga 
number  of  commutator  segments.  The  current  is  kept  constant  by  shifting 
the  brushes,  the  voltage  being  a  maximum  when  the  brushes  are  in  the  neutnu 
position  and  zero  when  the  brushes  are  under  the  centres  of  the  poles. 
The  regulator  is  operated  by  an  electromagnet  which  lifts  a  lever  against  the 
pull  of  a  spring;  when  the  line  current  is  too  large,  the  magnet  pulls  the  lever 
in  such  a  manner  as  to  engage  reduction  gearing  with  the  revolving  armature 
and  cause  the  brushes  to  move  to  a  position  of  lower  voltage;  if  the  current  ia 
too  small,  the  spring  pulls  the  lever  in  the  opposite  direction  and  the  gearing 
then  moves  the  brushes  to  a  position  of  higner  e.m.f. 

As  in  the  Thomson-Houston  machine,  the  brushes  of  the  Wood  arc  machine 
are  split  into  two  parts  separated  by  an  angle  9  (Fig.  82).  As  the  bruabea 
move  under  the  poles,  for  the  purpose  of  reducing  the  terminal  voltage,  the 
e.m.f.  generated  in  the  short-circuited  coils  increases,  and  must  be  counter^ 
balanced  by  &  higher  reactance  voltage;  this  is  readily  obtained  in  a  QrainmB 
winding  by  reducing  the  brush  arc  so  as  to  decrease  the  Ume  of  commutation. 
For  sparkJcsB  operation,  the  brush  angle  6  should  decrease  as  the  brushes  move 
under  the  poles;  this  is  accomplished  automatically  by  the  brush-rocldnc 
device. 

114.  Bating  of  Wood  are  machines.  *  A  e,250-volt,  9.6-amp.,  500  rev. 
per  min.  Wood  arc  machine  weighs  14,600  lb.  (6,600  kg.),  occvques  a  floor 
space  of  82  in.  by  80  in.  (2.1  m.  by  2  m.)  and  requires  90  h.p.  to  drive  it. 

tl(.  Constant-current  (enerators  for  series  arc  Ucbtlnr  are  neaily 
obsolete,  although  the  Rosenberg  machine  (Par.  187),  is  coming  into  use  for 
the  operation  of  searchlight  arcs.  Direct-current  senes  lighting  systems  are 
now  in  use,  but  in  moat  cases  are  supplied  from  rectifiers  &ee.  6). 

*  Houston  and  Kennelly, "  Recent  Types  of  Dynamo^Ieotric  Machinery." 
1888. 
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TKDST  8TSTIM    ' 

til.  Tha  eonatant-eniNnt  iTStom  employinc  the  typM  of  nnarator 
dtttribtd  above  ii  now  nrely  uaed,  but  tbe  •yttem  haa  otuar  applicataooi, 
nrtuularly  in  the  tnuMmiiiion  of  snergy  ovar  lone  diataacea  (Sac.  11), 
C«MUat-cumnt  maehiBaa  for  operation  on  liie  ThlUT  Syitam*  have  baan 
bolt  for  5,000  Tolta  and  160  amp,  Tbeae  marhinea  hava  a  two-circoit  dram 
liidinc  a  commutator  with  a  larca  number  of  aecmenta,  ao  aa  to  keep  down 
Iktaverase  potential  between  ban  to  about  20  voTta;  ana  two  acta  of  bruahaa 
»l*nd  diantetricallr  oppoaite.  The  claim  baa  been  made  that  unita  rated 
tt  5,000  Tolta  and  600  amp.  can  be  conatnieted  for  aparklea  o|>eration,  and 
>t  naaonabia  coat. 

UT.  Tba  Thunr  refulator  ia  much  like  the  Bruab  reculator  (Par.  Mt). 
itotpt  that  inataad  of  movinc  the  contact  arm  of  a  rhaoatat,  it  ahifta  the 
bnabaa  tbroucb  90  electrical  de|.  aa  in  tiia  Wood  macliine  (Par.  SIS). 
Aaothar  type  of  regulator  faaa  a  relay  in  the  main  circuit  which  operatea 
■^  goremor  on  the  prime  mover  in  auch  a  manner  aa  to  increaaa  the  ipeed, 
ud  therefore  the  Toltace,  if  the  line  current  becomea  too  amall;  tba  bruahaa 
■a  thia  caae  are  Axed  in  poaition. 

UH  Cointant-omtanS  mot«n  must  conaume  an  e.m.f.  whieh  Taiiea 
>ith  tha  lead.  A  eentrif ucal  governor  on  the  motor  ahaft  eauaea  the  bruahaa 
toba  ahifted  away  from  the  neutral  poaition  when  the  apeed  ritea  due  to  a  re- 
daction in  load,  ao  that  the  counter  e.m.f.  ia  dccreaaed,  and  alao  tha  total  con- 
•UMd  e.m.f.  The  senerator  bruahaa  are  moved  automatically  at  the  aame 
tunc  to  give  thia  lower  voltage. 

Ul.  Bparklaia  operation  in  all  bruah  podtiona  ia  made  poaatUe  by  ao 
dtajgning  the  machine  that  the  number  of  armature  amp.-tuma  per  pole 
a  equal  to  tha  exeitiiig  amp.-tuma  per  pole.  When  the  vUtaga  between 
braihea  ia  a  maximum,  tha  bruahaa  are  in  the  neutral  poaition;  but  when  thia 
voltage  ia  amall.  tha  demagnetising  effect  of  the  armature  ia  large,  and, 
•hhongh  the  bruahaa  are  under  the  polea,  the  inagnetic  field  ia  amaU.  The 
Pdcfl  are  shaped  ao  that  the  short-circuited  coils  are  always  in  a  suitable 
Kid  and  therefore  commutation  is  as  good  aa  in  an  interpde  generator. 
.  lU.  Insolstioa.  Stnoe  the  generators  and  the  motors  are  all  connected 
IS  •ariea,  the  potential  between  a  machine  and  the  ground  may  be  very  high, 
iHhoagh  the  machine  itaelf  is  wound  only  for  6,000  volts.     Hence  each 

iBsrhine   must  be  insulated  from  the  ground,  and        . 

ilriven  tiirough  an  insulating  coupling.    The  power-  JC^W^  - 

koose  floor  ia  alao  made  of  inaulating  material  for  the  (J)        VtS 

pnteetioa  of  the  operatora.  Sl___r 

UL  Opg'fctlcin  at  oomtant-wiTrent  maehlaeg. 
rig.  81  ahowa  the  diagram  of  connections  of  the  sys-     _ym\.' 
tsm.     To  place   machine  A  in  operation,  it  is  first  /^\         >»<k 
l^ooght  up  to  speed  and,  when  full-load  current  flows  vy  ^.  .,  f^ 
in  the  local  circuit,  the  awitch  S  is  thrown  to  the  proper    ^^  ' 

position  to  place  the  machine  in  sariea  with  the  line.  Flo.  81. — Connection 
To  take  a  machine  out  of  operation,  the  bruahaa  are  of  series  generators, 
hrought  slowly  to  the  sero  voltage  position:  then  the 

•■itch  S  is  manipulated  to  short-circuit  the  machine  and  diacoimeet  it  from 
theUne. 

To  start  up  a  motor,  firat  see  that  the  brushes  are  in  the  poaition  of  sero 
rdtage,  then  switch  the  machine  in  series  with  the  line  and  move  the  brushes 
•lowly  into  the  neutral  position  to  bring  the  motor  up  to  speed,  after  which 
the  antomaUe  regulator  will  keep  the  speed  constant. 

MOTOB-OnnBATOB  SITS 
tSS:  Direat-etimnt  letg  are  generally  uaed  to  obtain  energv  for  spemal 
Pwncaea  from  a  atandard  lighting  and  power  system.    Thus  uie  generator 
<<  the  set  will  often  be  a  special  machine. 

.  SIS.  Tlia  apead  of  theae  maohinea  ia  seldom  fixed  by  external  coosidera- 
tiosa  and  may  be  chosen  high  in  order  to  keep  down  the  cost.  The  preaent 
tendency  ia  to  use  speefls  such  as  those  given  in  Fig.  67  for  high-speed  gen- 
erators; machinea  of  higher  speed  will  be  cheaper  and  will  operate  satiafac  - 
*grily  but  will  rarely  be  accepted  by  operating  engineers. 

'ffighfield.  Journal  of  Inat.  of  Elec.  Ens..  Vol.  XXXVIII,  p.  471;  VoL 
ZUX,  p.  MS;  Still.  Sscfncai  Worli,  Vol.  LX,  p,  1093,  1913, 
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St4.  Stftndtfd  bftlanter  Mt«,  *  as  UMd  for  three-wire  operation,  conaii 
of  two  like  units  coupled  together,  each  wound  for  half  of  the  total  voltm^ 
and  connected  in  aenes  as  shown  in  Fig.  85.  On  balanced  load,  they  bot 
run  *'light"  as  motors;  but  with  unbalanced  load,  the  current*  flow  as  ahovr 
in  Fig.  85  and  machine  M  acts  as  a  motor  and  drives  (?  as  a  generator.  T*b 
current  in  M  is  greater  than  that  in  Q  by  that  amount  required  to  suppl 
the  armature  losses.  The  motor  speed  drops  with  increase  of  load,  ana  ftJb 
generator  voltage  drops  due  to  the  decrease  ia  speed  and  in  excitation,  m 
that  E$  is  less  than  \E.  By  crossing  the  shunt  coils,  as  in  Fig.  86,  the  regulfl 
tion  is  improved.  The  motor  field  decreases  with  decrease  of  Et  ana  tli 
speed  of  the  set  increases  with  load;  furthermore,  the  generator  exdtatioc 
being  taken  from  Em,  increases  with  load,  so  that  with  this  connection  tJt 
voltages  are  more  nearly  equal  under  all  conditions. 


Fig.  85.  Fio.  86.  Fia.  87. 

Fios.  85,  86  AND  87. — Balancer  sets. 

til.  Compound  baluteon  are  connected  as  in  Fig.  87.  so  that  the  gen- 
erator is  always  cumulatively  compounded  and  the  motor  is  oompounded 
difTerentially,  no  matter  in  which  direction  the  unbalanced  current  flowm. 
This  connection  causes  the  balancer  speed  and  the  generator  voltage  to 
increase  with  the  unbalanced  load. 

The  generator  current  is  expressed  by  the  formula. 

U  -  /.f^  (40) 

and  the  motor  current  by 


1 


-  M  giv 

The  actual  combined  emcdenoy  of  the  set  19 


(•il) 


The  efficiency  in  each 
lected 


I-  -  /.J 

being  given  with  the  abunt-ezcitatioB  loaa  nec- 


Efl. 


(42) 


BOMOPOLAS  MAOBimS 

III.  Theorr  of  Oparation-t  Faraday 
showed  that,  if  the  metal  strip  A,  Fig.  88, 
be  moved  so  as  to  cut  lines  of  force,  an  e.m.f. 
will  be  established  between  the  bniahea  a  and 
b  and  a  continuous  current  sent  round  the  ex- 
ternal circuit  connecting  them. 

SIT.  The  radial  typa,  shown  in  Fig.  88, 
consists  of  a  metallic  disc,  rotating  between 
poles  which  are  excited  by  6eld  coils  wound 
concentric  with  the  shaft.  The  brushes  ar« 
placed  at  a  and  6,  and  hole*  are  cast  in  the 
yoke  to  allow  access  to  the  brushes.  In  Fig. 
90,  there  are  two  discs  mounted  on  the  same 
shaft  so  tliat  they  are  electrically  connected 

*  Budd  Frankenfield,  EUctrioal  World,  Dec.  23,  190S;  Lanier,  EUctriad 
Journal,  Vol.  IX,  p.  1036. 

tGray.  "Impossible  Horoopolar  Machines,*Tana<fian  Blec  AT^vc,  Mar. 
IS,  1913. 


Fia.  88. — Faraday's 
demonstration. 
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•t  tte  hnb.  aoA  tfa«  total  •.mJ.  i«  twiea  that  of  one  diae.  Stoel  haa  bean  siu- 
aatcd  for  the  diae  material  ao  aa  to  leduee  the  reluctance  of  the  macnetie 
dicait:  tbia,  however,  would  introduce  a  mafnetic  pull,  due  to  inequalities  in 
tkt  aiz^^mpa  on  the  two  aidea  of  the  diae,  and  this  pull  could  be  eHminated 
oaljr  by  emrefully  adjuating  the  disca  and  then  aecurinf  them  in  aucb  a  way 
m  to  pfwrent  end  play. 


Fio.  89.  Pio.  90. 

Fioa.  89  Axn  90. — Radial  type  of  homopolar  machine. 

ttS.  TiM  asUl  tnXi  ahown  in  Fix.  91,  consiata  of  a  metalUe  csjlinder 
TotAtioc  in  ^  uniform  magnetin  field.  The  voltage  of  aucb  a  machine  ia  low ; 
a  30O-kw.,  600-Tolt,  3,00O-reT.  p«>T  min.  machine  with  an  armature  diameter 
of  1S3  in.  (49  em.).  effeetiTe  core  length  of  12.2  in.  (31  cm.)  and  a  peripheral 
Telocity  of  15.200  ft.  per  min.  (77  m.  per  sec.)  generatea  41.6  volta  per  con- 
daetor  in  a  field  of  112,0(X)  lines  per  sq.  in.  (17,300  per  aq.  cm.)  density.  In 
tlda  caae  twelve  conductora  in  senes  are  required  for  600  volts,  and  each  con- 
ductor requires  two  slip-rings,  with  bnishea 
oa  eWcb  ring  adequate  to  carry  the  full- 
load  curreDt,  the  rubbing  velocity  beins 
about  15,000  ft.  per  min.  (77  m.p.a.).  * 

IW.  Tb*  brnth  frletlMi  Ion  is  very 
larce  and  the  total  contact  drop  of  twenty- 
four  contacta  in  series  is  alao  large.  The 
efBeienev  ia  about  88  per  cent,  at  half 
load  ana  91  per  cent,  at  full  load. 

ISO.  The  ontpnt  aquation  (Far.  (I) 
for  m  homopolar  maehtno  ia 

^  .,         /watta\ /80.8X10»\,       .    .  ,,,. 

where  (B.  in  the  above  300-kw.  maehine  ia 
112.000  Hnea  per  sq.  in.  and  is  limited  by 
saturation;  q  in  the  above  maehine  equals 
13X  SOO/v  y.  19.3  -  120  ampere-conduotors 
per  in.,  a  value  which  cannot  be  increased 
wxthcnit  increasing  the  number  of  brushes, 
and  which  cannot  reach  the  value  nven  in 
Fig.  20  unless  some  brush  ia  devised  which 
will  e<deet  about  1,200  amp.  per  aq.  in. 
(186  amp.  per  aq.  cm.)  of  contact  surface. 

Subetttutiss  the  above  values  for  (B(  and  4  the  following  equation  is  ob- 
tained. 


Fio.  91. — Axial  type  of  homo- 
polar  machine. 


D.«£.  -  4S(  - 


p.m./ 


(cu.  in.) 


(44) 


•Noeggerath.     rratw.  A.  I.  E.  E.,  Vol.  XXtV.  p.  1. 
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Now  the  dux  denaity  in  section  A,  fig.  01,  is  limited  to  about  130,000  lines 
per  aq.  in.  (20,000  per  sq.  cm.)  so  that  Da  »  1.7  Le  approximately,  and  there- 
fore ^a>»76  watts/rev.  per  min.,  with  the  above  limitations. 

tSl.  Waicht  &nd  coit.*  Because  of  the  low  value  of  ampere-oonductors 
per  in.,  made  necessary  by  the  brush  rigging,  the  value  of  Dm*LtfoT  a  homo- 
polar  machine  will  generidly  be  greater  than  for  a  machine  oi  the  standard 
type  and  the  machine  will  be  much  heavier  and  more  expensive.  Therefore, 
until  suitable  brushes  are  found,  this  type  of  machine  is  not  likely  to  be  widely 
used  except  in  the  case  of  machines  for  low  voltages  and  large  currents. 

SSI.  Th*  zuudznum  output  that  can  be  obtained  for  a  given  number 
of  revolutions  per  minute  may  be  found  by  assuming  a  limiting  iwripheral 
velocity  of  15,000  ft.  per  min.  (77  m.  per  8ec.)>  Then  the  output  in  watts  is 
equal  to  £>a'Xr.p.m./7e  and 

kw  -  0.72       ^  X  ^^^  (45) 

-2.5X10Vrr.p-m.)« 
The  maximum  output  and  the  speed  are  plotted  in  curve  4,  Fig.  32.    The 
points  shown  on  the  curve  give  the  ratings  of  two  machines  now  in  operation. 
ISS.  Gompound- wound   homopolar    machlnef.    The  idea    under- 
lying the  compounding  is  explained  by  the  diagram  in  Fig.  02,  which  relates 
to  a  machine  having  six  conductors.     The  brushes  E  are  connected  to  the 
stationary    conductors   H  by  means  of  con- 
nection  pieces  O.      Only  a  portion   of  the 
whole  length  of  O  is  actually  employed  to 
carry  current,  and  the  amount  of  tnia  active 
portion  can  be  varied  by  the  brush  rookerF. 
In  practice  it  is  sufficient  to  have  a  flexibla 
lead  instead  of  the  fixed  conductor  O. 

IS  4.  Homopolar  maohizus  mmy  b« 
made  B«lf-exclting  and  Noeggerath  points 
out  that  homopolar  machines  may  even  be 
operated  without  the  use  of  a  field  oml. 

SS6.    Standard    lin«i    of    homopolar 
machlnea  are  not  on  the  market;  the  ma- 
chines are  heavy  and  expensive  if  the  am- 
pere-conductors per  in.  are  kept  low  so  as  to 
_  _  nave  a  reasonably  satisfactory  brush  rigging 

1*10.  92.— Compounding  of  (Par.  MO),  and  are  troublesome  in  opera- 
homopolar  machmes.  B,  arm-  tion  unless  they  are  excessively  large.  The 
ature  conductors;  C,  insulation  troubles  encountered  in  the  construction 
between  conductors;  D,  slip  ^nd  operation  of  a  homopolar  machine  are 
"°S'-  described  by  Lammet  in  connection  with  a 

2.00O-kw.,  2e0-volt,  7,700-amp.,  1.200-r«v. 
per  Ttiin.  machine  which  had  16  slip-rings  operating  at  a  peripheral  velocity  of 
13,200  ft.  per  min.  (67  m.  per  sec.)  and  copi>er  leaf  brushes  set  against  tha 
direction  of  rotation,  the  rings  being  lubricated  with  graphite. 

OPXRATION  or  OKHKBATOBa  AND  HOTOBfl 
SSS.  Bhunt-wound  ff«n*r»torR  in  parallel.  A  and  B,  Fig.  03,  are 
two  similar  generators  feeding  the  same  bus  bars  C  and  D.  If  machine  A 
tends  to  take  more  than  its  proper  share  of  the  total  load,  the  voltaoe  of  A 
faUs,  and  the  load  is  automatically  thrown  on  B,  the  machine  with  the 
higher  voltage.  Furthermore,  if  the  engine  connected  to  B  falls  for  an  in- 
stant, that  machine  slows  down,  its  generated  e.m.f.  falls,  and  current  flows 
back  from  the  line  to  operate  it  as  a  motor.  Since  the  excitation  remains 
unchanged,  the  machine  will  run  at  normal  speed  and  in  the  same  direction 
as  before,  and,  as  soon  as  the  engine  recovers,  will  again  take  its  share  of 
the  load. 

It7.  DiTlaion  of  load  between  ahunt  generators  in  parallel.  The 
external  characteristics  of  the  two  machines  are  shown  in  Fig.  05.     At 

•  Pohl.  "The  Development  of  Tubo-generntora,"  Journal  of  Inst,  of  Elea 
Eng..  Vol.  XL.  j>.  239. 

tLamme.     TranB.  of  A.  I.  K.  E.,  Vol.  XXXI,  p.  975. 
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Toltaae  M,  the  eurrenta  in  the  maohinc*  u«  /«  Mid  /t,  and  tha  line  eunent 
ii  /•+/••  To  make  machine  A  take  more  of  the  load,  ita  exoitatioa  mint  be 
inervaaed,  in  order  to  raise  its  characteriatio  ciinre.  li  a  lOO-kw.  machine 
and  a  SOCVkw.  machine  have  the  same  regulation,  and  therefore  the  same  drop 
in  Toltue  from  no  load  to  full  load,  then,  as  shown  in  Fig.  96,  the  machines 
win  dmde  the  load  according  to  their  respective  capacities. 
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93. — Shunt.  Fio.  94. — CompouDd. 

Coonections  for  parmllel  operation. 


SM.  Compoond-wonnd  ffviMrftton  in  p*raUel.  A  and  B,  Fig.  94, 
are  two  compound- wound  machines.  If  machine  A  tenda  to  take  more  than 
ita  proper  share  of  the  load  the  series  excitation  of  A  increases,  its  voltage 
rises  aod  it  takes  still  more  of  the  load,  so  that  the  operation  is  unstable. 
Fnrthermore,  if  the  engine  on  B  fails  for  an  instant,  that  machine  slows  down, 
its  generated  voltage  falls  and  current  flows  back  from  the  line  to  operate  it 
as  a  motor.  Under  these  conditions  the  shunt  excitation  remains  unchanged, 
but  the  ourrent  in  the  series  coils  is  reversed,  so  that,  running  as  a  motor  m  a 
weak  field,  the  nuwhine  will  tend  to  increase  in  speed  and  possibly  run  away. 

ISf.    ■qoAlUer     but. 
To   prevent  instability 
when        eompound- wound 
machines   are   operated  in    Si 
parmUfd,  a  bus  bar  of  large   s 
section    and  negligible  re-  ^ 
sistanoe,    called    an  equal-   ^ 
iacr  bus,  is  connected  from  ^ 
e  to  /  as  in  Fig.  94.     Points   B 
e  and  /  are  then  practicallv    g 
at    the     same     potential;    • 
therefore     the    current    in  ^ 
each  series  coil  is  inversely 
proportional  to  the  resist- 
ance of  that  coil,  is  inde-  Fra.  95.  Fio.  96. 
pendent   of  the    armature  Fios.  95  and  96. — Division  of  load  between  two 
current,  and  is  always  in                    shunt  generators  in  parallel, 
the  same  direction.      The 

machine  ammeter,  which  indicates  (at  the  switchboard)  the  current  output, 
should  always  be  connected  in  series  with  the  lead  k,  Fis.  94.  In  intwpole 
maehines,  the  interpole  winding  is  considered  as  part  of  the  armature. 

S40.  8«riM  ihunt.  When  a  sin^e  compound  generator  has  too  much 
compounding,  a  shunt  in  parallel  with  the  series  6eld  coils  will  reduce  the 
current  intheee  coils  and  so  reduce  the  compounding.  When  compound 
machines  are  operating  in  parallel,  using  an  equaliser  bus.  the  current  m  the 
seriee  field  coils  depends  only  on  the  resLBtance  of  these  coils;  and  a  series 
shunt  connected  to  one  machine  does  not  reduce  the  compounding  of  that 
machine  alone,  but  also  that  of  all  the  other  machines  with  which  it  is  o^rat- 
ing  in  parallel.  In  order  to  reduce  the  compounding  of  a  single  machine,  a 
reaistanoe  must  be  placed  in  scries,  and  not  in  parallel  with  the  series  field 
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m 
o<^1b.     a  oombin&tion  of  series  and  shunt  reaUtances  can  also  be  Mnployed. 
This  adjustment  is  made  after  erection.     If  one  machine  is  found  to  tAke 
more  than  its  share  of  the  load,  then  its  compounding  must  be  reduced  by 
means  of  a  resistance  placed  in  series  with  its  series  field  coils. 

841.  Starting    and   itoppinff   a   ilziffle   ahunt-wound   ffenerstor. 

It  is  generally  safest  to  start  with  the  machine  entirely  dlaconneotnd  from 
the  external  circuit  and  with  the  field  rheostat  all  in  circuit.  ^  Then  brin<  the 
generator  up  to  speed  and  cut  out  the  field  resistance  until  the  voltace  of 
the  generator  is  normal.  The  main  line  switch  may  then  be  dosed  and 
further  adjustment  of  voltage  made  if  necMsary. 

To  stop  the  machine,  open  the  fe«Mier  switches,  insert  all  the  resistance 
in  the  fidd-coU  circuit,  tnen  open  the  main  switch  and  shut  down  the 
engine. 

141.  Startinff  and  itoppinc  shont-wound  veneraton  In  parall«l. 
Assume  that  machine  A,  Fig.  93,  is  running;  it  is  required  to  throw  machine 
B  in  parallel  with  it.  This  Tatter  machine  must  on  no  account  be  connected 
to  the  line  while  oomins  w  to  speed,  otherwise  it  will  form  a  short  circuit 
across  the  machine  which  is  already  in  operation.  To  place  machine 
B  in  operation,  bring  it  up  to  speed  with  the  switch  S  open,  aajust  the  ahunt 
rheostat  until  Bh  —  Ba,  then  close  switch  8  and  increase  tne  excitation  of  B 
until  it  takes  its  share  of  the  load.  To  disconnect  this  machine,  its  exratation 
should  be  reduced  until  machine  A  carries  the  entire  load;  the  switch  S  may 
then  be  opened.  When  shunt  machine  are  being  connected  in  parallel  for 
the  first  time,  the  polarity  of  the  switches  should  be  carefully  tested  with 
a  voltmeter  or  its  equivalent.  « 

S4S.  Starting    and    atoppinf    coniponnd-vottnA    faneraton.     A 

single  machine  is  started  and  stopped  in  the  same  way  as  a  shunt  machine 
(Par.  S41).  To  place  machine  B,  Fi^.  04,  in  parallel  with  machine  A,  which 
is  already  running,  bring  the  machine  up  to  speed  and  excite  it  to  ciTe 
normal  voltage;  first  close  switches  g  and  A  in  order  to  excite  the  series  ootla, 
then  make  Eh  equal  to  the  bus-bar  voltage  and  close  switoh  k\  the  machine 
may  then  be  made  to  take  its  share  of  the  Toad  by  increasing  the  shunt  ezoiia- 
tion.  To  disconnect  the  machine,  reduce  its  load  to  lero  as  in  the  shunt 
generator,  and  open  the  three  switohes  in  the  reverse  order. 

Three  separate  switohes  are  necessary  for  large  machines,  because  of  the 
large  currents.  For  smaller  machines,  one  double-pole  switoh  for  g  and  A, 
and  a  single-pole  switch  Jt,  are  sometimes  used.  For  small  machines,  a 
three-pole  switoh  is  often  used,  but  then  the  main  switoh  is  closed  before 
the  scries  field  has  its  proper  value  and  there  is  a  momentary  disturbance. 

S44.  Starting  and  stopplnff  moton.  All  except  small  motors,  rated  at 
a  small  fraction  of  a  horse  power,  should  be  providea  with  a  f  tartlnf  box  or 
Btartlnff  rheostat.  Such  starters,  on  oonstant-potontial  systems,  consist  in 
general  of  graded  resistance  connected  in  series  with  the  armature,  and  ^imi- 
nated  step  by  step  as  the  motor  comes  up  to  speed.  The  starting  torque,  aa 
well  as  the  running  torque,  is  given  by  Eq.  36,  Par.  iSf ;  therefore  in  order  to 
keep  the  starting  current  as  small  as  possible,  the  magnetic  flux  should  be  as 
large  as  possible  and  the  field  coils  should  be  fully  energised  before  the  arma- 
ture receives  an^  current.  The  counter  e.m.f.  at  standstill  is  sero,  and 
therefore  the  senes  starting  resistance  is  necessary  to  limit  the  starting  cur- 
rent to  a  safe  value.  Starters  should  be  equipped  with  an  automatiO 
releaaa  which  will  operate  under  the  conditions  of  no  terminal  voltage,  or  no 
current  in  the  shunt  field  coils,  so  that  the  motor  will  not  be  burnt  out  when  the 
terminal  voltage  is  re-esteblished  or  when  the  field  circuit  accidentally  opens. 
For  further  information  on  starters  see  Sec.  5,  and  for  information  on  motor 
control  see  Sec.  15. 

Shunt  motors  may  be  stopped  by  merely  opening  the  line  switoh;  such 
motors  should  not  be  stopped  oy  returning  the  nandle  of  the  starting  box  to 
the  "  off"  position,  because  this  method  requires  the  opening  of  the  field  cir- 
cuit while  energised  and  gives  rise  to  a  momentary  but  very  severe  induced 
e.m.f.  The  handle  of  the  startlng-boz  should  automatically  return  to  the 
"off"  position  before  the  motor  finally  comes  to  a  dead  standstill. 

MI.  Field  diacharge.  If  the  field  circuit  be  suddenly  opened  while 
carrying  current,  then,  due  to  the  rapid  decrease  of  flux  through  tiw  Urge 
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Kiunber  of  field-coil  turuB,  a  large  e.m.f.  wilt  be  induced  betveen  tl;e  two  open 
encte.  Thia  may  be  sufficient  to  break  down  the  insulation  between  the  field 
coUa  aad  the  poles.  To  prevent  thia,  when  a  motor  is  disconnected  from  a 
Uue,  Uie  field  coils  should  be  short-eirouited  through  the  armature  winding 
at  ihiB  inatant  the  tine  circuit  is  opened,  the  necessary  connection^  being  made 
by  the  atarter. 

IM.  Tfiatfcllatlon  of  motors  and  ffon«r»ton.  The  machine  should,  if 
poanble.  be  placed  in  a  cool  ventilated  position  which  is  free  from  dirt,  dust, 
or  xaouture.  Machines  required  to  operate  in  damp  places  should  have  the 
cola  specially  treated.  The  foundation  should  be  solid  to  prevent  vibration. 
If  the  machine  is  belted,  the  belt  tension  should  not  be  too  great,  the  distance 
between  belt  centres  too  short,  or  the  pulley  too  small;  the  pulley  should  not 
have  a  diameter  less  tikan  that  recommended  bv  the  manufacturer.  The  belt 
shooid  be  flexible  and  without  lumpy  joints  and  the  bottom  side  should  be  the 
tight  ade.  After  erection,  clean  the  bearings  by  pouring  in  gasoline,  drain 
thia  off  through  the  drain  cocks  and  then  fill  the  bearings  with  light  mineral 
oil.  Before  starting,  see  that  there  are  no  loose  parts  and  that  the  brushes 
are  making  firm  contact. 

MT.  Startliic  ffaneraton  for  the  lint  time.  Bring  the  generator 
riowly  up  to  ^peed  with  the  field  circuit  open  and  see  that  the  oil  rings  operate 
prcmerly:  Uien  close  the  shunt  field  switch  and  bring  the  voltage  up  to  nor- 
mal. Run  the  machine  without  load  for  an  hour,  after  which  the  load  may 
gradually  be  increased.  Generators  should  be  thoroughly  dried  out  in  every 
instance  before  they  are  placed  in  commission. 

MS.  Startlnff  xnoton  for  the  first  time.  Cheek  the  connections  to 
make  sure  that  tne^  are  correct  and  secure.  See  that  the  controller  handle  is 
in  the  starting  position,  then  close  the  tine  switch.  If  the  motor  does  not 
start  on  the  first  or  second  notch  of  the  controller,  open  the  line  switch  and 
look  for  the  trouble.  When  starting,  bring  the  controller  handle  over  slowly 
to  the  running  position,  allowing  the  motor  to  gather  speed,  but  do  not  run  on 
ibm  starting  notches  for  any  length  of  time.  Run  the  motor  without  the  belt 
for  half  an  hour  (this  cannot  be  done  with  a  series  motor)  and  then  put  on  the 
Itttd.  When  shutting  down,  open  the  line  switch  and  see  that  the  controller 
handle  returns  to  the  starting  position  before  the  motor  finally  stops. 

S49.  Operating  instructlont.  Keep  oil  away  from  the  commutator, 
bmabes  and  windings.  Do  not  allow  dirt  or  dust  to  aocumulate  in  or  around 
the  machine.  Do  not  lubricate  the  commutator  with  oil;  a  piece  of  muslin 
moistened  with  vaseline  may  be  used  to  clean  the  commutator.  Emery 
is  a  eonduetor  and  should  not  be  used  in 
fitting  brushes  or  cleaning  the  commutar- 
ftor;  use  sandpaper  and  do  not  use  it  on 
the  commutator  too  frequently.  Do 
not  use  greater  brush  tension  than  neces- 
sary; tendon  greater  than  2  lb.  per  sq.  in. 
(0.14  kg.^per  sq.  cm.)  is  seldom  re- 
qmred.  when  replacing  brushes,  use 
uie  quality  and  sixe  originally  supplied 
with  the  machine,  and  fit  them  to  the 
commutator  with  sandpaper  before  use; 
a  strip  of  sandpaper  should  be  placed  on 
the  commutator  below  the  brushes,  sand  Fio.  Q7.- 
•ide  up,  and  pulled  through  in  the  direc- 
tion of  motion  of  the  commutator.  Do  not  open  generator-field  circuits 
qniekly  (Par.  IIS):  open  the  switch  slowly,  permitting  the  arc  to  extinguish 
gradually,  which  snould  take  about  5  sec.  On  large  generators  use  a  field 
mseharge  re^stance,  which  is  connected  across  the  terminals  as  soon  as  the 
field  switch  opens;  see  Fig,  07. 

Do  not  stop  quickly  on  account  of  a  hot  bearing,  but  slow  down  the  ma- 
chine and  apply  good  clean  oil.     A  quick  shut-down  will  cause  the  bear- 
ing to  "freese."     Inspect  and  clean  toe  machine  periodically. 
SM.  Poor  ooznznntatlon  is  generally  due  to  one  or  more  of  the  following 


-Field  discharge  resistance. 


(a)  Brushes  not  in  the  proper  position. 

(b)  Bad  spacing  of  the  brush  sets.     This  may  be  checked  by  counting  the 
number  of  eommutator  segments  between  adjacent  brush  sets. 
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(e)  Projecting  miea.  This  cause  may  be  removed  by  cuttiog  out  the  m£e& 
between  eegmentt  for  ^  in.  (0.16  cm.)  below  the  commutator  surface. 

(d)  Rou!^  commutator,  generally  caused  by  sudden  rushes  of  current,. 
When  such  current  rushes  are  inherent  under  the  operating  conditiona,  aiid 
interpc^es  are  not  employed,  it  may  be  advisable  to  use  abrasive  bnuhee  to 
keep  the  commutator  free  from  rough  spots. 

(e)  Flat  bars,  produced  because  some  of  the  commutator  segments  are 
softer  than  others. 

(f)  ■  High  bars,  generally  due  to  soft  spota  in  the  mica  clamping  cones. 

(g)  Grooved  commutator,  may  be  prevented  by  staggering  the  brush  sets 
so  that  the  space  between  two  brushes  of  one  set  is  covered  by  a  bmeb  of  tiko 
next  set  and  the  commutator  wears  down  evenly. 

(h)  Poor  brush  contact,  due  to  imperfect  bedding  of  the  brushes,  to  dirt,  or 
to  burning  of  the  contact. 

(i)  Worn  brushes  being  replaced  by  others  of  the  wrong  quality  or  siae. 

(j)  Sticky  brushes,  which  do  not  move  freely  in  box  holden  and  so  do  not 
follow  irregularities  of  the  commutator. 

(k)  Vibration  due  to  want  of  balance  in  the  armature,  to  poor  founda- 
tions, or  to  a  badly  laced  belt. 

0)  Chattering  of  the  brushes,  which  can  generally  be  cured  temporarily  by 
cleaning  the  commutator  with  a  piece  of  muslin  moistened  witn  vaselixM, 
and  may  be  cured  permanently  by  changing  the  brush  angle. 

MX.  Arznature  winding  troublei  are  generally  due  to  the  foUowinc 


^ 


(a)  A  broken  coil,  generally  at  the  commutator  end,  caused  by  tiie  wir« 
connected  to  the  commutator  being  too  tight,  excessive  vibration,  poor 
soldering  at  the  commutator  neck,  or  the  use  of  copper  which  was  not  prop- 
eriy  annealed.  This  trouble  causes  a  bad  arc  at  the  instant  the  brush  breaks 
contact  with  the  segment  connected  to  the  broken  coil.  The  trouble  can  be 
fixed  temporarily  by  short-circuiting  the  commutator  segments  connected 
to  the  damaged  coil,  thereby  cutting  it  out,  care  being  taken  not  to  short- 
circuit  the  coil  itself. 

(b)  A  short-circuited  armature  coil  may  be  due  to  damaged  insulation 
between  turns  or  to  an  accumulation  of  copper  dust  in  the  commutator  necks. 
A  large  local  current  will  flow  in  this  coU  and  cause  it  to  become  hot  and  to 
smoke. 

(c)  An  armature  coil  may  be  reversed  during  repairs.  The  e.m.f.  of  the 
reversed  coil  opposes  that  of  the  other  coils  so  that  one  circuit  in  the  armature 
will  generate  less  than  normal  voltage  (Par.  19).  At  the  moment  of  com- 
mutation, the  conductors  of  this  coil  will  be  under  the  wrong  pole  tips  and 
locjd  sparking  will  take  place. 

151.  Field-coU  troublei  are  generally  due  to  the  following  causes: 

(a)  An  open  circuit:  If  the  motor  is  series  wound,  the  machine  will  stop 
and  cannot  be  started  again;  if  a  shunt  motor,  the  machine  will  speed  up  as 
the  flux  decreases  (Par.  16S)  and  the  line  current  will  increase  as  the  back 
e.m.f.  diminishes,  until  the  circuit-breakers  open.  If  the  machine  is  a  ehunt 
or  compound  generator,  the  generated  e.m.f.  will  greatly  decrease  and  a  large 
current  will  flow  into  the  machine  from  other  generators  which  are  operating 
in  parallel  with  it,  and  open  the  circuit-breakers. 

(b)  A  short  circuit  wiU  reduce  the  field-coil  resistance  and  in  the  case  of  a 
shunt  machine,  will  cause  the  exciting  current  to  increase  and  the  tempera- 
ture to  rise.  The  m.m.f.  of  the  damaged  coil  will  be  reduced  and  that  of  the 
other  coils  increased,  so  that  the  strengths  of  the  poles  wUl  be  different  (Par. 
11).  The  average  flux  per  pole  will  be  unchanged  in  a  shunt  machine,  but 
will  be  reduced  in  a  series  machine. 

(c)  Reversed  field  coils  will  cause  adjacent  poles  to  have  the  same  polarity. 
The  polarity  can  be  tested  with  a  compass  or,  if  that  is  not  available,  with  a 
piece  of  soft  Iron  which  will  lie  along  the  lines  of  force  and  therefore  bridge  the 
poles  if  the  polarity  is  correct,  but  will  tend  to  lie  axially  In  the  direction  of  the 
shaft  if  the  polarity  is  wrong. 

US.  The  efleot  of  wear  In  the  bsarings  is  to  throw  the  armature  out  of 
centre  with  respect  to  the  pole-pieces  and  cause  an  unbalanced  pull  (Par.  11). 

IM.  Knd  thrust  causes  heating  of  the  bearings  and  is  generally  due  to 
projection  of  the  armature  core  beyond  the  magnetic  field  (Par.  If).  Bnd 
thrust  may  also  be  due  to  the  fact  that  the  shaft  is  not  horisontal. 
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Ml.  BMtdaal  mMtnetiMi  of  tba  c*n«r»tar  flelda  may  be  "  killed" 
br  >  abort  circuit.  When  this  hamwns,  the  field  coils  must  be  excited  from 
an  external  source,  using  batteries  if  nothiDg  else  is  available. 

SM.  Bnnuninx  may  be  cured  by  chamfering  the  pole  tips. 

TEflTIHO 

ICr.  PurpoM  of  teitlBg.  Conunarelftl  taita  are  made  on  standard 
machinee  to  make  sure  that  they  have  been  properly  constructed.  Aeeept- 
anoe  teats  are  made  on  important  machines  to  make  sure  that  they  meet 
the  guarantees.  Spaelal  testa  are  made  by  the  designer  to  find  the  limits  of 
a  new  machine  and  to  obtain  constants  and  data  to  be  used  on  future  designs. 

U8.  Ho-load  saturation,  friction  and  iron-lou  tosta.  To  make  this 
test  the  machine  is  separately  excited,  connected  as  shown  in  Fig.  98,  and 
driven  as  a  generator  at  the  rated  speed  b^  a  shunt  motor  M  of  such  sise  that 
the  rated  output  of  the  motor  is  approximately  equal  to  the  largest  loss  to 
be  measured.  The  losses  in  the  driving  motor  should  have  been  previously 
deternoined  and  should  be  known  for  all  inputs.     The  generator  is  excited  to 
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Fio.  08. — Connections  for    Fio.  M. — Ko-load      Fio.  100. — Connections  for 

large  machine.  curves.  small  machine. 

No-load  saturation,  f fiction  and  iron-loss  tests. 

(!▼•  abont  one  and  one-half  times  normal  voltage;  the  excitation  is  then 
gradually  reduced,  the  speed  being  kept  constant,  and  simultaneous  readings 
are  taken  of  generator  voltage,  speea  and  exciting  current,  also  of  motor 
input,  speed  and  excitation.  The  losses  in  the  motor  for  a  definite  voltage, 
current,  speed  and  excitation  are  known;  the  output  can  therefore  be  found 
and  is  equal  to  the  sum  of  the  iron,  windage  and  friction  losses  in  the  genera> 
Xoft,  an  allowance  being  made  for  the  loss  in  the  belt.  The  results  are  plotted 
as  in  Fig.  99.  The  loes  with  sero  excitation  is  the  windage  and  friction  loss, 
from  which  the  windage  and  bearing  friction  can  be  separated  by  taking  a 
reading  with  the  brushes  lifted. 

M9.  The  bmah  loss  varies  greatly  with  the  condition  of  the  contact  sur- 
face and  a  note  should  be  made  on  the  test  sheet  as  to  whether  the  test  was 
made  before  or  after  the  heat  run  and  whether  or  not  the  commutator 
was  cleaned  and  lubricated  before  the  test  was  made. 

SM.  Ths  saturation  and  no-load  loss  test  for  a  small  motor  is  gener- 
ally made  by  seimrately  exciting  the  machine,  connecting  it  as  shown  in  Fig. 
100,  and  running  it  idle  at  normal  speed.  The  armature  voltage  is  varied  with 
a  rheostat  in  the  armature  circuit  and  the  excitation  is  adjusted  to  keep  the 
speed  constant.  This  excitation  will  be  approximately  the  same  aathe  no-load 
excitation  as  a  generator,  since,  at  no  load,  the  applied  voltage  is  practically 
equal  to  the  back  e.m.f.  (Par.  1S7).  The  armature  input  will  be  the  sum  of 
ths  windage,  friction  and  iron-losses  and  also  the  small  copper-loss  due  to  the 
no-load  armature  current;  the  latter  loss  can  be  calculated  and  deducted. 

Ml.  Armatnra  resistance.  This  is  generally  measured  by  passing  a 
known  current  through  the  stationary  armature  and  measuring  the  voltage 
drop  between  the  brushes  and  also  across  the  terminals  of  the  machine.  This 
latter  value  is  not  the  true  voltage  drop  between  the  terminals,  since  the  con- 
tact resistance  when  the  machine  is  running  is  different  from  that  when  the 
maohine  is  stationary. 

Tbe  armature  resistance  is  sometimes  determined  by  passing  a  current 
throncb  the  armature  and  also  through  a  standard  resistance  of  approzi- 
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nuttely  th«  mme  value  and  at  least  the  aame  current-oarrying  capacity,  and 
eomparins  the  drope  of  potential  acroflfl  each,  in  which  case  the  cumot  need 
not  be  measured. 

Ml.  Tha  fleld-eoU  raaiitano*  is  determined  by  passing  a  known  enrrent 
through  the  coils  and  measuring  the  drop  of  potential  across  the  field  ter- 
minals. 

t(S.  Load  tests  on  machines  of  considerable  siie  must  be  made  ^  some 
method  whereby  the  power  developed  by  the  machine  is  not  dissipated,  but  is 
made  available  for  the  test;  otherwise  the  power-bouse  capacity  may  not 
be  larpe  enough  to  test  many  machines  and  the  cost  of  the  test  will  be 
excessive. 

|((.  Blondel't  lokdins-baek  mathod.  Two  identical  maehinea  are 
required  for  this  test.  Tney  are  separately  excited,  connected  together 
mechanically  to  run  at  the  same  speed,  and  their  armatures  are  connected 
electrically  in  opposition  as  in  Fig.  101  so  that,  when  equally  excited,  there  is 
no  current  in  the  armature  circuit.    An  auxiliary  motor  li  it  belted  to  the  set 
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Fia.  101. — Blondel  method. 
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Fia.  102. — Kapp  method. 
Loading  back  tests. 

and  should  have  a  capacity  large  enough  to  supply  the  no-load  losses  of  both 
machines.  The  booster  S  must  carry  fuU-Ioad  current  and  is  used  to  circu-' 
late  the  current  through  the  armatures  of  both  machines.  The  set  is  brought 
up  to  8i>eed  by  the  auxiliary  motor,  the  switch  S  being  open.  The  fields  are 
then  excited  until  the  voltage  E  is  normal  and  the  voltage  across  the  switoh  S 
is  sero.  ^  This  switch  may  then  be  closed  and,  by  suitably  exciting  the  booster, 
any  desired  armature  current  may  be  made  to  circulate.     The  booster  su{^ 

Elies  the  cnppcr-loss  and  the  mot:>r  M  supplies  the  other  armature  losses  of 
otb  machmes  so  that  El  is  the  generator  output;  one-half  the  output  of 
M  is  equal  to  the  sum  of  the  ^t'indage,  friction  and  iron-losses  of  one 
machine;  ono-half  of  el  is  the  copper-loss  of  one  machine;  and  Ei  equals 
the  excitation  loss  of  one  machine,  from  all  of  which  the  efficiency  may  b* 
found. 

If S.  Tha  refful»tfon  of  a  generator,  or  of  a  motor,  may  be  determined 
from  Blondel's  test.  The  machines  in  this  case  need  not  be  identical,  but 
they  must  be  of  the  same  voltage,  and  the  output  of  the  testing  machine 
must  not  be  less  than  that  of  the  machine  to  he  tested.  In  the  test  for 
generator  regulation,  start  with  normal  voltage  E  and  no  circulating  cur- 
rent; then  excite  the  booster  to  give  the  desired  current  /«  and  measure 
Bt,  the  terminal  voltage.  Plot  Ei  and  J.  as  in  Fig.  58.  In  the  test  for  mo- 
tor-speed regulation,  keep  the  voltage  across  the  motor  terminals  constant 
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by  m— Ti«  of  the  booster,  and  vary  the  weed  of  the  auxiliary  motor  U  until 
tbe  aronXatins  current  has  the  value  deaired.  Plot  the  speed  and  /•  as  in 
F^C  04. 

IM.  HopkiBion'i  test.  This  test  is  similar  to  Blondcl'i,  but  the  booster 
is  eliminated  and  the  auxiliary  motor  is  used  to  supply  all  the  losses,  the  our- 
zent  in  the  armatures  being  circulated  by  weakening  the  field  of  one  machine 
azul  streosthening  that  of  the  other.  ^  The  iron-loeses  in  the  two  machines  are 
cfilferentoecauee  the  fields  have  different  excitations,  so  that,  while  the 
metfaod  ia  satisfactory  for  regulation  and  heating,  it  is  not  satisfactory  for 


■•T.  K«pp  I  method  is  preferred  to  Hopkinson's  and  is  the  one  generally 
adopted  in  commercial  work  for  regulation  and 
heatiu  tests;  the  efficiency  of  a  machine  is 
genen^y  calculated  from  the  losses.  The  dia- 
gram of  eonnections  is  shown  in  Fig.  102.  The 
leasee  are  supplied  from  the  testing  circuit  and 
are  easily  measured,  but,  sinoe  the  copper-losses 
IB  the  two  maohinee  are  different,  as  also  are 
the  iron-loeses,  the  method  should  not  be  used 
for  an  accurate  determination  of  etSciency. 

MS.  Irf»d  test!  on  Mriei  moton.  When 
a  large  number  of  railway  moton  have  to 
be  tested  the  loading-back  method  of  test  is 
used-  Two  motors  are  connected  together  as 
shown  in  Fig.  101  and  are  geared  to  the  same 
countershaft  so  as  to  run  at  the  same  speed. 
This  countershaft,  driven  by  an  auxiliary 
motor  supplies  the  mechanical  losses.  The 
field  coils  are  connected  in  the  armature  cir- 
cuit and  a  booster  is  also  placed  in  this  circuit 
to  supply  the  copper  loases.  * 


FiQ.  103. — Prony-braketest. 


Mt.  Tronj'  brake  test.  The  efBeiency  is  seldom  determined  by  direct 
measurement  of  input  and  output  except  in  the  case  of  small  motors  which  are 
connected  directly  to  the  line  and  the  load  then  measured  by  means  of  a 
wmter-eooled  fvony  brake  as  in  Fig.  103. 
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9Ta.  In  oonatant-eurrent  are  treneratori,  the  load  losses  are  generally 
large,  and  the  efficiency  of  such  machines  is  obtained  by  measuring  the  output 
electrically,  and  the  input  by  means  of  a  driving  motor  whose  efficiency  is 
known. 

STl.  Load  saturation  test.  The  generator  is  driven  by  a  motor  of  the 
same  voltage  and  of  larger  output,  and  the  machines  are  connected  to  the 
trstiing  circuit  aa  in  Fig.  102.^  Starting  at  about  20  per  cent,  above  normal 
Toltage  and  with  full-load  circulating  current,  the  excitations  of  the  two 
machines  are  gradually  reduced  and  a  aeries  of  readings  of  Et  and  i  are 
taken,  /.  being  constant.     The  results  are  plotted  as  in  curve  2,  Fig.  10. 

ITS.  Beat  mn.  The  machine  is  connected  as  in  Fig.  102  and  operated  at 
rated  speed  and  voltage,  with  the  desired  circulating  current.  The 
suggestions  contained  in  the  K.  I.  E.  E.  standardisation  rules.  Sec.  24, 
regarding  measurement  of  temperature  and  conditions  of  test,  should  be 
foDowed. 

ITS.  Insulation  rsilstanee  may  be  measured  with  a  merger  (Sec.  3) 
or  by  means  of  a  high-resistance  voltmeter  connected  as  in  Fig.  104. 
In  the  latter  case  the  insulation  resistance  equals  the  resistance  of  the 
voltmeter  multiplied  by  the  ratio  {E  —  e)/e,  where  B,  the  voltafEC  of  the  testing 
circuit,  should  De  the  same  as  the  normal  voltage  of  the  machine  being 


*For  modifications  of  this  test  see: 
Workman.  R.  E-    "  Factory  Testing,' 
Fay,  C.  J.    "  Testing  Large  Motors," 
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teated,  and  «  is  the  voltmeter  readins  or  the  drop  in  voltage  aerow  the  volt- 
meter reaiatance. 

>T4,  Puncture  tMt.  To  teat  the  inaulation,  a  high  voltage  i«  applied 
between  the  armature  winding  and  the  frame,  between  the  Held  windings 
and  the  frame,  and  alao  between  the  ahunt 
and  the  aeriea  field  ooila  with  the  ahunt  ivind- 
ing  diaconnected  from  the  armature.  The 
teat  voltage  ia  obtained  from  a  amall  testing 
tranaformer  of  adjuatable  ratio  and  ahoula 
be  raised  to  the  desired  value  smoothly  auid 
without  sudden  large  inerementa;  the  nutzi- 
mum  abould  be  applied  for  1  mitt,  unleaa 
otherwise  apeoified,  and  then  gradually  de- 
creased. The  recommendationa  given  in 
_^      ,„^       __  Sec.  24,  ahould  be  followed. 

Fio.  104. — Measurement  ___     ,  ,  »„.  ,  . 

of  insulation  resistance.  ""■.  **f '^^Tf^  i?***^  A  oonipound 

generator  to  be  tested  for  effioieDcy,  rsKiU*- 
tioD,  temperature,  commutation  and  inaulation  would  be  handled  aa  folfoire: 

(a)  Gnnd  the  bruahes  in  place  with  aandpaper. 

(b)  Measure  the  armature  and  the  field  coil  resistanees. 

(o)  Place  full  load  on  the  machine  (Far.  171).  Adjust  the  bruah  pooition 
so  that  the  machine  is  sparkleas  over  the  desired  rahge  of  operation.  The 
brtishea  should  not  be  set  further  forward  than  neceaaary,  otherwise  the  arma- 
ture reaction  will  be  greater  than  it  need  be.  Adjust  the  current  in  the  aeriea 
coila  with  a  temporary  shunt  to  give  the  required  voltage  at  no  load  and  at 
full  load. 

(d)  Keep  the  machine  on  full  load  until  the  temperatures,  as  indicated  by 
the  field  coil  resistance,  have  become  approximately  stationary;  then  ahut 
down  and  take  temperatures. 

(e)  Measure  the  armature  and  the  field  coil  resistances  before  the  maehine 
has  time  to  cool. 

(0  Give  the  machine  an  overload  run,  if  that  is  desired. 

(g)  Make  the  regulation  test  (Par.  IH  and  167) ;  then  ainoe  the  maoUne  is 
properly  connected,  a  full-load  saturation  teat  may  be  made  for  the  informa- 
tion of  the  designer,  if  required. 

(h)  The  no-load  loss  may  be  determined  by  running  the  machine  idle  aa  a 
motor  (Par.  1(0),  but  the  designer  will  probably  want  information  in  regard 
to  the  separate  losses  (Par.  MS).  The  teat  results  are  then  worked  up,  and, 
if  the  machine  ia  satisfactory,  the  insulation  resistance  ia  measured  and  the 
puncture  test  made. 

I7(.  Conunereial  or  ilbop  teats.  For  standard  machinea  on  wbieh  the 
designer  has  all  the  information  he  reauires,  such  a  complete  test  (Par.  STC) 
is  not  necessary.  The  machine  should  be  run  idle  at  normal  speed  and  volt- 
age  to  make  sure  that  the  no-load  losses  ore  not  too  high  due  to  poor  material 
or  poor  construction,  and  that  the  excitation  is  not  too  large  or  too  small. 
The  armature  and  field  coil  resistances  are  checked  with  the  calculated  values. 
The  machine  is  run  for  an  hour  at  25  per  cent,  overload  to  test  the  mechanical 
construction  and  then  run  idle  at  50  per  cent,  above  normal  voltage  to  teat 
the  insulation  between  turns.  The  speed  may  be  increased  during  this 
latter  teat.  The  insulation  resistance  ia  then  measured  and  the  puncture 
test  made.  For  further  information  see  the  aeriea  of  articles  on  ahop  testing 
by  R.  E.  Workman  in  Vol.  I  of  Electric  Club  Journal. 
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SYNCHRONOUS  CONVERTERS 

BT  F.  D.  NIWBUBT,  M.B. 

OSKXBAL  TBIOET 

1.  Compuiion  with  Mi>ftr&te  lynchrffnoiu  motor  ftnd  dlr*et-eiir- 
rent  generator.  The  theory  of  the  synchronous  oonrerter  is  beet  ex|>laiiied 
by  the  simUarity  o(  the  converter  to  »  synchronous  motor  driving  a  direct- 
current  generator.  The  converter  combines  the  charscteristiGS  of  both  motor 
and  generator  in  the  sinsle  armature  winding.  This  winding  Is  provided  on 
one  end  with  a  commutator  as  in  a  dlrect^current  generator,  and  on  the  other 
with  coUector-ringa  and  taps  to  the  winding  as  in  a  revolving-ax  mature 
s^chronous  motor.  Alternating  current  is  supplied  through  the  cc^ector- 
nnga,  and  with  no  direct-current  load  the  synchronous  converter  opemtea 
purely  as  a  synchronous  motor.  Its  speed  is  determined  by  the  frequency 
and  number  of  poles  and  the  flux  is  fixed  by  the  impressed  voltage,  Juat  mm 
in  a  synchronous  motor. 

S.  Szcitation.  In  the  synchronous  converter,  as  in  the  synchronoua 
motor,  the  magnetic  flux  and  ^e  corresponding  net  exciting  ampere-tuma  are 
determined  solely  by  the  iznpresaed  voltage.  If  it  is  attempted  to  vary  the 
exciting  ampere-turns  and  flux  by  variation  of  the  main  field  excitation,  the 
latter  variation  is  neutralized  by  an  equivalent  change  in  excitation  brou^iit 
about  by  a  change  in  phase  and  value  of  the  armature  current,  so  that  ^e 
flux  ana  net  excitation  remain  constant.  Increased  excitation  in  the  main 
field  winding  produces  a  leading  current  in  the  armature  Oeading  with  respect 
to  the  line  voltage)  which,  in  the  majority  of  transmission  lines  serving  ayn- 
chronous  converters,  is  beneficial  to  line  power-factor  and  voltage.  Con* 
versely,  under-excitation  produces  a  l^ging  current  which  is  detrimental  to 
the  power-factor  and  voltage  of  such  Unes. 

1.  Batlo  of  altematiiig  ▼oltage  to  dlrMt-ourrent  voltage.  Assum- 
ing the  synchronous  converter  to  be  operating  without  direct^ourrent  load, 
it  will  be  clear  that  the  direct-current  voltage  between  brush  arms  will, 
through  the  action  of  the  commutator,  have  a  value  equal  to  the  maximum 
instantaneous  value  of  the  alternating  voltage,  giving  proper  consideration 
to  the  relative  points  in  the  armature  winding  to  which,  at  any  instant,  the 
brushes  and  collector-rings  are  connected.  In  the  single-phase,  two-phase, 
and  six-phase  diametrically  connected  converters,  the  (urect-current  brushes 
and  collector-rings  are  connected  to  equivalent  i>oints  on  the  armature  wind- 
ing, so  that  the  ratio  between  the  alternating  and  direct-current  Tottagea  is 
simply  the  ratio  between  the  effective  and  the  maximum  alternating  voltagea. 
In  the  three-phase  converter,  the  collector-rings  are  connected  to  points  120 
electrical  degrees  apart,  while  the  direct-current  brushes  are  connected  to 
points  180  electrical  degrees  apart,  so  that  the  voltage  ratio  is  affected  by  this 
difference.  The  theoretical  ratios  are  shown  in  Far.  i.  See  Far.  81  and 
Figs.  9  to  14,  inclusive,^  for  further  information. 

These  theoretical  ratios  are  based  on  the  assumptions  that  the  impressed 
alternating-current  waveform  and  the  counter  e.m.f.  waveform  of  the  con- 
verter are  both  sine-waves,  that  there  is  no  loss  in  the  converter,  and  that  the 
direct-current  brushes  are  at  the  no-load  nentral  position.  Variations  in 
waveform  are  small  in  commercial  circuits  and  apparatus.  The  effect  of  the 
resistance  of  the  windings,  briishea,  and  brush  contact  is  appreciable,  and 
may  vary  the  ratios  (Far.  S)  from  2  to  4  per  cent.     Changes  in  Drush  position. 
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nea  irithixi  the  small  Umiti  permitted  by  commutatins  eonditioni,  may 
aScct  ttte  ratio  1  per  cent.  A  lagginK  current  in  the  converter  winding  has 
tfae  aaxoe  effect  as  narrovins'the  pole-face  and  wiU  thus  increase  the  ratio  of 
litemmtins  voltage  to  direct-current  voltage.  In  general,  therefore,  actual 
latiaa  are  dightly  higher  than  the  theoretical  ratios  (Far.  4),  assuming  con- 
I  from  alternating  to  directssurrent. 

4.  Tkbla  of  Thaorvtleal  Voltac*  Ekttoa 


Number  of  converter  phases 

Ratio  of  alternating  voltage 

0.71  of  dirwtt  voltage 
0.71  of  diieot  voltage 
0.61  of  direet  voltage 
0.61  of  direot  voltage 
0.71  of  direct  voltage 

f^2_p|i^0fi  diamntrical 

S.  TlM  tlMarstieal  oumnt  ratio,  neglecting  the  losses  and  asaum- 
iss  100  per  cent,  power-factor  is  the  Inverse  ratio  of  the  alternating  and 
direct-current  voltages  (Par.  4).  This  follows  from  the  equality  of  the  alter- 
utsnK-euTrent  input  and  direct-current  output.  From  this  standpoint,  but 
iaeTumns  the  effect  of  the  losses,  the  current  ratios  are  given  by  the  following 
fornuila: 

'•■(^)"'  <»°**^  <'' 

in  wldioh  expression  the  symbol  7 •  represents  the  value  of  the  alternating  ou> 
rent  and  Jii  the  value  of  the  direot  current.  BJF  represents  the  efficiency. 
T  i>  equal  to  twice  the  square  root  of  two  divided  by  the  number  of  ool- 
leetor-iings.     Valaei  of  r  an  given  as  follows: 


No.  of  phases 

Value  of  Y 

Ringle-phae* 

1.41 
0.707 
0.940 
0.470 

Three-phase 

Six-phase 

(Both  double-delta  and  diametrical  trans- 
former connections.) 

For  all  practical  purposes  an  average  efficiency  of  04  per  cent,  may  be 
aaaumed,  in  which  ease  the  current  ratios  will  be  as  shown  in  Par.  6. 
These  simple  ratios  are  very  easily  remembered  and  are  convenient  for 
approximate  calculations. 

••  Tkbia  of  Approximate  Current  Batloi 


No.  of  pliases 

Alternating  current  per  terminal 

Single-phase . . . 

Two-phase 

Three-phase  — 
Six-phase 

1 .  90  times  direct  current 
0.75  times  direct  current 
1.00  times  direct  current 
0.50  times  direct  current 

Aetiud  ourrent  ratio.  Since  the  current  ratios  ^ven  in  Par.  •  are 
1  on  theoretical  voltage  ratios  (Par.  4)  the  actual  ratios  will  vary  from  2 
to  4  per  cent,  from  those  of  Par.  6.  In  specific  cases  where  exactness  is 
desired,  the  current  can  be  determined  most  conveniently  from  the  direct- 
ennent  output,  actual  alternating  voltage,  actual  efficiency  and  power-factor 
using  the  following  formula: 

K  W  *X  1000 
altamatlDC  ourrent  (per  terminal)  - „  ^'p^v  v  v  p  p     (»""?•)  C2) 


B.XBffX  YXP^. 
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When  B,  is  the  sitenuting  voltage.    Values  of  T  are  given  as  follows: 


Number  of  phases 

Value  of  Y 

Siogle-phaae 

1.00 
2.00 
1.73 
3.00 

Three-phase   

Six-phase 

If  the  effioienoy  and  power-faotor  are  not  known,  see  Par.  SS,  M*  and  M  for 
probable  values. 

S.  Armfttur«  eurrenta  and  haatlnc.  The  current  in  the  eonverter 
armature  may  be  oousidered  as  made  up  of:  <a)  an  alternating  current,  uni* 
formly  dividins  among  the  varioua  oonduetora  of  the  winding,  vhioh  is  neces- 
sary to  drive  the  converter  as  a  synchronous  motor,  and  which  is  determined 
by  the  magnitude  of  the  losses;  (b)  a  current  flowing  from  the  oollector-rinK 
taps  to  the  direct-current  brushes,  varying  widely  in  value  in  the  different 
conductors  at  different  positions  of  the  armature  with  respect  to  the  field 
poles.  The  first  component  is  small  and  in  theoretical  discussions  is  uaunlly 
neglected.  The  second  component  for  convenience  in  calculation,  may  be 
considered  to  be  a  resultant  of  the  instantaneous  values  of  alternating  cur^ 
rent  and  direct  current  in  any  individual  conductor.     Fig.  1  illustrates  the 


Fio.  1, — Armature  current  in  conductor,  100  per  cent,  power-factor. 


simplest  case,  namely,  that  of  a  conductor  midway  between  altemating-eur- 
rent  taps,  which  are  equidistant  from  pole  centreSt  and  with  100  per  cent. 
power-factor  altornatiog-current  input.  This  diagram  clearly  shows  the 
relation  between  the  effective  current  actually  flowing  and  the  alternating 
current  and  direct  currents  that  would  flow  in  separate  motor  and  generator 
windings,  and  indicates  the  fundamental  reason  for  the  economy  of  the  ayn- 
chronous  converter  due  to  its  single  winding. 

•.  The  ratio  of  the  eftectlve  or  resultant  krmktura  current  to  th* 
external  direct  current  varies  with  the  number  of  phases,  or  more  properly, 
with  the  number  of  connections  per  pole  to  the  armature  winding.  The 
larger  the  number  of  such  connections,  the  smaller  will  be  the  effective 
current. 

IP.  The  diitrtbutton  of  the  current  amoni  the  dllterent  conductors 
at  100  per  cent,  power-factor  is  such  that  the  maximum  loss  occurs  in  the 
tap  coils  and  the  minimum  loss  in  the  coils  midway  between  taps.  This  ia 
shown  in  Fig.  3. 

11.  The  efleot  of  dlminiahinc  power-factor  on  the  eflective  current 
is  to  increase  the  latter  irreatly,  even  with  small  reductions  in  power-factor. 
The   effect  of   decreased   power-factor  on  the  distribution   of   current  is 
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Flo.  2. — ^Armature  oiureot  in  ooaduetor,  86.S  p«r  cent,  power-factor. 


B  W  W  190         UO         35  tlO        tW    I>«fr««l 

t^  !.>••  Crau  Hatchtd       30  Lmi  Croii  Bitcbad 

Pia,  8.— Diatribntion  of  lomea  at  100  per  cent,  power-factor  and  SS  per  cent, 
power-factor. 
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creatly  to  increase  the  ounent  and  loas  in  eondueton  near  one  aide  of  the  t«p 
ooUa  and  to  reduce  the  loes  in  conductors  on  the  other  side  of  the  same  tAp 
coils.  The  average  effective  current  and  the  loos  are  considerably  Increased. 
The  effects  of  power-factor  are  illustrated  by  Fi^.  2  which  shows  the  sama 
conditions  as  fig.  1,  except  that  the  powei^factor  is  86 . 5  per  cent,  instead  of 
100  per  cent.  It  will  be  seen  that  the  alternating-onrrent  wave  has  bean 
shifted  with  respect  to  that  of  the  direct  currenti  thus  causinjK  an  increase  in 
the  effective  current.  Fig.  3  shows  the  difference  in  distribution  of  leases  umI 
difference  in  averace  losses  with  100  per  cent,  and  95  per  cent.  poweMaetoia. 

It.  Table  ihowins  BslatlTe  ConT«rtar  Louai  on  Baals  of  Dfrset-enr- 
rsnt  Oenarator  Loum  taken  aa  Unity 
Calculations  based  on  3  per  cent,  rotational  losses 
(Calculated  by  C.  E.  Wilson) 


Relative  armature  loas  in 
complete  winding 

Relative  maximum  loes  in 
one  conductor 

No.  of 

collector 

rings 

P.F. 
100 
per 
cent. 

P.F. 
98.5 
per 
cent. 

P.F. 
94 
per 

cent. 

P.F. 
86.6 
per 
cent. 

P.F. 
76.6 
per 
cent. 

P.F. 
100 
per 
cent. 

P.F. 
68.5 
per 
cent. 

P.F. 
94 
per 

cent. 

P.F. 
86.6 
per 
cent. 

P.F. 
76.6 
per 
cent. 

2 
8 

4 

« 

12 

1.451 
0.587 
0.381 
0.274 
0.209 

1.522  1.734  2. ieo'2.940'3. 121 
0.6270.753  1.005  1.46811.249 
0.426,0.832  0.746  1.137  0.751 
0.304'0.400  0.589  0.935  0.430 
0. 23e|0. 326  0.500|0. 824, 0.249 

3.653  4.358  5.342  6. mm 
1.5942. 0482. 673  S.Me 
1.017  1.367  1.861  3. SM 
0.614  0.874  1.249  1.826 
0.354  0.5250.792  1.233 

> 
^ 


II.  ho*M»»  ttttotlng  rattnf.  Par.  II  shows  the  relative  average  loaaea 
and  maximum  loss  per  conductor  compared  with  thoee  of  the  equivalent 
direct-current  generator  tor  various  phase*  and  power-factors.  It  shows  a 
large  increase,  particularly  in  the  maximum  loas  due  to  small  changes  in 
power-factor.  It  is  this  charseteristio  that  limits  the  use  of  synebronoos 
converter*  to  operating  power-factors  near  100  per  eent.  This  table  also 
shows  the  advantage  of  a  large  number  of  rings.  Practically  all  converters 
above  200  or  300  kw.  are  now  built  with  six  coUector-rings  and  phase*.  whUa 
13  rings  have  been  considered  for  the  largest  ratines.  A  distinction  must  be 
made,  however,  between  copper  loss  and  rating.  This  table  does  not  repre- 
sent relative  capacities  of  the  various  armatures,  since  the  rating  depends  on 
many  other  factors  besides  armature  coil  heating.  ^  In  general,  the  current 
eapaolty  of  a  given  armature  will  be  increased  oy  increasing  the  number  of 
rings  and  will  be  reduced  by  a  reduction  in  power-factor,  even  slightly  below 
100  per  cent,  power-factor,  although  not  to  so  great  an  extent  as  is  indicated 
by  a  direct  comparison  of  the  losses. 

14.  The  armature  reaetlon  of  the  tynehronou*  eonvertsr  is  relatively 
small  compared  with  that  of  the  equivalent  direct-current  generator  on 
account  of  the  relatively  small  effective  armature  current.  In  this  character- 
istic the  converter  is  very  nearly  equal  to  the  compensated  direct-current 
generator.  In  a  six-phase  converter,  the  effective  armature  reaction  varies 
from  7  per  cent,  to  20  per  cent,  of  the  armature  reaction  in  an  equivalent 
uncompensated  direct-current  generator.* 

II.  Oommutatian  in  th*  lynchronou*  eonvertsr  offers  the  same 
problem  as  in  the  direct-current  generator,  differing  only  in  degree.  Due  to 
the  smaller  effective  curre'nt  the  armature  reaction  and,  to  a  leaser  extent, 
the  self-induction,  are  smaller  than  in  the  direct-current  generator  of  equal 
rating,  so  that  allowable  commutation  limits  are  much  higher.  The  syn- 
ohronouB  converter,  without  eommutatang  poles,  holds  a  position  between 
the  simple  direct-current  generator  and  the  direct-current  generator  with 
commutating  poles  and  with  a  compensating  pole-face  winding.  For  this 
reason  the  commutating  poles  with  their  attendant  complications  were  not 
added  to  the  synobronons  converter  until  long  after  they  had  been  succeas- 

*  Lamme,  B.  G.  and  Newbury^F.  D.  "  Interpoles  in  Bynohronoua Con- 
verters;" Trans.  A.  I.  E.  E.,  Vol.  XXIX,  page  1625. 
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iifly  uMd  with  diraet-ouzrent  generators  and  moton,  Durins  the  past  2 
7SUB,  however,  this  refinement  has  been  added  to  the  synchronous  converter 
lad  cozuiderabLe  gains  have  been  made  due  to  its  user  In  the  synchronous 
eaaTcrter  the  commutatine-pole  winding  has  approximately  25  per  cent,  to 
40  per  cent,  of  the  ampere-turns  which  are  necessary  in  the  equivalent  direct- 
eocreot  senerator.* 

IS.  Tb*  r*l&tloii  b«tWMn  power-factor  and  main  field  exeltatlon  is 
the  aame  in  the  synehronous  converter  as  in  the  syncbronoua  motor  or  in 
qrnehronous  generators  in  paralleL  For  reasons  already  stated  (Par.  11,  It, 
sad  U),  the  synchronous  eoDverter  is  not  used  for  operation  at  low  power- 
isetor  except  at  small  loads,  eo  that  this  question  is  not  of  practical 
importance. 

IT.  Control  ol  direet-earrent  voltace.  Pae  to  the  fixed  ratio  between 
die  alternating  voltage  and  the  direct-current  voltage,  variation  in  direet- 
enrrent  voltage  can  be  obtained  only  by  three  general  methods,  which  are  as 
foUova:  (a)  by  varjring  the  alternating  voltage;  (b)  by  varying  the  direct^ 
mrent  voltage;  (c)  by  varying  the  flux  without  correspondingly  varying 
the  alternating  v<4tage,  as  in  the  split-pole  converter. 

la.  Tor  •wwijinM  the  alternating  ▼oltage,  the  important  commercial 
DHthode  are:  (a)  by  an  induction  regulator  or  regulating  transformer;  ^b) 
by  a  synehronous  booster;  (o)  by  the  combined  action  of  reactance  and  series 
field  winding. 

19.  A  rofolatlac  trangformer  (also  called  a  Stillwell  regulator) consists 
of  a  transformer  with  a  large  number  of  taps  and  a  dial  face  plate  for  coanect- 
iag  the  converter  terminals  to  the  various  transformer  taps.  The  transform- 
ers and  switehing  devices  are  large  and  expensive,  and  uie  switches  are  sub- 
iect  to  raind  deterioration  due  to  sparking  while  changing  the  voltage. 


Tb«  StV'^D'Urj  VulUfc  VirlM  with  the 

Rflat'mirjiiilicuflh*  Pfimftfj 


PM«olUl  IU(«htor 

Fio.  4. — Connections  of  synchronous  converter  and  induction  regulator. 

The  method  also  has  the  objection  that  the  voltage  cannot  be  varied  by  small 
increments  unless  an  excessive  number  of  taps  is  provided.  In  the  past  this 
method  has  been  used  extensively  but,  with  the  development  of  preferable 
methods,  has  been  abandoned.  ^  An  Induction  regulator  acoomplishes  the 
same  result  with  infinitely  small  increments  and  without  interrupting  the  elec* 
trical  circuit.  The  Induction  regulator  consists  of  a  stationary  winding  (usu- 
ally the  secondary)  and  a  rotataolti  winding  (usually  the  primary),  the  change 
in  voltage  being  obtained  by  rotating  one  element  through  part  of  a  revolu- 
tion, which  changes  the  ratio  of  the  secondary  and  the  primary  voltages. 
It  ie  simply  a  polyphase  transformer  with  rotatable  primary.  The  connec- 
tions are  shown  in  Fig.  4.  Through  suitable  relays  the  alternating  voltage 
nay  be  changed  automatically  or  from  a  distance.  The  disadvantages  of  this 
method  of  regulation  are  the  additional  floor  space  and  complicated  wiring 
required  and  the  difficulty  of  designing  the  induction  regulator  to  withstand 
the  mechanical  stresses  incident  to  connecting  the  converter  to  the  line 
dightly  out  of  step,  and  also  to  withstand  short  circuits. 

to.  Tbe  synchronous  booiter  converter  consists  of  the  combination  of 
an  ordinary  converter  with  an  alternating-current  generator  having  the 

*Lamm^B.  G,^  <^*LNew^?'7t,|'^B;     "  Interpoles   in  Synchronous  Con- 
*'*"*'    "of.  7""'**" 
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same  number  o(  poles  u  the  oonrerter  snd  hsvinc  it*  armature  windinc 
connected  in  aeriea  with  the  converter  armature  winding.  This  booster 
alternator,  by  a  change  in  its  own  excitation,  variee  the  voltage  applied  to  the 
terminals  of  the  converter.  The  excitation  is  bo  arranged  that  the  boooter 
fields  and  voltage  may  be  leveraed  without  opening  the  field  circuit.  The 
poosible  variation  in  voltage  is  double  the  rated  booster  voltage,  since  it  may 
Be  added  to  or  subtracted  from  the  line  voltage.  The  eonneotiona  are  shown 
in  Fig.  6.  The  voltage  may  be  controlled  automatically  through  relays  stnd 
regulator,  or  the  booster  may  be  series  wound,  thus  automatieaUy  oompound- 
ing  the  converter.  This  method  of  voltage  variation  has  largely  superseded 
the  methods  previously  described,  particularly  in  the  larger  inatellstioDs. 


Fia.  5. — Synchronous  booster  converter. 

SI.  Tfp%»  of  lynohronoui  boott«r.     The  booster  may  be  a  nrolvinK. 

armature  generator  located  between  the  colleotor-rinss  and  main  armature,  or 
it  may  be  a  revolving-field  generator  located  outaiae  of  the  coUeetor-ruica. 
The  revolving-armature  construction  is  the  more  usual  since  it  eliminate* 
additional  coueotor-rings  and  external  wiring,  and  the  large  number  of  par- 
allel circuits  in  the  converter  winding  favorable  to  low-voltage  generation 
may  be  conveniently  used  in  the  booster  winding.  The  rotatinff-field  booster 
is  sometimes  preferable  since  it  may  be  added  to  a  standard  converter  with 
less  change  in  existing  parts.  There  is  also  less  interference  with  the  ven- 
tilation oi  the  main  armature.  * 

tl.  Th«  application  of  oommutattnif  polM  to  the  booiter  oonvortvr 
involves  new  features  due  to  the  motor  action,  or  the  generator  action,  of  tb* 
converter  when  the  booster  is  excited.  The  converter  acts  as  a  motor  to  the 
extent  of  the  booster  output  plus  all  losses, when  the  booster  is  excited  to 
increase  the  direct-current  voltage,  and,  conversely,  the  converter  acts  as  a 
generator  to  the  same  extent  when  the  booster  is  excited  to  lower  the  voltage. 
Ihie  to  this  motor  or  generator  action  the  effective  current  in  the  converter 
armature  varies  with  the  booster  excitation  as  well  as  with  the  output  of  di- 
rect current,  f  If  the  effective  armature  current  varies,  the  commutatins- 
pole  flux  must  var^  correspondingly  if  the  commutating  poles  are  to  be  of 
Denefit-  This  variation  is  accomplished  approximately  in  one  method  by 
providing  two  windings  on  the  commutating  poles,  one  in  serios  with  the 
armature  as  in  other  commutating-pole  machines,  and  the  other  in  series  with 
the  booster  field  winding.  The  wmdings  are  so  connected  as  to  assist  one 
another  when  the  direct-current  voltage  is  decreased  and  to  oppose  one  an- 
other when  the  direct-current  voltage  is  increased.  This  arrangement  of  wind- 
ings provides  api>roxiraately  equal  commutating-pole  flux  and  armature  flux 
under  all  operating  conditions  except  that  of  no  external  load  coincident 

BUctrie 
Con* 


•  Newbury,  F.  D.    "  Voltage  Regulation  of  Rotary  Converters 
Journal,  Vol.  V,  page  616. 

t  Yardley,    J.    L.    McK.     "  Efficiency    of   SynchrDDous    Booster 
verters;  "  Blee,  Joumalt  Feb.,  1013. 
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with  maxiinum  **  buck'*  or  *'  boost.'*  This  oonditioD  is  taken  eare  of  by  auto- 
matically ahort-drcuitixix  the  windins  in  series  with  the  booster  field  when  the 
direct  current  falls  below  a  predetermined  value,  an  equal  resistance  being 
eoaniected  ia  circuit  simultaneously  so  that  the  booster  field  current  is  not 
changed^ 

The  same  result  may  also  be  aocomplishcd  by  connecting  the  oommutaUng 
fidd  winding  in  |>arallel,  instead  of  in  series  with  the  booster  field  winding. 
Tbe  double-dial  rheostat  used  for  controlling  the  excitation  of  the  booster  is 
mechanically  connected  with  a  similar  rheostat  in  the  oommutating-pole 
itinc  circuit.  Resistances  are  jplaced  in  series  with  the  shunt  oommutat- 
■fiela  winding,  which  are  out  in  and  out  of  circuit  by  relays  which  act 
aaceeorively  in  aceordanoe  with  the  load  on  the  machine.  The  advantage  of 
this  method  is  that  the  current  in  the  oo  mm  uta ting-field  winding  oan  be 
chanced  without  affecting  the  current  in  the  booster  field  win(Ung;  the  dis- 
advantrg**  is  that  two  rheostats  are  required. 


ui« 


^Imtu  Cmn 
afCMn       ^' 

Oorrent  Ls^inff  Behl&d 
Generator  Voltsfle 


//]    ImImbbm 


\.^  B«ataM«T«Hl 

h'    DnptBUMUdegQ 


Onrrent  Leading 
Oe&erator  Voltage 


Onzfent  in  Phase 
With  Oeneiator  Voltage 

Fko.  6. — Variation  of  converter  voltage  with  reactance  in  circuit  and  with 
varying  power-factor. 

19.  Avtematlo  eompoundlnr.     With  reactance  in  the  supplv  circuit 
erf  tb0  converter,  the  voltage  at  the  coUector-rinKS  may  be  variedTthrough  a 
■xnaLt  range  by  ohanging  the  phase  of  the  supply  current.     As  i>reviouBly 
explained,  the  current  phase  may  be  altered  by  varying  the  excitation  of  thr 
niain  field  winding.     In  jpractice  this  is  accomplished  automatically  by  pr< 
-ridius  a  eeriea-field  winning  in  addition  to  the  shunt-field  winding.     Th 
direct-current  voltage  is  varied  in  the  compound-wound  converter  by  tV 
eombined  effect  of  the  series  winding  and  the  reactance  in  producing  a  varia- 
tion of  the  alternating  voltue.     While  the  arrangement  of  field  windings  is 
the  aame  as  in  the  compound-wound  directr-current  generator,  the  theory  and 
the  action  are  entirely  different.     The  effect  of  the  reactance  in  varying  the 
▼(dtage  may  be  seen  from  the  diagrams  in  Fig.  6.     At  lagging  power-factors 
the  reactance  voltage  diminishes  the  line  terminal  voltage  and  at  leading 
powei^factor  it  increases  the  line  terminal  voltage.* 

14.  Beatlnff  eflect  of  automatic  compounding.  On  account  of  the 
additional  heating  at  powei^f actors  less  than  unity,  it  is  customary  to  operate 
at  low  laMti^S  power-actors  at  light  load  (when  the  additional  heating  is  of  no 
consequence)  and  at  leading  power-factors  only  slightly  below  100  per  cent. 
at  overload. 


*  Lincoln.  F.  M.     "  Voltage  Regulation  of    Rotary  Converters;' 
Journal,  Vol.  I,  page  65. 
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SS.  Condltioni  afleoting  direct-ourr«at  voltaflre  r«ralation  of  th« 
eompound  oonvertor.*  It  is  apparent  tbftt  the  direct-currant  Tolta|[e  regu- 
laUon  of  the  oompound- wound  converter  depends  on  many  elementa  intenutl 
and  external  to  the  converter,  and  tiiat  the  cnange  in  voltage  is  limited  by  the 
inability  of  the  converter  to  ojj^rate  at  low  power-factor  and  heavy  load.  The 
range  of  voltage  is  more  restricted  and  the  results  are  much  more  difficult  to 
predetermine  than  in  the  compound-wound  direct-current  generator.  The 
voltage  range  is  affected  by  certain  factors  which  are  as  follows:  (a)  the  reaist- 
anoe  drop  between  the  point  of  constant  voltage  and  the  converter;  (b) 
the  reactance  drop  between  the  same  points;  (c)  the  ratio  of  armature  ampere- 
turns  to  shunt-field  ampere-turns;  (a)  the  ratio  of  series-field  amp^v-tuma 
to  shunt-field  ampere-turns;  (e)  the  setting  of  the  shunt-field  rheostat;  (f)  the 
transformer  secondary  voltage;  (g)  the  total  drop  through  the  converter. 

St.  Coftonury  TAlUM  for  these  facton  (Par.  tB)  are  as  follows:  (a)  the 
f uU-load  wrmature  ampere-tums  are  approximately  equal  to  the  no-load  ahunt- 
fieldamocre-tums;  (b}thefull-load  series-field  ampere-turns  are  approximately 
one-half  the  armature  of  shunt-field  ampere-turns;  (c)  the  shunt-field  rheostat 
is  BO  set  that  the  lagging  component  of  the  line  current  will  be  approximately  26 

Kr  cent,  of  the  fulMoad  energy  component;  the  shunt-field  current  will  then 
about  75  per  oent.  of  its  normal  no-load  100  per  oent.  power-factor  value 
under  the  previous  assumptions:  (d)  the  transformer  secondary  voltage  usu- 
ally is  chosen  somewhat  higher  than  the  correct  no4oad  value  to  assist  in 
holding  up  the  voltage  at  overloads. 

Under  the  above  eonditions,  an  approximately  flat  direct-current  voltage 
regulation  curve  will  be  obtained  with  the  following  values  of  resistanoe  and 
reactance  measured  from  the  point  in  the  oirouit  having  constant  voltage,  to 
the  converter  ootleoior^rings: 


Resistance 

drop, 
per  oent. 

Reootsnoe 

drop, 
per  oent. 

0 
3 
1 

6 

i 

8 

12 

16 

^ 


IT.  Kalatlon  batwean  power-taet«r  and  load  In  eompound  eon- 
▼ertan.  With  the  average  conditions  stated  in  Par.  M,  the  power-factor 
will  vary  with  the  load  approximately  as  is  shown.  Far.  tS.  _  With  lar(er  over- 
ioada — carried  for  a  aufficicat  length  of  time  to  make  heating  a  consideration 
— the  shunt  field  winding  should  be  further  under-excited  in  order  to  bring 
the  power^factor  nearer  unity  at  the  extreme  overloads,  or  the  series  field 
should  be  shunted  to  reduce  the  change  in  power-factor  with  load. 

>8.  Table  of  Power-factor  Variation  with  Load  In  Oomponnd 
Convertan 


Load 

Fowei^factor 

Per  oent. 

70  lag 

gsiag 

100  lag 

. 

99  lead 

Full 

98  lead 

U 

97  lead 

M.  Tha  raaotanea  naoaiiary  for  oompounding  may  be  in  the  step- 
down  transformers  or  in  separate  reactance  coils.  Where  possible,  the 
transformers  are  designed  with  the  necessary  reactance,  as  this  method  is 

*  Bache-Wiig,  J.  "  Voltage  PeRulation  of  Compound-wound  Rotary  Con- 
verters;" Bite.  Journal,  Vol.  VIII,  page  8«0. 
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in  eosi  and  requirM  less  floor  space  and  wiring;  it  is,  however,  difficult 

ntodaoixii  ^^^lo  transformers  when  the  required  reactance  is  more  than  10 
jm  eent.      It  ia  also  more  difficult  to  obtain  high  reactance  in  25-cycle  than 
a  40-eyole    transformers,  and  in  the  core  type  than  in  the  shell  type 
'  <Sse.  6). 

'  %$,  TiM  spUt-pol«  method  of  ▼oltage  eontrol  utilises  a  different 
:  pciaai^e  from  any  previously  discussed.  Variation  of  direet-eurreot 
TQttage  is  secured,  not  by  a  variation  in  the  impresaed  alternating  voltage. 
bat  by  a  eluanse  in  the  shape  of  the  magnetic  field,  such  that  the  total  flux 
■ad  tbe  direot-ourrent  voltage  are  changed,  while  the  alternating  voltage 
icmaina  aubatantiaUy  unchanged.  This  is  pos- 
aUe  because  of  the  fact  that  in  polyphase  wind- 
ings  in  which  the  phases  are  tapped  120  electri- 
eii  dea'^'^P*  apart,  third  harmomcs  and  multiplea 
tberecrf  cancel  out  and  do  not  appear  at  the 
UO-d^K-  terminals.  The  action  ot  the  split- 
pole  eonwerter  therefore  depends  on  variations 
IB  tbe  fieUl  flux  distribuUpn  which  produce  third 
karmonieSi  in  oonjunotion  with  taps  on  the 
ilteroatine-current  side  120  deg.  apart.  The 
Raaon  for  this  wilt  be  understood  by  reference  v       /     ^ 

to  Fi^  7.     It  ia  evident  that  the  armature  coils       "  Tap    \__/ao  Tap 
between  the  120-deg.  taps  on  the  alternating-  «n  •      » 

current  ade  will  always  include  two  equal  and       F^^*,  t*~Flux   distriou- 
OKKMSte  areas  of  the  third-harmonic  variation      ^^^^  in    three-part    pole, 
cl  flux  which  neutralise  each  other  and  so  pro-     spht-pole  converter, 
dttoe  no    ehange  in  alternating-current    wave 

form.  On  the  other  hand,  the  armature  coils  between  the  brushes  on  the 
direet'-earre&t  mde,  which  are  180  electrical  degrees  apart,  will  always  in- 
dode  three  areas  of  the  third  harmonic  variation  in  flux,  only  two  of  which 
aentralise  eaeh  other,  leaving  one  to  change  the  average  ordinate  of  the 
field  flnx  eurre.  and,  consequently,  the  direct-current  voltage. 

With  the  split-pole  converter,  the  120-deK.  connection  on  the  alter- 
aatanc-enrrent  side  is  preferable;  consequentlv  the  three-phase  delta  connec- 
tjon  or  tho  six-phase  double-delta  connection  should  be  used.  However,  any 
seeondary  conneotion  of  transformers  may  be  used  providing  the  primary 
is  T  connected  and  the  neutral  is  not  fixed. 

Harmoaxca  other  than  the  third  and  multiples  thereof  will  appear  at 
the  alternating-current  terminals  and  will  cause  a  corrective  current  to 
flow  from  the  supply  circuit  through  the  converter  windings  so  as  to  neutral- 
ise the  flux  producing  these  harmonics  in  the  converter.  It  is  desirable, 
therefore,  so  to  design  the  converter  that  the  wave  form  will  be  as  nearly 
■a  poasibie  a  combination  of  the  fundumental,  third  and  ninth  harmonics. 
In  practice  this  is  so  nearly  accomplished  that  the  effect  of  the  split-pole 
converter  on  the  supply  circuit  wave  form  is  negligible.* 

SI.  Action  of  the  ipUt-poIe  converter.  When  the  split-pole  con- 
verter is  operated  at  a  higher  voltage  than  that  corresponding  to  the  alter- 
natiiis  line  voltage,  the  additional  output  due  to  the  increased  direct- 
eorrent  voUatf  is  supplied  by  an  increased  currerd  on  the  alternating- 
eorrent  side.  This  current  moreover  is  a  "motor "current  dividing  in  the 
eonwerter  in  the  same  way  as  the  motor  current  necessary  to  supply  the 
looses-  The  value  of  the  effective  current  is,  therefore,  conBiderobly  in- 
creased. At  lower  voltages  the  converter  acts  as  an  alternating-current 
^nerator  decreasing  the  line  alternating  current,  but  due  to  the  distribu- 
tion of  the  enrrent  in  the  armature  the  effective  current  is  increased. 

SS.  T^ro  types  of  split-pole  converter.  The  first  converters  of  this 
tjTpe  were  dMigned  with  two  r^ulating  poles  for  each  main  pole.  This 
arrangeoient  resulted  in  symmetrical  flux  and  voltage  wave  forms  through- 

*  (a)  Stone,  C.  W.  "  Some  Developments  in  Synchronous  Converters;'* 
TfttiM.  A.  I.  E.  E.,  Vol.  XXVn,  p.  181. 

(b)  Steinmets,  C.  P.     "  Variable  Ratio  Converters;"  G.  E.  Review,  1008. 
pace^  26-84.  1000. 

(c)  Bumham,  J.  L.     '*  Modem  Types  Synchronous  Converters;     Q.  B. 
Rfwiew,  |>ss«74,  1913. 
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out  the  entire  voltace  range,  and  waa  faTorable  to  eommutation  but  r»- 
quired  maohinea  of  comparatively  large  diameter.  The  iplit-pole  oon- 
vertera    aa  built  at  present  have  a  single  regulating  pole  for  each  main 

Sole.  This  construction  obviously  permits  a  considerable  reduction  in 
iameter  and  cost  for  a  given  output,  and  the  detrimental  effect  of  the 
varying  magnetic  field  in  the  oommutating  sone  can  be  compensated 
for  by  providing  favorable  oommutating  conditions  in  other  raapects. 
The  field-flux  wave  forms  and  the  corresponding  voltage  wave  forma  for 
various  voltages,  with  both  the  three-part  pole  and  the  two-part  pole  con- 
structions, are  shown  in  Fig.  8. 
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Three  Part  Pole  Two  Part  Pole 

Fio.  8.— Flnz-distribution  and  alternating  voltage  wave  forma  in  apUt-pole 
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Syn.  Converter 
Fia.  9. — Single-phase  connections. 
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Syn.  Converter  Tranaformers 

FiQ.  10. — Two-phase  connections. 


M.  UmlU   of  voltkge   Tariati*n  with  the  ipUt-pole 

oles  is  inoreaaed  ia 


.  o«nv«rtar. 

In  varying  the  voltage,  the  excitation  of  the  regulating  pou 

the  same  direction  as  the  excitation  of  the  main  imles  to  inereaae  the 
voltage,  and  is  reversed  to  decrease  the  voltage.  The  split-pole  oonverter 
ia  limited  to  approximately  20  per  cent,  variation  in  either  direction,  but 
this  is  sufficient  to  cover  the  majority  of  applications. 

14.  Direct-current  booster. — The  direct-current  voltage  _  oan  be 
varied  directly  bv  inserting  a  booster  in  the  direct-current  eireuit.  This 
booster  may  be  direct-connected  to  the  converter  or  driven  by  a  saparatt 
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It  is  generally  used  in  the  latter  form  as  an  addition  to  existing 

■qvpment,  alncM  it  does  not  affect  the  converter  either  structurally  or  in 
mpeet  to  operating  voltage.  All  methods  involving  change  in  alternating 
Tottage  necessitate  the  operation  of  the  converter  at  the  highest  voltage. 


Syn.  Convert(;r  Trauaformcrs 

Fxo.  11. — Six-phase  diametrical  connections. 


Syn.  Converter       Transformers 
Fio.  13. — Three-phase  delta  connections. 


9XAB 

^^  Transformers 

B-    Sjrn.  Converter 

Flo.  13. — Three-phase  Y  connections. 


Diagram      Syn.  Converter 

Fla.  14. — Three-phase  interoonneeted   Y   connections   (for  3-wire  direct- 
current  circuits). 

The  weight,  floor  space  and  cost  of  a  converter  with  a  direct-connected 
direct-current  booster  are  greater  than  the  same  factors  in  a  converter  with 
an  alternating-current  booster.  A  further  serious  disadvantage  of  the  direct- 
current  booster  is  the  additional  commutator,  which  is  equal  in  current  capac- 
ity to  the  converter  commutator. 
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■5.  Truuformar  Tolteret  ftnd  oonneotloni.  The  Tarious  trsna. 
former  oonnections  with  voltages  commonly  used  are  shown  in  Fijcs.  fl 
to  14,  inolusive.  Fig.  14  shows  the  transformer  connections  neceasary 
when  the  converter  is  used  to  supply  three-wire  direct-current  eireuit*; 
ihia  modification  in  the  transformer  windings  is  necessary  to  avoid  niaKn«^ic 
unbalance  due  to  the  unbalanced  currents  obtained  with  unbalanood  lott<lfl 
on  the  direet^orrent  circuits. 

OmiBAL  SBBiaN 

S(.  SlmUarlty  between  oonverter  and  direot-enrreat  nnaraCor. 

The  general  design  of  the  synchronous  converter  oloeely  resembles  that  of 
the  ureot-current  generator.  The  design  of  the  magnetic  circuit  is  iden- 
tical ;  the  types  of  armature  and  field  windings  are  the  same,  except  for  the 
taps  to  the  collector-rings;  the  number  of  armature  slots  per  pair  of  poles 
must  be  some  multiple  of  the  number  of  phases;  the  design  of  the  eleetrio 
circuit  is  the  same,  ezcej;>t  for  the  reduced  value  of  the  effective  current. 
This  reduction  of  effective  armature  current  permits  smaller  conductor* 
and  smaller  armature  slots — a  condition  favorable  to  commutation;  it  also 
permits  a  higher  ratio  of  armature  ampere-turns  to  shunt-field  ampere-tuma, 
resulting  again  in  a  smaller  armature  core;  and  furthermore,  it  reduces  the 
flux  distortion  on  overload,  permitting  the  converter  to  carry  large  mo- 
mentary overloads  without  flashing.  In  commutating-pole  converters* 
the  reduced  effective  armature  current  permits  a  relatively  small  commute t- 
iog-pole  winding,  which  is  favorable  to  heavy  overloads.  Witli  the  snutU 
number  of  commutating-pole  ampere-turns  neoessary,  it  is  easy  to  provide 
sufficient  section  in  the  commutatiog  pole  so  that  large  overloads  oen 
be  carried  without  saturating  the  eommutating  pole  and  thus  destroying  the 
equivalence  of  commutating-pole  flux  and  armature-coil  flux.  In  the  direct- 
current  generator  this  is  not  true,  and  commutating-pole  saturation  ia 
usually  a  limit  to  the  overloads  that  can  be  carried. 

There  are,  however,  various  requirements  in  design,^  due  to  the  rigid 
relationship  between  poles  and  speed,  that  do  not  enter  into  direct-current 
generator  design.  Following  directly  from  this  relationship,  the  maxi- 
mum distance  ostween  adjacent  neutral  points  on  the  commutator  of  any 
synchronous  converter  is  a  direct  function  of  the  frequency  and  the  pe- 
ripheral speed  of  the  commutator.  The  peripheral  speed  of  the  commutator, 
in  feet  per  min.,  is  equal  to  the  alternations  per  nun.  (cycles  per  seo.  times 
120)  multiplied  by  the  distance  in  feet  between  adjacent  neutral  points 
on  the  commutator  surface. 

IT.  Comparison  between  IS-cyele  and  M-eycle  oonTerters. 
This  simple  relationaliip  between  poles  and  speed  (Par.  M)  is  responsible 
for  moat  of  the  difference  between  high-fre<)uenoy  and  low-frequeney  con- 
verters. It  follows  from  this  law  that  the  distance  between  neutral  pointa 
in  a  25-oycle  converter  is  2.4  timea  the  distance  in  a  corresponding  6(V«ycle 
converter  for  the  same  oommntator  speed.  Thus  whUe  ample  room  ia 
available  in  the  25-cycle  converter  for  a  lar^  number  of  commutator  bars 
at  a  low  peripheral  speed,  the  reverse  is  true  in  the  60-cyole  converter.  The 
600-volt  60-cyclo  converters  that  compare  in  freedom  from  flashing  and 
sensitiveness  with  25-cycle  converters  have  been  built  only  since  it  became 
possible  to  construct  commutators  of  high  peripheral  speed. 

Up  to  the  year  1009,  60-cycle  600-volt  converters  were  usually  built  with  a 
maximum  distance  between  neutral  points  of  7.5  in.  (19.0  cm.)  and  a  peripheral 
speed  of  4, SOD  ft.  per  min.  (22.9  m.  per  sec.).  Since  that  time,  through 
improvements  in  the  mechanical  design  of  commutators,  the  peripheral 
speed  has  been  increased  to  6,500  ft.,  increasing  the  distance  between  neutral 
points  to  9  in.  (22.9  cm.).  This  greater  distance  has  directly  and  indirectly 
improved  the  operating  characteristics.     As  a  direct  benefit  there  is  leaa 


chance  that  a  flash  under  a  brush  will  reach  to  the  adjacent  brush  arm,  <miB- 
ing  the  converter  to  buck;  and,  indirectly,  the  {greater  distance  permits  the 
use  of  more  commutator  bars,  reducing  the  maximum  voltage  between  bars 
and  so  reducing  the  danger  of  an  are  spreading  from  btr  to  bar.  With  B  in. 
(22.9  cm.)  available  between  neutral  points,  it  is  poanble  to  proportion  QO- 
cycle  converter  commutators  as  conservatively  as  those  of  25-cycle  converters 
and  direct-current  generators. 

The  distance  between  neutral  points  becomes  a  design  limitation  only  with  .  i 

054 

Digitized  byGoOgle  I 


C0NVXKTSR8 


Sm.9-38 


fc  Mcber  Hue  Tohacaa.  At  360  Toltt  the  dadgn  of  the  SOi^ytle  eoDr«rter 
to  aot  been  handicapped  *•  it  waa  at  600  volta,  although  it  haa  unjiutly 
Viefed  in  reimtation- 

At  the  hisher  Toltasea  now  bains  uaed  in  railway  work,  th«  25-cycle  coo- 
nrar  approaebea  the  same  Umitins  conditions  aa  the  0O<yela  at  600  volta. 
4t  1.600  Tolta,  the  2&-cyela  eODTerter  is  theoretically  equiralent,  in  oommu* 
aisr  pcoportiOBS,  to  the  60<yele  converter  at  636  vvlta. 

a.  Tabto  of  ItttgbU,  IpMaa,  and  SmoiMtele*  for  MO-Tolt  U-eyele 
•ad  to-eyele  Oonvertan 


Kw. 

Fre- 
quency 

B-p.ra. 

Approiinuite   1   AEP«*'niate 
7^  »i^>         eflfciency  at 

flb>"               '"^  '»«>• 
*">•'                   per  cent. 

•300 
•600 

1,000 
1.600 
3.O0O 
S.00O 
4.000 

25 
25 
35 
25 
28 
38 
35 

780 

750 

500-780 

500 

375 

214-250 

187 

10.100 
15.500 
23.000 
39.000 
67,000 
92,000 
168,000 

96 
96 
96 
96 
96 
96 
96 

1200 

tsoo 

t600 
760 
1.000 
1.600 
2,000 

60 
60 
60 
60 
60 
60 
60 

1,300 

1,300 

730-900 

730-900 

600 

814 

400 

10,600 
U,200 
18,000 
20,000 
36.000 
47,000 
60.000 

91 
93 
94 
94 
94 
94 
94 

Where  two  speeds  an  given,  the  weights  and  efleiencies  apply  to  the 
higher  apeeds. 

n.  Table  of  Walchti,  IpMda  Mtd  Sffleianaies  for  SI*-ToIt,  M-C7el« 
and  (O-eyele  Convertart 

(b)  26  and  602eyde — 250-volt  converters 


Kw. 

Fre- 
quency 

R.p.m. 

Approximate 

net  weight, 

lb. 

Approximate 

efficiency  at 

full  load, 

percent. 

200 
300 
500 
750 
IJOOO 

100 
300 
300 
500 

750 
1.000 

35 
36 
35 
35 
38 

60- 

60 

60 

60 

60 

60 

760 

750 

600-750 

875-500 

300-376 

1,300 
1,300 
900 
720 
600 
514 

14,300 
20,000 
35,000 
45,000 
06.000 

6,700 
13.500 
14.000 
19.600 
32.000 
42,000 

93.0 

84.0 
94.5 
95.0 
95.6 

90.6 
91.5 
93.5 
93.8 
93.7 
94.0 

All  deaigna  are  of  the  non-commutating-pole  type  and  will  stand  100 
per  cent,  momentarr  overload. 
Where  two  speeds  are  given,  the  weights  and  the  efficiencies  apply  to 

•Win  stand  200  per  cent,  overload  momentarily — all  other  designs  will 
stand  100  per  cent,  overload. 

i  Non-commutsting-pole  type;  in  all  other  oases  commutating  poles  are 
employed. 
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Sec.  9-40  CONVERTERS 

the  lower  speeds.     The   differanoe,    however,  will   not  be  of  mateximl    im- 
portance. 

40.  Gommut&tor  design  for  syachronoua  converters  follows  that  for 
dtreot-Gurrent  generators  except  that  long  high-speed  commutators  skro 
more  frequently  used.  The  fongeat  commutators  are  built  with  threo 
V-ring  supports,  or  with  two  V-ring  supports  and  a  central  shrink  rin^. 
Shrink  rings  alone  are  not  as  effective  as  either  of  these  ronstructions  for  tfa^ 
majority  of  cases,  on  account  of  the  large  diameters  involved.  With  la.rse 
diameters,  large  tangential  strease;;  are  produced  in  the  shrink  rin^  by  rela- 
tively small  radial  forces.  The  V-ricg  construction  without  shrink  rines 
is  generally  to  be  preferred  since  the  commutator  can  be  readily  taken  &i>arC 
for  repairs  and  also  can  be  more  easily  insulated  from  adjacent  parts.  A. 
oonatruction  embodying  four  V-rings  has  been  employed  to  a  limited  extend  i 
this  consists,  in  effect,  of  two  separate  commutators  flexibly  connected 
together.  The  inaccessibility  of  the  middle  V-rings  is  a  serious  objectioix 
to  this  construction. 

Long  commutator  necks  must  be  braced  from  each  other.  This  is  don* 
by  fibre  plugs  set  into  eooh  neck,  by  interlacing  heavy  twine  between.  th» 
Becks,  or  by  roping  wooden  spacing  blocks  to  each  neck. 

41.  The  Tentllation  of  oomznutators,  in  cases  where  the  necks  do  ncyt 
provide  sufficient  cooling  surface  and  windage,  has  been  most  successf  ull^r 
accomplished  by  attaching  radiating  van-u  about  3  in.  square  to  the  outer 
end  of  each  bar.  These  vanes  not  onl^  provide  additional  cooling  sur- 
face at  the  most  efFective  point,  but  considerably  increase  the  air  circulation. 

4S.  Arnukture  equaliser  connections  are  used  in  synchronous  converters 
just  as  in  direct-current  generators  (Sec.  8)  to  equalise  the  effect  of  tite 
flux  under  all  poles.  The  coUectoi^rings  are  also  equalising  rings,  so  that  the 
equalisers  are  usually  spaced  with  respect  to  the  collector-rings.  To  secure 
greater  accessibility,  the  equaliser  rings  are  generallv  located  on  the  collector 
end  of  the  armature.  Special  constructions  have  oeen  developed  in  order 
to  place  the  equalizing  connections  in  such  a  manner  thai  there  will  be  no 
interference  with  the  collector  connections  and  no  increase  in  the  length  of 
the  commutator, 

43.  Damper  windlxigs.  Almost  without  exception  synchronous  con- 
verters are  provided  with  damper  or  amortlsseur  winaln||9  to  prevent 
hunting  (Par.  61).  These  are  usually  of  the  built-up  grid  type,  commonly 
employed  on  the  rotors  of  induction  motors,  consisting  of  a  large  number  of 
bars  located  in  slots  in  the  pole-face,  and  connected  on  the  ends  by  con- 
tinuous rings.  A  castnsopper  damper  winding  is  sometimes  employed, 
consisting  of  relatively  few  bars  of  large  cross-section  in  the  pole  face. 
In  the  commutating-pole  converters,  the  end  rings  are  sometimes  made  in 
disconnected  segments — one  for  each  pole — so  that  the  commutating  poles 
will  not  be  enclosed  bv  the  damper  winding.  If  the  commutating  poles 
are  individually  enclosed,  changes  in  the  commutating-pole  flux  are  damped. 
thus  preventing  the  commutating-pole  flux  from  chan^ng  as  rapidly  as  the 
armature  current  and  flux  when  sudden  changes  in  load  occur. 

44.  The  nutehine  ventilation  problem  varies  widely  in  converters  for 
different  frequencies  and  voltages.  In  high-speed  25-cycle  converters  of 
medium  output,  the  armatures  are  small  in  diameter  and  relatively  Ions. 
Everjr  means  is  used  to  increase  the  natural  air  circulation.  In  these 
machines,  heating  and  commutation  are  of  approximately  equal  effect  in 
limiting  the  output.  In  large  25-cycle  converters  of  both  voltages  (2{50 
and  600)  and  in  OO-cycle  converters  for  250  volts,  the  natural  air  circulation 
is  ample  for  the  dissipation  of  the  losses,  but  not  excessive.  In  60-cycIe 
600-volt  converters  and  particularlv  in  those  of  large  size,  the  armatures  are 
of  large  diameter  and  narrow,  and  the  peripheral  speeds  are  high.  ^  Under 
these  circumstances,  the  natural  air  circulation  is  much  greater  than  is  neces- 
sary and  greatly  increases  the  windage  loss.  In  such  machines  the  natural 
air  circulation  is  restricted  as  much  as  possible  by  stopping  the  air  entrances 
in  order  to  eUmioate  the  unnecessary  windage  loss. 

CBARACTBEIBTZCB 

49.  The  no-loftd  sattiration  etures  are  very  similar  to  the  same  curves 
for  direct-current  generators.    There  are  two  such  cutvm — one  with  direot- 
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eorreat  volt*  and  one  with  altematiiiK  volts  ma  ordinfttefl.     From  theae  eunret 
tile  aetiml  no-load  roltace  rmtio  may  be  determined  for  any  desired  voltage. 

M.  RMbtinc  of  umcliroiioiu  eonTerten  oocanona  practically  do  diffi- 
ealty  either  in  deaisn  or  in  operation  under  proper  conditions  of  KX)wer-f actor, 
etc  The  problem,  however,  varies  with  converters  of  different  frequencies 
ud  voltacea  (Par.  |4). 

iT.  Thi0  OT«rtOAd  oapftdty,  as  determined  by  heating  and  by  flashing,  is 
inherently  large,  due  in  great  measure  to  the  small  armature  reaction.  The 
latter  iaparticularly  important  since  it  results  in  small  field  distortion  due  to 
load.  Coneequently,  on  sudden  changes  in  load,  there  is  very  little  increase 
in  voltMte  between  commutator  bars  or  shifting  of  the  flux  in  the  commutat^ 
ing  Kxie,  both  of  which,  if  present,  would  tend  to  cause  flashing. 

48.  Th*  lottMS  mur  be  divided  into  constant  losses  (with  varying  load) 
and  TMiaUe  loflaes.  The  constant  losses  are:  core  loss;  friction  and  windage 
iMses  including  commutator  and  collector  friction);  and  shunt  field  and 
rhaoctAt  toaa  (aasuming  that  rheostat  resistance  and  direct-current  voltage 
nmain  fixed).  The  variable  losses  are:  armature  copper  loss;  series-field 
copper  lo«a:  commutating-field  copper  loss;  brush  i>Jc  and  surface-contact 
losses;  and  to*d  loss. 

it.  Additional  loasas  In  the  lynchronooi  booster  conTertor.  In 
the  synchronous  booster  converter,  the  only  additional  losses  at  the  mid-vol- 
tage i^re  the  booster  armature  copper  loss  and  the  load  low.  At  hiffher  vol* 
tages,  the  converter  core  loss  is  increased  due  to  the  larger  "motor"  current, 
and  the  booster  core  loss  and  field  eopner  loss  are  aadpd.  At  lower  vol- 
tajpes  tbe  converter  oore  loss  is  reduced,  since  the  flux  is  reduced;  the  con- 
ff«rter  copper  loss  is  increased  due  to  the  larger  "  generator  "  current,  and  the 
booeter  losses  are  the  same  as  for  a  corrceponding  increase  in  voltage. 

fft.  Additional  louot  In  the  split-pole  conTertor,  In  the  split-pole 
converter  there  are  no  additional  losses  at  the  mid-voltage,  but  at  either  lower 
or  higher  voltages  the  converter  core-loss  is  increased,  since  the  flux  density 
is  increased  (Par.  tt  and  Fig.  8).  The  converter  copper  loss  is  increased,  as 
in  the  booster  converter,  at  higher  and  lower  voltages  (Par.  SI). 

51.  Banting  of  synchronous  conTsrtera,  as  in  other  forms  of  synchro- 
aoos  apparatus,  is  the  periodic  variation  of  the  rotor  from  the  true  synchro- 
Dous  position  with  respect  to  the  supi^y  system.  During  hunting,  the  rotor 
is  alternately  ahead  and  behind  its  true  synchronous  position.  In  forging 
ahead,  energy  is  expended  in  the  converter,  the  latter  actinj{  as  a  motor:  in 
dropping  behind,  the  converter  acts  as  a  generator  and  gives  up  energy. 
This  alternate  motor  and  generator  action  is  accompanied  oy  a  variation  in 
the  value  of  the  flux  due  to  tbe  armature  reaction,  by  a  fluctuation  of  alter- 
nating-current and  power-factor,  and  by  a  shifting  of  the  commutating  field 
wUeh  causes  periodic  sparking  at  the  brushes.  The  frequency  of  the  hunting 
cycle  may  often  be  determined  from  the  frequency  of  the  sparking.  Hunting 
.  may  be  caused  by  periodic  variation  in  the  supply  frequency,  by  sudden 
dianges  in  load,  or  by  excessive  line  drop.  It  is  more  likely  to  occur  in  60- 
eyde  than  in  25-eycle  converters,  because  of  the  greater  number  of  poles  and 
eonaequently  smaller  actual  angular  variation  corresponding  to  the  limiting 
deotrieal  angular  variation.  * 

•t.  Kontlnir  may  be  praetleally  eliminated  by  providing  suitable 
damper  or  fttnortisseur  windings  in  the  pole  faces.  Since  hunting  is 
seeompanted  by  a  shifting  of  the  flux  across  the  pole  face,  the  winding  placed 
in  tbe  path  of  this  flux  will  oppose  any  such  change,  and  will  tend  to  damp  out 
the  oscillations  as  soon  as  they  begin.  Practically  all  converters  are  now  built 
with  such  windings  (Par4».  Hunting  troubles  have  also  been  greatly 
reduced  by  the  use  of  generators  driven  by  steam  turbines  or  water  turbines 
in  which  the  anjsular  velocity  is  much  more  uniform  than  in  reciprocating 
Sngines.  .  ... 

5S.  Interruption  of  energy  supply.     If  a  converter  is  operating  alone 

(a)  Steanmets,  C.  P.     "Hunting;"  O.  B.  Rniew,  May,  1913. 
(b>  Newbury,  F.  D.     **  Hunting  of  Rotary  Converters;"  BUc.  Journal, 
June.  1604' 

(e)  Lamme.  B.  Cf.     *'  Causes  of  Hunting;"  BUe.  Journal,  June.  1911. 


•fti' 


657 


DigilizedbyV^iUUgle 


Sec.  9-64  COSVBRTBBS 

or  IB  parallel  with  othar  oonvertan  luppUed  from  the  nme  altenuttinc-oiu 
rent  feeder*,  the  interruption  of  the  alternatins-current  supply  will  brins  tb 
voltage  on  the  direot-current  side  to  lero,  and  the  converters  will  stop.  L 
however,  there  is  another  source  of  direct-current  connected  to  the  attni 
direct-current  bus  and  not  dependent  on  the  same  alternating-current  feeden 
interruption  of  the  alternating-current  supply  will  not  cause  the  converter  t 
stop;  tne  direct-current  voltage  will  be  maintained  and  the  converter  iri 
be  driven  as  an  inverted  converter.  If  the  shunt  field  happens  to  be  weak  o 
is  interrupted,  or  if  the  converter  should  supply  energy  to  an  inductive  loA 
on  the  alternating-current  side  (such  as  a  anort-circuit  on  the  faigh-tenaio: 
aide  of  the  transformers)  the  speed  will  greatly  increase.  To  guard  asiuna 
danger  under  such  conditions,  converters  are  usually  provided  with  a  speed 
limit  device,  and  the  alternating-current  and  direot-ourrent  breakers  ar 
so  interlocked  that  opeoiny  the  alternating-current  breaker  oiwns  the  direct 
current  breaker.  In  addition,  the  direct-current  breakers  are  someUme 
provided  with  a  reverse-current  tripping  relay.  When  the  altematins-cur 
rent  supply  is  subject  to  serious  droi>  in  voltage  due  to  short-circuits  or  otlie 
cause,  it  may  be  advisable  to  provide  the  altemating-eurrent  breakers  irvitl 
low-Toltage  tripping  coils.  This  is  particularly  necessary  with  commutating 
pole  synchronous  converters  due  to  the  flashing  that  would  occur  should  -th* 
converter  drop  out  of  step  as  a  result  of  low  voltage,  and  later  start  with  tbi 
brushes  down  when  the  voltage  resumes  normal  value. 

Si.  The  ipeed-Umlt  devles  (Par.  M)  consists  of  a  luvoted  weight  rota* 
Ing  with  the  converter  shaft;  the  centrifugal  force  acting  on  the  weiBht  ii 
eounter-balaneed  by  a  spring.  The  weight  moves  outward  and  operates  s 
switch  when  the  predetermined  overspeed  is  reached.  The  switch  olooes  (oi 
opens)  the  oirc<^t  of  the  shunt  tripping  coil  of  the  direct-ounent  breaker. 

aiXBBAL  APPLICATIOHa 
N.  OomparUon  of  siBeieiMr  with  thkt  at  ft  motor-cwfttor  safe 

The  efficiency  of  a  60-cycle  converter  including  its  transformers  will  be  from 
3  per  cent,  to  5  per  cent,  higher  than  an  equivalent  synchronous  motor-gener- 
ator set  without  transformers.  The  25-cycle  converter  shows  a  further  eaiii 
in  efficiency  over  the  motor  generator  set  of  from  0.5  to  1.0  per  cent.  lithe 
line  voltage  is  above  13,200  volts,  transformers  will  usually  De  required  with 
the  motor-generator  set  as  well  as  with  the  synchronous  converter,  so  that  the 
difference  in  efficiency  in  favor  of  the  latter  will  be  further  increased  by  2 
per  cent.  This  higher  efficiency  of  the  converter  is  such  an  important  advan- 
tage that  it  is  sufficient  alone  to  justify  the  use  of  synchronous  converters 
wherever  possible. 

M.  Comparlton  of  required  floor  space  with  that  of  a  motor-Mnsr- 
ator  set.  The  floor  space  required  by  60-C3rcle  converters  and  transformers 
is  approximately  equal  to  the  floor  apace  required  by  60-cycle  motor-generatoc 
sets  of  compact  design.  The  fact,  however,  that  the  transformers  may  be 
placed  in  some  remote  location  makes  the  arrangement  of  synchronous  con- 
verters and  transformers  more  flexible  and  gives  them  in  many  cases  the 
advantage  of  reduced  floor  space. 

ST.  Comparison  of  eott  with  th»t  of  •  motor-renerfttor  set.  The 
combined  cost  of  synchronous  eonvertera  and  transformer*  is  approximately 
equal  to  the  cost  of  synchronous  motor-generator  sets  without  transformers, 
assuming  a  motor  voltage  of  2,300  volts  or  lower.  For  higher  aJtematxiig 
voltages  the  motor  cost  increases  appreciably,  making  the  comparison  favoi^ 
able  to  the  converter  equipment.  _  With  alternating  pressures  above  13,200 
volts,  transformers  are  necessary  with  the  motor-generator  set  as  well  as  with 
the  synchronous  converter,  so  that  the  cost  of  the  converter  equipment  is 
relatively  still  lower.  With  BO-cyole  apparatus  under  200  kw.  capacity  and 
alternating  voltages  of  2,300  volts  and  lower,  the  comparison  is  somewhat  in 
favor  of  the  motor-generator  set,  while  with  larger  apparatus  the  comparison 
is  somewhat  in  favor  of  the  synchronous  converter.  In  few  cases,  however, 
will  there  be  suffident  difference  in  cost  alone  to  determine  the  choice  of 
the  apparatus. 

SS.  Comparison  of  reUftbUlty  with  that  of  a  motor-cenarator  set. 
The  design  and  construction  of  synchronous  converters  has  Deen  standard- 
ised to  such  an  extent  that  in  respect  to  reliability  the  comparison  is  mainly 
eonoemed  with  the  number  of  machines  involved.    Compared  wi^  a  three- 
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■H  fflotor-ceDOrator  get  oon«i»tint  of  a  ■ynebronom  motor,  direet-eunvnt 
paentor  and  diraet-citnent  exciter,  the  aingle  unit  converter  hai  a  decided 
•drantege-  The  oomparieon  between  the  motor-generator  set  and  thebooeter 
Manrter  is  apparently  lees  favorable  on  account  of  the  additional  booater 
paeiator,  bat  there  are  so  few  troubles  that  can  reasonably  be  expected  in  a 
nlativety  amaU  low-voltase  alternator  that  the  difference  ia  more  apparent 
OaBieaJ.* 

n.  Oomparlaon  of  Toltefe  eontrol  with  that  of  a  motor-cenerator 
Ht.  In  this  cliaracteristic  the  synclxonous  motor-generator  set  has  an 
adTmntase  over  the  synchronous  converter.  The  independence  of  alternat- 
iag  andoirect-curient  voltage  in  the  motor-generator  set  may  j  ustify  ita  use 
IB  altematins-current  circmts  in  which  the  voltage  fluctuates  badly  and 
vhcte  it  ia  essential  to  maintain  steady  direct-cu>TeDt  voltage.  Even  under 
nch  conditiona  of  fluctuating  alternating  voltage  it  is  considered  preferable, 
bv  some  ensiDeen,  to  employ  the  converter  and  obtain  the  deaired  steady 
dneet-current  voltage  by  means  of  a  regulator,  t 

M.  Comparison  of  p«w«r-faotor  oontrol  with  that  of  a  motor-gen- 
■atar  sot.  The  motor-generator  set,  including  a  synchronous  motor,  may 
be  ilsMgitnil  to  correct  power-factor  more  economically  than  can  the  syn- 
chnmoue  converter.  ^  For  this  reason,  the  motor-generator  set  is  usually 
employed  where  eonaderable  power-factor  correction  is  necessary. 

U.  yor  railway  MTfle*  oompound-wound  synchronous  converters  are 
inetally  used,  aumciettt  reactance  being  placed  in  the  alternatin|i-current 
np^y  circuit  to  obtain  the  necessary  voltage  regulation.  For  this  service 
SB  25-cyd0  systems,  syneiironous  converters  are  used  to  the  practical  exclu- 
■OB  of  motor-generator  sets  and  other  forms  of  conversion  apparatus.  On 
SO-eyelB  and  00-cyele  systems,  the  use  of  motor-generator  sets,  and  in  Europe 
the  use  of  motor  converters  has,  in  the  paat,  been  more  general;  but  even 
for  these  higher  frequencies  the  use  of  the  synchronous  converter  lb  rapidly 
growing. 

a.  For  Uchtlng  and  power  Mrrice,  the  shunt-wound  converters  with 
iaduction  regulators  or  the  more  specialised  forms  of  split-pole  and  booster 
mnTertera  are  used.  On  the  larger  25-oycle  systems,  the  use  of  converters  is 
general.  On  60-oyole  systems,  their  use,  particularly  in  the  ix^oster  form, 
IS  rapidly  growing,  due  mainly  to  the  gain  in  efficiency.  , 

U.  TIM  iTnehronou*  converter  can  be  used  to  supply  I-wire  direct- 
currant  drenltB  without  any  structural  change,  except  in  the  ease  of 
eompoun<i-wound  or  commutaung-pole  converters,  in  which  the  series  wind- 
ings on  alternate  poles  are  connected  in  the  positive  and  negative  leads  so 
that  unequal  currents  in  theee  leads  will  not  affect  the  magnetisation  of  the 
converter.  Bee  Par.  15  and  FUt.  14  for  the  transformer  connections  necessary 
to  <^tain  the  neutral  lead.  The  synchronous  converter  will  operate  under 
extreme  differences  of  current  value  in  positive  and  negative  leads  with  very 
small  differences  in  voltage  between  the  outside  leads  and  the  neutral  lead. 
For  example,  a  1,000-kw.,  60-cyde,280-volt  commutating-pole  booater  con- 
verter, operated  with  full-loaa  current  in  the  positive  lead  and  half-load 
current  in  the  negative  and  neutral  leads,  had  a  difference  of  only  1  volt 
in  the  preaeurea  from  neutral  to  positive  and  neutral  to  negative  leada  The 
same  converter,  operated  with  full-load  current  in  the  positive  and  the 
neutral  leads  «nd  sero  current  in  the  ne|(ative  lead,  hod  a  difference  of  4  volts 
IB  the  pressures  from  neutral  to  positive  and  neutral  to  negative  leads. 
Without  the  resistance  drop  of  the  booster  armature  winding,  the  voltage 
balance  would  have  been  still  better. 

M*  For  elaetrolytie  work,  either  shunt-wound  converters  without  means 
for  varying  the  voltage,  or  the  same  types  of  variable  voltage  converters  as 
osed  for  lighting  senrioe,  are  generally  employed. 

OPIBATION 

M.  Altsmatinc-eurrant  self-starting.  The  synchronous  converter 
may  be  started  as  an  induction  motor  if  alternating  current  at  reduced  vol- 

*  Lincoln,  P.  M.  "Motor  Generators  versus  Synchronous  Converters;" 
Prx.  A.  I.  E.  E.,  March,  1907. 

t  Walker,  Milea.  "  Rotary  Converters  versus  Motor-Generators;  Jmir. 
I.  E.  E.  (London),  Discussion,  Vol.  XXXVIII,  page  428. 
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tage  is  applied  to  the  ooUector-riiigs.  The  armature  winding  acts  as  the  pri- 
mary and  the  Bquirrel-cage  wiading  imbedded  in  the  pole  faces  aota  as  the 
secondary.  For  the  smaller  converters  one  starting  voltage  only  is  required. 
The  middle  terminals  of  a  double-throw  switch  are  connected  to  three  of  the 
collector- rings,  one  set  of  outer  terminals  is  connected  to  the  starting- voltage 
tape  of  the  transformers  and  the  other  set  of  outer  terminals  is  supplied  with 
the  full  voltoge  of  the  line.  With  six-phase  converters  three  leads  are  carried 
direct  from  the  traosformer  to  the  converter,  and  three  through  the  main  and 
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Fio.  15. — Alternating^urrent  self-starting  connections   with  two  starting 
voltages. 

starting  switches.  With  the  largest  converters*  it  is  usual  to  employ  two 
starting  voltages  for  which  two  double-throw  three-pole  switches  are  re- 
quired.    The  connections  for  this  arrangement  are  shown  in  Fig.  15. 

<6.  Field  "break-up*'  switch.  During  the  starting  period  the  field 
winding  has  voltages  induced  in  it  of  magnitudes  depending  upon  the  ratio  of 
armature  and  field  turns.  To  prevent  a  dangerous  induced  voltage  in  the 
field  winding,  it  is  usual  to  open  the  field  circuit  in  several  places  during  the 
starting  period  by  means  of  a  multi-point  double-throw  switch,  which  ia 
usually  located  on  the  frame  of  the  converter.  Appreciable  voltage  rise  in 
the  field  circuit  may  also  be  prevented  by  closing  the  field  circuit  during  start- 
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Fig.  16. — Converter  connections  on  direct-current  side  (alternating-current 
self-started). 

ing.  This  method  is  beginning  to  be  employed  because  it  only  requires  a 
double-pole  double-throw  field  switch  which  may  be  conveniently  located  on 
the  starting  panel  adjacent  to  the  main  switch. 

•T.  8«rids-fleld  twitch.  If  a  series-field  shunt  is  used,  a  switch  is  usually 
provided  for  opening  the  closed  circuit,  formed  by  the  series  field  and  its 
shunt.  If  this  low-resiBtance  circuit  were  left  closed,  the  single-phase  current 
induced  in  it  would  tend  to  decrease  the  starting  torque.  This  effect,  how- 
ever, is  small.  The  detail  connections  of  the  direct-current  nde  of  the  con- 
verter are  shown  in  Fig.  16. 
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M.  Bavaned  poUrttr  with  altanuUnc-eumnt  MU-ctartiaf  «ixa- 
fartors.  In  this  methoa  of  starting  with  a  self-excited  field  wiadinc.  there 
ii  DO  method  of  piedetermiDing  the  polarity  of  the  diieot-current  termtoals. 
HoweTer,  if  the  converter  falls  into  step  with  the  wrong  polarity,  the  machine 
may  be  forced  to  "slip  a  pole"  (if  the  armature  is  connected  to  the  low-vol- 
tage tape)  b^  revermng  the  field  switch.  When  the  voltmeter  indicates  that 
the  voltace  u  reversed,  the  field  switch  should  be  brought  back  to  ite  originai 
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Fxo.  17. — Direct-current  aelf-etarting  conneoiionB. 

postion.  In  some  converters,  the  field  set  up  by  the  alternating-ourrent 
mfty  be  so  etrong  even  at  the  lowest  starting  voltase  that  the  converter  oan- 
not  be  made  to  'slip  a  pole"  by  reversing  the  field.  Under  these  drcum- 
■tenfm  it  is  neoeseery  momentarily  to  open  and  close  the  starting  switch, 
repeating  ihia  operation  until  the  correct  polarity  is  obtained. 

M.  IMreet-eurreat  self-ttertinr.  The  converter  may  be  started  as  a 
direct-current  shunt-wound  motor.  The  current  flow  at  starting  is  limited 
by  an  adjustable  resistance  controlled  by  a  multi-point  starting  switch.  The 
oonneetions  for  this  method  are  shown  in  Fig.  17. 

MateUMSvHck 


■tMlhM 


W»JUta 


rr^=ni 

I I  AriMlar*  ^  I 


Fio.  18. — Alternating-current    motor-starting    connections    with    manual 

synchronixing. 

TO.  Alt«nt»tlnff-ourrent  motor  HtArting.  A  motor  usually  of  the 
induction  type  is  mounted  on  the  converter  shaft.  The  motor  has  fewer 
poles  Mian  the  converter  and,  therefore,  a  higher  synchronous  speed.  In 
starting,  the  motor  is  usually  connected  directly  across  the  line.  The  con- 
nections for  this  method  are  shown  in  Fig.  18. 

A  modification  of  this  method  has  recently  been  brought  out  by 
Dr.  Roeenberg  of  Manchester,  England,  and  by  James  Burke  *  in  this  country, 
which  consists  in  connecting  the  starting-motor  windings  in  series  with  the 
oonverter  armature.     This  limits  the  starting  current  to  a  low  value,  and  the 

*  See  U.  9.  Patent  1073662. 
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Blternstiiig  curreat  in  the  oonverter  armature  causes  it  to  lock  automatically 
in  synohronism.* 

An  older  modification  of  the  simple  motor^tartin^  method,  designed  to 
eliminate  tlie  necessity  for  synchronising,  is  the  addition  of  reactance  in  the 
main  circuit  as  shown  in  Fig.  19.  When  the  starting  motor  has  brought  the 
converter  armature  near  synchronous  speed,  the  main-line  switches  are  closed 
with  the  reactance  in  circuit.  The  resulting  current  in  the  converter  arma- 
ture causes  it  to  lock  in  synchronism,  after  which  the  reactances  should  ba 
ihortHurouited. 
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Via.  19.^Altemating-oumnt  motor^tarting  connections  self-synobronisinc 

with  reactance. 

Tl.  Btertiilf  small  lincle-phaM  oonTertan.  A  method  of  starting, 
adapted  to  small  single-phase  converters,  has  been  developed  by  the  Wagner 
Eleotiio  Manufacturing  Company,  and  is  used  on  the  small  single-pnaae 
converters  built  by  that  company  for  charging  electrical  vehicle  battoriea, 
the  supply  of  direct  current  lor  moving-picture  are  lamps  and  similar  pur- 
poses. A  special  distributed  field  wiooing  is  provided  on  the  stater,  ao 
connected  that  with  the  double-throw  starting  switch  in  the  starting  poation 
the  converter  starts  as  an  alternatina-current  series-wound  commutator 
motor.  When  the  starting  awitoh  is  thrown  to  the  running  position,  the 
alternating-current  leads  are  transferred  to  the  collector-rings,  toe  main-field 
winding  is  connected  in  shunt  «-ith  the  main  direct-current  armature  leads 
and  a  part  of  the  field  winding  in  short-cirouited  to  act  as  a  damper  winding. 
See  Sec.  17,  "  Garage  Equipment." 

Tl.  Methods  of  ■ynehroniziiig.  With  the  simple  motop^tarting 
method,  or  with  the  direct-current  self-starting  method,  the  converter  must 
ba  synchronised  with  the  alternating-current  supply  circuit  before  the  main- 
line switches  can  be  closed.  ^  The  theory  and  methods  involved  are  the  same 
as  employed  in  synchronising  two  alternaUnK-curront  generators.  (Sec  7). 
Lamps  or  specially  designed  instruments  (Sec.  3)  may  be  used  for  indicating 
synonronism,  as  with  generators. 

With  the  motor  method  of  starting,  the  running  speed  of  the  starting  motor 
should,  in  general,  be  higher  than  the  synchronous  speed  of  the  converter. 
The  speed  may  be  brought  down  to  synohronous  speed  by  increasing  the  load 
on  the  converter.  This  can  be  accomplished  by  increasing  the  voltage,  thereby 
increasing  the  converter  losses,  or  by  connecting  a  resistance  acroas  the 
alternating-current  terminals  of  the  converter.  Small  adjuatments  in  speed 
may  be  made  by  alternately  opening  and  closing  the  starting-motor  switch. 

With  the  direct-current  self-starting  method,  the  speed  regulation  for 
synchrooiaing  is  obtained  by  varying  the  converter  shunt-field  current. 
The  series-field  circuit  is  opened  to  insure  more  constant  speed  under  the 
condition  of  varying  armature  current.  To  prevent  a  rush  of  current  at 
the  instant  of  synchronising,  it  is  ususl  to  leave  a  small  amotut  of  raalataaae 
always  in  the  starting-rheostat  circuit. 

It.  Oomparlson  of  dlSerent  gtartinx  methods.  The  alternating- 
current  self-starting  method  is  used  in  most  cases  on  account  of  its  simpUdty 
and  its  automatic  synohroniiing  feature.  Its  principal  defects  are  the  un- 
oertainty  in  polarity  and  the  large  starting  current  required.  In  meet 
oases  wrong  polarity  can  be  corrected  by  means  of  the  reversing  field  switch 
(Par.  #6),  and  the  amount  of  starting  current  is  of  importance  (aside  from 
the  momentary  line  drop)  only  when  the  converter  rating  approaches  the  rat- 

*  Report  of  Com.  on  "  Electrical  Apparatus,"  National  Electric  Light  Asso. 
Proceedings,  1914. 
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ina  of  tha  alternator  anpplyin^  it.  With  oommutatinc-pole  synohronoua 
eoaverters,  the  simplicity  of  thu  method  ia  deoreaBed  by  the  necessity  of 
iiftios  the  direot-ourrent  brushes.  The  preaenoe  of  the  steel  of  the  com- 
mutatLns  poles  greatly  inoreases  the  armature  flux  during  etartins,  which 
causes  deetnictive  sparkiiig  at  the  direct-current  brushes.  To  avoid  this 
objectionable  feature,  oommutatioff-pole  converters  are  provided  with  a 
special  device  for  lifting  all  but  two  of  the  brushes  (which  indicate  polarity) 
daring  the  starting  period. 

The  advantage  of  tbe  alternating-current  motor  method  of  starting  is 
the  small  current  required  and  the  certainty  of  obtaining  correct  polarity; 
tbe  prindpal  disadvantage  ia  the  necessity  for  synchroniaing.  This  disad- 
vantage is  overcome  by  the  Rosenberg  method  or  by  the  use  of  separate 
reactance  coils  (Par.  75) .  As  compared  with  the  alternating-current 
■elf-«tarting  method,  this  method  is  somewhat  more  complicated  and  the 
neeeoBary  apparatus  is  more  expensive.  In  some  cases,  however,  where 
•mall  vaniee  of  starting  current  are  imperative,  it  is  the  only  method  which 
will  meet  the  requiremeDts. 

The  direct-current  self-starting  method  can  only  be  used  where  direct 
earrent  in  sufficient  amount  is  always  available.  It  is  very  often  used  in 
lais^  city  lighting  and  railway  substations.  It  has  the  advantage  of 
minimum  starting  current  and  the  absence  of  disturbances  on  the  alternating- 
eurrent  supply  system  (which  is  particularly  important  on  underground  dis- 
tribution systems).  As  with  the  simple  alternating-current  motor  method, 
it  has  the  disaavantage  of  necessitating  manual  synchronising.  This 
diaadvantage  has  been  overcome  in  some  cases  by  combiniDg  the  direct- 
current  ana  the  alternating-current  self-starting  methods.  The  converter 
ifl  started  by  means  of  direct  current,  and  when  a  speed  near  synchronous 
speed  has  been  reached,  the  alternating-current  switches  are  closed. 

T4.  Parallel  operation.  When  two  or  more  converters  are  connected 
to  the  same  low-tension  bus  on  the  alternating-current  side  and  to  the  same 
bos  on  the  direct-current  side,  the  total  direct-current  load  will  divide  among 
the  several  converters  in  the  inverse  ratio  of  the  counter  e.m.fs.  of  the 
converters  and  the  resistances  of  the  circuits.  If  two  or  more  converters 
are  so  connected,  the  alternating-current  and  th^  direct-current  bus  bars 
close  the  circuit  through  any  pair  of  converters:  hence  if  the  counter  e.m.fs. 
of  the  two  converters  vary  even  slightly,  considerable  current  will  circulate 
between  them.  The  counter  e.m.fs.  of  mfferent  converters  are  seldom  exactly 
the  same,  and  the  resistances,  made  up  mainly  of  the  direct-current 
brushes  and  brush  contacts,  are  extremely  variable — even  in  the  same  con- 
verter at  different  times.  For  these  reasons  it  is  not  considered  good 
practice  to  operate  eonrerters  in  parallel  on  both  the  alternating-current 
and  the  direct-current  mdes.  Separate  banks  of  transformers  are  usually 
provided — one  for  each  converter.  These  not  only  open  the  circuit  between 
converters,  but  also  provide  means  for  correcting  slight  differences  in  the 
voltage  ratio  of  different  converters. 

TS.  Dlvlilon  of  load  on  the  direct-current  aide  is  controlled  by 
the  same  factors  as  in  direct-current  generators,  and  in  addition  by  factors 
peculiar  to  the  synchronous  converter.  Division  of  load  is  controlled^  by 
the  voltage,  so  that  all  factors  affecting  voltage  affect  parallel  operation. 
Parallel  operation  of  shunt-wound  converters,  with  or  ^-ithout  auxiliary 
mosfis  for  controlling  the  voltage,  is  as  simple  as  parallel  operation  of 
■hunt-wound  direot-ourrent  generators.  ^  With  compound-wound  convert- 
ers, equaliser  leads  are  necessary  as  in  direct-current  generators.     (Sec.  8.) 

TS.  Oorreettons  for  ixnproper  dlvUlon  of  load.  With  two  converters 
operating  in  parallel  on  the  direct-current  side,  one  of  which  takes  less  than 
its  proportionate  share  of  the  load,  the  load  may  be  equalised  by  one  or  a 
eomlrination  of  the  following  adjustments: 

(ft)  Adinstinent  of  the  serlea-shtutt  rsfigtanoe.  -The  shunts  on  the 
sexies-fleld  windings  can  be  adjusted,  decreasing  the  resistance  of  the  shunt, 
if  poesible,  on  the  overloaded  converter  or  increasing  the  shunt,  on  the  under* 
loaded  converter.  It  should  be  borne  in  mind,  however,  that  changing  the 
ampere-turns  in  the  series  field  by  changinff  the  shunt  resistance  also  changes 
the  resistanoe  of  the  complete  seriee-field  circuit.  This  change  in- shunt 
resistance  must  be  compensated  for  by  a  corresponding  change  in  the  re- 
sistattoe  pf  another  part  of  the  series-Mid  oirouit»  eo  that  the  reeiatance  of 
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the  total  oirouit  remains  unohanged.  From  another  standpointt  a  ahnnt 
on  one  eoDTerter  series  field  may  be  oonsidered  to  be  a  shunt  on  both  sories 
fields,  the  effect  varying  only  by  reason  of  the  fact  that  the  reoistanoe  off 
the  leads  and  busses  is  added  to  one  shunt  circuit  and  not  to  the  other 
(Sec.  8). 

(b)  Insertion  of  reaUtanea  in  leads  between  sarias-fleld  and  eqnall- 
MT  bus.  If  the  relative  ampere-turns  are  correct  but  the  aeriea-field 
renstances  are  differently  proportioned,  the  resistance  of  the  leads  betwetrn 
the  series  field  and  the  equaliser  bus  may  be  changed  to  compensate  for  a 
difference  in  the  series-field  resistances.  The  resistance  in  the  aeries  cireuit 
of  the  converter  taking  more  than  its  share  of  the  load  should  be  increased. 
This  adjustment  varies  the  resistance  of  one  series  field  without  introdueinc 
a  third  parallel  circuit  between  the  equaliser  and  the  main  bus.  Adjustment 
by  this  method  is  less  complicated  than  an  adjustment  of  the  serie»4hunt 
resistance. 

(e)  The  truuformer  ratio  can  bs  chanced.  This  increases  tb* 
voltage  by  the  same  amount  throughout  the  range  of  load,  and  will  not  correct 
for  an  unequal  division  which  changes  with  the  total  load.  An  increaas 
in  no-load  volta^  of  one  converter  will  cause,  at  lighter  loads,  a  greater  in- 
crease in  proportionate  load  on  that  converter. 

(d)  The  rsaetuio*  o»n  b«  InereMsd  In  the  eireuit  of  th*  Uchtly 
loaded  oonvertar,  which  will  raise  its  direct-current  voltage  and  eaoao 
it  to  carry  more  nearly  its  proper  share  of  the  load.  This  method  is  aiinilar 
in  effect  to  an  increase  in  the  number  of  seriee-field  turns,  but  the  effect  is 
obtained  at  the  expense  of  a  greater  range  in  3;K>wer-factor.  It  sometimea 
happens  that  the  reactances  of  converters  in  parallel  are  worked  at  different 
saturations,  with  the  result  that  the  reactance  voltages  of  the  two  converter 
circuits  will  have  different  ratios  at  light  and  at  heavy  loads.  Such  a  relation 
will  cause  the  converter  with  the  more  highly  saturated  reactance  to  taka 
less  than  its  share  of  the  load  at  heavy  loads. 

(e)  The  relative  shunt-Ssld  eorrsnts  of  the  two  oonvartart  ema  b» 
ohanged.  The  converter  having  the  smaller  ratio  of  series-field  ampere-tuma 
to  armature  ampere-turns shoulohave its  ahunt-field  nirrent  increased.  This 
will  increase  its  no-load  voltage  (on  account  of  change  in  power-factor) 
and  cause  it  to  take  a  greater  share  of  the  load  at  light  loads.  The  voltagea 
will  tend  to  equalise  as  the  load  increases,  a  correct  division  being  obtained 
at  only  one  value  of  the  load. 

77.  Load-division  study.  Since  there  are  so  many  variables  affecting 
load  division,  it  is  important  to  make  a  careful  and  systematic  study  of  the 
particular  case  before  making  any  changes.  Such  a  study  should  De  con- 
ducted as  follows: 

(a)  Adjust  the  transformer  ratios  so  that  at  no-load  and  with  the  shunt 
field  adjusted  to  give  equal  power-factois,  all  converters  have  tlie  aame 
no-load  direct-current  voltase. 

(b)  The  aeries  fields  ahoula  be  adjusted  by  shunts  so  that  the  ratio  of  aeriee- 
field  ampere-turns  to  armature  ampere-turns  is  the  same. 

(c)  The  resistances  of  the  series  fields  (including  shunt)  pliu  the  reaiat- 
ances  of  the  leads  from  the  series  fields  to  the  main  bus  (positive  or  negative) 
should  be  so  adjusted  that  the  resistances  are  inversely  proportional  to  the 
rated  capacities  of  the  converters. 

(d)  The  reactances  should  be  adjusted,  if  possible,  so  that  the  reactance 
volts  of  the  various  circuits  throughout  the  range  of  load  are  equal.  If 
they  cannot  be  made  equal,  the  senes  amperc-tums  should  be  greater  in  the 
converter  having  the  smaller  reactance,  to  afford  an  approzimate 
compensation. 

It  is  onlv  possible  to  obtain  correct  division  of  load  and  equal  power- 
factor  on  all  converters  when  the  machines  are  properiy  proportioned  with 
respect  to  all  four  elements,  namely:  the  transformer  ratio,  the  seriee-field 
ampere-turns,  the  seriee-fiela  resistance  and  tiie  reactance. 

7S.  Interruption  of  altentatlnc-eurrent  supply  by  dreuit  breaker 
In  substetton.  Under  sueh  eonditiotts,  if  the  converter  is  connected  to 
another  source  of  direct  current,  the  converter  will  *'  motor"  unless  the  direct- 
current  breaker  is  opened  by  interlock  with  the  alternatinK-cnrrent  breaker 
(Par.  M)  or  by  a  reverse-current  relay.  A  compound-wound  converter  will 
ran  in  the  same  direction  when  the  direet-eumnt  power  is  reversed,  the 
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ement  in  the  aeries  winding  will  be  reversed  (unless  there  are  several  eoo- 
vertoB  in  the  same  station  connected  to  an  equaliser  bus),  and  ti>e  current 
is  tike  shunt  winding  will  nmain  the  same  in  direction.  With  a  single  con- 
verter in  a  substation  which  is  connected  to  other  converters  m  other  sub- 
stations on  the  direct-current  side,  the  converter  will  increase  its  speed  due  to 
the  reversed  series  field.  It  may  also  increase  its  speed  if  the  shunt  field  i>  ad- 
inatad  for  leas  than  100  per  cent,  power-factor.  The  increase  in  speed  from 
the  reversed  series  field  will  not  be  serious  unless  there  is  a  circuit  connected 
to  the  alternating-current  side  which  will  provide  a  load.  Under  these 
conditions  the  overapeed  device  will  operate,  thereby  opening  the  direct- 
eorrent  breaker. 

n.  Istaxruption  of  altamstinc-eunent  supply  eutsld*  sub- 
stntton.  In  this  case  an  interlock  between  the  substation  alternating- 
enrrent  and  direct-currant  breakers  will  not  operate  to  open  the  direct- 
current  breaker,  and  reverse  current  or  overepeea  must  be  depended  upon  to 
pcoteet  the  converter. 

In  oaae  of  interruption  of  alternatinje-ourrent  supply  the  converter  should 
be  manually  disconnected  from  the  direct-current  lines  (if  this  is  not  done 
aotomnticauy)  and  the  switches  on  the  alternating-current  side  opened  for 
starling. 

M.  Commntating-pole  oonvertan  require  more  eomplete  pro- 
tacUon  from  low  altomatlnf  voltage  because  of  the  excessive  sparking 
at  the  commutator  which  is  encountered  when  the  converter  is  not  in  phase 
with  the  supply  circuit.  If  the  alternating  voltage  is  lowered  momentarily 
by  a  ahort-eirouit  or  other  cause,  the  converter  may  fall  out  of  synchronism. 
When  the  voltage  is  restored  the  converter  will  not  be  in  phase  and  the  spark- 
iag  mshy  be  sufficient  to  make  the  converter  "buck."  The  conditions  are 
similar  to  those  which  exist  when  starting  the  converter  with  the  brushes 
down. 

•1.  ProtooUon  of  high-voltace  eonvertan.  High-voltage  converters 
(IwKN)  widta  and  above)  should  be  more  completely  protected  from  abnormal 
additions  than  low-voltage  converters  on  account  of  the  more  destructive 
Batnre  of  the  "bucking"  when  once  started. 

■S.  BparUnc  at  the  bruihai  may  be  due  to  any  of  the  following  causes: 
(■l)  bruabea  incorrectly  set  with  reference  to  the  neutral  point.  Correct 
■attin«  i*  of  particular  Importance  in  commutatlnc-pola  oonvertera;  (b) 
bmahoo  of  improper  characteristics;  (c)  defective  electrical  design;  (d) 
hiutinx;  (e)  severe  overloads  or  extreme  variation  in  load;  (f)  in  non-com* 
mutating  pole  converters,  low  alternating  voltage  with  large  direct-current 
londa;  (g)  brush  holders  insufficiently  supiiorted;  (h)  brushes  stuck  in  holders 
or  iiia4Marately  fitted  to  commutator;  (i)  improper  brush  tension;  (j)  rough 
oommntator  aua  to  high  bars,  to  high  mica  or  to  flat  spots. 

St.  BuoUnr  or  ilMhlnc  majr  be  brought  about  by  any  oonditton 
^^nring  ezceaaive  voltage  in  the  ooils  short-circuited  by  the  Drosh  or  between 
Mliaeent  commutator  bars,  or  may  be  caused  by  abnormally  low^urfaee 
icaietanee  on  the  commutator  between  adjaoeat  brush  arms.  Any  condi- 
tion tending  to  produce  poor  commutation  increases  the  likelihood  of  buck- 
ins.  Excessive  voltage  under  the  brush  is  usually  caused  by  short-circuits 
of  varying  degree.  Any  direct-current  machine  will  flash  if  short-circuited 
■e  its  termmals  and  the  direct-current  voltage  is  maintained.  Short-circuits 
in  service  usually  occur  on  the  line,  so  that  some  resistance  exists  between  the 
"abort"  and  the  machine,  thereby  limiting  the  current  Ezceasive  voltage 
between  commutator  bars  is  caused  directly  by  increased  line  voltage,  oris 
indirectly  caused  by  extreme  current  overloads  which  distort  the  field  flux, 
Inereased  line  voltage  may  be  due  to  disturbances  on  the  high-tension  dis- 
tribating  system  induced  by  lightning,  switching,  short-circuits,  etc.  A 
decrease  in  the  insulation  strength  between  brush  arms  may  be  due  to  the 
preaence  of  conducting  gases  formed  by  a  relatively  small  flash  or  of  foreign 
snbatanee  such  as  dirt  or  water.  Ordinary  types  of  circuit  breakers  do  not  act 
Quickly  enough  to  protect  machines  from  abnormal  changes  in  current  or 
▼nltage.  On  short  circuits,  for  example,  the  current  increases  far  beyond  the 
vetting  of  the  breakers  before  the  circuit  is  finally  opened. 

S4.  Beactance  used  as  a  protection  againat  short  etreuiti.  Shunt- 
wound  synchronous  converters  may  be  protected  from  the  effects  of  short 
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drcnits  by  iiuerting  reactance  in  the  altematSns-current  leads.  Tweotp-fiva 
per  cent,  reactance,  for  example,  will  cauae  a  drop  in  altematins  volta«e  to 
approximat^y  idVo  with  four  timee  full-load  current,  but  the  drop  at  full- 
load  current  will  not  be  objectionable. 

TBBTIKa 

as.  The  test!  ordinarily  made  on  ■ynehroneui  eonvorton  are  ■• 

follows;  (a)  resistance  measurements;  (b)  polarity  determination;  («)  ratio 
of  voltages;  (d)  core-loss  and  saturation  test;  (e)  alternating-current  short 
circuit  or  synotironous-impedance  test;  (f)  starting  tests;  (g)  voltage  regula- 
tion test;  (h)  temperature  tests;  (i)  commutating-pole  saturation  test. 

•6.  Maaauramsnt  of  reilltuiea.  Rasistanees  may  be  measured  either 
by  the  bridge  method  or  by  the  use  of  ammeter  and  voltmeter  as  in  direct- 
current  machines.  It  is  customary  in  obtaining  the  armature  resistanoe 
to  measure  the  resistance  both  on  the  direot.«urreni  side  bet:ween  the  proper 
commutator  bars,  and  on  the  alternating-  . 
current  side  between  the  corresponding  slip- 
rings. 

S7.  Detannln»tian  of  polarity.  The 
correct  polarity  of  the  field  windings  is  de- 
terminea  in  the  same  manner  as  lor  direct- 
current  generators.  The  relative  polarity  of 
the  shunt  and  the  series  windings  in  the  oon>- 

gound-wound  converter  is  also  detenninad  the 
rst  time  the  converter  is  under  load. 
SS.  Determination  of  voltafs  ratio.  In 
order  to  determine  whether  the  various  tapa 
from  the  armature  winding  have  been  brought 
out  correctly  and  connected  to  the  proper 
rings,  readings  of  voltages  between  each  nnc 
and  every  other  ling  are  taken.  During  the 
test  the  direct-current  voltage  is  held  eonatant 
at  some  convenient  value.  The  armatutie 
winding  is  usually  connected  to  the  coUector- 
rings  so  that  adjacent  rings  have  the  minimum 
voltage  possible  between  them.  Under  these 
conditions  the  voltage  between  adjacent  rings 


Flo.  20. — Diagram  of  con- 
verter voltagca  between  col- 
lecter-rings. 

is  given  by  the  following  formula,  ^  being  the  numSer  of  rings: 


E..— 


(volts) 


(3) 


Ei,        ,  .     180  deg.\ 

A  convenient  method  of  checking  the  values  obtained  on  test  is  to  construct 
a  diagram  such  as  that  in  Fig.  20.  The  numbers  outeide  of  the  circle  repre- 
sent the  collector-rings.  The  voltages  shown  were  actually  obtained  from 
a  600-volt  six-ring  converter. 

89.  Determination  of  ooro-loss,  saturation,  friction  and  wlndac* 
losses.  This  test  is  made  either  by  driving  the  converter  by  a  small  diree^ 
current  motor  or  by  driving  the  converter  itself  as  a  direct-current  shunt- 
wound  motor.  The  test  is  the  same  as  the  corresponding  test  of  a  direct- 
current  generator  except  that  alternating  voltages  are  obtained  as  well  as 
the  direct-current  voltage,  in  order  to  obtain  the  actual  voltage  ratio.  U 
the  convener  is  gelf-excitcd  during  the  test,  the  measured  loss  must  be  do- 
creased  by  the  field-winding  and  rheoetat  losses.  The  brush  friction  ia 
determined  by  the  difference  in  the  measured  losses  with  the  brushes  down 
and  the  brushes  up.  This  reading  is  of  no  value  unless  the  commutator  haa 
a  good  polish  and  the  brushes  are  well  seated.  The  frletlon  and  wlndan 
losses  are  determined  by  the  difference  in  measured  converter  losses  with  tne 
brushes  removed,  and  with  the  driving  motor  running  disconnected  from  the 
machine  under  test. 

90.  Starting  tests.  With  the  alternating-current  self-starting  method, 
a  test  is  made  to  check  the  sufficiency  of  the  starting  voltage  to  bring  the  con- 
verter up  to  synchronous  speed.  It  is  customary  to  measure  the  voltage, 
current  and  time  required  to  reach  synchronous  speed.  With  the  induction- 
motor  method  of  starting,  the  test  is  made  to  ascertain  whether  the  load  on 
the  starting  motor  (provided  by  the  converter)  is  saoh  as  to  permit  it  to 
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opsmte  snffimently  near  the  converter  s^nebfonoufl  speed  at  the  normal  con-  ' 
rater  voltafiEe.  bo  that  synchronising  will  be  possible.     If  the  normal    oases 
of  the  converter  are  not  sufficient  to  reduce  toe  starting-motor  speed  to  the 
anrerter  synohrooous  speedt  it  is  neoeasary  to  determine  the  additional 
load  reQuired. 

91.  Tlie  •wa\tmf'r9gtdmUo>n  tMt  can  be  made  only  when  the  entire 
equipment  of  trmxksformers  and  reactances  to  be  installed  with  the  converter 
ii  availaUe.  £ven  under  such  circumstances  the  test  must  be  made  on 
the  baais  of  constant  alternating  voltage  on  the  high-tension  side  of  the  trans- 
fonDera.  Tfads  ifl  rarelv,  if  ever,  true  in  practice,  so  that  the  test  unless  made 
after  installation  is  of  little  value  and  is  seldom  made.  Furthermore,  there 
ia  no  object  in  adjusting  the  series  winding  of  a  converter  except  in  oonjuno- 
tioD  with  all  other  converters  with  which  it  is  to  operate  in  parallel  on  the 
direct-current  aide.  With  compound-wound  converters,  the  alternating 
voltage  should  be  adjusted  to  the  desired  value,  and  the  shunt  field  of  the  con- 
Terter  should  be  adjusted  to  give  the  correct  voltage  at  no  load.  If  the  trans- 
former ra^o  is  correct,  this  will  require  considerable  lagging  current,  which 
may  be  obtained  by  under-ezcitation.  Load  is  then  placed  on  the  converter 
and  the  desired  fulMoad  voltage  is  obtained  by  adjusting  the  series-field 
shnnt.  Thia  teat  is  never  made  with  shunt-wound  converters  since  a  slightly 
droopins  voltage  oharacteristio  would  always  be  obtained,  and  there  is  no 
means  within  the  converter  of  modifying  it.  With  converters  designed  for 
wide  voltaso  rang^,  it  is  customary  to  observe  the  operation  at  the  maximum 
ud  minimum  pressures  to  insure  that  there  is  sufficient  range  in  the  field 
vindings  and  rheostats  to  obtain  100  per  cent,  power^factor  at  all  voltages, 
and  that  satisfactory  commutationisootained  throughout  the  voltage  range. 


CoBTeri«T  on 
T««( 


Flo.  21. — ^Loading-back  temperature-test  connections. 

M.  The  temiMrfttur*  tsatt  at  the  factory  are  performed  either  by  direct 
loading  on  resistances  or  by  "loading  back"  on  a  similar  converter  or  power 
orcuit.  In  the  loading  back  method  (using  a  similar  converter),  the  losses 
can  be  supplied  from  either  the  direct-current  or  alternating-current  sides 
as  is  founa  convenient.  The  alternating-current  sides  of  the  machine  under 
test  and  of  the  test  machine  may  be  connected  together  by  a  complete  metaUio 
circuit,  or  through  transformers  having  a  one-to-one  ratio.  The  latter 
arrangement  is  preferable,  as  conditions  are  thus  made  more  stable  and  can 
be  more  easily  controlled.  The  connections  for  such  a  teat  are  shown  in 
Fig.  21.  When  the  machines  under  test  are  compound-wound,  it  is  necessary 
to  reverse  the  series  field  of  the  converter  running  inverted.  In  Fig.  21  the 
looass  are  supplied  partly  from  the  alternating-current  side  and  partlv  by  a 
booster  in  the  direct-current  side.  Temperature  tests  are  iisually  macfe  mth 
100  per  cent,  power^factor  at  the  converter  coUeotor^iings.     To  obtain  this 
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•  condition,  the  shunt  field  should  be  adjusted  for  the  proper  no-loftd  voltage. 
and  the  series  field  shunted  to  give  100  per  cent,  power-factor,  that  ia,  & 
minimum  value  of  armature  current,  at  the  tested  load. 

9S.  Oomznutatinff-pole  laturatlon  teit.  On  commutatine-pole 
converters  this  test  is  made  to  determine  the  sensitiveness  of  the  eoaverter 
to  proper  adjustment  of  the  commutating-poLe  ampere-turns.  The  converter 
ia  BO  connected  that  it  can  be  loaded  with  the  commutatins  poles  sepsrateljr 
excited,  in  order  that  the  excitation  can  be  adjusted.  For  various  toada  ana« 
in  variable  voltage  converters,  for  various  voltages,  the  minimum  And  tho 
maximum  go mmutating-pole  excitations  are  determined  between  which  satis- 
factory commutation  is  obtained. 

94.  Determination  of  efflelenoy.  Efficiencies  are  usuallv  determined 
by  separate  measurements  of  the  various  losses.  This  method  does  not 
derive  the  true  efficiency,  as  the  so-called  load  losses  or  stray  losses  cannot 
bo  included  by  direct  measurement.  Such  losses,  however,  in  converters  are 
small  and  no  appreciab  e  error  is  introduced  by  omitting  them.  They  are 
less  in  low-frequency  converters  than  in  high-frequency  converters.  If  the 
true  efficiency  is  required,  it  can  be  measured  only  by  an  inpuUoutput  load 
test,  which  may  be  made  with  the  converter  carrying  a  resistance  load  or 
loaded  back  on  another  converter.  On  account  of  the  relatively  sn&all 
lowes  involved  and  the  large  number  of  instruments  to  be  read,  such  a  test 
pan  be  made  satisfactorily  only  under  laboratory  conditions  where  the  power 
input  and  output  are  absolutely  steady,  and  where  carefully  calibrated  in- 
struments are  read  by  skilled  observers.  Unless  the  test  can  be  made  under 
such  conditions  more  accurate  results  will  be  obtained  by  calculating  the 
efficiency  from  the  separate  measurable  losses,  and  incluad.ng  a  reasonable 
allowance  for  the  load  losses. 

The  reason  for  the  greater  accuracy  of  the  efficiency  calculated  from  the 
separate  losses  is  apparent  when  it  is  remembered  that  a  2  per  cent,  error  in 
the  measurement  of  the  losses  results  in  only  2  per  cent,  of  the  5  per  cent,  losnea 
(using  95  per  cent,  as  the  true  efficiency)  or  0.1  per  cent,  error  in  the  effi- 
ciency, while  2  per  cent,  error  in  the  input-output  test  affects  the  efficianay 
by  an  equal  percentage.* 

INVERTED  CONVERTERS 
BT  r.  D.  KIWBUKT,  M.I. 

95.  Any  lynohronous  oonTertar  oan  be  operated  InTartad;  that  is, 
it  oan  be  used  to  convert  direct  current  into  alternating  current. 

96.  The  internal  aotlon  of  the  invartsd  oonvertsr  is  the  same  as 
that  of  the  synchronous  converter  except  that  the  losses  are  supplied  from 
the  direct-current  side,  bo  that  the  distribution  of  currents  in  the  armature 
ia  slightly  different. 

9T.  The  inTartsdoonT«rtsrha«theipe«doh4raot«rlstleaofadlr6ct- 
oorrent  motor  instead  of  a  synchronous  motor,  except  that  when  the  con- 
verter operates  In  parallel  with  another  source  of  alternating  current  the 
speed  is  controlled  by  each  of  the  two  alternating-current  sources  in  propor- 
tion to  its  share  of  the  load.  When  an  inverted  converter  operates  singly* 
its  speed  may  be  seriously  affected  by  a  change  in  load  or  power-factor  en 
the  alternating-current  side.  A  lagging  alternating-current  load  will  demac- 
netise  the  main  fields  and  the  converter  speed  will  increase,  as  would  that  of 
any  direct-current  motor  with  weakened  field. 

98.  Altsmatinff  voltaffe  control.  There  is  no  means  of  varying  the 
alternating  voltage  corresponding  to  the  reactance  and  series-winding  method 
used  with  the  synchronous  converter.  The  alternating  voltage  may  be  con- 
trolled by  any  of  the  other  methods  discussed  in  connection  with  Uie  ayi^ 
chronous  converter. 

99.  Inverted  oonverten  are  usually  ihunt-wound  In  order  to  secure 
as  nearly  constant  speed  and  frequency  as  possible. 

100.  Ccnrection  for  OTerspeedlng.  Where  inverted  converters  are 
subject  to  loads  of  varying  power-factor  and  where  constant  speed  is  essential, 
it  is  customary  to  use  a  separately  excited  field  winding,  the  excitation  being 

*  See  footnote.  Par.  11. 
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i^plM  by  A  direet-eonnectod  eieiUr.  The  eidter  la  deaictied  with  an 
■Mtamted  nuicnetic  circuit  bo  th«t  a  chance  in  speed  will  produre  a  masi- 
■ra  cbAnce  in  exciter  voltage.  With  tbia  arrangement  an  increase  in  speed 
of  the  inverted  converter  ia  at  teaat  partially  corrected  by  the  increase  of  iu 
cuitataoa  due  to  increaaed  eiciter  voltage. 

in.  Frot«ettoa  •catmt  wefg peadlng.  Where  the  conditions  do  not 
require  the  separate  exciter,  it  is  customary  to  install  an  overn>eed  tripping 
jpnrc  to  protect  the  converter  and  its  alternating-current  load  from  eicesa- 
in  speed  due  to  unusual  conditions. 

ItL  Applicatlona  of  the  inverted  eonvsrttr.  The  following  applica- 
tioBS  of  the  inverted  converter  may  be  mentioned:  (a)  to  supply  a  small 
•aoont  of  alternating -current  from  an  existing  direct-current  supply;  (b) 
to  form  a  connecting  link  between  alternating-current  and  direct-current 
•menu  for  the  transfer  of  energy  in  either  direction.  Vnder  the  latter 
condition  the  converter  may  operate  either  direct  or  inverted.  An  induction 
ngvlator  or  other  means  of  varying  the  voltage  is  necessary  to  control  the 
tiaasfer  of  enersy  through  the  converter  or,  in  the  case  of  operating  the  load 
ra  one  system  entirely  through  the  converter,  to  compensate  for  the  voltage 
dmp  in  the  converter  and  transformers,  (c)  To  enable  a  storage  battery  to 
be  used  to  equalise  the  energy  input  in  an  alternating-current  system.  Here, 
ilso.  a  Doeana  of  varying  the  voltage  of  the  converter  is  necessary  to  control 
the  charge  and  discharge  of  the  battery.  A  notable  installation  of  this  kind 
ii  St  the  Indiana  Steel  Company,  where  a  2,000-kw.  250-volt,  25-cycle  split- 
pols  converter  is  used. 

MOTOR  CONVERTERS 

BY  r.  D.  NXWBUBT,  M.B. 

m.  Stmeture.  The  motor  converter,  or  cascade  converter,  as  it  ia 
nmetimee  called,  consists  of  two  elements,  or  machines,  coupled  together 
mechanically  and  electrically.  The  primary  element,  having  the  structure 
of  an  induction  motor  with  a  phase-wound  rotor,  perfurmx  the  functiooa  of  a 
Tolt&ge,  frequency  and  phase  converter  and  of  an  induction  motor.  The 
secondary  element,  having  the  structure  of  a  synchronous  converter  (with 
taps  to  the  winding  but  without  collector  rings),  performs  the  functions  of  a 
direet-correot  generator  (driven  by  the  induction  motor,  the  rotors  being 
mounted  on  the  same  shaft)  and  of  a  synchronous  converter  (receiving  energy 
of  luitaMe  voltage,  frequency  and  phase  from  the  rotor  winding  of  the  pn- 
mary  elemMit).* 

104.  Startinc  reglatanee.  Three  of  the  inside  terminals  of  the  rotor 
winding  of  the  primarv  element  are  attached  to  collector-rings,  to  which  the 
starting  resistance  is  also  connected.  When  operating  at  synchronous  speed, 
an  of  the  inside  terminals  of  the  rotor  winding  of  the  primary  element  are 
connected  together  to  form  the  neutral. 

IM.  Tl&e  rotor  of  the  primary  element  ii  wound  with  either  0  or 
12  phases,  the  large  number  of  phases  being  used  to  decrease  the  arma- 
toie  copper  loss  of  the  commutating  machine.  The  large  numlicr  of  con- 
nections Detween  the  two  rotors  does  not  lead  to  any  complication  as  they 
can  be  made  solidly  without  collector-rings. 

lot.  Transformen  are  required  only  when  the  line  voltage  exceeds  the 
highest  voltage  for  which  the  primary  element  can  be  safely  and  economically 
wound.  In  tnis  respect  the  motor  converter  is  on  nearly  equal  footing  with 
the  synchronous  motor-generator  set.  The  difference  in  favor  of  the  latter 
is  due  to  the  fact  that  the  synchronous  motor  can  be  satisfactorily  wound  for 
higher  voltages  than  the  induction-motor  element  of  the  motor  converter. 

lOT.  AppUcatlona.  The  motor  converter  occupies  a  position  between 
the  motor-generator  set  and  the  synchronous  converter.  Its  main  advantage 
over  the  motor-generator  set  lies  in  the  fact  that  a  part  of  the  energy  is  trans- 
formed electrically  and,  therefore,  more  efficiently  than  in  the  motor-gener- 

*  (a)  See  German  patent  14M34  (1902);  English  patents.  3704  (1003). 
7807  (1004);  U.  8.  patent  72400  (1904). 

(b)  See  Arnold  u.  la  Cour,  "  Der  Kaskadenum former  "  Enke,  Stuttgart, 

1004. 
(e)  Hallo.  H.  S.    *'  The  Theory  and  Application  of  Motor  Converters/' 
Journal,  I.  E.  E.  (London),  Vol.  XLlII,  page  197. 
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ator  aet  in  whieh  oil  of  the  enereir  is  tnnaf  ormed  mechamaally .    For  the  i 

reasoD  it  ia  leas  effioieDt  than  the  gynohronous  converter  in  which  the  etitiz« 
output  is  transformed  electrically .  Its  main  advantage  over  the  lynclironoiia 
converter  lies  in  the  fact  that  tne  commutating  machine  of  the  motor  oon— 
verier  operates  at  a  frequency  lower  than  the  line  frecjuency — usually  aA 
half  the  line  frequency.  This  advantage  applies  only  in  the  case  of  Una 
frequencies  above  40  cycles  per  sec.  and  for  the  higher  direet-cuixenft 
voltages,  and  has  been  lessened  even  for  these  conditions  oy  recent  improve- 
ments in  high-frequenoy  synchronous  converters.  The  motor  converter 
has  found  its  most  extensive  application  in  England  and  Germany.  Xix 
England  approximately  160,000  kw.  of  capacity  has  been  installed  sdnco 
1004,  and  in  Germany  approximately  65,000  kw.  of  capacitor  has  been  in- 
stalled, mainly  since  lOOS.  These  figures  were  compiled  in  July,  1913. 
iSacHoally  nothing  has  been  done  in  the  United  States  toward  introducing 
the  motor  converter  commercially,  mainly  due  to  the  previous  devdopmenk 
of  the  high  frequency  synchronous  converter. 
loa.  Iqaationa  of  the  motor  eonvertcr. 

„       .  ,  Line  frequency  X  120  .  .      ,,, 

Synchronous  speed  ^    ^^^  ^^  ^^^  ^^  both  element.         <'•«•••"•>     <*> 

Rotor  frequency  -  line  frequency  —   (■ lan''"")  C'-P-m.) 

(cydea  per  see.)  <5) 

Power  transformed  electrically  <■  Total  output  ( — T°tjj'^  i**"  **)  t®J 

Power  transformed  mechanically  —  Total  output  ("S^^^— t^— )  (7) 

When  the  numbers  of  poles  of  both  elements  are  equal,  as  is  usually  the 
case,  these  relations  obviously  become  very  simple. 

109.  Th«  average  armature  current  and  heatlns  ia  the  oommu- 
tating  element  is  less  than  in  a  direct-current  generator  of  equal  rating,  but 
more  than  in  the  corresponding  synchronous  converter.  Assuming  an  eQusJ 
number  of  poles  in  the  two  elements  of  a  motor  converter,  the  commut&tins 
element  is  operating  half  as  a  direot-ctinent  generator  and  half  as  a  syncliroi»- 
ous  converter.  Assuming  further  a  twelve-|jhase  rutor  circuit  and  100  per 
cent.  powei>faotor  at  the  terminals  of  the  primary  element,  the  average  tomm 
will  be  approximately  0.34  (relatively),  the  equivalent  direct-current 
generator  loss  being  unity.  This  is  about  30  per  cent,  greater  than  the 
average  loss  in  the  ordinary  six-phase  synchronous  converter,  also  at  lOO 
per  cent,  power-factor.  The  maximum  loss  in  one  conductor  ia  approxi- 
mately 10  per  cent,  less  than  the  maximum  loss  in  the  six-phase  aynchronoua 
converter,  at  100  per  cent,  power-factor. 

110.  The  armature  losa  increases  leas  rapidly  with  reduction  in  power- 
factor  than  in  the  6-phaae  synchronous  converter,  due  to  the  generator 
current  losa,  which  does  not  vary  with  poweMactor,  and  to  the  higher 
number  of  phases  employed.  - 

111.  Power-factor,  Thepower.;faotor  at  the  line  terminals  of  the  pilmauy 
element  may  be  varied  as  in  the  simple  synchronous  converter  by  vmrying 
the  field  excitation  of  the  commutating  machine.  The  magnetising  current 
for  the  primary  element  may  be  taken  from  the  line  or  from  the  seooBdery 
element  as  desired.  This  is  controlled  by  the  excitation  of  the  commu- 
tating machine.  If  the  set  is  operated  at  100  per  cent,  power-factor,  it  follows 
that  the  secondary  element  is  operating  at  a  leading  power-factor  (iriUi 
respect  to  line  voltage)  in  the  neighborhood  of  93  per  cent,  at  full4oad. 
This  has  an  important  bearing  on  the  heating  and  sixe  of  the  commutating 
machine.     See  Far.  117. 

lis.  Voltac*  control.  A  fixed  voltage  ratio  exists  between  the  alter- 
natinc-current,  and  the  direct-current  siaea  of  the  commutating  element 
of  the  motor  converter,  as  in  the  synchronous  converter,  and  the  same  meana 
for  varying  the  direct-current  voltage  must  be  employed.  In  a  ahnnt- 
wound  motor  converter  the  direct-current  voltage  drops  with  the  loed 
assuming  constant  alternating  voltage.  In  this  case  the  necessarily  hi«h 
reactance  of  the  primary  element  is  a  disadvantage.     In  a  certain  JSOO-kw. 
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MDtor  oonverter  the  roltage  dropped  5  per  cent,  between  no  load  and  full 
UmuI.  This  ia  leoe  than  in  a  corresponding  direct-current  generator  but 
more  than  in  a  correspondiniE  aynchronoua  converter.  The  motor  converter 
ia  veil  adapted  to  voltage  regulation  by  reactance  and  series-field  excitation. 
In  Bcneral,  the  primary  element  will  oontain  inherently  sufficient  reactance 
lo  obtain  a  10  per  cent,  voltage  increase  (asBuming  constant  primary 
altemaUng  voltage)  with  permisnble  range  in  power-factor.  This  range  in 
voltage  ia  ample  for  the  orainarv  railway  system.  Voltage  ranges  of  20  xjer 
eant.  to  30  per  cent,  required  oy  lighting  systems  using  storage  batteries 
cannot  be  obtained  economically  by  reactance  and  senea-field  excitation. 
For  auch  voltage  variation  an  induction  regulator,  alternating-current 
booater  or  direct-current  booster  is  required.  The  alternating-current 
mkchronous  booster  must  have  the  same  number  of  poles  as  the  secondary 
element  and  must  be  connected,  eleotrioally,  between  the  primary  and 
■eeozulary  rotor  windings. 

lis.  B*lative  ilae  and  ooit.*  The  cost  of  the  primary  or  induction 
dement  will  be  approximately  the  same  as  that  of  an  induction  motor  with 
pbaae-wound  rotor  at  double  the  running  speed  (assuming  equal  primary 
and  secondary  poles).  The  coat  of  the  secondary  or  oommutating  element 
win  be  leOB  than  that  of  a  direct-current  generator  of  the  same  rating  and  more 
than  that  of  a  synchronous  converter  of  the  same  rating  and  operating 
freqiwnoy.  The  coet  of  the  induction  element  will  be  somewhat  more  than 
that  of  stationary  transformers  neoesaarily  used  with  the  synchronous 
converter.  On  the  basis  of  a  line  voltage  so  low  that  transformers  are  un- 
neceosary  with  the  motor  converter,  the  cost  without  transformers  is  approxi- 
mat^y  uie  same  as  that  of  the  higher-frequency  synchronous  converter  and 
the  nw^saary  transformers.  In  case  transformers  must  be  used  with  either 
form.  6i  converter  on  account  of  high  line  voltage,  the  cost  of  the  motor 
converter  installation  will  be  from  30  per  cent,  to  40  per  cent,  greater 
than  the  aynchronoua  converter  installation. 

114.  Effldienoy.  At  capaoities  of  500  kw.  and  above,  the  efficiency  of 
a  synohronoua  eonverter  and  transformers  would  be  1.5  per  oent.  to  2  per  cent. 
better  than  the  motor  eonverter  without  transformers,  assuming  American 
conditiona  which  require  the  use  of  open  armature  slots  in  the  primary 
dement.  Including  the  transformer  in  the  motor  converter  installation 
would  reduce  ita  efficiency  below  that  of  the  equivalent  synohronoua  con* 
verter  installation  from  3  per  cent,  to  4  per  cent. 

111.  The  metiiod  of  startlnff  is  the  same  as  in  an  Induction  motor 
with  phase-wonnd  rotor,  a  three-phase  resistance  controller  being  used  as 
indicated  in  the  diagram  in  Fig.  22.  It  will  be  noted  that,  during  starting, 
three  phases  of  the  rotor  winding  of  the  induction  element  are  in  series  witn 
the  armature  winding  of  the  commutatin^  element,  the  other  phases  remain^ 
lag  open  at  the  neutral.  After  the  m&in-line  switch  is  closed,  the  rotor  circuit 
of  the  induction  element  is  closed  through  the  starting  resistance.  As  the 
votor  b^ns  to  revolve,  two  alternating  currents  are  superimposed  in  the 
rotor  circuits,  one  at  maximum  frequency  decreawng  with  the  speed,  due  to 
the  induction  element,  and  one  at  minimum  frequency  increasing  with  the 
speed,  due  to  the  rammutating  element.  The  latter  current  is  appreciable 
only  near  synchronism  or  in  the  case  of  separate  direct-current  excitation  of 
the  secondary  element.  As  the  rotor  approaches  its  normal  running  speed, 
these  two  currents  approach  the  same  frequency,  which  is  indicated  d;^  a 
Mow  osciUation  of  the  needle  of  the  voltmeter  connected  in  the  starting 
eirotut.  At  the  moment  the  voltmeter  needle  passes  through  sero,  the 
starting  resistanoe  is  short-circuited  and  the  set  will  thereafter  operate  syn- 
chronously. The  neutral  points  of  all  the  rotor  phases  are  connected 
together  and  the  starting  brushes  lifted  from  the  zings  by  a  mechanical 
device.  B^  proper  selection  of  the  starting  resistance,  the  starting  current 
may  be  maintained  at  a  low  value  throughout  the  entire  starting  operation. 
Due  to  the  small  armature  current  during  starting,  the  direct-current 
voltage  will  always  build  up  with  the  correct  polarity.  The  6eld  reversing 
switch  commonly  used  with  alternating-current  seli-starting  synchronous 
converters  is  unnecessary. 

116.  The  motor  converter  may  be  tued  to  aupply  %  three-wire 
dlreet-eurrent  circuit  without  change  except  that  the  orushes  are  left  on 
the  lings  after  starting.    They  are  connected  to  the  middle  terminals  of  % 
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three-pole  double-throw  switch,  one  set  of  tfutude  terminala  being  connected 
to  the  starting  resistance  and  the  other  set  being  short-circuited  and  con- 
nected to  the  direct-current  neutral  lead. 

117.  Oommutatlnf  poUa  may  be  used  on  the  commutatinf 
•lem^nt  as  in  any  synchronous  converter.  Due  to  the  combined  generator 
and  converter  action  the  ampere-turns  required  on  the  commutating  poles 
more  nearly  approach  the  ampere-turns  on  the  equivalent  directHiurrent 
generator  than  on  the  equivalent  synchronous  converter. 


Fia.  22. — Diagram  of  connections  of  motor  converter. 

DntECT-CURRENT  CONVERTERS 

BT  ALXXAMDKB  QRAT.    See  p.  2 

118.  Theory  of  operation.     A  three-wire  generator,  operating  with  no 
ourrent  in  one  side  of  the  system,  may  be  used  as  a  direct-current  converter 
with  a  ratio  of  two  to  one.     Such  conditions  of  operation  are  shown  diagraxn- 
matically  in  Fig.  23.    If  the  armature  be  connected  across  the  terminals  a 
and  6t  it  will  rotate  as  a  direct^urrent  motor 
arniature  and  will  take  a  current »«,  at  a  volt- 
age  2e,   to  supply  the  no-load  losses  in  the 
machine.     If  now  two  diametrically  opposite 
points  c  and  d  be  connected  through  a  coil  C 
of  high  reactance  and  negligible  resistance,  and 
if  the  middle  point  /  of  the  eoil  be  connected 
as  shown  in  Fig.  23,  the  machine  will  beconte 
a   three-wire  generator    (See.    8,  Far.  IM). 
The  point  /  is  then  midway  in  potential  be- 
tween c  and  d  and,  since  the  e.m.f.  between  c 
and  d  is  alternating,  an  alternating  current, 
-r-       oo      i^  J*  .  •     supplied  from  the  mains,  will  flow  in  the  react- 

Ho.  23. — Current    distn-    ^^^e   coil.    This  current  will  be  small  anoe 
bution    m   a  directrcurrent    the  reactance  is  large. 

converter.  A  load  current  at  volta^  «   may  now  be 

drawn  from  terminals  /  and  g,  and  the  current  distribution  in  the  system 
will  then  be  as  shown  in  Fig.  23,  the  no-load  currents  being  neglected.  The 
currents  in  secUons  M  flow  against  the  generated  e.m.f.,  so  that  these 
sections  xoAyr  be  considered  to  act  as  motors;  the  currents  in  sections  O  flow 
in  the  direction  of  the  generated  e.m.f.,  and  so  these  sections  may  be  coa- 
■idered  to  act  as  generators.  The  driving  torque  due  to  the  motor  sections 
must  overcome  iht  retarding  torque  due  to  the  generator  sections. 
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IM.  >i  inalim  euiiant*.  Tha  oarrent  in  tha  »rmatare  ooodueton 
mica  as  the  annatnre  ravolTaa;  thia  may  be  aa«n  from  Fie.  34  whara  tba 
umajtiue  is  ahown  in  four  dillarent  poaitioaa. 

la  poHtion  A,  the  icaistaiiae  from  e  to  a  ia  aqual  to  that  from  e  to  6,  and 
the  rarrent  i,  enterins  the  armature  at  c,  divides  into  two  equal  parte.  In 
paaitiarn  B,  tfae  reaUlance  from  c  to  a  ia  leea  than  that  from  e  to  0«  and  tba 
mrcBt  i>  is  sraster  than  the  current  tV 

In  poaation  C.  the  curteot  in  ea  ia  prsetleally  equal  to  i  and  that  in  eb 
pgaetieslly  sero.     In  position  D,  the  eurrenta  in  all  the  conductors  are  lero. 


A.  B  C  D 

Fig.  24. — Relation  between  current  and  position  of  armature. 

nc.  25  shows  approximately  how  the  current  Taries  in  two  ooila  m  and  a 
SB  ftlie  srxnature  makee  one  revolution.  In  coil  m,  tba  current  varies  from 
lero  to  *  while  in  coil  n  it  varies  from  —  i>  to  +\i;  the  armature  eoiU  are 
U>ei«foTe  not  equally  heated.  Thoee  next  the  leads  e  and  i  are  the  hottest 
aad  thoss  midway  between  the  leads  are  the  coolest. 

ISO.  TlM  TtMat  of  •  diraet-enrraat  eoBTsrtar  depends  upon  tba  num- 
ber of  phases  of  the  reactance  coil.  With  a  2-phaae  reactance  coil,  as 
slMsm  in  Fif  •  2(1,  the  maximum  current  in  tba  conductors  is  leas  than  i,  and 
the  current  in  each  armature  coil  is  more  nearly  constant  than  when  only  one 
r«actsnoe  ooil  is  used.     For  tha  same  average  armature  copper  loss  in  eaeb 


Tio.  2S. — Variation  of  current  in  coils  m  and  n  during  one  revolution 
of  armature. 


,  a  direet-evrrent  generator  can  be  given  the  following  ratings  when  used 
ss  s  direct-current  converter:  * 

1.00  as  a  direct-current  generator; 

1.22  as  a  direct-current  converter  with  one  reactance  coil; 

1.55  as  a  direct-current  converter  with  two  reactance  coila; 

1.64  as  a  direct-current  converter  with  three  reactance  coils. 
Tba  eoat  and  weight  of  the  equivalent  direct-current  generator  may  be 
obtained  from  Fig.  67  (Par.  ITS)  Sec.  8,  an  addition  of  5  per  cent,  being 
made  for  the  slip-tings.  .„     ^ 

ISl.  The  Mcondiry  voltafs  of  lueh  a  lyttaia  esnnot  raMlIy  b« 
controlled  independently  of  that  of  the  primary;  it  decreases  with  increase  of 
load  according  to  Eq.  38  in  Sec  8,  Par.   IM  and,  with  a  reasonably  priced 

*  Steinmets,  C.  P.    "  Elements  of  Electrical  Engineering,"  p.  337. 
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n»etsnee  coil,  tbia  deeramM  in  voltage  can  hardly  be  Iwe  than  3  per  eent.  »t 
full  load. 

ISS.  The  ratine  of  the  neoeuar^  reaetanee  eoil  may  be  found  from 
See.  8,  Par.  IfT.  The  frequency,  which  equals  the  number  of  pole*  multi- 
plied by  the  r.p.m.  and  divided  by  120  will  generally  be  between  IS  and 
40  oyelea  per  aee. 

lis.  The  Dattmar  and  Bothart  ipllt-pola  machine  (Sec.  8,  Par.  IM) 
when  used  ae  a  flirectHOurrent  converter  haa  the  advantage  that  the  aecondary 
voltage  can  be  controlled  independently  of  that  of  the  primary.  £acQ 
pole  of  thia  machine  is  split  ao  as  to  form  two  polar  projections  of  like  polarity 
and  these  are  excited  independently  of  one  another.  The  neutral  bniah  la 
placed  on  the  commutator  midway  between  the  positive  and  the  negative 
brushes  and,  by  varying  the  excitation  of  one  polar  projection  relative  to  that 
of  the  other,  the  flux  entering  the  armature  between  the  positive  and  the 
neutral  brushes  may  be  changed  rclativc  to  that  between  the  neutral  and  the 


> 


Fio.  26. — Current  distribution  in  a  direct-current  converter  with  s  two- 
phase  reactance  coil. 

negaUve  brushes,  or  the  ptotcntial  of  the  neutral  brush  may  be  varied  sa 
desired.  By  the  use  of  suitable  shunt  and  aeries  coils  on  the  polar  projec- 
tions, any  desired  degree  of  compounding  may  be  obtained  and,  ia  the 
extreme  case,  a  constant  current  may  be  obtained  from  the  secondary  off 
such  a  machine  while  the  primary  is  operating  at  constant  potential. 

114.  The  C.  M.  B.  autoeonTorter  ia  another  type  of  split-pole  machiiM 
with  the  armature  tapped  by  brushes  placed  between  the  main  positive  and 
negative  brushes.  A  standard  line  of  these  machines  is  on  the  market  and 
can  be  supplied  with  a  transformation  raUo  as  high  as  four  to  one,  and  with 
such  a  combination  of  shunt-6eld  and  series-field  coils  that  a  drooping  second- 
ary characteristic  may  be  obtained  if  desired  for  constant-current  operation. 
They  are  supplied  with  boll  bearings  and  have  an  efficiency  which  varies 
from  75  per  cent,  for  a  1  kw.  unit  to  86  per  cent,  for  a  10  kw.  and  04  per  cent* 
for  a  50  kw.  unit 

115.  Applications.*  Direct-current  converters  of  thislattw  type  are 
used  in  place  of  motor-generator  sets  for  many  purposes,  among  others, 
to  obtain  50  volts  .from  a  line  of  higher  voltage  for  the  operation  of  aro 
lamps  at  50  volts  in  bioscope  sets  and  search  lamps.  A  oonstant-current 
characteristic  is  the  most  suitable  for  arc-lamp  operation.  They  are  also 
used  for  electric  welding,  the  machines  being  built  with  such  characteristics 
that,  on  short-circuit,  the  current  is  only  10  per  cent-  more  than  full-load 
current,  while  the  voltage  drops  practically  to  zero. 

•  For  further  information  on  direct- current  converters  see: 

Steinmetz,  C.  P.    *'  Theoretical  Elements  of  ElectricarEngineering,*' page 

837;  New  York,  McGraw-Hill  Book  Co.,  Inc. 

MacFarlane  and  Burge.    Loridon  Electrician^  July  0,  1909- 

Thompson,  S.  P.     Report  at  Turin  Congress;  Zrf>ndot»£<ec(rtciaai  Sept.  29, 

1911. 
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at.  Ocnand  daterlptton.  The  dyiumotor  ii  nmilar  to  the  motoi^ 
meiktor  set  except  that  the  two  armature  windinsi  ate  on  the  same  cote 
ad  leTolva  in  the  aame  macnetie  Seld,  each  winding  being  connected  either 
lo  a  eomnautator  or  to  eoUeetor-ringe,  in  accordance  with  ita  uae  for  direct 
»far  allaenallm  eaivnt  teepee  lively.  It  ia  rarely  iteeeeaary  to  ehange  from 
doeci  eomat  to  alternating  eurront,  so  that  maclUDee  for  meh  purpoee  ate 
ipeeiaL  A  ebaage  ftom  alternating  to  direct  current  may  be  realiird  with 
Ha  m>iii»«  hr  the  nee  of  a  rotary  oonTarter,  with  a  traaefonner  if  neceasary, 
thaa  with  »  ayiuunotor. 

Iir.  Annktor*  reaetion.  The  armature  for  a  direct  current  to  direet- 
carrent  type  of  dynamotor  i«  ahown  diagrammatically  in  Fig.  27.  Here  the 
tnaaformstion  ratio  ia  four  to  one,  lo  that  there  are  (our  timea  aa  many 
tiieetaTW  tnma  in  one  winding  aa  in  the  other.  The  direction  of  the  generator 
cuiiem  ia  that  of  the  pnerated  e.m.f.,  but  the  current  in  the  motor  winding  ia 
ia  the  oppoeite  direction.     If  the  loeeoe  in  the  machine  be  neglected,  then  the 


Tia.  27. — ^Arrantement  of  dynamotor  armature  and  commutator. 

aotor  input,  Emim  eqnala  the  generator  output.  S,It,  and  the  value  of  effe^ 
tive  ampere-tuma  in  the  motor  armature,  njjm  equaJa  the  value  of  effective 
aipere-tnme  ia  ^e  generator  armature,  nJ,.  Therefore  the  m.m.fi.  of  the 
two  wtfidinga  are  equal  and  oppoeite  and  there  is  no  reaultant  armature 
reaction.  For  thia  reaaon,  the  ayiuunotor  can  be  allowed  a  smaller  air  gap, 
a  amaEer  exciting  current,  and  a  lighter  field  coil  than  a  standard  machine 
bnili  apon  the  same  frame. 

US.  Tlia  oonunntatlon  of  theee  machines  is  exceedingly  good  if  the 
brusbea  on  the  two  commutators  ate  so  placed  that  the  short-circuited  coils 
ct  each  of  ibe  two  windings  lie  in  the  same  slot.  Under  such  conditions  the 
cnrrcnta  in 'these  ooils  change  at  the  same  time  and  in  opposite  directions,  so 
that  the  reactance  voltage  ia  small  (See.  8.  Par.  41).  Dynamotors  can 
therefore  have  deep  slots  and  low-resiataiSce  brushes  and  in  consequence  are 
suitable  for  deliveting  large  oumnta  at  low  voltagee.  * 

IM.  Toltaff*  regulation.  The  principal  objection  to  the  standard 
dynamotor  ie  that  the  secondary  voltage  cannot  be  reitulated  without  chang* 
lag  the  excitation  of  the  ptimary.  The  ratio  of  the  terminal  voltages  Is 
fixed  by  the  ratio  of  effective  armature  turns  and  by  the  vdta^  drop  due 
to  the  resistance  of  both  armatnre  windings,  so  that  the  terminal-voltage 
ratio  ia  independent  of  the  excitation  and  changes  with  the  load.  The 
transformation  ratio  for  a  given  load  can  be  changed  only  by  inserting  a 
reaatanee  or  a  booater  in  the  primary  or  the  secondary  circuit. 

IW.  Comblnad  dynamotor  knd  booater.  A  machine  which  ia  equiva- 
lent to  a  eomblned  dynamotor  and  beoater  can  be  made  by  extending  one 
armature  winding  a  longer  diatanee  axiaUy  along  the  core  than  the  other, 
and  applying  to  thia  extended  part  of  the  core  a  magnetic  field  from  an 
aaxiUaiy  field  ayatam.  The  exciting  current  for  this  auxiliary  field  can  be  ao 
regulated  aa  to  change  the  voltage  of  one  winding  independently  of  that  of 
tM  other.  If  this  field  system  be  excited  with  series-field  coils,  the  secondary 
voltage  can  be  made  to  vary  with  the  load,  aa  desired.  The  chief  advantage 
of  tm  latter  machine  over  the  motor-generator  set  is  that  it  requires  lees 

*  flholdnn  and  Haoamann.    "  Dynamo-electric  Machinery,"  Vol.  I,  page  260. 
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floor  apace  and  will  hare  a  higher  efficiency,  but  will  probably  not  be  cheaper 

if  the  machines  are  of  correapondlng  construction. 

Itl.  A  special  dj[n»motor  ii  eztanalTelj  uaed  for  talephona  ringintl. 

The  motor  winding  is  for  direct  current  and  the  other  winding  is  connected 
to  two  slip-rings  in  order  to  deliver  alternating  current  at  from  16  to  19  cycles 
per  sec,  and  about  75  volts  (effective). 

MS   Pynamoton  oam  be  used  In  plaoe  of  motor-ranarator  seta 

only  when  the  regulation  of  voltage  is  not  of  great  importance  as,  for  example, 
in  the  ringing  of  bells  and  gongs,  the  operation  of  signals  in  oonnection 
with  fire  alarms,  telephone  systems,  annunciators  and  many  other  kinds  of 
signaling,  and  the  operation  of  magnetic  contactor  switches.  For  telegraphic 
work,  dynamotors  are  often  used  in  place  of  primary  batteries,  the  seoonaary 
voltage  being  50  to  600  volts  direct  current,  depending  on  the  length  of  the 
line  (See.  21). 


) 
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Fio.  28. — Weights  and  coats  of  small  dynamoton  and  niotoi-generator  seta. 

lit.  Oott  of  DynamoMn.  Sinoe  the  two  armature  windings  are  upon 
the  same  core,  that  core  will  be  larger  for  a  dynamotor  than  for  a  generator 
of  the  same  output.  Fig.  28  shows  the  shipping  weight*  and  sellins  prioes  of 
small  dynamotors  and  motor-generator  sets  of  substantial  make  on  a  ainsle 
bed  plate,  the  motor-generator  sat  consisting  of  two  maohlDM  joined  b]r  a 
flexible  coupling. 

DOUBLE-CURRENT  GENERATORS 

BT  r.  D.  mWBUBT,  H.B. 

U4.  Armature    ourranti    in    the    donbla-ourrent    (snarator.     A 

machine  having  the  same  structure  as  the  synchronous  converter  may  be 
used  to  generate  both  alternating  and  direct  current  if  driven  by  a  suitable 
prime  mover.  Unlike  the  synchronous  converter,  the  armature  currents  in 
the  double-current  generator  are  not  less  than  in  the  corresponding  direct- 
current  generator.  The  alternating  and  direct-current  are  not  subtractive, 
as  shown  in  Figs.  1  and  2,  but  are  additive,  aince  both  are  generator  currents. 
For  the  same  reason,  the  generation  of  both  alternating  and  direct  current 
in  the  same  armature  winding  is  not  favorable  to  commutation  aa  in  the 
synchronous  converter,  but  is  detrimental. 

IM.  Dependanoe  of  direct-current  voltare  on  altematinc  voltace. 

A  double-current  generator  has  none  of  the  advantages  of  the  synchronooa 
converter  and  has  many  disadvantages  of  its  own.  One  of  the  most  serious 
disadvantages  is  the  dependence  of  the  direct-current  voltage  on  the  alter- 
nating voltage  and  on  variations  in  alternating-current  load  and  power- 
factor.  A  change  in  alternating-current  load  or  power-factor  will  cause  a 
chanfte  in  the  magnetising  effect  of  the  alternating  current  in  the  armature 
winding  and  thus  change  the  resultant  magnetitation  on  which  the  direct 
and  alternating  voltages  depend.  To  assist  in  maintaining  steady  dirert* 
current  voltage,  it  is  customary  to  excite  double-current  generatoia  separately. 
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IM.  AIt«nMiiic-«iiiT«it  panUd  epwMtoa.  If  doubl»<iimiit 
■Bnixmtofa  are  opermtiiis  in  parmllal  with  a  ralatiraty  large  altomatinc- 
carrent  ayatem  on  which  the  altematins  Toltace  ia  held  sonatant,  the  direct- 
ran^nt  voltace  will  alao  be  eonatant  and  cannot  be  varied  independently  of 
the  eonatant  altematinc  roltace. 

UT.  Titmtt«tlnni  of  da^igm.  From  the  deaicn  atandpoint,  the  donbla- 
oment  generator  ia  handicapped  by  the  rigid  relationahip  Mtween  pole*  and 
^pitd  required  by  the  frequency.  This,  in  general,  ronilta  in  the  oae  of 
many  more  polea  than  would  be  employed  in  an  equiTalent  direct-current 
geoerator,  eauaing  an  appreciable  increase  in  coat.  This  ia  {>artieularly  true 
with  riow  engine  ipeedi  and  high  frequenev.  It  ia  alao  impoaribie  to  uaa 
coaunutstinc  iwle*  on  account  of  the  effect  oi  variation  in  altemattng-eniTant 
load  and  power-factor.  No  machiDe*  larger  than  3,500  kw.  have  aver  bean 
bniit  in  tnia  type. 

US.  AteadonaMnt  of  dow-ipaad  type.  During  the  paat  10  yeata. 
BD  alow-a|>eed  en|dne-<lriven  double-current  generators  of  any  importanee 
have  been  inatallea.  The  reaaona  for  this  have  been  the  disadvantage  of  the 
douUe-eurrent  generator  already  enumerated  and  the  lower  coat  and  graater 
flexibility  of  alternating-current  generators  used  in  conjunction  witn  syn- 
chronoua  converters. 
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BT  KIOIHALD  J.  S.  KOOTT 
LAWS  OP  HSAT  TBAHSnR 

1.  Ho  h«ftt  MA  !>•  transmitted  from  %  cold  body  to  »  hottor  oa« 

flue  gasee  mutt,  therefore,  leave  the  boiler  at  not  leas  than  the  steam  temper* 
ture  in  an  ordinary  boiler,  or  at  not  leas  than  the  inooming  feed-watei 
temperature  in  the  oounter-aurrent  type  of  boiler. 

5.  Two  Uads  of  beat  trazufer  take  place  in  a  boiler;  absorption  bj 
radiation  from  incandMcent  fuel  direct  to  neatin^g  aurfaoe,  and  heat  trana- 

miaaion  by  '  contact  and  convection 
Stefan  andBoltsmann'alaw  states  thai 
absorption  by  radiation  is  proportional 
to  difference  of  the  fourth  powers  of  ihf 
two  temperatures  involvea. 

B.t.u.  radiated  per  sq.  ft.  per  hour  » 
lOXlO-w  (Ti*-Ti«)  (1) 

where  Ti — abs<^ute  temp,  in  dec.  Fahr. 
of  "black**  incandescent  body,  and 
Tt- absolute  temp,  in  deg.  Fahr.  oi 
receiving  body. 

A  *' black'*  body  such  as  carbon,  in 
any  form  except  the  crystalline*  will 
araorb  all  heat  tranamitted,  reflecting 
none.  Metal  and  other  materials  will 
reflect  from  one-fourth  to  one-half  of 
that  received. 

S.  Heating  by  eonvection  from  hot 

gases  to  water  is  proportional  to  some 
power  of  each  of  the  velocities  of  the 
moving  gases  and  water  or  steam.  The 
heating  is  also  proportional  to  the 
density  of  the  fluids  and  to  the  abso- 
lute temperatures,  since  these  influenee 
the  molecular  energy.  The  formula  for 
heat  transfer  by  convection  is, 

H~AU(.Ti-Tt)  (2) 

where   H  —  B.t.u.    transmitted  per  hr., 
A  — area,  sq.   ft.,    C/[ <* transmission  coefficient,  2*i  — Ti^mean  temp,  diflt. 

4.  The  transmlsilon  coefficient  for  normal  rating  is  somewhere  around 
A  to  8  B.t.u.  deg.  of  mean  temperature  difference,  per  sq.  ft.,  per  hour,  but 
may  be  much  larger  than  this  in  boilers  with  much  surface  exposed  to  radiant 
beat  and  well  scrubbed  by  the  gases.  The  upper  limit  has  probably  never 
been  reached,  the  maximum  value  for  recorded  teats  being  about  20. 

f.  Effect  of  dirty  surfaces.  One  important  difference  noticeable 
between  absorption  of  heat  by  conduetioa  and  by  radiation  ia  that  the  rela* 
tive  cleanness  of  the  surface  affects  the  rate  of  conduction  very  readily,  but 
absorption  of  heat  by  radiation  is  practically  unaffected.  Soot  increases  the 
thickness  of  the  film  of  motionless  gas,  besides  adding  its  own  resistance  to 
heat  flow. 

6.  The  resistance  of  the  film  of  Inert  gas  entangled  in  the  rough  surface 
of  the  tube  (or  soot)  is  from  20,000  to  35,000  times  as  great  as  that  of  the 
mstal  tube  alone,  so  that  the  thickness  of  the  dead  gas  film  is  the  controUing 


SmAtmft  TmiMntan  of  Dry  Burtec* 
(7*^ vafs  T«niMntBr«  of  WitSarfan 
J)aT<mp««tat«  orWatw  in-Bdlv 

Flo.   1. — Transmission  of  heat. 
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bctor.  In  abaoiption  ol  hast  by  nulUtion,  however,  the  interposition  of  n 
tH  film  or  Lnyer  of  soot  fane  practically  no  effect,  nnce  conduction  does  not 
Mu  a  part  in  the  action. 


Fia.  4. — B.  &  W.  marine  boiler  with  superheater. 
BOniKS 
T.  BoUar  tjpat:  in  the   following  classification   modern  types  only  are 
considered. 

(  Horiaontal  return  tubular  (Fig.  2). 
nn  Tube. . .     Scotch  (Fig.  3). 

I  Continental  and  other  internally  fired  types  (Fig.  3). 

(  Rust 
Stationary 
(Fig.   S). 
Manne  (Fig.  4). 
Definite  circulation  path.  <  Heine, etc., etc.,  \  StirUnc(Fig.  6). 
and  7 
*>««r  Tube.  Yarrow 

I  Thorneycrof  t. 

Field  Tubes. Niclausse 


B.*W. 
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All  types  give  effioienoiee  not  differiog  widely  when  subjected  to  the.  same 
kind  of  furnace  and  flame  conditioDs,  the  atmcture  having  almoat  no  in- 
herent influence  ut>oD  efficiency.  But  inasmuch  aa  the  structure  may  in- 
fluence very  materially  the  conditions  of  combustion,  by  restricting  com- 
bustion spaces,  by  altering  the  length  and  the  hydraulic  mean  depth  of 


) 


gu  pmssages,  and  by  extinction  of  flame  and  acrumulation  of  dirt,  it  may 
alter  the  efficienciee  somewhat.  If  combustion  could  be  entirely  complete, 
so  that  the  flame  would  be  extinct  before  reaching  any  heating  surface,  it 
would  make  no  difference  what  type  of  boiler  were  employed  so  far  H 
•fBdenoy  is  oonoerned. 
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I.  nr»-tub«  boU«n  are  cheBpest  in  first  cost,  but  lowest  in  cftpAcity 
for  ^Mce  occupied;  in  general  they  are  the  most  difficult  to  keep  in  good 
opertting  condition,  especially  with  dirty  water,  since  the  water  space  is  not 
ucessible.  The  internally  fired  boilers  such  as  the  Scotch  and  the  Conti* 
DCDtal  (or  similar)  types  are  somewhat  superior  in  capacity,  but  not  up  to  the 
»ster-tube  type.  As  a  class,  fire-tube  boilers,  from  the  standpoint  of 
nfety,  are  least  desirable,  as  they  carry  a  large  body  of  hot  water,  storing 
couiderable  energy  to  be  liberated  at  the  instant  of  rupture. 

t.  Watar-tub«  boilen  are  much  lighter  and  smaller  per  unit  of  capacity, 
ud  higher  in  first  coat  than  tubular  boilers,  but  easier  to  maintain  inasmuch 
u  tfae  water  surface  is  all  practically  accessible,  either  for  hand  cleaning  or  for 


Fio.  6. — Stirling  boiler. 

turbine  tube  cleanera.  They  are  very  safe,  having  very  small  water  storage 
(subdivided  into  many  smullpr  bodies  by  the  tubes),  and  are  made  up  almost 
entirely  of  the  strongest  natural  shapes — cylindrical — with  little  or  no  stayed 
surface.  There  are  practically  no  records  of  serious  accidents  resulting  from 
the  explosion  of  water-tube  boilers. 

10.  n«ld-tub«  bollerg  are  almost  unused  except  for  the  French  marine 
boiler  known  as  the  Niclausse.  The  principal  objection  to  their  use  is  the 
uncertain  and  spasmodic  nature  of  the  circulation  which  may  partake  of  the 
nature  of  flash  generation,  alternating  with  periods  of  flooding  with  water, 
causing  strains  due  to  rapid  and  unequal  expansion  and  contraction. 
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Flo.  7. — Stirliog  double-end  boiler.     Delray  type. 
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II.  n>sh  cannrntacB  an  at  praoent  onuMid  axoept  for  •team  automobile 
bdlere  and  some  torpedo  boats.  In  American  power  stations  they  are 
ooknown.  However,  if  any  standard  boiler,  suoh  aa  the  B,  &  W.  or  Stirling, 
it  forced  much  above  its  normal  rated  capacity,  the  generation,  in  the  lower 
raws  of  tubes  at  least,  becomes  of  the  Sash  type  by  reason  of  the  extreme 
eooditions. 

II.  8up«r)i*atan  are  of  two  general  tjrpes:  self-contained,  and  separately 
(ltd.  The  separately  6red  superheater  is  unpopular  in  Ameiioa,  chiefly 
bwauae  it  baa  not  shown  such  pronounced  economies  as  the  self-contained 
type.  The  two  types  of  self-contained  superheater  are  the  plain  tube  and  the 
protected  tube  types.  To  the  former  class  belong  the  Heme,  the  B.  &  W. 
(Fig.  5)  and  the  Stirling;  to  the  latter  claas  belong  the  Foster  (Fig.  8)  and  the 
3cbw&r«r. 


iflBllQfc 


Fia.  8. — Foster  superheater. 

IS.  Blip«rlMftt«n  may  b*  located  (usually)  between  the  first  and  the 
Ncond  passes,  or  in  the  breeching.  With  later  boilers  of  the  ordinary  sta- 
tionaiy  types  the  first  position  is  popular.  With  the  marine  types  now  some- 
times used  in  power  stations,  the  latter  position  is  satisfactory,  as  the  gases 
leave  the  boiler  at  a  higher  temperature  (see  Marine  B.  Sc  W.  boiler.  Fig.  4), 

14.  Hastlnf  mrfae*  U  dafined  aa  any  surface  in  a  bailer  or  superheater 
which  ia  expoeed  to  hot  gases  on  one  side  and  water  or  steam  on  the  other. 
In  water-tuoe  boilers  the  heating  surface  is  defined  as 


rdln       iDLN 
12    "*"      24 


(sq.  ft.) 


(3) 


where  d  — outside  diameter  of  tubes  in  in.  I—length  of  tubes  in  ft., 
B  — number  of  tubes,  D  — outside  diameter  of  drums  in  in.  L  — length 
of  drums  in  ft.  and  N  —  number  of  drums,  headers  not  included. 

1(.  Batlnr  of  luparhaaten.  Superheaters  are  not  usually  rated  by  sq. 
ft.  of  surface,  but  are  figured  for  each  case.  A  good  average  rule  is  15  sq.  ft. 
of  heating  surface  per  boiler  h.p.,  for  unprotected  tubes;  18  sq.  ft.  of  heating 
surface  per  bcMler  h.p.,  for  protected  tubes.  The  reason  for  using  larger 
figures  for  superheaters  than  for  steam-makin|S  surface  is  that  heat  trans- 
miarion  ia  much  more  difficult  between  gas,  iron  and  gas,  than  between 
gas,  iron  and  water,  or  between  gas,  iron  and  vapor,  the  latter  two  conditions 
obtaining  in  the  boiler  prcmer.  The  protected  tabes  interpose  an  additional 
resistance  to  heat  transfer  because  of  the  cast-iron  protection  rings,  the  rough- 
ness of  which  also  materially  increases  the  thickness  of  the  dead  gaa  film. 

K.  Grate  lurfaee  is  any  surface  upon  which  coal  is  being  burned.  In 
hand-fired  furnaces  this  amounts  to  the  horisontal  dimensions  of  the  furnace, 
side  wall  to  side  wall,  and  front  wall  to  bridge.  With  the  automatic  stoker, 
the  term  becomes  more  or  less  anomalous,  since  part  of  the  surface  may  be 
used  exclusively  for  coking,  and  the  grates  may  not  be  horisontal :  and  part 
of  the  grates  may  be  used  only  for  accumulating  clinker  and  ash.  With  under- 
feed stokers,,  ooel  is  not  burned  upon  the  grates  to  any  appredable  extent. 
The  term  is  useful  for  comparison,  if  the  projected  area  of  the  furnace  is  used 
in  each  ease. 

IT.  Tba  ratio  of  heatlny  itirfaee  to  trato  lorf  aoa  was  once  considered 
important  and  was  generally  made  60  to  1  when  good  coals  were  used,  but 
now  not  much  attention  is  given  it.  This  ratio  shows  a  tendency  to  decrease 
ta30tolor40tol  recent  installations,  i>artieularly  with  stokers  intended 
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for  toreins  to  high  Mpsutiw,  or  where  low-grade  fuel  luoh  aa  oabn,  or  No.  3 
buckwheat  is  burned. 

II.  Tha  TBlua  of  tha  boUar  h.p.  is  at  preaent  34.5  lb.  of  water  evaporated 
from  and  at  212  deg.  Fahr.,  per  hour :  this  is  equivalent  to  33,479  B.t.u.  per 
hour.  A  new  unit  recently  proposed  to  eliminate  this  somewhat  illogical 
unit,  is  the  myrlawatt,  *  a  multiple  of  the  watt,  having  a  value  of  34,I50 
B.t.u.  per  hour,  about  2  per  oent.  larger  than  the  boiler  h.p. 

It.  iTaporktion.     Taking  dry  coal,  the  actual  evaporation  per  lb.  is, 

»-^  (« 

S'-BF  (5) 

"-mi  (•> 

!•  actual  evaporation 
C  — equivalent  evaporation 
F~  factor  of  evaporation 

Hm  total  heat  of  steam  at  boiler  pressure  and  quality. 
Ah  heat  in  the  feed  waters  feed  temperature  —  32. 
TT^lb.  steam  per  hr. 
w  — lb.  dry  coal  per  hr. 

B70.4— latent  heat  at  atmospheric  presaure—beat  to  convert  I  lb.  ot 
water  to  steam,  from  and  at  212  deg.  Fahr. 

Or  the  above  evaporation  may  be  used  "per  lb.  of  combustible,"  substitut- 
ing lb.  of  combustible  per  hour  in  place  of  lb',  of  dry  coal  per  hour.  All 
temperatures  are  expressed  in  deg.  Fahr.,  and  all  pressures  in  lb.  per  sq.  in., 
and  all  heat  in  B.t.u. 

10.  Loiias  In  bcilerg  comprise:  (a)  sensible  heat  escaping  in  flue  gasee; 
(b^  aenaiblo  heat  lost  in  hot  ashes;  (c)  radiation  of  heat  to  external  air  from 
iMnler  setting;  (d)  incomplete  combustion;  (o)  excess  air.  Theoretically  some 
of  theae  loaaes  are  avoidaole.  Actually,  about  the  following  proportions  hold 
good  in  recent  practice. 

Heat  in  coal 100  per  cent. 

Heat  absorbed  in  steam  (overall  efficiency) 70  to  78  t>er  cent. 

Stack  loss,  sensible  heat  only 10  to  15  per  oent. 

Incomplete  combustion 6  to  10  per  cent. 

Hot  ashes Neglioble 

Radiation  and  leakage S  to  8  per  cent. 

>1.  Th«  eombttitlon  •ffloi«ne7  of  autonuttto  itokan  runs  as  high  as 
96  to  07  per  cent,  and  is  maintained  up  to  a  very  high  rating  in  some  caaea. 
That  of  a  hand  fire  is  seldom  over  BO  to  92  per  cent,  and  generally  much  leas, 
due  to  inevitable  carelessness  in  operation. 

U.  Badlation  is  kept  down  by  thorough  lagging  of  exposed  parts  and  by 
the  usual  double-walled  construction  of  boiler  settings  (Figs.  5  and  6).  It 
does  not  vary  greatly  for  any  type  of  boiler,  but  is  reduced  somewhat  by 
setting  in  batteries  instead  of  singly. 

IB.  Kxcaaa  air  is  osused  by  the  slight  vacuum  in  the  setting  due  to  draft- 
it  can  be  reduced  by  painting  or  white-washing  the  setting  and  stopping  up  all 
cracks  between  metal  and  brick  with  plastic  asbestos.  In  some  casee  enamel 
brick  or  sheet-iron  settings  are  used,  but  the  expense  is  not  generally  iustiSed 
from  this  pointof  view  alone.  Another  method  of  reducing  aetting  iaiUtra- 
tlon  is  by  the  use  of  ^balanced-draft  systems;  in  these  the  methods  of  forced 
draft,  and  natural  or  induced  draft  are  so  employed  as  to  give  practically  sero 
pressure  in  the  fire-box,  by  this  means  reducing  the  average  difference  of 
pressure  from  atmosphere,  over  the  whole  setting. 

1*.  FuntMia  afflcUnoy  is  expressed  by  the  formula 

T,  a,  .  Combustible  burned  .^ 

Furnace  cfflcency  -  "con^bustible  a^d"  <^ 

Combustible  burned  ■-  (Combustible  fired)  —  (Combustible,  in  aah)  — 
(Combustible  in  unburned  gas)  —(Combustible  in  soot).  (8) 

•  Stott  and  O'NeiU.     p.  411,  Trans.  A.  I.  E.  E.,  Vol.  32,  1913. 
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Combustible  fired  -  Obs.  dry  coal)  X  (B.t.u.  per  lb.  [by  calorimeter])         (9) 

Combiutible  burned  ■=  (combustible  fired) —  (B.t>u.  per  lb.  of  ash)X 
(lbs.  ash)  — (B.t.u.  per  lb.  of  soot)  X  (lb.  of  aoot)  —  (B.t.u.  in  unburned 
isaea).  (10) 

Tbe  last  item  is  derived  from  the  flue-gas  analysis  and  as  it  always  involvea 
several  assumptions,  its  accuracy  is  not  very  certain. 

Bi.  Boiler  efficiencies.  Fig.  9  gives  a  series  of  efficiency  curves  for 
various  sises  and  makes  of  standard  boilers  in  central  station  service.  Tbe 
actual  results  in  operation  usually  fall  from  3  to  5  per  cent,  below  test  figures, 
the  smallest  falling  off  being  noticed  in  those  stokers  which  require  the  least 
hand  manipulation  during  operation. 
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Fia.  9. — Boiler  efficiency. 
Combined  efficiency,  boiler  and  furnace:  A,  2,365  h.p.  boiler,  Taylor 
stoker  D.  E.  Stirling;  B,  2366  h.p.  boiler,  Roney  stoker  D.  E.  Stirling:  C. 
520  h^.  boiler,  Taylor  stoker  B.  &  W.:  D,  750  h.p.  boiler,  Taylor  stoker 
B.  &  W.  (part  2-in.  tubes) :  £,  600  h.p.  boiler,  Green  chain  grate,  B.  &  W. ; 
F,  520  h.p.  boiler,  Westinghouse-Roney  stoker  B.  &  W.;  G,  1,000  h.p.  boiler, 
Taylor  stoker  B.  A  W. 

M.  CombiiMd  (urnac*  md  boiler  eSeianeles,  The  table  below  givet 
tbe  pounds  of  water  evaporated  per  pound  of  coal,  and  the  pounds  of  coal 
required  per  boiler  h.p.  br.  with  coals  of  various  heat  content  and  with 
boiler  installations  having  varying  combined  boiler  and  furnace  efficiencies. 
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EfficieneiM  at  bead  of  columns  are  combined  boiler  and  furnace  effieiendea. 
Evaporation  is  given  in  pounds  of  water  "from  and  at"  212  deg.  Fahr.  per 
lb.  of  dry  coal.  The  heating  value  can  also  be  taken  for  coal  "  as  fired  ** 
whence  the  "evaporation  per  lb.  of  coal'*  and  the  "pounds  coal  per 
boiler  h.p.  hr."  will  plso  be  referred  to  ooal  "as  fired."  This  latter  use 
of  the  table  will  contain  a  slight  error  due  to  the* absorption  of  a  portion  of 
the  heat  by  the  moisture  in  the  ooal. 

IT.  The  failure  of  a  furnace  to  bum  all  of  the  oombuatlble  is  due 
to  two  principal  causes:  (a)  molecules  of  oxygen  are  not  brought  into 
contact  with  all  the  particles  of  combustible  material;  (b)  the  temperature 
may  be  too  low  for  ignition  when  the^  are  in  contact.  The  first  condition  ia 
found  where  some  of  the  fixed  carbon  in  the  lumps  of  coal  becomes  surrounded 
by  a  coating  of  fused  ash,  so  that  the  air  never  reaches  it  during  the  time  that 
the  lump  is  upon  the  grate.  Another  cause,  in  the  case  of  bituminous  coal, 
is  the  lack  of  proper  mixture  of  the  volatile  matter  with  air.  The  accond 
oondition  is  found  as  a  result  of  the  first,  if  streams  of  stratified  hot  com- 
bustible gas  and  air  leaving  the  furnace  are  brougjit  into  contact  with  the 
comparatively  cold  heating  surface,  they  will  quickly  be  chilled  below  the 
ignition  point,  and  will  sweep  through  the  boiler  without  further  combus- 
tion taking  place. 

1}.  Wster-tube  boU«n«T«  onaraUr  rated  on  one  boiler  h.p.  for  each 
10  sq.  ft.  of  heat  surface :8ootch  marine  types  on  8  sq.  ft.,  and  norisont«l 
retunt-tubulan  on  12  sq.  ft.  Superheater  surf  aoe  is  usually  based  on  a 
transmission  coefficient  of  fi  to  8  B.t.u.  per  deg.  of  mean  temp,  difference  per 
sq.  ft.,  per  hour. 

An  empirical  formula  given  b^  Bell  (Trans.  A.  S.  M.  E..  May,  1907)  is, 
Sq.  ft.  superheating  surf,  per  boiler  h.p. « 

^'  2(r,-rT^  "" 

The  temperature  of  gases  at  the  superheater  may  be  found  from  the  fol- 
lowing relatione: 

St  =>  superheater  surface  per  b.h.p.,  sq.  ft. 

Samper  cent,  of  total  surface  passed  over  by  gases  before  reaehinc 

superheater, 
fi  >■  superheat,  deg.  Fahr. 
r*  ■"  saturated  steam  temp.,  deg.  Fahr. 
T,  >  temp,  of  gases  at  superheater,  deg.  Fahr. 

(0.172S.+0.294)(r,-r.)»»-l  (12) 

These  two  formuln  are  based  on  the  following  assumptions:  constant  coeffi- 
cient of  heat  transmission ;  furnace  temperature  2,500  deg.  Fahr. ;  flue  tem- 
perature 500  deg  Fahr.;  steam  pressure  175  lb.  gage ;  one  boiler  h.p,  equivalent 
to  10  sq.  ft.  of  beating  surface. 

19,  Boiler  deaign.  Since  the  efficiency  of  boilers  is  so  little  inSuenoed 
by  the  disposition  of  heating  surface,  comparatively  little  original  designuog 
can  or  should  be  done  outside  of  standard  forms.  For  central-station  work, 
the  water-tube  boiler  has  practically  the  whole  field,  the  specifications  for  a 
boiler  therefore  look  more  to  the  safety  and  reliabilitv,  by  ngorous  attention 
to  materials,  than  to  the  actual  detailed  design.  The  management  of  the 
furnace  and  combustion  have  much  more  to  do  with  the  efficiency  of  a  boiler, 
than  the  arrangement  of  heating  surface. 

50.  Boiler  lettinn  have  become  more  or  less  uniform  in  general  type. 
For  the  water^tube  boilers,  a  steel  structure  or  skeleton  for  supporting  the 
bailer  proper,  the  brick  walls  being  merely  self  supporting,  is  now  usual  prmo- 
tioe.  Common  red  brick  is  used  for  the  outer  walls,  a  double-wall  eonatrue- 
tion  being  employed  to  allow  for  the  differential  expansion  of  inner  and  outer 
surfaces  (on  account  of  the  preat  temperature  difference),  ^to  minimiae 
radiation  by  interposing  dead  air  space,  and  to  reduce  air  filtration.  Where- 
ever  the  temperature  exceeds  1 ,000  deg.  Fahr.,  fire-brick  is  employed  for  this 
inner  lining. 

51.  The  baffles  are  alwaya  of  fire-brick,  of  varioua  special  shapes,  some- 
times backed  or  supported  on  the  cooler  side  by  east-iron  bars  or  plates. 
Figs.  5  and  6  show  uiese  constructions. 
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It.  Th*  ••ttiiut  for  tabular  boUart,  generally  i 
■'     "     •  ■  "1  (see  Fig 


aupports  the  boiler;  for 

interaally  fired  bouere,  no  setting  ia  requirad  (see  tigs.  2  and  3). 


M.  The  eomputation  of  i  niMrhaatar  surf  ace  is  much  oompUcated  by 
the  change  of  temperature  of  the  flue  gases  at  the  superheater  with  load  on 
the  boiler,  and  the  uncertainty  of  the  transmission  coefficient.  The  amount 
of  superheater  surface  installed  for  superheats  of  100  deg.  to  175  deg.  Fabr. 
Tsriea  from  13  to  20  per  cent,  of  the  boiler  heating  surface.  Fig.  10  gives 
malts  of  actual  testa. 
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10. — Superheater  variation  with  output. 


(4.  VptekM  are  usually  allowed  0.03  to  0.04  sq.  ft.  of  cross-section  (Sue 
ana)  per  rated  h.p.  of  boilers  attached.  Where  the  uptakes  are  very  long 
this  allowance  should  be  increased,  or  the  loss  of  draft  will  be  excessive. 
Where  econoffiiaera  are  employed,  the  flues  are  best  made  of  brick  and 
combined  with  the  economiser  setting.^  Otherwise  sheet-steel  ducts,  lagged 
with  asbestoe  or  other  insulating  material,  are  cheaper  and  more  convenient. 
In  nearly  all  cases  the  uptakes  proper  are  made  of  steel.  It  is  not  necessary 
to  liiw  these  with  fire-brick  unless  th^  flue  temperatures  exceed  700  deg.  a 
large  part  of  the  time;  with  properly  operated  boilers  this  condition  need  not 
occur.  Bends  in  uptakes  should  be  avoided,  if  possible,  but  where  necessary 
should  be  of  large  radius;  sudden  changes  of  section  should  also  be  avoided. 

Si.  Flae  areas  are  based  on  a  normal  velocitv  of  25  to  40  ft.  per  second; 
maximum  velocity,  60  to70  ft.  per  second.  The  breeching  area  of  water- 
tube  boilers  is  about  0.03  to  0.045  sq.  ft.  per  rated  boiler  h.p.  It  is  best  to 
be  generous  with  areas  wherever  possible  so  as  to  keep  the  draft  loss  low. 

M.  Bkfatjr  TalTea  of  the  pop  typa  are  now  always  used,  the  weighted- 
laver  type  being  prohibited  by  law  in  most  cases.  There  are  two  principal 
ctaaaes:  low  lift,  in  which  the  rise  of  the  valve  is  from  0.04  in.  to  0,08  in. ; 
and  high  lift,  in  which  the  rise  is  0.12  in.  to  0.16  in.  The  high-lift  valves 
have  been  much  more  widely  used  in  the  last  few  years.  Their  principal 
advantage  is  greater  relieving  capacity;  theirprineipal  disadvantage  is  possible 
slamming  of  the  valves  ana  destruction  of  the  seat  thereby;  ana,  with  dirty 
or  hard  ooiler  water,  violent  priming  and  throwing  of  water  from  the  valve. 

t7.  The  rule  of  the  IT.  B.  Board  of  Supervising  Inipeeton  of  Steam 
▼aaaala  In  regard  to  aafatr  valves  is  expressed  as  follows: 

X- 0.2074  (^)  (13) 

where  A  —  safety-valve  disc    area,    in   sq.    in.,  per  sq.   ft.  of    grate    area 
under  boiler, 
IT —evaporation,  in  lb.  of  steam  per  hr.  persq,  ft.  of  grate  surface, 
and      /'—absolute  pressure,  in  lb.  per  sq.  in.  at  bmler. 

This  is  based  on  an  assumed  ratio  of  lift  to  diameter  of  valve  of  ^ 
and  a  45  deg.  bevel  seat. 
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St.  Connection  of  safety  TftWes.  There  must  be  no  TalTes  between  thm 
lafety  TaiTe  and  the  boiler  connection;  seats  and  valve  discs  must  be  of 
Buoh  material  as  will  not  rust  together;  no  valves  are  allowed  in  the  disoharn 
from  safety  valves;  in  fact  it  is  preferable  to  have  only  a  muffler  on  tne 
valve,  and  no  discharge  pipe  at  alL 

S9.  Oaffe  f  laaaei  of  the  ordinary  type  should  be  connected,  preferably. 
directly  to  the  steam  drum  and  proteoted  by  wire  gause  if  near  the  lev^ 
where  firemen  or  others  are  working.  The  Klinger  type  of  gage  glass  with 
heavy  corrugated  plate  glass  and  brass  casing  is  much  safer,  but  more  costly; 
the  water  level  is  much  more  dearly  distinguished. 

40.  Qulek-eloelng  C^ff*  cocka  operated  by  ohain  or  rod  are  now 
almost  universallv  used.  The  gage  glass  and  blow-oS  cooks  should  neirer 
be  so  arranged  tnat  the  fireman  must  stand  close  to  the  gage  glass  when 
"blowing  down." 

41.  Manholes  provided  for  entry  to  boiler  dnimSf  preferably  in  the  hi»da 
where  the^  least  affect  the  atrenstb,  are  made  of  prened  plate  steel  and  fitted 
from  the  inside  of  the  drum  agunst  a  bumped  lip  or  saddle  in  the  drum  by 
means  of  one  or  two  bolts  made  fast  to  a  dog  spanning  the  opening  on  the 
outside.  The  pressure  inside  the  boiler  keeps  tne  manhole  tight,  the  boJta 
being  used  onl^  to  pull  the  cover  to  a  seat.  The  ffaaket  between  manhole 
cover  and  seat  is  of  asbestos,  lead  alloy  or  oorrugated  copper.  The  standard 
dimensions  are  11  in.X15  in. 

4t.  Bsndholes  are  placed  in  mud-drums,  headers,  etc.,  which  are  too 
small  to  admit  the  body,  but  must  be  cleaned  and  inspected.  They  are  made 
in  the  same  manner  as  manholes,  but  the  dimensions  are  usually  4  m.  by  0  in. 
or  6  in.  by  8  in. 

45.  The  blow-oS  should  be  connected  to  the  lowest  and  quietest  ^aoe 
in  the  boiler,  where  the  mud  and  scale  settle,  or  from  specially  designed 
chambers  in  which  the  sediment  is  induced  to  collect.  Tne^  blow-off  pipe 
must  be  proteoted  from  the  fire,  as  it  has  normally  no  droalation  of  water  to 
protect  it.  Many  installations  have  been  made  with  aplug  cook  next  the 
txHler,  followed  by  a  gate  valve  to  prevent  leakage.  There  are  now,  how* 
ever,  one  or  two  successful  valves  on  the  market  which  do  not  require  the 
additional  gate  valve. 

44.  The  feed  pipe  should  enter  the  boiler  so  that  the  flow  is  in  the  direc- 
tion of  natural  circulation  in  the  boiler.  Outside  the  drums  the  feed  pipes 
are  generally  of  brass  to  eliminate  the  chance  of  a  break  at  this  point  from 
corrosion.  A  check  TalTC  is  fitted  at  the  entrance  to  each  drum,  to  prevent 
water  flowing  back. 

48.  The  steam  nffe  is  connected  to  the  steam  space  of  the  boiler,  to 
prevent  blocking  of  the  pipe  by  scale  or  mud.  A  oondenslnjr  ooU  should  be 
applied  to  prevent  hot  water  or  steam  from  getting  into  the  Bourdon  tube  of 
the  gage.  Thermometers  are  practically  never  used  as  a  measurement 
of  steam  pressure,  except  on  teats,  but  are  much  more  reliable, 

46.  Pyrometers  are  used  for  measurement  of  flue  gas  temperature, 
leaving  the  boiler,  and  are  very  valuable  aids  in  checking  the  operation  and 
efficiency. 

47.  Safety  plugs  are  made  of  pure  Banca  tin,  and  are  so  placed  that  the 
active  fire  will  play  upon  them,  or  at  least  In  the  first  pass  through  the  tubes. 
They  are  placed  about  10  or  12  in.  above  the  danger  limit  of  low  water; 
they  are  ordinaiily  protected  by  the  water,  but  melt  in  case  the  level  falls 
below  them.  The  fire  aide  of  the  plug  must  be  kept  clean  of  soot,  or  it  m^y 
become  so  protected  as  to  be  inoperative. 

48.  Boiler  corrosion  is  caused  either  by  direct  oxidation  of  the  Iron  by 
OZFffen  dissolved  In  the  water  or  by  reaction  with  some  acids  present  in  the 
feed-water,  having  their  source  either  in  nations^  acidity  or  from  the  producta 
cf  dMomposition  of  impurities  introduced  into  the  feed.^  Corrosion  by  oxida- 
tion is  the  more  important,  as  the  other  is  always  avoidable  by  proper  puri- 
fication of  feed  water.  Oxidation  goes  on  continuously  wherever  dissuved 
ur  is  present,  and  is  much  increased  by  the  vibration  or  flexure  of  any  par- 
ticular point.  The  constant  bencUng  breaks  off  the  film  of  iron  oxides  formed 
by  the  process,  and  exposes  new  surface  to  be  attacked;  for  this  reason  pitting 
is  eommoneet  near  joints  where  the  fleinre  of  some  one  portion  of  a  plate 
is  apt  to  be  severe. 
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M.  IlieniStotton  is  caused  by  the  deposit  of  solid  matter  durinc  the  heai- 

H  and  boiling  of  the  water.     It  may  be  merely  a  meohanioally  entrained 

bpority,  suoh  as  mud  and  sand,  or  it  may  be  the  result  of  precipitation  of 

nrioua  ults  insoluble  in  hot  water,  or  by  super-saturation.     The  aalts  of 

Bicnesia,  lime  and  iron  are  those  giving  most  trouble  in  boiler  water.     Some 

iTtaese  salta  are  soluble  and  cause  the  formation  of  scale  by  super-saturation; 

f  «lben  are  insoluble  in  hot  water  and  precipitate  as  the  water  is  heated. 

I     W.  Treatment  of  feed  water.     The  principal  salts  are  iron,  calcium 

lod  magnesium  carbonate,  bicarbenates,  and  sulphates.     The  bioarbonates 

I  ire  osuuly  decomposed  by  boiling.     The  general  method  of  treatment  is  by 

idtfing  lime  (CaO),  and  sodium  carbonate  (NatCOi)  called  in  the  impure 

I  eommercial  form,  soda  aah. 

ft.  Bemorlnc  the  precipitation.  Where  the  character  of  the  water  or 
tiie  plant  layout  does  not  allow  the  treatment  in  a  separate  purif^ng  sys- 
tem, these  reagents  are  added  in  the  boiler  feed,  and  the  precipitation  takes 
place  in  the  boiler,  assisted  by  the  heat.  The  main  object  in  this  case  is  to 
precipitate  the  salts  as  soft  scale,  or  mud,  in  order  that  it  may  be  readily 
blown  outi  Periodic  cleaning  with  some  kind  of  mechanicai  cleaner  is  nece»- 
■try,  however,  even  with  feed-water  treatment,  as  some  of  the  hard  salts  are 
bound  to  stick,  especially  in  the  hardest  worked  tubes  over  the  hottest  fires. 
•I.  Foriodio  Intpeotlon  of  boilers  is  in  itself  a  good  preventive  of  acci- 
dent. The  atraif  bt  tube,  watei^tube  boilers  lend  themselves  most  readily  to 
&orottgh  inspection,  as  every  part  can  be  seen,  and  the  whole  of  the  sheila 
can  be  nammer  tested. 

U.  Boiler  insurance  covers  Uie  possible  damage  done  by  boiler  exploaon. 
The  boiler  insurance  companies  exercise  a  vigorous  and  valuable  control  over 
the  manner  of  operation  of  Ixnlers,  and  by  their  frequent  enforced  inspection, 
prevent  little  flaws  from  becoming  disastrous  weaknesses. 

94.  Cleaning.  Those  operations  which  make  for  safety  in  the  boiler 
Ksnnmlly  aid  efficiency.  A  good  rule  is  never  to  allow  more  than  A  in.  thick- 
ness of  scale  to  collect;  and  to  overhaul  thoroughly  everv  part  of  the  boiler 
twice  a  year.  In  a  well-operated  plant,  with  moderately  good  water,  this 
generally  means  cleaning 
the  two  rows  of  tubes  near- 
est the  fiLre  about  once  a 
month,  and  the  remainder 
of  the  boiler,  twice  annu- 
ally. It  generally  pays, 
both  in  aafety  and  effi- 
ciency, not  to  use  water 
requiring  more  frequent 
cleaning  of  the  boiler  than 
last  stated,  but  instead  to 
purify  the  water  in  separate 
apparatus. 

65.  The  remoTal  of 
wot  from  the  outside  of 
bha  tubes  is  usually  re- 
iiuired  once  or  twice  a  week 
n  well-operated  plants;  but 
'or  high  rates  of  forcing, 
uid  especialy  for  low-grade 
ueLs  requiring  heavy  blast,  the  interval  may  be  shortened  to  once  every 
Uternate  day. 

M.  As  far  as  possible,  all  oondltions  about  a  boiler  should  be  kept 
intfomi — water  level  constant,  feed  supply  steady,  draft  well  regulated,  and 
irin^  (either  by  hand  or  stoker)  uniform.  The  use  of  draft,  pressure,  steam- 
low  xndicatorB  or  feed  meters,  is  always  valuable  in  this  connection.  Changes 
it  load  should  be  anticipated  by  gradual  changes  in  the  running  of  the  boiler, 
anoe  sudden  alterations  of  draft  or  feed  not  only  cause  strains  in  the  boiler, 
>ut  loss  of  efficiency,  thus  disturbing  the  normal  operation  of  the  fire  and 
low  of  steam. 

•T.  Boiler  costs.  Fig.  11  shovra  the  variation  in  total  cost  of  water-tube 
>^I«rs  <tf  the  B.  A  W.  or  Stirling  types.     The  cost  remains  practically  con- 
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■tant  at  (12.00  to  S12.40  per  h.p.  This  is  partly  due  to  the  fact  that  moat 
of  the  smaller  boilers  are  built  for  lower  pressures  than  the  larger  units.  If 
all  were  built  for  high  pressures,  say  200  lb.  gage,  the  cost  would  foUoir 
approximately  the  rule  given  by  C.  H.  Benjamin  in  1902,  which  is. 

Cost  io  dollars -500+9.2  (rated  h.p.),  for  boiler  alone.  (14) 

M.  Th*  vnratp  Mttiiif  coit  for  30O-h.p.  to  600-h.p.  units  is  12.50  p«r 

h.p.,  and  varies  little.    The  delivered  price  is  approximately  71  per  cent. 

the  erection  cost  9  per  cent., 
and  the  setting  20  per  cent, 
of  the  total  cost,  which  re- 
mains very  nearly  constant 
at  about  $12.40  per  h.p.  for 
horisontal  water-tube  boiling 
between  300  h.p.  and  750 
h.p.  Gebhardt  gives  tl.OO 
per  aq.  ft.  of  heat  surface  as 
the  price  (delivered  only), 
on  all  boilers  over  100  h.p. 

n.  The  cost  of  vartlcal 
w»t«r-tab«  bolleri  aver- 
ages 10  per  cent,  leas  Uun 
horisontail  watei^tube  boilers. 
Benjamin  gives  the  coat  in 
dollars  -  BOO + 8. 6  X  (nted  h. 
p.),  for  vertical  water-tube 
boilers  (delivered  only). 
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Fio.  12. — Coet  of  fire-tube  boilers. 


60.  The  correspondlnff  eottt  of  fire-tube  boUen  are  Kivon  in  FIc.  12. 
nmMAOU  AHD  8TOKIR8 

•1.  Plinoiplet  of  combustion:  Referring  to  Fi«.  13.  astreamof  oxycen 
is  shown  ascending  past  a  piece  of  white-hot  carbon — say  a  piece  of  ooxe, 
or  a  piece  of  anthracite  having  practically  no  volatile  matter.  Provided 
the  temperature  of  the  coke  is  high  enough,  combustion  takes  place  to  CO« 
and  CO,  the  former  predominatiog.  Now  suppose  this  stream  of  CO  and 
COs  flows  past  more  incandescent  coke  with  little  or  no  oxygen  in  the  im- 
mediate neighborhood.  Some  of  the  COi  will  combine  with  the  incandee- 
oent  C  and  reduce  to  CO.  This  combustible  gae  now  flows  on  till  it  finds 
more  oxygen,  and  is  then  burned  to 
COi.  This  oxidation  and  reduction 
may  go  on  reversing  many  times  dur- 
ing the  travel  of  the  stream  through 
the  bed  of  coal  to  the  top  of  the  fire, 
and  the  burning  of  CO  to  COi  by  con- 
tact with  the  needed  oxygen  is  eri- 
denoed  by  the  familiar  blue  flame  of 
anthracite  coal  fires. 

•I.  With  bltuminoua  or  lemt- 
bltumlnoui  coals,  there  are  two  dis- 
tinct phases  in  the  combustion  process: 
first,  on  beating,  the  distillation  and 
burning  of  the  volatile  hydrocarbons* 
leaves  behind  a  mass  of  porous  coke; 
aecond,  the  burning  of  this  coke  takea 
place  exactly  as  the  anthracite  is 
burned.  The  distillation  of  the  vola- 
tile matter  introduces,  therefore,  a 
period  during  which  the  coal  absorbs 
heat  instead  of  giving  it  out.  The  extra 
volume  of  gas  given  off  requires  a  freer  supply  of  air  than  the  hard-coal  fire. 

U.  The  two  great  roouiremonts  for  efficient  combustion  «re:  (a) 
thorough  "  scrubbing  "  of  the  coal  (or  coke  and  volatile  gascs^  with  air,  so  that 
each  particle  of  combustible  receives  its  necessary  oxygen  within  the  smallest 
possible  space  of  time;  (b)  the  maintenance  of  both  air  gases  and  ooke  at 
a  temperature  above  the  ignition  point. 
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M.  TypM  of  fnmaee  and  itotor:  Hand  firins  always  neoeBsitatea  a 
borisontju  or  slightly  inclined  grate,  bo  that  coal  may  be  fired  through  open, 
doors  all  over  the  surface  of  the  grate;  most  of  the  air  is  fed  through  the  fire 
from  bdow  the  grate.  In  the  oaae  of  anthracite  practically  do  air  is  admitted 
OTtr  the  fire,  because  the  compact  nature  of  the  small  sizes  of  anthraci  te  makes 
the  aae  of  air  blast  generally  a  necessity,  and  more  than  enough  air  can  be 
•nppUed  from  below  the  grates.  With  bituminous  coal,  not  enough  air  can 
be  tapplied  from  below,  and  some  must  be  admitted  by  way  of  the  fire  doors 
or  other  opezxings  for  the  purpose  above  the  fire.  The  required  reverbera- 
tory  action  for  soft  coals  must  be  obtained  chiefly  by  methods  of  firing. 
Regenerative  action  can  be  improved  by  the  use  of  Dutch  oven  furnaces,  in 
which  the  whole  furnace  is  roofed  over  with  fire-brick,  which  reflects  heat 
iiMt^ul  of  absorbing  it,  raising  the  temperature  of  the  furnace.  The  softHjoal 
furnaces  should  always  have  ss  high  a  combustion  chamber  as  posuble,  but 
with  anthracite  ooala  18  in.  is  sufficient.     Fig.  14  shows  one  type. 
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Pig.  14. — Hand-fired  grate. 

M.  Th«  orerfaed  ttoken  are  those  in  which  coal  is  fed  somewhat  In  the 
manner  of  hand  firing;  green  coal  is  pushed  in  at  one  end,  or  side  of  the  com- 
bustion chamber,  coked  under  a  combustion  arch,  and  finally  burned  to  ash 
in  a  continuous  progress  across  the  furnace,  the  combustion  of  fixed  carbon 
taking  place  ui>on  the  grates.  The  best  known  inclined  types  are  the  Roney, 
Wilkinson,  Murph]y,  Model,  Detroit  and  Wetzel.  Fig.  15,  shows  the  Roney 
t/pe;  coal  is  fed  m  at  the  top  and  worked  down  by  gravity  and  the  con- 
tinual rocking  of  the  grate  bars. 

M.  Tha  chain  grata  tTpes  are  the  B.  &  W.,  Qreen,  Laclede,  ILlinoU. 
etc.     Fig.  16  shows  a  typical  chain  grate. 

<T.  Tha  underfeed  itoken  suoplv  coal  from  below  the  fire,  coke  it  as  it 
approaches  the  incandescent  top  bed,  and  drive  the  gases,  along  with  the 
blast  air,  through  the  white-hot  coke  on  top.  No  combustion  arches  are 
required  and  there  are  no  grate  bars,  strictly  speaking,  aa  little  or  no  com- 
bustion takes  place  on  iron — only  upon  a  bed  oi  coal. 

M.  Typaa  of  underfeed  stokers.  The  Jones  was  the  original  of  this 
type,  followed  by  modifications  utilising  gravity  as  well;  the  principal  one 
of  the  latter  type  is  the  Taylor  (Fig.  5),  followed  very  recently  by  the  Riley 
and  the  Westinghouse  undeKeed.  Lately,  extension  grates  of  the  overfeed 
type  and  continuous  dumping  devices  have  been  incorporated  in  this  type  of 
Stoker,  lowering  the  combustibie  content  in  the  ash,  and  reducing  the  oper- 
ating labor. 
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Fia.  15. — Rooey  stoker. 
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FiQ.  16. — Chun-grate  stoker. 
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M.  Oratot  for  lumd  Htm  Ar«  of  thr««  tj^i.  stationary,  shakinf  and 
dnmpixis.  Stationary  bars  are  of  three  prinoi^al  {orma:  (a)  plain  girder* 
shaped  straisfat  bars,  spaced  from  each  other  ^  in.  or  |  in.  by  lugs,  for  air 
■apply;  (b)  b^ringbono  bars — two  straight  girder  bars  about  4  in.  to  8  in. 
■Iiart.  oast  with  herringbone-shaped  tie  ribs;  (o)  pinhole  bars,  for  burning 
aavdost,  fine  dust  and  culm,  tan  bark  and  sanular  materiais.  Rocking 
sad  sh&king  grates  are  made  in  a  multitude  of  variationa  of  these  simpler 
forma;  suod  are  so  arranged  that  tiie  bars  may  be  rocked  in  groups,  to  aid  in 
Awtwing  the  fire,  or  overturned  to  dump  entirely. 

TO.  Hand  atokinc  of  hard  ooals  is  done  in  the  following  manner.  Coal, 
generally  of  small  siae  (No.  2  or  No.  3  buckwheat),  is  thrown  well  over  the 
fire,  ana  maintained  about  0  in.  to  S  in.  thick  and  under  considerable  blast 
(1^  in.  to  2.6  in.  of  water).  As  fast  as  a  hole  blows  through  any  portion, 
h  is  oov«red  with  fresh  coal.  This  implies  frequent  firing,  and  in  order  to 
mininuse  the  inrush  of  cold  air  at  open  fire  doors  some  form  of  balanced 
draft  is  very  denrable.  Portions  of  tne  fire  are  allowed  to  burn  out  and  are 
then  dumped  bodily  and  fresh  fire  raked  over  the  bare  grate.    With  shaking 

Smtea  the  dumping  periods  may  be  farther  apart — 4  to  8  far.,  depending  on 
e  coal  and  rate  of  firing,  as  part  of  the  ashes  are  removed  at  more 
frequent  intervals  by  shaking  the  grate  without  opening  the  fire  doors. 

n.  Bituminous  coal  can  be  hand  fired  In  two  ways :  the  alternate  and 
the  ooking  methods.  In  the  first  method,  one  side  of  the  fire  is  at  the  period 
of  hottest  combustion  while  firing  green  ooalon  the  other,  to  provide  the 
necesBary  heat  to  volatilise  and  ignite  the  large  volume  of  gas  given  off.  When 
this  green  coal  has  finished  giving  off  gas  and  becomes  weU  coked  and  white 
hoi»  the  other  side,  now  burned  out.  Is  fired.  In  the  coking  method*  the  front 
part  of  Uie  grate  near  the  fire  doors  is  made  solid  and  is  called  the  dead 
plate;  green  coal  is  fired  upon  this,  under  a  coking  arch,  and  receives  enough 
neat  from  ^e  main  body  of  the  fire  and  from  this  arch,  to  become  coked. 
Tlie  ^as  thus  given  off  passes  out  from  the  coking  arch  over  the  hot  part  of  the 
fire,  is  mixed  with  air  admitted  over  the  fire,  and  thus  ignited.  The  green 
eoal,  now  coked,  is  pushed  back  over  ihe  hot  part  of  the  fire.  As  portions 
bum  out,  the^  are  dumped  and  fresh  coke  rakea  over  the  bare  grates.  There 
are  many  variations  in  the  manner  in  which  these  operations  are  performed, 
depending  on  the  kind  of  coal.  One  man  can  ordinarily  take  care  of  one 
boiler  up  to  000  h.p.,  or  two  boilers  at  the  utmost. 

Tt.  Automatic  ttoUnff  in  the  overfeed  type  occurs  almost  in  the  same 
order  as  ^e  hand  firing  of  bituminous  coal,  except  that  all  the  processes, 
feeding,  coking,  segregation  of  ash,  and  sometimes  dumping,  are  done  by 
power  and  are  continuous,  instead  of  intermittent.  The  advantage  in  avoiding 
irregularity  in  the  processes  is  obvious. 

VS.  Antomatle  stoking  In  the  underfeed  trpe  requires  no  regenerative 
devieos  in  the  furnace  (such  as  the  coking  arch),  since  the  gases  and  the 
air  are  mixed  by  passing  through  the  bed  of  coal  together  and  are  finally 
heated  by  direct  contact  with  the  incandescent  coke,  before  isauing  into  the 
furnace.  The  underfeed  stokers  are  capable  of  almost  unlimited  forcing 
without  serious  loss  of  furnace  efficiency,  and  are  much  lower  in  mainte- 
nance coats  than  the  overfeed  types,  as  no  hot  fire  is  carried  on  cast-iron 
parta. 

T4.  Maintenance  costs  of  stokers.  The  maintenance  of  Roney  stokers 
with  good  coal,  varies  from  about  $0.10  to  SO. 12  per  ton  fired;  the  Murphy, 
Model,  Detroit,  Wetsel  and  Wilkinson  vary  from  SO.llto  tO.14,  the  higher  cost 
beiiw  due  to  the  use  of  long  bars  in  the  fire,  which  are  injured  only  in  about 
the  lower  third,  necessitating  the  ecrapping  of  about  two-thirds  of  the  bars 
practically  uninjured.  With  the  Roney  finger  grate,  the  ^arts  actually  in  the 
foe  are  separately  removed,  and  consequently  the  efficiency  of  use  of  the 
metal  is  higher.  Chain-grate  stokers  are  comparable  in  maintenance  with  the 
Murphy  type.  Jonce  stokers  require  about  »0.04  to  S0.06  per  ton  fired  for 
maintenance,  and  the  Taylor  8tok(*r  from  $0,025  to  $0.04  depending  on  the  coal. 
Highly  volatile  coals,  which  must  be  fired  thinner  on  account  of  cUnkering, 
use  up  more  iron,  as  the  heat  is  nearer  to  the  fingers  and  retorts. 

Ti.  Stoker  labor.  One  stoker  operator  to  each  four  stokers,  and  one 
coal  passer  to  rake  up  siftings  for  each  five  stokers  is  good  practice  for  the 
Roney  tjrpe.  The  sise  of  the  stoker  makes  comparatively  little  difference, 
and  hence  the  larger  tie  stoker  the  better.     One  stoker  operator  for   6 
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stokers,  and  one  coal  passer  for  raking  siftiogs  to  0  stokere,  is  good  ptactiWA 
for  the  Green  or  B.  &  W.  types.  One  stoker  operator  to  16  stokers  is  needed 
{or  the  Taylor,  but  no  coal  passers,  as  there  are  no  siftings.  The  Jones 
type  requires  about  the  same  labor  as  the  Green,  as  the  ashes  must  be  rakact 
out  by  hand. 

T(.  The  rate  of  oombiution  for  hand  flrai  is  normally  10  lb.  to  12 
lb.  of  coal  per  sq.  ft.  of  grate  for  anthracite,  and  IS  lb.  to  20  lb.  tor  bituminous 
coals.  Under  forcing  the  rate  may  go  as  high  as  SO  lb.  per  so.  ft.  of  grat», 
with  forced  draft.  For  power  plants  the  usual  maximum  is  40  lb.  to  50  lb. 
of  soft  coal. 

77.  Mktural  or  ebinuMy  draft  ia  oommon  for  bitiuninoua  eoala. 
On  hand  fires  0.3  in.  to  0.6  in.  water  draft  at  the  breeching  will  gteerallv 
produce  rated  capacity  from  the  boiler;  0.3  in.  draft  at  the  breechinc  wjll 
produce  rated  capacity  on  the  overfeed  dope-grate  types  with  hif  h  percent^ 
ace  of  air  space  (35  per  cent,  to  45  per  centC).  Witn  the  restricted  tj|w 
(Wilkinson)  and  the  chain-grate  stokers,  where  the  air  space  is  only  8  per  cen^ 
to  15  per  cent.,  the  required  draft  to  produce  rating  is  usually  0.4  m.  to  0.5  in. 

TS.  Voroed  draft  with  underfeed  (tokera  and  anthracite  hand  tlr»a 
ia  practically  a  necessity,  as  the  resistance  through  the  firos  is  very  mucli 
greater  (Par.  M).  The  small  sites  of  anthracite  pack  very  closely,  and  in 
6  in.  or  8  in.  thickness  may  offer  as  much  as  1  in.  to  2  in.  differenoe  of 
pressure  above  and  below  the  fire.  In  the  underfeed  stokers  the  fire  ia 
much  thicker  than  in  the  overfeed  type  (the  latter  is  about  the  same  ata 
hand-fired  bituminous  grates  or  10  in.  to  14  in.),  or  usually  about  2  ft.  6  in. 
or  3  ft.  thickness  of  fuel  bed. 

79.  The  amount  of  air  rei^ulred  varies  with  the  volatile  content  of  the 
coal.  The  combustible  constituents  arc  carbon,  hydrogen  and  sulphur. 
As  far  as  heat  and  air  nupply  are  concerned,  the  carbon  and  hydrogen  alun<% 
are  important,  the  sulphur  seldom  exceeding  3  per  cent,  being  low  in  heat 
value. 

CH-Oi-CO.  (15) 

2Hi-t-Oi-2H:0 

2  voL  1  vol.   2  vol. 
The  combining  weights  are  in  the  proportions  of  the  molecular  weights, 
■o  that  12  lb.  C  +32  lb.  Oi  -  44  lb.  COt  (17) 

1  lb.  C+U  lb.  Ot-H  lb.  CO.-3.67  lb.  COt  (18) 

Air  is  20.9  per  cent  Oi  and  79.1  per  cent.  N  by  volume,  and  23.6  per  cent.  Oi 
and  76.4  per  cent.  N  by  weight,  so  that,  as  I  lb.  C  requires  2.67  lb.  Oi,  it 
will  require  ,<;StX2.67-11.30  lb.  of  air  per  lb.  of  carbon.  Similarly, 
hydrogen  requires  34  lb.  of  air  per  lb.  Then  the  air  requited  per  lb.  of  any 
coal  will  be  given  by 

(fraction  C  per  lb.)  X  1 1 .3  -f  (fraction  H  per  lb.)  X  34  -  lb.  (19) 

air  required  per  lb.  of  coal. 

The  theoretical  amount  cannot  be  used  because  mixing  is  imperfect. 
Usually  IS  lb.  of  air  per  lb.  of  coal  are  supplied  tor  underfeed  stokers  and  20 
lb.  to  24  lb.  for  overfeed  and  hand  fires. 

80.  Automatic  dkmpar  reffulaton  are  used  to  maintain  substantially 
constant  boiler  pressure  under  variable  load.  A  diaphragm  operated  bjr 
steam  pressure  controls  a  pilot  valve  admitting  water  or  mi  under  suitable 

f treasure  to  a  cylinder  which  in  turn  operates  the  damper  lever.  If  increase  ia 
oad  causes  drop  in  pressure,  the  diaphragm  and  pilot  cause  the  preesure 
cylinder  to  open  the  damper  wider,  increasing  the  draft  and  the  rate  of  com- 
bustion, thus  making  more  8t«am  to  recover  the  proper  steam  pressure;  and 
vice  versa.  This  device  may  be  employed  in  the  stack  or  oreeclung  for 
natural  draft;  or  it  may  control  tiie  fan-engine  throttle  for  forced  or 
induced  draft,  producing  the  same  results. 

81.  In  the  balanced-draft  i7Bt«ina,  a  steam  pressure  regulator  con- 
trols the  forced-draft  fan,  and  a  combustion-chamber  pressure  regulator  con- 
trols the  stack  damper  or  induced-draft  fan,  so  as  to  maintain  sero  pressure 
difference  over  the  fire.  This  is  specially  advantageous  for  hand  firing,  as  the 
Kre  doors  may.  be  opened  and  shut  without  a  rush  or  cold  air  uvor  Ute  fire. 

'  It  is  also  a  conTenience  with  any  forced-draft  stoker. 
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M.  Tlw  »«c>Mortot  ot  *b»  matomM/Uo  rtohw  ooiaiit  of  the  toned-dntt 
faa  (if  rMiuiTMi),  th«  •tokar  encliM,  uul  uaually,  for  overiMd  stoken — a 
•lice  bar  and  a  poker,  needed  ooeaeionaUy  for  obstinate  cUnkera.  In  the 
later  typee  of  underfeed  stokers,  automatio  dumpins  devices  are  attached, 
i^ch  eliminate  the  need  of  hand  manipulation  of  the  fire  altogether  (Fig. 
5). 

U.  Tha  itokar  enclnei  required  with  all  stokers  except  the  Jones  and 
the  Wilkinson,  may  be  of  any  standard  type.  The  slope-grate  overfeed 
stokere  require  about  1 .6  to  2  h^.  per  stoker,  the  higfaeat  being  for  the  largest 
sises — say  150  in.  in  width.  Chain  grates  require  2  to  3  fi.p.;  underfeed 
stokers,  3.5  to  4  h.p.  per  stoker.  The  Jones  type  has  a  steam  cylinder 
attached  individually  to  each  plunger  and  requires  no  other  drive.  The 
Wilkinson  tyiw  generally  has  a  hydraulic  cylinder  operating  each  stoker. 

14.  Turnaee  afllolenoy  is  defined  in  Par.  IT.     Its  value  for  hand  fires 
may  be  brought  up  to  94  or  96  per  cent,  but  seldom  runs  higher  than  90 
per  cent,  in  regular  operation.     Automatic  stokers  can  be  made  to  operate  at 
effidencies  as  nigh  as  90  to  97  per  cent.     It  is  a  question  ohiefiy  of  adequate  * 
air  supply,  intimate  mixture  of  gases,  and  high  temperature.- 

U.  nne-gaa  uialnis.  Tha  Onat  apparatus  is  the  simnlest  and  com- 
nkooeat  means  of  analysing  flue  gases.  It  appears  in  several  forms,  all  of 
irideh  employ  some  form  of  graduated  i^aas  gas-measuring  chamber,  usually 
watarjaoketeq.  and  has  means  for  exposing  the  sample  of  gas  successively  to 
solutions  of  potassium  hydroxide,  potassium  p>m)gallate,  and  cuprous  chlor- 
ide (generally  t)ie  add  solution),  for  removing  COi,  Oi  and  CO,  reei>eotively. 

The  gas  is  returned  to  the  measuring  chamber  after  each  absorption,  to  meas- 
ora  the  reduction  <^  volume.  Several  automatie  machines  have  been  devised 
for  measuring  and  recording  COi  oontent  in  flue  gases  continuously;  but 
it  is  iM>w  well  Known  that  COt  measurement  alone  is  an  insufficient  mdica- 
tion  of  boiler  efBeienoy.  Flue  temperature  and  sometimes  the  full  gas  anal- 
yiis  are  desirable.  The  absorption  of  CO  is  partioularlv  troublesome,  as  a 
rule,  because  the  cuprous  chloride  must  be  used  fresh,  and  is  apt  to  throw  oil 
tha  absorbed  CO  if  diluted;  this  also  may  happen  in  tha  EUiott  apparatus. 
Tha  Blllott  apparatui  differs  from  the  Orsat  in  using  long  burettes  and 
pipettes  for  greater  accuracy,  and  the  pouring  of  the  absorbents  through  the 
aoaorbing  chamber  by  hand;  also,  an  explosion  ^pette  for  measuring  the 
unburned  hydrocarbons  is  added.  The  Bampu  apparatui  is  still  more 
accurate  and  refined,  but  is  strictly  a  piece  of  laboratory  apparatus.  The 
Orsat  type  is  made  in  easily  portable  form  for  use  at  the  boiler. 

t*.  Smeka  eonsiats  ohlaflr  of  unbumad  earbon  suspended  in  the 
flue  gases;  it  may  be  in  the  form  of  particles  of  unburned  coke  blown  up  from 
the  Sre  by  heavy  driving  or  high  blast,  or  in  the  finely  divided  lamp-black 
form,  deTeloi>ed  by  the  breaking  up  of  hydroearbongaaas,  deficient  in  air,  and 
ezpoaed  to  nigh  temperature.  The  latter  form  is  chiefly  indicative  of  bad 
combustion;  the  cure  consists  of  thorough  mixing  of  volatile  matter  and 
air  in  the  furnace,  and  the  maintenance  of  a  high  temperature  of  this  mixture 
until  combustion  is  complete,  or  in  other  words,  until  there  is  no  more  flame. 
In  so  far  as  any  furnace  or  method  of  firing  accomplishes  these  two  things,  in 
that  degree  it  will  be  smokeless. 

ST.  Bpeclfloatloiu  for  stokers  should  cover  the  following:  (a)  general, 
and  terms  of  delivery  and  erection;  (b)  drawings  of  stokers  and  dimensions  of 
boilers  to  which  they  are  to  be  attached;  (c)  operating  conditions  of  boilers 
and  rating;  (d)  general  description  of  stokers;  (e)  dampers,  doors,  drive, 
and  labor  used;  (f)  fan  requirements,  foundations,  air  ducts  and  brickwork; 
(g)  teats   and  operating  conditions  for  teste,  including  full  description  and 

firoximate  analysis  of  coal  to  be  used;  (h)  guarantees,  eapacity,  efficiency, 
sbor  to  operate,  gas  analysis,  smoke,  maintenance;  (i)  time  of  shipment, 
price  and  terms  of  payment;  (j)  detailed  description  of  stoker  and  all  parts. 
M.  Tha  cost  of  automatic  stokaia  par  rated  h.p.  of  boilar  varies 
but  little  with  sise,  as  moat  of  the  stokers  are  made  up  of  parts  such  that 
inerease  in  sise  means  merely  increase  in  unit  structure.  The  piioe  is  given 
delivered  but  not  erected,  although  superintendence  of  erection  is  included; 
rommon  labor  for  erection  is  furnished  by  the  purchaser.  The  coal  of  Roney 
and  other  step-grate  stokers  is  from  S3. 17  to  S3.91  per  rated  boiler  h.p,, 
average  SS.aO;  chain  grates,  SH.20  to  S7.00,  average  SO. 60;  underfeed 
(Jones  type),  13.70  to  S4.7U,  average  S4.44;  underfeed  (gravity  plunger). 
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tS.45  to  t6.10,  kvance  15.68.  The  lut  tjm  ean  also  be  Ibied  at  MOS.OO 
per  retort,  a  retort  yielding  about  86  rated  ooiler  h.p. 

M.  The  forelnc  eapaeity  of  Uioae  different  types  is  extremely  variable; 
the  overfeed  Btep-grate  types  usually  oaimot  exceed  200  per  cent,  of  ratine; 
the  chain  grates  are  about  the  same.  The  underfeed  t3rpcs  are  readily 
reaching  300  per  cent,  and  over.  The  cost  per  rated  h.p.  is  therefore  not 
entirely  fair  as  the  sole  criterion. 

10.  Ooat  flcurra  from  a  Tary  larce  itoker  IniteHatlon  using  tbiee  typea 
are  a*  follows: 


Rating     Coat  per  h.p. 

Rating 

Cost  per  h.p. 

100% 
100% 
100% 

13.17 

200% 
266% 
325% 

tl.50 
t2.4S 
$1.78 

Chain  grate  with  blast.. . 
Gravity  underfeed 

> 


The  weight  of  the  step-grate  stoker*  is  about  500  to  550  lb.  per  rated  boiler 
h.p.;  chain  grates,  1,300  to  1,400  lb.;  underfeed  types  (gravity),  550  to  630  lb. 

CHIMKKT8 

01.  Ohlsmey  drkft  is  based  upon  the  difference  of  specific  gravity  of 
oold  air  and  heated  air.  The  column  of  warm  air  in  the  chimney  exerta 
a  pressure  per  sq.  ft.  at  the  bsae  of  hy,  where  k  is  the  height  in  feet  and  -y  ia 
the  denaity  of  hot  gases  in  lb,  per  cu.  ft.  The  pressure  of  the  outside  air  for 
the  same  neight  is  hyt,  where  71  is  the  density  of  cold  air  in  lb.  per  ou.  ft. 
The  motive  force  is  therefore  me  difference  of  these  two,  or  A(ti— 71),  ii  lb. 
per  sq.  ft. 

OS.  VormuU  tor  ehlmney  draft.     For  ordinary  use. 

Where  Ho  height  of  ahimtie>r  in  ft.,  Di— intensity  of  draft,  inches  of  water,  Ti 
o  absolute  Fahr.  temp,  of  chimney  fiases,  Tt »  absolute  Fahr.  temp,  of  outside 
til,  and  Pi —  observed  atmospheric  pressure,  lb.  per  sq.  in.  Ix>rhigb  alti- 
tudes above  sea  level: 

D,  -  0.52  HP.  (A  _^)  (21) 

This  gives  the  maximum  theoretical  draft  with  no  Bow  taking  plaea. 
The  actual  draft  obtained  is  about  20  per  cent,  less,  due  to  chimney  friction, 
and  head  required  to  create  velocity  of  gases. 

OS.  Kent's  drkucht  tonnnU  is 

E-A-OAVX  (28) 

Where  S— effective  area  of  ehimney,  j1  — actual  area,  (eroas-section)  of 
chimney,  H  — height  at  top  in  ft.  above  grates  and  h.p. —  total  connected 
boiler  h.p. 

Based  on  a  maximum  combustion  of  5  lb,  coal  per  rated  B.H.P.  per 
hr.,  this  formula  may  be  modified  to 

where  IT— total  lb.  coal  fired  per  hour  under  connected  boilers.  This  form 
is  more  suitable  for  high  rating  conditions. 

04.  Meyer  on  chlmnayB.  Meyer*  assumes  a  combustion  rate  of  4  lb. 
of  coal  per  hour  per  boiler  h.p,  and  500  ou,  ft,  of  flue  gas  per  lb.  of  ood.  In 
his  table  on  chimneys  referred  to  in  the  footnote  he  gives  the  frietion  loss  for 
square  steel  Sues;  for  brick  it  is  33  per  cent,  greater;  for  rectangular  steel 
flues  with  sides  as  1  to  2,  it  is  7  per  cent,  greater;  for  circular  steel  fluea,  13 
per  cent.  leas. 

*  M^er,  H.  C,  Jr.  "Steam  Power  Plants;"  MoOraw-Hill  Book  Company, 
Inc.,  1912;  Chap.  Xllt.     Table  XXXIII. 
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•a.  Tidd*  of  liiM  »ad  h.p.  of  ehlmtieyi. 
Table  bivm  b.p.  of  ohimneys  computed  by  Kent  method  (£q.  24,  Par.  N) . 


Diam., 
ins. 

Height 

Effect. 
Area 
KI.    ft. 

Actual 
Area 
«l.ft. 

60 
ft. 

80 
ft. 

100 
ft. 

125 
ft. 

ISO 
ft. 

200 
ft. 

250 

ft. 

300 
ft. 

18 

2I> 

29 

i 

36 

40 

46 

61 

66 

0.97 

1.77 

24 

B4 

62 

M 

78 

85 

98 

no 

120 

2.08 

3.14 

30 

»2 

107 

119 

133 

146 

169 

189 

206 

3.58 

4.91 

30 

14T 

163 

1S2 

204 

223 

258 

288 

315 

6.47 

7.07 

42 

200 

231 

l>-.8 

289 

316 

365 

408 

447 

7.76 

9.62 

48 

269 

311 

:U8 

389 

426 

492 

549 

602 

10.44 

12.57 

00 

437 

005 

.-.'iS 

632 

692 

800 

894 

979 

16.98 

19.64 

72 

646 

747 

s:l5 

934 

1,023 

1,181 

1,320 

1,447 

25.08 

28.27 

84 

8»6 

1,035 

1,1. '>7 

1,294 

1,418 

1,637 

1,830 

2,006 

34.76 

38.48 

BO 

1.186 

1,370 

1,.-.:I2 

1,713 

1,876 

2,167 

2,423 

2,654 

46.01 

60.27 

108 

1,617 

1,761 

l,u  ')9 

2,064 

2,392 

2,770 

3,098 

3,393 

58.83 

63.62 

120 

2,180 

2,1  18 

2,657 

2,986 

3,448 

3,855 

4,223 

73.22 

78.54 

132 

2,656 

2,'MO 

3,114 

3,637 

4,200 

4,696 

6,144 

89.18 

95.03 

144 

3,...>t 

3,726 

4,352 

5,027 

5,618 

6,155 

106.72 

113.10 

168 

4,M78 

5,115 

6,974 

0,899 

7,713 

8,449'146.5a 

163.94 

192 

6,724 

7,852 

9,068 

10,138 

11,105192.56 

201.06 

210 

9,987 

11,532 

12,894 

14,123  244. 9€ 

264.47 

240 

12,878 

14,293 

16,080 

17,505303.  M 

314.16 





1 

For  iioands  ooal  burned  per  hour  for  any  given  siie  of  chimney,  multiply 
figures  in  table  by  five. 

Chimneys  25  per  cent,  larger  are  recommended  for  low-grade  bituminous 
coal  in  middle  and  western  states. 

to.  Ohimney  dsslgn  must  be  baaed  upon  kind  of  ooal  required.  For 
overfeed  stokers  and  hand  files,  Fig.  17(fromB.  &W.  I9I3  issue  of  "Steam") 
gives  the  usual  draif  t  required  for  various  coals. 
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Pe«a4(  «<  Oosl  Bataed  per  Bqnue  Foot  of  Qnti  8arfK<  p«E  Bear 
Fia.  17. — Draft  for  various  coals, 
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Tha  draft  lou  through  a  B.  4t  W.  boiler  with  ataadard  bafflinc,  dasn. 
varies  from  0.10  in.  or  0.16  in.  at  rating,  to  0.28  in.  to  0.4JS  in.  at  200  per 
oaot.  rating  and  0.54  in.  to  0.65  in.  at  300  per  oent.  rating.  The  low  in 
fluee  of  fairly  umform  croes-section  ia  given  aa  O.X  in.  per  100  ft.  atraigbt 
flue,  and  0.05  in.  for  90  deg.  benda.  But  in  the  irregular  flue  ahapes  often 
neceaaary,  double  theae  valuea  are  not  infrequent  (Meyer).  The  draught  loos 
through  economiieia  variea  from  0.25  in.  to  0.70  in.  The  aum  of  all 
theae  loaaes  givea  the  required  chimney  draft.  The  diameter  ia  oomputed 
(Par.  t<  and  97)  from  the  weight  of  coal  burned.  With  atoksn  ualnc  DlMIt 
it  ia  neoeaaary  only  to  allow  0.1  in,  draft  over  the  fire  at  maximum  capacity, 
aa  the  only  function  of  the  ataek  ia  to  draw  off  the  gaaea  without  preaaure  in 
the  furnace,  the  reaiatance  of  fire  bed  and  atoker  being  overeome  by  the 
blaat  preaaure. 

VI.  Ohimneri  ara  buUt  of  tha  toUowliv  matarlaU: 
(a)  red  brick,  fire-brick  lined;  (b)   radial  buff  brick,  fire-brick  lined;  (o> 
reinforced  concrete,  lined;  (d)  ateel  plate,  lined;  (e)  atoel  plate,  unlinea. 
For   natural  draft,  the  radial  brick,  tlie  Uned  ateel  plate  and  the  concrete 
typea  of  chimney  axe  in  general  uae. 

M.  Brick  chlnmaTi.  The  red-brick  ohimney  cannot  be  leaa  than  0.7 
ft.  thick  at  the  thlnneat  portion;  in  other  reapeota  it  ia  deaigned  for  atabili^ 
agidnat  a  wind  preaaure  of  60  lb.  per  aq.  ft.  and  wainat  cmaning.  The  walla, 
therefore,  ara  alwaya  thicker  at  the  bottom,  ana  the  atack  ia  tapered.  Thla 
type  ia  not  often  uaed  for  power  atationa.  Radial-brick  chimneya  may  be 
0.68  ft.  thick  at  the  thlnneat  part,  aa  the  brick  ia  apecially  moulded:  the 
eroaa.aeotioD  ia  alwaj^a  circular,  and  tapera  in  the  aarae  manner  aa  rcd-bnck 
Chimneya.  Brick  chimneya  are  the  moat  durable  of  all  the  typea.  The 
fire-brick  portiona  of  lining  need  be  carried  up  only  30  ft.  above  the  gratea. 

99.  Btaal  chimneya  have  the  advantagea  of  ligfatneaa  and  atrengthj  but 
aince  they  arc  better  conductora  of  heat,  muat  be  Uned  with  brick  for  beighta 
over  75  ft.  except  in  forced-draft  inatallationa.  They  muat  l>e  caienilly 
inapeetod  and  painted  from  time  to  time,  aa  they  an  aubiect  to  deterioratioo 
by  corroaion. 

_  100.  Reinforced  eonoreta  ia  much  atronger  than  brick  and  will  atand 
high  tenaile  atraina  like  the  ateel  ohimney.  The  atack  ia  therefore' often  built 
atraight  like  the  ateel  chimney,  and  ia  alwaya  conaiderably  lighter  than  brick, 
aait  may  aafely  be  much  thinner.  It  ia  uauiuly  poured  in  5-ft.  or  0-ft.  aeetiona. 
which  may  be  carried  up  a  acction  a  day,  making  erection  rapid.  No  lining 
ia  requirea  other  than  the  abort  aection  of  fire-bnck  above  the  gratea  (30  ft.). 
It  ia  one  of  the  cheapeat  and  moat  durable  forma  if  well  deaigned  and  built, 
but  like  all  reinforced  concrete,  ia  dependent  upon  care  and  watchfulneaa 
during  conatruction. 

101.  Voundatloni  for  brick  chimnaya  are  now  made  almost  ezcluaivety 
of  oonerete,  and  ara  designed  on  the  baaia  of  proper  bearing  valuea,  like  any 
other  foundation.  They  are  usually  spread  or  atepped  out  at  the  foot,  in 
order  to  provide  sufficient  reaiatance  to  overturning  from  wind  preaaure  (Par. 
■90). 

109.  Oo*t  of  Brlok  Stack* 


Approx.  boiler 
h.p. 

Height         Diameter 

Diam.  aquare 
baae  outside 

Price 

85 
135 
200 
300 
460 

80 

90 

100 

110 

120 

2  ft.  I    in. 
2       6 

2  II 

3  7 

4  3 

7  ft.  6    in. 

8  3 

9  10 

10  2 

11  2 

508.00 

786.00 

1236.00 

1493.00 

1785.00 

Brick  ataeka  may  be  figured  on  a  baaia  of  812.00  per  thouaand  for  laying 
with  maaona  at  S0.55  per  hour.  * 

IM.  The  COIt  of  eonereta  Itacki  ia  about  5  to  10  per  oent.  len  than 
brick  (Par.  109). 


*  Further   coat   data   may   be   found  in  Grbhardt's 
Wiley,  1912. 
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104.  The  coat  at  Itoal  Iteoki  may  be  ficured  on  a  baaia  of  t0.045  per  lb.  of 
atKl  erected. 

MBCHARICAL  DBATT 
IM.  Umltationa  of  natural  draft.  From  the  figures  in  Par.  91  to 
M.  H  ia  evident  that  for  high  rates  of  oombuation  the  stack  becomes  imprao- 
tieabljr  high,  or  the  sensible  beat  loss  due  to  high  flue  temperature  becomes 
loo  lance  for  economy.  To  mitigate  this,  mechanical  or  artificial  draft  of 
some  form  may  be  employed. 
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SnR  iDcbei,  W.a. 

Flo.   18. — Required  horse-power 
for  forced-draft  fans. 


0     3    <     6    8    10  12  H  1(1  18  20  as  :i  20 
Dcllvury,  ThouBuudCu.Fl.pi-rMiu. 

Fio.  19. — Characteristics  of  24  by 
30  in.  forced-draft  blower. 


IM.  Tba  thaoratlcal  praiaure  produced  by  s  raTolTing  fan  whaal 
is  given  by  Murgue  as 


H- 


t;> 


(2S) 


where  H  —  maximum  pressure  difference,  between  fan  auction  and  discharge, 
feet  <rf  air ;    1/  —  velocity 

60 
3«, 


of   fan   blade   tips,_  feet  per 
eler- 


aeoond;  and  ^■■32.2,  aceel 
atioo   due  to  gravity.      Air 
preaaure  in  inohea  of  water 
otdumn   ia  generally  referred 
to  in  blast  and  draft. 

vhere    A* inches    of    water 

rircMure;  iS-«  weight  of  1  cu. 
t.  air  at  75  deg.  fahr.  (usual 
room  temperature),  or 
0.074495  lb. ;  and  p  *  pressure 
of  1  in.  water  column  in  lb. 
per  sq.  in.,  or  0.0361  lb. 

where  r  —  radius  to  tip  of  blade  in  inches  and  n 


1000 


:2000  3000  lOOO    £000    OOOO  ' 
Tip  Speed,  Ft. per  Mia. 


Flo.  20. — Power  and  volume  of  forced-draft 
fans. 


,r^:?)«_c(r 


-r.p.m.     Hence 


(28) 


«• 
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FIc.  18  givea  the  h.p.  rrauired  at  any  preuure,  tor  averace  fans.  TIm 
eharacteristics  of  a  forced  (baft  fan  for  underfeed  atokera  are  given  in  Fis. 
19.  The  static  preanure  and  volume  of  any  aiae  fan,  at  any  speed,  can  be 
found  from  Fig,  20. 

107.  Foroad  draft.  If  the  fan  is  plaeed  so  as  to  blow  under  the  fir«, 
the  pressure  is  greater  than  atmoepheric;  this  system  is  termed  forced  draft. 

lOS.  Induced  draft.  If  the  fan  suction  is  connected  to  the  boiler  flue, 
and  delivers  to  the  stack,  the  jsressure  in  the  furnace  and  aahpit  is  leas 
than  atmospheric;  this  system  is  termed  induced  draft.  The  two  systems 
may  be  used  together,  one  fan  forcing  air  through  the  fire,  and  the  other 
drawing  from  the  flue,  maintaining  a  more  or  lees  balanced  pressure  over  the 
fire.  A  forced  draft  fan  also  may  be  used,  in  connection  with  a  chimney  to 
draw  oS  the  gases. 

IM.  Induced  draft  for  hand  flrai  with  bituminous  eoala  may  ba 
substituted  for  natural  draft  since  the  required  masdmum  is  not  usually  over 
2  in.  of  water. 

110.  Voread  draft  combined  with  either  natural  or  induced  draft  ia 
always  used  with  the  underfeed  stokers  and  frequently  with  the  chain  gratea. 
Forced  draft  cannot  be  used  alone,  as  without  some  suction  at  the  breechinc, 
there  would  be  pressure  above  atmosphere  in  the  fire-box,  causing  flame  to 
issue  from  all  openings. 

111.  Coat  data  on  blower*  and  fan*  are  difficult  to  furnish;  about  the 
only  factor  remaining  nearly  constant  is  the  price  per  lb.  at  $0.16  to  SO.  17. 

lit.  The  comparative  advantarei  of  mechanical  dratt  are:  (a) 
greater  forcing  capacity  than  with  natural  draft,  since  it  is  easy  to  produce 
much  greater  differences  of  pressiire  than  are  at  all  practicable  with  stacks; 
(b)  entire  flexibility  of  control;  (c)  better  combustion  conditions  with 
balanced  draft  arrangement;  (d)  low  cost  of  apparatus. 

lis.  The  objections  to  mechanical  draft  are  increased  operating  ooat 
due  to  energy  consumption  by  driving  apparatus,  and  increased  maintenanoe 
cost,  which  are  balanced  against  the  low  munteuance  of  stacks.  But  the 
energy  consumption  (of  steam,  for  turbine  drive,  say)  is  not  a  net  loss,  as  it 
may  be  profitaole  to  use  the  steam  exhaust  in  feed  heating,  and  the  stack 
requires  a  certain  loss  of  fuel  due  to  flue  gas  temperature,  in  order  to  operate. 
This  temperature  can  be  lowered  when  using  induced  draft.  Forced-draft 
fans  have  low  maintenance  coats,  as  they  handle  cool  ur;  Induoed-draft 
fans,  however,  are  likely  to  have  high  maintenanoe,  as  they  deteriorate  from 
handling  hot  flue  gases. 

PBOPUTUB  OF  FCTL 

lU.  Anthradta,  or  hard  coal,  contains  very  little  volatile  matter;  ia 
mainly  fixed  carbon  and  ash ;  is  difficult  to  ignite;  hard  and  bright  fracture, 
not  soiling  the  fingers  in  rubbing;  oldest  coal  formation,  being  next  to 
graphite. 

lis.  Bami-anthracita  contains  a  little  less  fixed  carbon,  mora  volatile 
matter;  is  easier  to  ignite  and  softer.  Semi- bituminous  is  the  next  In 
order,  having  enough  volatile  matter  to  coke,  with  moderately  long  flame, 
and  soft  crumbly  fracture. 

lis.  Bituminous  coals  are  rich  in  volatile  matter,  which  may  be  as  high 
as  40  per  cent. ;  usually  fairly  low  in  ash — 5  to  9  per  cent. ;  and  may  be 
dividea  into  many  different  classes  with  regard  to  flame,  caking  and  coking 
qualities.  They  are  very  easy  to  ignite,  brittle  and  dull  fracture,  crumbly, 
and  soil  the  fingers  in  handling,  due  to  softness. 

117.  Coke  is  the  resulting  fixed  carbon  and  ash  which  remains  a  porous 
mass  after  driving  off  the  volatile  matter  from  a  bituminous  or  semi-bitumin- 
ous coal.  It  is  largely  a  product  of  the  coal  gas  industry;  but  as  a  power 
station  fuel,  its  price  is  practically  prohibitory.  Oven  coke,  which  is  very 
hard,  is  used  for  blast  furnace  and  crucible  furnace  work. 

118.  Lignite  is  a  more  recent  formation  than  the  bituminous  coals  and  is 
hardly  distinguishable  from  the  lower  grades  of  these;  it  is  non-fibrous,  and 
often  brownish  in  appearance,  whereas  the  coals  are  all  black;  abeorbs 
oxygen  and  gives  off  COi  at  ordinary  temperatures.  It  contains  quantities 
of  oxygen  and  the  volatile  matter  given  off  is  mainly  COs,  which  distinguishes 
the  lignites  still  further  from  the  coals,  whose  volatiles  are  ohiefly 
hydrocarbons. 

704  „  , 

Digitized  by  VjOOQIC 


POWSR  PLANTS 


Sec.  10-1 


3  3  *;  I 

-9-103 


5333*333333333333333^33 

O iii^QX  rt  ^ r* 00  X c> ci^  c  c T# rt  »o~^  —  r»>6 ^ « » tO" 
*  »o  a»  o  -r  o  -« M  r5  ^  o  -c  a:  ii  X  r;  ?i  o  -r  '•'1  r»  «  w  r-  r*  3r 


'eNffl'^fO 


-^-■-^  00  ^ -^ -*-•'■  —  —  -' o  — -« 
•f  t»  eo  -f  «  o  i*?  P5 1^  X  X  ^  —•  ?*  C".  'O  -f  — 

MW-M«OMNX»  — OC»N.SXr-*N 


cc  — — -^  — -*o 


5  J^© ;;  3  «  MS  »  o  ": « t^  'i  '3  ft  -3  »^  r^  2  tS  2  :i  - 

O6r»«o'nr-.04^x  — csiC-Tf^'-'ir-ibai'^cocc- 
»r  ■>>  iQ  tQ  ■»«■  W  ifl  iri  »r)  tft  tc  tft  ■f-fn^»Qtfl?o»f^>oo  t) 


r»«o®^^^3»''^^-^*''0^•0)•l"'c^o•r^-coalP5ffXO 
-ir^rtc;'0^aJosM«noi««^e(Cxoo)rt«"f»x3> 


705 


DKjiliLcniyV^iUUyiC 


Sec.  10-120 


POWER  PLANTS 


Jl 

n 

OiCTi     ■ 

W30  ; 

oooooc 

§U39tO 


onxcD 


tOeOX 

82g"8 


Is.  A  00  « <«<  ei> 

—  vb-<DiC  CO 


rote  ox«x 


£3! 


+ 
O 


A -4  •«•  r^  d  ^  :o 

X  X  A  XXOtO 


xxa 


o 


eoxoxh- 
<ocdo>C4X 


«3 


N 


ift 


eoc4  9MOe« 


XXt^X^Ok 

«'  -^  ■^  -^  -^  « 


OO^OCO) 
XXX  WX30 


weoxw^Q'O     «of*f*«iotor*xX'*«-«xoKC«i^«r*o>p»i^ 

M^L';ioddddxxxc>p<-He>ime4r^xxddd-^dh**oQdd<-< 

'NPOOONQO     -OQO     *QOO     -ONC*     ^©NQ     -OOO     - 

eooocvneco    •eoeccc    -ocor*    •<0coec    -onv    -cib-o    •    • 


Qoxx^-^-^*^■<1•»^lCMO)-« 

xxxxxxxxxxxxx 


ooooooc:::;ocooocicoocooooooccoooo 


u'3"3'a'3  £'fl'c 


•  a  — 

•CO  li 

■=-Sc 


i"? 


(3  ^  oj  c3 

"S  a 


■  2  ^  *   -2* 

R     g     S>     gj    ft 


> 

OS 

.  V 

c;     - 
«-5  ? 


=  «  i    -  I 


•  3 


"     -  JS  °  ^   ■**  :i  **  ?• 


'3-1  S'Br-g 

.0Qfi.HO0u,xOgkg:x  P=  Wi^S^  o  n  fl,  -f"  £L  -Hf; 


^M  rt  ■^  »0  to  f*«  OO  ^  f 


706 


4m«MC 


dby^^iuuyic 


«»««« 


POWBB  PLANTS 


Sec.  10-121 


g 

:a 

«s  ;2gSo§ 

SxtDCO 

[d 

dd   jw'ddeid 

dood 

Z 

M 

66 

WW 

■i 

" 

•oo 

»* 
* 

»w 

h^OOO 

1 

i5 

'■6666 

d 

o^ 

ioc9-^ie 

8 

^SS^»;:o 

s 

o^ 

oe« 

•< 

otiooao-^ 

o 

so 

^66 

1 

as 

Jt>>t«<3 

SSS5g 

N«<5000 

•UC^"4'^ 

ci-;«M'^: 

dcOOMM 

a 

^  : 

SS  is  : 

««  ■ 

o   ■ 

1 

_^_ 

d  1 

««  -d  j 

drj   • 

•o   • 

e 

s 
o 

««&;SS!;^s,^&;^oSo«=£oo 

S»SK&& 

«» 





IE 

5 

to 

•  «w«o« 

»n 

» 

X 

■8 

ed 

jdddd 

ddd 

6 

6 

d 

g 

<-< 

<" 

5 

4J 

kj 

1 

MM 

bi 

Zi5 

y. 

1 

t 

ss 
(3(3 

s 

a 

4 

( 

93 

MM 
99 

•i 

:« 

-I 

-1 
3: 

'J 

«««i 

1 

c 

•J 

1 

n 

a. 

« 

> 

^  a,  0.  ^"5 

1 

.£ 

<( 

£ 

! 
J 

s 

«   ■ 

3 

c 

,-1 

«5 

o 

Kb 

t 

"5 

i 

1 

I.S 

1 

•^««*»o«r»»:3iO-«e'i«-»'«»KX» 

2 

707 


g,l,.edb,LiOOgle 


S«c  10-122 


POWER  PLANTS 


h  o       00 


MOO 


eoe 


rOWiO^WfeiNOOMOO- 


oo>oe« 


5     1    I*     r*_oo 
0^-^«0i0 


» 


g-^ 


oood 


«*«r*^oio»o««H 


c«co 


•  Se^^O'i^^M^OKSto-i'^iNw^&oit^onouSScO'HQo^QO^    oo^m 


00«0t0C4<Dr*O>^OtD«^CD>O(D(000«0U3^«0«OiOi-t       U3t*«0       tO(D       f3-«rtD 


oocQe4a)OfOr*oo- 


iNWCOWCOWWCOWCOCOCbC' 


^     oj     osoo     o         cco>     CO         oo     »o ««00_ 


o 

a 
c 


:o 


■I©    -Ph 


;  ^'?. 


:jd 


O  M  O     .  ^_ 


SpS  o  , 


US'"!)-;*--     _. 

"s-esisliss-iJ 


-  rt'flj  K  o  s  y^'' 
^  aaS  "  °-°-  ■- 
-_  -         1^  r-  "3  (u  f  T5  S'a  o 

"  a  S-"-  £  "1 S  S  >  i;  3  8  o  °  So  ~§^  daa 


70S 


hy»^TUL)yie 


POWBB  PLANTS 


Sec  10-123 


\5\ 

s  y   (D  lO  a 00  •-•  C4  CO (D       e0^Qc0  00r«a0XC4Ot^       C3>t<-       C4iO<-4ie*4lO«< 


!g 


I 

■ 

ft 

s 


9 


n 
"S 

a 


e 


a 
•c 

I 

Q 


I 


e^^mio  'ScSeoo^  •«  'S^n     wco>oeeooaiOiot-oiQ9  ■ 


ssss 


ocxet 

9  0^10 


B^!S!^-35S«t5'35dj^gijj25M| 


^««e«-^oio^    ««oM-<^ 


X     caooooo*-* 
^     M  n  09 «««  ei  ci 


im    «    »«9oeoo<'> 


;ll 


fiiaiiif 

^  So-3  3  5  Sw 
•a  ■" 


li 

"00! 

,•-  a 

_l^  0 

g.« 

I 


assaesas 


■*^  »„  "  fc-  k-  (^     . 

8'3£  o££i3 


Eg 


•  «  o  2 


-  -,  a  a  fc 

a  all '. 


go  *  "  **  ®  S  B  • 


7ce 


jili^edbyV^iUUyiL' 


Sec  10-124  POWER  PLAKTS 

114.  Fakt  is  the  most  resent  of  the  formations.  High-bog  peat  is  formed 
from  swamp  moss,  etc.;  low-bog  peat  is  formed  from  grasses  around  loir 
bodies  of  water.  They  show  the  fibrous  structure  oi  vegetable  origin,  and 
range  in  color  from  ochre  to  brown  and  black ;  are  very  soft  in  texture,  with 
no  fracture;  carry  large  moisture,  oxygen  and  nitrogen  content;  the  volWtile 
matter  is  poorly  combustible,  contaimng  largely  COi. 

Hi.  Wood  is  still  higher  in  oxygen  and  nitrogen,  up  to  40  to  4£  per  oent., 
with  carbon  from  45  to  49  per  cent.  Its  scarcity  and  coet  make  its  use  «a 
a  power  station  fuel  impossiblo  except  for  saw  mills  and  logging  camps 
whore  the  unmarketable  waste  may  be  profitably  used. 

116.  Briquettes*  are  small  artificial  lumps  of  solid  fuel  made  up  by 
DTvssing  peat,  bituminous  slack  or  anthracite  culm,  with  a  suitable  tarry 
binder,  so  as  to  reoombine  the  soft  peat  or  unmanageable  coal  dust  into  • 
convenient  lump  form.  Briquettes  behave  somewhat  like  lumps  of  soft 
coal,  but  usually  are  very  troublesome  in  giving  smoke.  The  cost  of  bri- 
quetting  presses,  and  the  need  of  suitable  inexpensive  binder,  have  pre- 
vented the  wide  use  of  briquettes  in  America,  With  peat  briquetting  ia 
practically  a  necessity. 

117.  Mineral  oils  have  their  source  in  crude  petroleum.  The  heavy 
oil  engines,  such  as  the  Diesel  and  the  Junkers  run  on  raw  petroleum;  many 
of  the  smaller  engines,  however,  are  designed  for  kerosene  and  gasolene. 

Its.  Oai  tor  power  production  mav  be  natural  gas.f  producer  gaa, 
poke-oven  gaa,  t  or  blast-furnace  gas.  I  Illuminating  gaa  is  too  expensive  to 
use  for  anything  but  very  small  isolated  plants.    See  Par.  M,  IT  and  M. 

in.  The  main  feature  In  the  use  of  gaa  is  the  engine  compression 
prsssure  wtiich  is  practicable;  blast-furnace  gas,  being  lean  and  much 
diluted  with  neutral  matter,  will  stand  very  high  comprvssion;  producer 
gas.  natural  and  coke-oven  gas,  being  richer  (especially  m  hydrogen),  can- 
not be  compressed  as  much. 

ISO.  The  oost  of  anthracite  No.  1,  He.  1,  or  No.  S  buckwheat  is 
about  SI. 10  to  S2.50  per  ton  at  the  plant  in  quantity.  The  mine  coet  is 
not  over  Sl.OO  to  S1.40.  Bituminous  coal  costs  from  S2.00  to  t4.S0  at 
the  plant.     The  cost  averages  10.085  to  S0.005  per  million  B.t.u. 

111.  Tual  oil  costs  from  tO.Ol  to  t0.03  per  gal.  The  cost  averana 
about  S0.090  to  t0.004  per  million  B.t.u.,  in  the  oil-burning  districts.  While 
its  oost  per  million  B.t.u.  is  about  the  same  as  coal,  or  somewhat  better, 
in  the  districts  where  it  is  available,  it  has  a  further  advantage  in  the  better 
boiler  efficiency  obtained,  and  in  the  elimination  of  some  of  the  power- 
station  auxiliary  apparatus. 

Its.  Natural  ^as  ooita  S0.07  to  S0.085  per  million  B.t.u.  All  of  theae 
figures  apply  chiefiy  to  large  consumers;  the  prices  will  go  up  considerably 
for  smsll  plants. 

WATKK  BUTPIiT  AND  PUBITICATIOIT 
ISS.  Boiler  teed.     Boilers  must  be  fed  with   fresh  water  of  reasonable 
quality;  in  general,  if  a  water  is  not  potable,  it  is  not  fit,  as  it  stands,   for 
boiler   feed.     Wells,    fresh-water  lakes,   rivers  and   ponds   are   the  prime 
sources. 

154.  Water  analyiia  to  determine  the  value  of  a  water  as  boiler  feed 
should  be  performed  by  a  chemist;  but  the  ordinary  tests  for  hardness,  with 
standard  soap  solution,  hydrochloric  acid  and  methylorange,  may  readilj 
be  carried  out  in  the  plant  in  conjunction  with  waterrsoftening  apparatus. 

155.  The  dangerous  Impurities  are  sulphuric  acid  (or  other  acids  if 
the  water  has  been  contaminated  by  factories),  grease  and  oils  in  quantity. 


*  Lucke,  C.  E..  "Engineering  Thermodynamics."  McGraw-Hill  Book  Co.. 
Inc.,  New  York,  1913;  Table  CIV. 

t  Lucke,  C.  E.,  "Engineering  Thermodynamics."  McGraw-Hill  Book  Co.. 
Inc.,  New  York,  1913,  Table  CIX. 

t  Lucke,  C.  E.,  "Engineering  Thermodynamics. "  McGraw-Hill  Book  Co., 
Inc..  New  York.  1913.  Table  CX. 

i  Lucke,  C.  E.,  "Engineering  Thermodynamics."  McGraw-Hill  Book  Co., 
Inc.,  New  York.  1913.  Table  CXIV. 
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and  the  natural  scale-forming  salts  such  as  magnesiuin,  iron  and  calcium 
carbonates  and  sulphates. 

IM.  The  trefttnMnt  of  feed  water  has  been  outlined  in  Par.  49  to  SI. 

IST*  The  nee  of  condensate  returned  from  surface  condensers  is 
usually  a  valuable  way  of  eliminatinjc  moet  of  the  boiler  incrustation.  The 
(wly  drawbaok  lies  in  the  jjresence  of  oil  and  grease  in  the  condensate,  il 
the  condenser  serves  a  reciprocating  engine.  Quantities  of  oil  in  excess 
of  0.4  to  0.5  g.  per  gal.  arc  objectionable,  ss  they  collect  whatever 
soft  scale  may  be  present  in  the  boiler  and  form  a  brown  mass  which  bakes 
on  the  tubes  and  nas  the  same  effect  as  hard  scale. 

lit.  Oil  and  flrease  extractors,  designed  on  the  same  general  lines  as 
steam  separators  are  employed  between 
the  engine  and  condenser^  in  order  to 
keep  down  the  amount  of  oil  passing  into 
the  condensate.  As  a  matter  of  fact, 
the  baffles  placed  in  these  devices  are 
really  of  very  little  use;  it  is  the  reservoir 
effect  of  the  extractor  in  slowing  down 
the  current  of  steam  which  really  does 
tlw  work.  Where  turbines  are  the  prime 
movers,  no  grease  or  oil  separators  are 
required.  Fig.  20a  shows  a  typical 
separator. 

COAL   AlTD   ASH   KANDUNQ 

IM.  Coal  U  dellTored  to  the  power 
idant  of  any  sise,  either  by  barge, 
sebooner  or  railroad  oar.  Handling  coal 
by  truck  is  practically  too  expensive  for 
use  in  any  but  small  isolated  plants. 

140.  PnloxUng  may  be  done  by  a 
grab-bucket  digger,  or  if  delivered  by 
car,  an  elevated  trestle  may  be  employed, 
dumping  from  the  car  bottoms.  For 
nuwt  of  the  larae  plants,  a  coal  tower 
with  a  1-ton  or  l.S-ton  clam-shell  digger 
is  employed  to  unload  and  hoist  the  coal 
high  enough  to  pass  by  gravity  through 
oruahen  and  weighing  scales,  and  6naUy 
to  conveyors  or  coal  cars.    In  smaller  plants, 


Tut  (he 
uf  iLe 


I>rip 

Fia.  20a. — Horizontal  steam 
separator. 


a  locomotive  crane,  or  mono- 
rail telpSer,  may  perform  the  same  work  and  also  serve  the  storage  yard. 
Towers  may  be  either  steam  or  electric  driven;  the  former  is  generally  the 
cheaper  and  more  rugged  construction. 

141.  Crushers  are  heavy  rolls  of  cast  iron,  studded  with  teeth,  geared 
together  in  such  fashion  as  to  crush  the  coal  to  small  sise;  some  spring  or 
reuef  device  must  be  fitted  to  allow  harder  materials  to  pass  through,  such 
as  link  chains,  sprags  and  occasionally  a  car  coupler.  Crushers  are  not 
needed  for  antiiracite. 

14S.  Oonveyors  are  of  five  principal  types;  scraper,  reciprocating,  belt, 
bucket  and  suction.  The  scraper  conveyor  consists  of  flights  or  paddles 
rigidly  fastened  upon  a  special  bar-link  chain,  and  dragged  along  in  a  trough 
shaped  to  the  flights.  The  redprocatlnff  conveyor  is  very  similar,  but 
only  moves  a  few  feet  forward  and  backward.  The  flights  are  so  hinged 
that  on  the  backward  stroke  they  lift  out  of  the  coal  and  trail  over  the  top, 
digging  in  again  when  the  chain  reverses. 

14S.  Belt  convenors  consist  of  wide  rubber  or  textile  belts  travelling 
continuously  over  idlers  spaced  from  2  ft.  to  4  ft.  apart,  and  with  the  outer 
pulleys  tilted  up  to  trough  the  belt.  The  belt  conveyor  is  not  suitable  for 
ashee. 

144.  The  btiofcet  conveyor  has  separate  buckets  from  24  In.  to  48  in. 
BQuare,  ^ther  fixed  rigidly  to  long-pitch  side  links,  or  pivoted  in  the  center, 
so  as  to  remain  vertical.  In  the  latter  case,  all  of  the  conveyor  is  malleable 
iron  except  the  rails  and  framing.  It  is  exceptionally  suited  to  handling 
ashes. 
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141.  Tha  inetiAa  eoBTeron  are  uied  only  for  mImi;  eo>l  i*  too  hMTjr 
and  paoka  too  readily  to  be  aandled  in  this  manner.  The  auction  ia  uaually 
provided  by  a  high-apeed  centrifugal  blower,  attached  to  the  outlet.  Th« 
reat  of  the  equipment  conaiata  merely  of  10-in.  and  12-in.  caat'iroa  pipa 
linea  with  gwing-door  opamnga  at  which  the  aahea  are  admitted.  The  draw- 
back to  thia  syatem  ia  the  deterioration  of  the  fan  from  grit,  and  all  turna 
and  elbows  from  abrasion.  If  the  aahea  are  too  wet,  the  bloeldng  of  th« 
inpea  ia  practically  certain  to  give  trouble. 

IM.  Oompariaoni  of  eonTeyori.  The  belt  conveyor  ia  very  aatlafao- 
tory  on  **earry"  of  coal,  but  not  so  good  on  "lift;"  the  bucket  conveyor 
ia  probably  the  moat  satisfactory  all-around  conveyor,  handling  coal  or 
hot  aahee  equally  well  in  lift  or  carry;  it  is,  however,  the  meet  azpenaiva. 

14T.  Anothsr  method  of  conTaj^nf  U  by  oable  eari;  where  t>osrfbl« 
thia  givea  the  oheapeat  and  most  satisfactory  meana  of  carry. 

14S.  Storaca  of  coal  outdoors  foi  power-plant  purposes  requires  leas 
eare  and  handling  than  for  coal  compa  nieaj  as  the  material  ia  turned  over 
f aat  enough  to  avoid  much  loaa  by  weathering.  The  storage  yard  may  be 
served  by:  la)  a  locomotive  crane,  (&)  a  gantry  crane,  (c)  a  Dodge  girder 
unloader,  (a)  a  telpher  grab  bucket  operating  on  an  overhead  structure. 
(•)  or  if  the  storage  ia  in  a  pit,  by  a  oonveyor  in  a  tunnel.  Usually  tho 
capacity  should  equal  at  least  two  weeks  supply,  or  better,  one  month. 
One  company  having  trouble  from  spontaneoua  combustion  of  bituminous 
coal,  uaea  a  concrete  pit  flooded  with  water;  but  this  is  generally  unneoeaaary. 
the  ezoaasive  wetting  of  the  coal  being  a  drawback. 

IM.  Bunken  placed  under  the  roof  of  the  boiler  house  are  almost  always 
provided,  to  feed  coal  by  gravity  to  the  fires.  Where  external  storage 
IS  available,  two  to  four  days  supply  in  the  building  is  all  that  ia  aeoeuarr; 
but  in  city  plants  where  external  storage  ia  impossible,  ten  days  to  two  weeks 
supply  must  be  provided. 

IM.  Bunker  oonatruction.  Steel  framing  with  eoncrete  or  oinder- 
concrete  lining,  faced  with  granolithic  or  other  hard  finish,  ia  tha  beat  con- 
struction for  large  work;  for  smaller  work,  the  suspended  type,  catenary 
shape,  of  plate  steel  with  concrete  lining,  or  simply  of  reinforced  concrete, 
has  been  much  used. 

in.  Boppars.  Ash  hoppers  of  structural  material  with  brick  lining 
are  the  atandard  practice,  but  reinforced  concrete  is  also  being  uaed  to  aome 
extent.  The  coat  hoppers  should  alwasrs  be  of  sheet  steel,  A  io.  being 
the  uaual  thickness;  it  is  good  practice  to  reinforce  thehoppera  with  renewable 
wearing  x^tea  where  the  abrasion  ia  severest. 

Ill,  Walchlnc  is  done  at  the  hoisting  tower  (just  after  cruahing)  ia 
hoppers  carried  in  knife-edge  supports  which  operate  standard  beam  scales; 
two  sets  are  required,  one  hopper  receiving  the  continuous  flow  of  coal  from 
the  crusher  while  the  other  is  being  weighed.  Reversing  gates  for  the  supply, 
and  trip  gatea  for  the  weighing  hoppers  are  under  the  control  of  the  weign- 
master. 

IM.  Automatic  loalai  of  the  hopper  type  are  in  uae  for  anthracite, 
and  are  fairly  accurate,  as  the  angle  ot  repose  and  slip  of  anthracite  in  the 
small  siies  is  very  little  affected  bjr  moisture,  and  the  small  sise  allows 
ready  control  of  the  fiow;  with  bituminous  coals  they  are  somewhat  unaatis- 
factory,  as  the  highly  variable  angle  of  repose  affects  the  spillage  when  elo»- 
Ing  the  feeder  gates,  making  the  "dribble  a  variable  quantity.  Conveyor 
soalea  of  several  makes  are  on  the  market,  but  not  widely  used. 

IM.  Thsra  li  also  a  coal  meter  for  use  in  pipe  downtakes,  aoting  on 
the  principle  of  a  propeller  driven  by  the  movin(|  coal,  which  ia  very  simple 
and  quite  accurate  for  small  siies  of  coal.  It  is  not  yet  fully  satufaetory 
for  lump  coal  and  run  of  mine. 

IW.  Spouting  ot  coal  in  closed  pipes  must  alwaya  be  done  at  an  anf  le 
of  45  deg.  or  steeper  to  be  satisfactory,  if  the  spout  is  a  closed  pipe;  8-in. 
to  10-in.  pipes  may  be  used  with  anthracite:  but  nothing  less  than  12  in. 
should  be  used  for  bituminous  crushed  coal.  In  designing  hoppers  and 
spouts  it  should  be  remembered  that  the  intersection  of  two  sides  each  at 
4S  deg.  from  the  horiiontal,  is  much  less  than  45  deg.,  so  that  the  coal  will 
always  hang  at  auch  a  Junction. 
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IM.  Th*  powar  rcquirad  by  belt  conTcyora  ia  given  by  the  following 
temala: 

HP  -  -^^  +JJL  (2g\ 

1,000  ^1,000  '■"' 

whore  C  =  power  constant,  T->load  in  tons  per  hour,  Lb  length  of  conveyor 
in  feet,   ^s» lift  of  conveyor  in  feet,  and  fi»  width  in  inches. 
Values  of  C  for  material  weighing  25  lb.  to  75  lb.  per  cu.  ft. 


B(in.) 

C 

H.P.  on  account  of 
trippers  in  belt 

B  (in.) 

C 

H.P.  on  account  of 
trippers  in  belt 

12 

0.234 

0.6 

26 

.   0.187 

2.0 

14 

0.226 

0.6 

28 

0.176 

2.26 

16 

0.220 

0.75 

30 

0.167 

2.6 

18 

0.209 

1.0 

32 

0.163 

2.75 

20 

0.205 

1.25 

22 

0.199 

1.6 

34 

0.161 

3.0 

24 

0.195 

1.76 

36 

0.167 

3.25 

Add  20  per  cent,  for  conveyors  under  60  ft.  long. 

Add  10  per  cent,  for  conveyors  between  50  and  100  ft.  long. 

The  formula  does  not  include  friction  of  gear  drive.  Add  about  10  per 
eent.  for  the  drive  and  10  per  cent,  for  each  180  deg.  turn  idler,  exclusive 
of  the  head  and  tail  pulleys.    Speeds  run  from  300  to  160  ft.  per  min. 

IfT.  The  power  required  by  Hlght  or  lenwer  eonveyon  is  as 
follows: 

where  A  and  B  are  oonstanta  in  the  table  below,  W  •  weight  of  ohain  and 
Sights  in  both  runs,  X,- length  of  feet,  5 -speed  in  feet  per  minute,  and 
r»load  in  tons  per  hour. 

Values   of   A   and  B 


Inclina- 
tion 

0  deg.  ;or 

horiion- 

tal 

5 
deg. 

10 
deg. 

deg. 

20 
deg. 

25 
deg. 

30 
deg. 

36 
deg. 

40 
deg. 

45 
deg. 

A 

0.343 

0.42 

0.60 

0.585 

0.66 

0.73 

0.79 

0.85 

0.90 

0.945 

B 

0.01 

0.01 

0.01 

0.01    0.009 

0.009 

0.009 

0.008 

0.008|0.007| 

Speeds  100  to  200  ft.  per  min. 
in.  Bucket  Klavstors  and  Conveyori 


Siie,  bueketa. 

12"X12" 

24"  XI 5" 

36"X20"  1  48"X24"  1 

Bpadng 1  18"  |  24"  j  36"  j  18"  ;24"|  36"  i  18"  |24"|36" 

48"| 

H.p.  for  100'  verti- 
oelUft 

0.46 

0.85,0.23  1.35[l. 00.67    3.8!l.9|3.5 

2.7 

H.p.  for  lOO'  hori-j 
sontal  run  empty .  1 . 2 

1.1  |0.9 

1.7 

1.5 

1.3    2.4    1.6 

H.p.  for  100*  hori- 
lontal    run    full, 
anthracite 2.6 

2.1 

1.6 

5.3 

4.8 

3.1    12.46.6 

H.p.  for  100-  hori- 
aontal    run    full, 
bituminous  coal.  3.2 

2.6 

1.9 

7.4 

5.8 

4.2    18.09.4 

Add  6  per  cent,  for  each  turn. 
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lit.  Aah  handling  is  very  frequentlv  done  by  trolley  locomotive  and 
side  dump  cars,  in  large  plants;  these  allow  for  thorough  quenching  before 
delivering  to  conveyors  for  elevation.  Of  the  conveyors,  the  malleable- 
bucket  type  lasts  the  best  in  aah  service.  A  skip  hoist  may  be  substituted 
for  conveyors,  for  elevation;  and  where  it  can  be  used,  la  a  most  satisfactory 
means  of  disposal.  Ash  bunkers  are  almost  always  provided  for  storage 
purpoaeSj  as  m  many  plants  the  ash  removal  from  Uie  individual  boiler  ash 
hoppers  is  done  on  night  shift,  when  cars  or  boats  are  not  readily  available. 

190.  Helical  or  icrow  eonTeyon.    The  power  required  ia 

where  fT'  — capacity  in  lb.  per  min.,  Zr^length  in  feet  and  C  —  0.67  for 
coal,  1.00  for  ashes. 

Iftl.  Typical  combinations  are:  low-hoist  grab-bucket  tower,  con- 
taining crusher  and  scales;  belt  .conveyors,  horiiontal,  to  power  station; 
V-bucket  or  pivoted-buoket  elevator,  belt  distribution  at  top  of  building  to 
bunkers.  Inclined  belts  may  be  used  for  "lift,"  but  are  not  too  satisfactory. 
Belts  are  very  good  on  "carry,"  however.  If  the  tower  is  close  to  the  build- 
ing, bucket  elevators  may  be  used  both  for  lift  and  carry.  A  very  good 
ariangement  is:  high  towers,  performing  the  whole  lift  at  once,  delivery 
through  crusher  andsoalea  to  cable  car  for  distribution  over  bunkers.  For 
small  or  moderate  sixe  plants  telpher  grab  buckets  offer  a  satisfaotory 
solution,  serving  storage  yard,  oars  or  boats,  and  bunkers  on  overhead  mono- 
rail structure.  The  usu^  system  for  ash  dupoeal  consists  of  collection  from 
aah  hoppers  by  industrial  railway  and  trolley  locomotive,  and  ddivoy  to 
skip  hoist  or  bucket  elevator  for  lifting  to  ash  storage  pockets,  for  whiefa 
the  ashes  are  spouted  to  cars  or  barges.  The  vacuum  system  is  useful  for 
small  and  moderate  aiie  plants;  or  a  single  hand  car  may  be  enough.  Belt 
conveyors  should  never  be  employed  for  ash  handling. 

163.  The  cost  of  conveyors  is  exceedingly  variable  and  is  dictated 
chiefly  by  structural  conditions.  It  ia  almost  impossible,  therefore,  to  give 
unit  costs.  Belt  conveyors  of  the  lengths  usual  in  power  station  work  coat 
from  SI. 10  to  $1.40  per  inch  of  belt  width,  per  foot  of  conveyor;  bucket 
elevators  and  conveyors,  roughly  $0.18  to  S0.25  per  ton  capacity  per  houTr 
per  foot  of  conveyor. 

8TS4M  KMOINS8 

168.  Source  of  energy.  The  steam  engine^  must  obtain  its  energy 
from  the  heat  drop  available  by  adiabatic  expansion  between  any  two  pres- 
sures. For  adiabatic  expansion,  there  must  be  no  beat  interchange  with 
the  surroundings  -while  the  mass  of  steam  in  ihe  cylinder  undergoes  the 
expansion;  therefore  a  non-conducting  cylinder  is  required.  This  is  com- 
mercially unattainable,  and  consoQuently  the  expansion  is  never  truly  adia- 
batic. The  heat  drop  obtainable  is  always  less,  if  the  expansion  ia  not 
adiabatic. 

164.  The  thermal  efficiency  of  a  perfect  engine  working  on  the 
Rankine  cycle  (Par.  166)  ia  given  as 

where  Hi  -  total  heftt  of  ■team  at  initial  condition  (preasure  and  quality  or 
superheat),  Mi  — total  beat  of  steam  at  final  pressure  after  an  adiabatio 
eipaDsion  (conatant  entropy),  and  As  — heat  of  the  liquid,  at  final  pressure. 
For  modern  steam  pressures,  superheats  and  vacua,  this  possible  efficiency 
does  not  exceed  35  per  cent,  for  turbines.  The  usual  steam  ^easures  ana 
vacuum  for  reciprocating  engines  would  not  give  a  higher  emcieDcy  than 
30  per  cent. 

165.  The  efflcienoy  r»Uo  tor  good  compound  engines  seldom  reaches  SO 
per  cent.,  giving  an  actual  thermalefficiency  of  18  per  cent.,  13  per  cent,  and 
14  per  cent,  are  more  commonly  reached  in  large  sise  reciprocating  engines. 

166.  The  Rankine  cycle  upon  which  these  comparisons  are  baaed 
pre-supposes  a  non-conducting  cylinder,  no  leakage  and  no  clearance; 
admission  at  constant  pressure,  instantaneous  cut-off;  expansion  adiabat- 
ieaUy  to  the  back  prenun;  exhaust  at  constant  preasure;  and  since  there 
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u  BO  c&earance,  ho  compression  is  required.  In  the  real  engine,  conduction 
of  heat,  leakaoe,  wire-drawing,  friction,  incomplete  expansion,  sjid  ote&ranoe 
■11  tend  to  reduce  the  efficiency  ratio  by  adding  losses. 

16T.  A  ain|[le^expuuion  enfflno  is  one  in  which  the  complete  expan- 
aon  from  initial  to  back  pressure  takes  place  in  one  cylinder;  a  compound 
ftytw  is  one  in  which  the  expansion  is  irom  the  initial  pressure  to  an  inter- 
mediate pr^eure  in  one  cylinder,  and  from  this  intermediate  pressure  to  the 
back  pressure  in  a  second  cylinder.  A  triikle  or  quadrupU  expansion 
•m^no  performs  the  expansion  similarly  in  three  or  four  stages,  respectively. 
All  engines  using  more  than  one  cylinder  to  complete  the  expansion  are 
termea  multiple  expansion,  in  general. 

IM.  Cut-off  usually  takes  place  at  i  to  }  stroke  in  simple  non- 
Mmdensinjf  engines,  i  to  ^  in  condensing.  The  number  of  expanilons 
is  the  raUo  oi  final  cylinder  volume  to  volume  contained  at  cut-off;  for 
nmple  non-condensing  engines  the  ratio  is  3  to  4;  simple  condensing,  5  to 
8;  compound  and  triple,  etc.,  8  to  about  50.  For  power  station  purposes  16 
to  20  is  common,  with  compound  condensing  units. 

Itt.  Kon-eonde  using  engines  exhaust  freely  to  atmosphere,  or  to  a 
system  in  which  the  pressure  is  atmospherio  or  a  few  lb.  per  sq.  in.  above; 
eoDdenmng  engines  exhaust  to  a  condenser  in  which  a  partial  vacuum  is 
maintaiDed,  below  atmospheric  pressure. 

170.  Blgh-ipeed  engines  operate  at  350  to  250  rev.  per.  min.,  in  sixes 
from  5  h.p.  to  500  h.p.  Hedium-ipeed  engines' operate  at  250  to  150  rev. 
per  min.  in  sixes  from  250  h.p.  to  1.000  h.p.  Low  speed  engines  (generally 
Coriise  ^pes)  operate  from  100  to  70  rev.  per  min.,  in  sises  from  400  h.p. 
to  8,000  h.p. 

in.  Slitflo-Mtlng  engines  take  steam  on  one  side  of  the  piston  onlv; 
they  may  oe  simple,  compound  or  triple  expansion;  and  are  always  high- 
speed engines,  usually  witn  vertical  cylinders. 

ITS.  The  slide  ralre  in  the  original  D-valve  form  is  unbalanced,  mov- 
ing on  flat  faces;  it  is  unsuitable  for  Targe  aiies  and  heavy  pressure.  Balanced 
forms  of  the  slide  valve,  such  as  the  BaU,  Skinner,  Nlackintosh  h  Seymour 
crid,  etc.,  overcome  some  of  these  objections.  The  piston  TSlTe,  shaped 
Eke  a  piston,  is  inherently  balanced;  it  can  be  made  tight,  but  requires 
luge  clearance  percentage,  on  account  of  length  of  the  ports. 

ITS.  The  Corliss  valTS  is  of  general  cylindrical  shape,  oscillating  over 
ports  parallel  to  the  axis  of  the  valve  and  crosswise  of  the  oyUnaer;  it  can 
take  care  of  but  one  function,  therefore  four  are  required  per  cylinder,  two 
for  admission  and  two  for  exhaust.  The  preceding  types,  except  the  grid, 
take  care  of  all  four  functions  with  one  valve.  The  Corliss  valve  is  always 
used  wilii  a  trip  or  releasing  gear  to  vary  the  cut-off  without  changing  any 
other  event  in  the  steam  admission  or  exhaust.  In  all  fixed  valve  gears, 
it  is  usually  impossible  to  vary  the  cut-off  without  varying  other  functions 
at  the  same  time. 

1T4.  Poppot  TftlTes  are  those  in  familiar  use  on  automobile  engines; 
but  for  steam  use  are  generally  made  double-seated  so  as  to  bo  balanced. 
They  have  met  with  great  success  in  Germany,  and  are  undoubtedly  the 
best  type  for  superheat.^  They  ma^  be  used  with  releasing  gears,  and  re- 
quire four  valves  per  cylinder,  as  with  the  Corliss  type. 

ITS.  Jaekots  for  koeplng  the  cylinder  hot  with  live  steam,  to  reduce 
oondensation  in  the  cylinder,  have  been  used  with  some  success  for  pumping 
engiDes;  but  have  not  been  successful  in  many  other  applications. 

ITS.  BeeaiTors  are  used  to  eliminate  variations  of  pressure  between  high- 
pressure  and  low-pressure  cylinderB  in  multiple-expansion  engines,  due  to 
intermittent  exhaust  and  aamisston:  they  must  be  of  large  capacity  to  bo 
effective.  Sohestin^  coils  are  sometimes  employed  to  dry  the  steam  pass- 
im throng  these  receivers,  to  im]>rove  conditions  in  the  succeeding  cylinders. 
They  are  of  practically  no  value  in  engines  for  power-station  service. 

ITT.  Ooremors  for  steam  engines  are  of  two  principal  types:  flyball 
and  shaft  governors.  The  flyball  type  consists  of  two  or  more  weights  or 
balls  supported  by  movable  arms,  the  whole  rotated  around  a  shaft  so  that 
centrifugal  force  tends  to  throw  the  balls  outward;  this  tendency  is  resisted 
by  weights  or  springs,  aud  the  relative  movement  of  the  arms  made  to  operate 

716 


Sec.  10-178  POWER  PLANTS 

the  engine  valve  gear.  In  the  ihaft  tvwwnof  the  weighte  are  axraniced 
to  rotate  vertieaUy  around  the  main  crank  shafts  and  attached  direct  to  the 
eccentricfl  without  the  intervention  of  other  meohanism.  It  cannot  be 
used  with  slow-speed  engines,  nor  with  any  form  of  trip  or  reloaaing  gear. 
InerUa  effects  are  introduced  in  the  Rites  type  of  shaft  governor. 

178.  Either  oentrifugftl  or  inertia  t^pei  of  goveraor  can  Im  m«d« 
IsoehronoUl,  but  are  generally  only  approximately  so;  iaochronism,  or  com- 
plete instability  of  the  governor  at  aU  speeds  except  the  correct  speed,  in 
undesirable. 

179.  Xnglzie  fraznei  are  usually  made  entirely  of  cast  iron^  for  stationary, 
work;  the  vertical  engines  are  of  the  A-frame  type  In  large  and  sniall  siaea 
and  of  the  enclosed  ty|>e,  'with  automatic  oiling,  for  small  and  moderate  sine, 
only.  Horisontal  ensines  of  small  and  moderate  sises,  may  be  encloaed, 
with  automatic  or  splash  oiling. 

180.  Oirdor  firaznei.  The  large  horisontal  Corliss  tyi>e  engines  are 
made  with  girder  frames  connecting  the  cylinders  and  the  main  bearinga,  for 
the  standard  tvpe;  in  the  haavy-dutr  type,  the  girders  are  comnletely 
surrounded  by  the  frame,  which  is  carried  down  to  the  sole  plate  all  the  way 
from  cylinder  to  main  bearing. 

181.  Mean  effective  preiiure  is  the  average  pressure  which  if  exerted 
during  the  full  stroke  would  equal  the  work  done  Dy  the  varying  preasuree 
really  existing  during  the-course  of  the  stroke.  The  mean  effective  preaaure 
(m.e.p.)  is  obtained  from  the  indicator  card  as  follows: 

-,         ...  card  area  in  so.  in.  X  scale  of  spring 

M.e.p.  in  lb.  per  sq.  in.  «= ^^ — -r^—. — ; — r -^ — ~  (33) 

■^  *•       -*  (.^(j  length  in  inches 

The  shorter  the  out^off.  the  lower  the  m.e.p.  for  any  given  steam  preaaure 
and  back  pressure;  consequently  the  larger  the  oylinaer  dimensions  become 
for  a  given  horse-ix>wer,  other  things  being  constant. 

18S.  Cylinder!  are  uiually  lo  prop<»rtioned  as  to  divide  the  total  work 
equally  between  high- and  low-pressure  cylinders;  roughly,  for  compound 
engines,  the  cylinder  ratio  is  given  by 

Re  -  (^*)  *  and  Pi  -  (PiPi)  *  (34) 

where  JRc^  cylinder  ratio,  or  ratio  of  low-pr^sure  displaeement  to  higb- 
pressure  displacement,  Pi^initial  pressure  in  lb.  per  sq.  in.  absolute.  Ps» 
receiver  pressure  in  lb.  per  sq.  in.  absolute,  and  Pi=>back  pressure  in  lb. 
per  sg.  in.  absolute. 

This  ia  based  on  no  clearance,  no  compressionj  equal  eutroff  in  both 
cylinders,  logarithmic  expansion,  and  receivers  of  infinite  capacity.  It  is 
varied  in  practice  by  the  clearance  of  both  cylinders;  by  finite  receivers  and 
by  the  effects  of  wire-drawing. 

183.  The  speed*  usually  emj>l07ed  in  America  are  given  in  Par.  ITO. 
Snell  gives  a  table  of  usual  English  practice,  which  is  slightly  higher  than 
American  usage.* 

For  sises  above  1,780  k.w.,  the  speed  is  from  75  to  60  rev.  per  min.,  for 
Corliss  engines.  Piston  speeds  range  from  350  to  000  ft.  per  min.  in  the 
high-speed  engines,  and  from  600  to  7G0  ft.  per  min.  in  the  low-speed,  lone- 
stroke  Corliss  types. 

184.  Indicated  horse-power  is  pven  by  the  indicator,  and  is  the 
amount  of  power  actually  developed  in  the  cylinder  by  the  steam.  Bra^a 
horse-power  ia  the  actual  output  at  the  shaft. 

,.  PLAN  ,_^   ^ 

^^P"  33.000  ^***> 


where 


P  »  mean  effective  pressure,  lb.  per  sq.  in.; 

L  —  length  of  stroke,  ft.; 

A  »  piston  area,  sq.  in. ; 

N  "  number  of  strokes  per  min. 


*  Sndl,  "Power  House  Design."  p.  146,  Table  XLVII, 
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tiS.  Tl&e  mMshAnloal  efflelanej  is  given  by  Uie  formula 

_^b.h.p. 
"      i.h.p.  (35) 

vbet«  £m  ■■  mechanical   efficiency,  b.h.p.^  brake  horse-power,  and  i.h.p. « 
iiMficated  home-power. 

Friction  b.p. « i.h.p. — b.h.p.  (3S) 

Lueke  gi^tt  the  formula 

Em"!  —  -, — r  (37) 

(m.e.p.)  *     ' 

There  iCi* 0.02  to  0.05,  average  0.04;  and  iri«1.3  to  2.0,  average  1.6. 

IM.  MochftnlOAl  deiign  of  the  ateam  engine  is  limited  by  first  cost.  efB- 
eiency  ftnd  rdiability:  these  three  factors  exert  influences  in  varying  direc* 
tiona.  Low  cost  per  h.p.  capacity  indicates  high  rotative  speed  and  sim- 
pfidty  of  mechanism.  High  economy  indicates  lower  speeds,  complicated 
valve  gear,  multiple  cylinders,  reheaters  and  large  receivers.  Reliability 
States  heavily  built  parts,  elimination  of  small  parts,  and  especially  the 
diminstion  of  small  bearings.  The  outoozne  is  that  for  small  powers,  mod- 
CTate  speeds  and  low  steam  preesuree,  the  simple  non-oondensing  slide-valve 
si^ne*  throttle  governed,  is  used.  Under  steady  load  and  speed  it  has  fair 
economy,  and  is  very  reliable.  For  small  electric  isolated  plant  service,  the 
hich'^yeed  automatic  engine,  with  shaft  governors  and  piston-valves  or 
baiaoced  slide  valves,  is  used.  For  higher  powers  the  low-speed  coDdenaing 
eo^oe,  either  simple  or  compound,  is  adopted.  The  higher  economy  de- 
nuukded  justifies  the  increaaea  cost  due  to  low  speed  and  (Torliss  valve  gears; 
reliability  is  also  provided,  since  the  complex  gear  is  now  large  enough  not  to 
be  fragile. 

IST.  Metioil  low,  which  causes  the  difference  between  brake  and  indi- 
eatad  |>ower,  is  made  up  of  bearing  friction;  piston,  valve  and  rod  friction; 
aad  windage.  The  principal  beanns  friction  occurs  in  the  main  bearings. 
crank  pins  and  orosahead  slippers,  the  remainder  occurs  in  the  valve  gear. 
Initebla  lubrication  greatly  reduces  this  kind  of  friction.  Piston,  valve 
and  rod  friction  occur  in  a  steam  atmosphere  where  lubrication  is  at  best  un- 
certain. The  latter  dei>ends  upon  the  type  of  valve,  whether  balanced  or 
uit;  upon  the  kind  ana  number  of  piston  rings;  and  upon  the  condition  of 
the  roa  packing. 

IM*  Lulnicatlon  of  all  bearing!  is  accomplished  with  engine  or  machine 
oU;  or  prepared  grease.  In  small  engines,  sight-feed  oil  cups  are  commonly 
Qsed;  for  targe  units,  a  central  gravity  oiling  system  piped  to  all  bearings  is 
eonaidered  the  beet  praetice.  In  the  latter  case,  the  oil  ia  caught  after  use 
and  returned  to  filters^  whence  it  is  a^ain  pumped  to  the  elevated  supply 
tank-  In  this  way  copious  supplies  of  oil  may  be  given  without  great  expense 
and  the  friction  is  very  much  reduced.  Bplaih  oiUng  in  closed  crank-case 
engines  is  employed  for  high  speeds  and  small  or  moderate  siaes.  Grease 
can  only  be  fed  by  individual  compression  cups  at  each  bearing. 

1S9.  G^UndMV  are  oiled  with  heaWer  lubricants,  whose  lubricating 
qnalitiee  m  the  steam  become  the  same  as  ordinary  engine  oil  at  room  tem- 
peraturee.  Cylinder  oil  is  fed  into  the  steam  pipe  just  above  the  throttle,  or 
into  the  steam  chest:  a  hydrostatic  sight-feed  lubricator,  or  a  force  pump 
may  be  employed.  The  latter  is  considered  the  better  method. ,  C^aphlte 
has  been  used  with  much  success  in  aasisting  cylinder  lubrication;  the 
chief  ctifficulty  lies  in  getting  it  into  the  cylinder. 

IfO.  The  total  loiaea  oecurrinc  in  »  fteam  enflne  can  be  classified 
■8  follows:  cylinder  condensation;  leakage;  clearance;  incomplete  expan- 
non;  wire-drawing;  radiation;  mechanical  friction. 

!•!.  Cylinder  condezuatlon  is  caused  by  the  conduction  of  heat  away 
from  the  steam  through  the  cylinder  walls;  tlie  cylinder  assumes  an  average 
temperature  about  half-way  between  rteam  admission  and  exhaust  tempera- 
tures. Consequently  the  hot  in-coming  steam  gives  up  heat  to  the  cooler 
walls;  some  of  Uiis  is  returned,  too  late  to  be  of  use,  during  the  exhaust 
stroke.  Moleture  In  the  entering  steam  makes  this  effect  worse;  but 
■aperheat  much  improves  it,  by  increasing  the  surface  resistance  to  heat 
tranemtssion. 
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IM.  La&kajre  ooeura  past  all  sliding  jointa — the  joint  bi^avefl  Hke  an 
elongated  oapiUary  orifice  for  steam  flow;  suchjoiDta  occur  at  the  piaton,  the 
piatoa  rod,  the  valve  seat  and  the  valve  rod.  The  means  of  reducing  leakage 
are  generally  snap  and  Bpring-ringa  for  pistona  and  piston  valves,  pressure 
plates  insuring  a  close  fit  for  flat  balanced  valves,  and  sectional  metallio  or 
soft  packing  compressed  by  a  gland,  for  all  rods. 

Its.  Clearanos  is  any  space  left  between  the  valve  and  the  piston,  when 
the  latter  is  at  the  end  of  the  stroke.  It  varies  from  3  to  4  per  cent,  of  the 
displaoement  in  welt-designed  Corliss  engines;  from  8  to  14  per  cent,  on 
bign-speed  and  medium-speed  engines;  from  15  to  30  per  cent,  in  badly 
designed  or  low-prioe  slide-ralve  and  piston-valve  engines. 

IM.  Zwro  olearanoe  U  not  possible  in  any  commercial  construction,  nioce 
piston  must  haveisomc  clearance  from  the  cylinder  bead,  and  the  stcum  and  th<i 
exhaust  i;»assageB  must  always  have  some  volume.  Clearance  nrressitatca 
compression,  in  order  to  brin^  the  volume  of  steam  trapped  in  the  clearance 
space  to  approximately  the  initial  pressure;  this  has  the  double  effect  of 
cushioning  tne  ennne  and  avoiding  loss  due  to  filling  the  clearance  spare  wiUi 
fresh  steam  at  each  stroke. 

195.  Inoomidete  Mq>uitSoa  is  due  to  the  limitations  in  sise  of  eariindent. 
whieh  commercially  cannot  be  made  large  enough  to  handle  the  mgh  vol- 
umes at  low  pressure. 

Iti.  Wre  drawing  is  the  term  applied  to  pressure  drop  between  steam 
ehest  and  cylinder  due  to  insufficient  area  in  the  valves  and  ports,  or  slow 
opening  of  the  valve;  it  reduces  the  effective  pressure  and  therefore  causes  a 
loss. 

197.  BJuUfttlon  is  the  heat  loss  which  occurs  when  the  cylinder  tempera- 
ture is  higher  than  that  of  the  surrounding  air.  Not  only  the  cylinder,  but 
also  those  parts  of  the  engine  which  become  hot  by  conduction,  radiate  heat. 
The  cylinder  is  heavily  lagged  (or  even  jacketed  in  a  few  oases)  to  reduoe  ^e 
loss.  This  loss  amounts  to  1  or  2  per  cent,  of  the  total  heat  of -steam  used  by 
the  engine. 

Its.  Indicated  bone-power  is  obtained  from  the  indicator  card  (Par. 
184)  and  was  the  basis  of  most  guarantees  up  to  a  few  years  ago.  Brake 
horse-power,  which  is  the  useful  power  delivered  at  the  shaft,  is  now  more 
common. 

Itt.  Non-oondensinc  aingle-eylinder  englnei  are  usually  rated  at 
i  or  i  cut-off  and  100  lb.  gage  steam  pressure^  compound  non-^oiKiensuig 
engines  at  I  to  i  cut-off  in  the  high-pressure  eyhnder  and  160  lb.  gajn  pres- 
sure; simple  condensing  engines  at  i  or  ^  cut-off  and  125  to  150  lb.  gage 
pressure.  The  guarantees  should  always  state  steam  pressures,  back  pres- 
sures and  actual  cut-off,  instead  of  the  above  figures. 

too.  The  locomobile  type  of  engine  developed  abroad  and  lately 
introduced  in  this  country  is  a  combination  contiiating  of  a  tandem  compound 
engine  mounted  directly  on  an  internally  fired  boiler.^  The  high-preasure 
cylinder  is  in  the  smoke  flur,  and  the  low-pressure  cylinder  is  jacketed  by 
the  ateam  dome.  A  superheater  is  also  nttcd  in  the  smoke  box.  Tlw 
advantage  of  maximum  Jacketing  effect,  high  superheat,  and  practically  no 
piping  losses,  make  the  fuel  economy  high.  This  type  of  unit  is  now  nuuio- 
faotured  in  this  country,  but  the  advantages  of  the  turbine,  coupled  with  Uie 
comparative  inflexibility  of  a  single  boiler-engine  unit,  will  prevent  extensive 
use  of  the  locomobile  in  America. 

SOI.  Sxhaust  steam  heating  makes  use  of  the  heat  wasted  by  the  en* 
gino ;  it  may  amount  to  80  or  90  per  cent,  of  the  heat  originally  in  the  steam. 
CoDsequenUy,  the  powrr  is  obtained  at  very  low  cost  for  fuel,  since  most  of 
the  ordinary  inherent  losses  are  recovered  as  heat  in  the  heating  system. 
Hence  in  most  industrial  plants  serving  buildings  with  lighting  and  power 
service,  non-condensing  engines  arc  used.  Generally  the  expense  of  a  con- 
denser to  be  used  during  the  summer  months  will  not  be  justified,  as  the  smsll 
gain  in  economy  for  the  year  will  not  offset  the  fixed  charges  on  the  condenser 
equipment. 

SOI.  Arerage  iteam-engine  performaaoe.  The  brief  summary  which 
follows,  with  a  few  omissions  ana  additions,  is  taken  from  the  more  extcn- 
nvf  tables  given  in  Gebhardt's  "  t^team  Power  Plant  Engineering.'* 
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MS,  W&tsr  tmtmB  V«T  cr^Atly  with  steam  praasura,  superheat  or  moi** 
ture,  aod  baok-preasure.  No  comparison  of  water  rate  alone  can  be  fair, 
aak«  the  steam  conditions  are  known.  Fi^.  21  shows  typical  curves  for 
eofines  df  small  and  moderate  siu,  and  Fig.  22  for  large  enmnes.  The 
Raukine-cycle  efficiency  ratio  is  the  best  means  of  comparison  Tor  varying 
•team  conditions.  For  small  non-oondenaiDg  enipnes,  the  efficiency  raUo 
~  ~'  ^  from  0.50  to  0.65;  condensing  lowers  the  ratio  about  0.05  to  0.10. 
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ParMBt  BmtlDK 
Fio.  21. — ^Water  rates  of  small  engina. 
A,  Automatic  aingle  cylinder,  non-eondeiuing,  pressure  —  126  lb.,  80 
i.h.p.;   B,  automatio  sinefe  cvlinder,  non-condenBing,  pressure  «  126  lb., 
200  i.h.p.;  C,  automatic  tanaem  compound,  non-conoenfling,  pressure  -» 
>  140  lb.,  200  i.h.p.;  D,  automatic  tandem  compound,  condensing,  pressure  ■« 
140  lb.,  300  i.h.p.;  £,  Corliss  or  medium  speed  four-valve  simple,  non-con- 
densing, pressure  —  130  lb.,  200  i.h.p.;  P,  Corliss  or  medium  speed  four> 
valve  tandem  compound,  non-condensing,  pressure  *  150  lb.,  300  i.h.p.; 
0,  Corliss  or  medium  speed  four-valve  tandem  compound,  condensing,  pres- 
sure ••  160  lb.,  300  i.h.p. 
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Flo.  22. — Water  rates  of  large  engines. 
A,  Automatic  tandem  compound,  condensing,  700  I.h.p.,  pressure  —  160 
lb.;  B,  Corliss  or  medium  speed  four-valve  simple,  non-condensing  engine, 
900  i.h.p.,  pressure  ^  130  lb.;  C,  Corliss  or  medium  speed  four-valve  tandem 
compound,  non-condensing  engine,  050  i.h.p.,  pressure  »>  150  lb.;  /),  Corliss 
or  medium  speed  four-valve  tandem  compound,  condensing  engine,  90O 
i.h.p.,  pressure  —  160  lb.;  E,  Corliss  or  medium  speed  four-valve  tandem 
compound,  condensing  engine,  1,500  i.h.p.,  pressure  "  \K>\\>.;F,  Manhattan 
tjrpe,  double  compound  Corliss  condensmg  engine,  10,000  i.h.p.,  pressure  — 
175  lb. 

IM.  The  thermal  equlralent  of  a  boru-power  hour  is  2547  B.t.u. 
Large  high-grade  engines  actually  develop  a  horse-power  on  15,600  to  17,000 
B.t.u.;  smaU  engines,  26,000  to  34,000  B.t.u.  Par.  IDS,  gives  these  values  in 
terms  of  B.t.u.  per  indicated  h.p.  per  min. 
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MS.  Tb«  flUeot  of  rftiiinf  Um  back-pretton  upon  An  engine  can  readily 
Hm  leen  from  the  Mollier  diagram ;  the  available  adiaoatio  heat  drop  is  re  ueed 
and  eonaequently,  although  the  efficiency  ratio  may  not  change,  the  thermal 
efBcienoy  of  the  Rankine  cycle  ia  reduced,  and  therefore  the  thermal  efficiency 
of  the  actual  engine.  In  oUier  wcurds,  the  water  rate  inoreases.  Since  the 
heat  drop  is  less,  there  will  be  somewhat  more  heat  per  lb.  in  the  e^auat. 

SOC.  Kxhauit  iteazn  turblnei  are  of  valuable  use  in  connection  with  non- 
condenaing  ensinea  used  intermittently.  The  economy  of  such  engines  (say, 
for  rolling  mill  service)  is  low,  and  Ivge  quantities  of  steam  are  exhausted 
to  the  air  one  moment,  and  almost  none  the  next. 

S07.  Beraneratora.  The  exhaust  of  several  such  engines  (Par.  SM)  is 
piped  to  regenerators,  which  are  simply  heat  reservoirs  containing  a  large 
Body  of  hot  water  in  contact  with  the  exhaust  steam.  The  effect  of  the  regen- 
erator is  to  absorb  heat,  when  delivered  in  excess,  by  condensation  of  steam ; 
and  to  release  It  upon  shortage,  by  evaporation  of  some  of  the  water.  The 
slight  pressure  variations  between  full  delivery  and  shortage  are  suffident  to 
accomplish  this. 

SOS.  A  low-prauure  turbine  aerrad  b7  the  regenerator  will  operate  on 
about  double  the  water  rate  of  high-pressure  machine  of  the  same  aiae. 
The  resulting  overall  wat^r  rate  for  the  output  of  both  engines  and  turbinea 
may  be  from  20  to  60  i>er  cent,  less  than  with  the  original  engines  alone;  or 
the  energy  delivered  by  the  turbine  may  be  considered  as  obtained  praoUe- 
allsr  for  nothing  except  the  fixed  charges  and  maintenance  on  the  regenerator, 
piping  and  turbine. 

SOS.  Low-juraMure  turbines  may  someUmea  be  used  in  connection  with 
high-grade  engines  as  a  convenient  means  of  increasing  capacity.  The  effi- 
ciency ratio  of  non-condensing  engines  is  always  much  higher  than  that  of 
condensing  engines  of  the  some  siie  (Par.  SOI);  this  is  due  mainly  to  tbe . 
low-pressure  cylinder,  which  has  a  very  low  efficiency.  The  Ipw-preesure 
turbine  has  a  better  efficiency  ratio  than  the  high-presaure  machine,  oecause 
the  friction  of  the  steam  is  always  less  at  the  lower  denaitieSt  and  the  fric- 
tion is  again  reduced  by  the  removal  of  the  moisture  in  the  steam  before 
reaching  the  turbine. 

510.  The  lareeit  Installation  of  low-weaaure  turblnaa  is  at  th^  Inter- 
borough  Rapid  Transit  Company's  69th-Street  Station,  New  York,  five 
Curtis  turbines  of  7.500  kw.  maximum  rating  are  individually  connected  to 
five  compound  Corliss  engines  of  7.500  kw.  maximum  rating.  The  steam 
pressure  is  190  lb.  gage;  vacuum,  28.5  in.;  moisture  in  steam,  1.5  per 
cent.  The  net  results  are:  increase  of  economical  capacity,  146  per  cent.. 
increase  of  maximum  capacity,  100  per  cent,  reduction  of  water  rate,  25  per 
rent.     (Stott  and  Pigott;  A.  S.  M.  E.  Trans.;  Mar.  1910.) 

511.  When  ezhauit  turbines  are  applied  to  an  enifina  of  poor  acon- 
omy,  the  saving  is  even  greater.  However,  there  is  a  linutation  to  the  use  of 
the  low-pressure  turbine,  in  that  the  engines  must  be  built  to  withstand  the 
extra  preseures  which  result  from  changing  to  non-condensing  service,  and 
must  be  in  good  enough  condition  to  be  reliable.  It  is  very  bad  policy  to 
make  such  an  installation  in  connection  with  an  old  and  unreliable  engine. 

SIS.  Inline  specifications  should  cover  the  following  points;  (a) 
Number  and  location;  character  of  building,  (b)  Type,  service,  and  man- 
ner of  connection  to  load,  (c)  Principal  dimensions,  (d)  Steam  and  back 
ereaaures,  normal  and  overload  capacity,  (e)  Speedy  regulation  under  all 
inds  of  load  variation;  variation  of  angular  velocity,  (f)  Batisfactoiy 
Gyration,  noise,  vibration,  etc.  (g)  Testa  and  inspection,  (h)  Construc- 
tion details — cylinder,  piston-rods,  crosshead,  connecting-rod,  pins  and  bear- 
ings, shaft  and  flywheel,  governor,  valves,  frame,  foundation,  lubricators, 
and  receivers,  piping,  engine-stop,  erection,  (i)  General:  arrangements  for 
delivery  into  plant. 

Slf .  The  only  Urge-aise  engines  In  use  In  electric  power  plants  are 
of  the  Corliss  type,  and  the  grid- valve  type.  The  moderate^se,  medium- 
speed  or  high-speed  engine  may  be  of  the  following  types:  C«lisB,  autoroatio 
piston  valve,  or  T^nta  type  poppet  valve.  The  mgn-speed  small  engine  for 
exciter  service  or  small  direct-current  generation  is  practically  always  a  ahaft- 
governor  automatic  slide-valve  or  piston-valve  engine,  generally  simple. 
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344  Tha  medlum-poww  and  hich-powar  enclnei  are  practically 
alwan  compound.  Wherever  poaaible,  the  vertical  compound,  or  at  leaat 
tbe  ucle  compound  (horiiontal-vertioal)  should  be  used  on  account  of  the 
Mving  in  floor  space,  and  the  more  satisfactory  wear  of  the  part*.  The  hori- 
iaataT  engine  ia  uaed  only  wher«  the  headroom  is  restricted. 

IIS  Automktlo  atop*  conuat  of  some  form  of  flyball  governor,  belt  or 
diain  driven  from  the  ensine  shaft:  the  governor  is  so  set  as  to  release  a 
triccer  or  close  an  electric  circuit  when  the  predetermined  spieed  is  exceeded. 
Tms  triggec.  or  a  magnet  in  the  electric  circuit,  releases  a  weight  arranged  to 
dose  the  throttle.  The  usual  connection  consists  of  a  steel  wire  rope  around 
a  drum  on  the  throttle  valve  stem.  In  another  form  of  automatic  stop  the 
otwration  of  the  magnet  or  trigger  releases  the  pressure  of  steam  on  a  pilot 
HM  line-  this  in  turn  releasing  the  pressure  behind  a  piston  in  the  specially 
£!^ed  throttle  valve,  which  then  closes.  Both  the  systems  are  arranged 
for  additiohal  operation  by  hand. 

lit  Ttaa  operation  of  itaam  anflnai,  after  correct  adiustment  of 
novinc  parts  has  been  made,  U  chiefly  a  matter  of  lubricaUon.  In  it»rtln«, 
the  iMoal  procedure  U  to  "  crack  "  the  throttle  in  order  to  admit  a  httle  steam 
to  warm  up  the  engine  all  over  without  allowing  it  to  turn.  After  the  pre* 
Uminary  warm-up,  standing,  the  engine  is  allowed  to  turn  over  slowly  for  a 
few  minutes  to  warm  all  ^^^ 
parte  thoroughly;  it  is  then  eoOOOr 
iaidy  for  f  ulTspeed  and  load.  4GO0O  - 
Five  minutes  may  be  long 
enoii«b  for  "warminf  up" 
aa  encine  ot  300  h.p.  or 
Ism;  15   or   20  min.  are  re- 

J aired    for    Urge   machines, 
ust  before  starting,  a  few 
•trokea  of  the  hand  oil  pump 
(usually  attached)  should  be 
given,    to    insure    thorough 
lubrication.      All  automaUo 
oiling  rigs  should  be  started 
a  few  minutes  before  turning 
over.     Drips  should  be  wide 
open  while  warming  up,  and 
while    turning    slowly,    but 
closed    when   the  engine  is 
brought  up  to  speed.    Bliut- 
tinm  down  only  requires  the 
eloang  of  the  throttle,  shutting 
oB  automatic  feeds,   and  the 
opening   of   drips.      All   bolts 
and  nuts  should  be  gone  over 
periodically,  say  once  a  month, 
and    a   thorough    overhauling 
given  the  piston,  cylinder,  bear- 
ings, etc.,  once  a  year. 

SIT.  Knclne  eoita.  Figs- 
23  and  24  give  the  usual  costs 
of  large  and  small  engines. 
The  cost  per  lb.  of  engine  varies 
from»0.10tot0.1S. 

aiS.  The  preaent  status 
ol  tba  reeiprocatinK  en([ine 
is  revealed  by  a  progressively 
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Flo.  23. — Cost  of  large  reciprocating  engines. 
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Fio.  24. — Cost  of  small  reciprocating  engines. 


SiSSSi  ^r.ii'^erfthe  JotJ  h.p.  of  prime  movers  «,ld.  Jhe  large  steam 
SirbiSe  has  totally  dwplaced  it  in  central  stations;  and  recently  the  develop- 
ment" Wrly^nomfcal  small  turbmes  is  cutting  down  the  field  in  alldirec- 
i?o™  The  immense  advantages  of  the  turbine  are  great  enough  to  overcome 
?Xhtinleriori?rfn  water  rate  in  the  small  «.es  Ultra-conservatism  and 
Stnoranci  of  th"real  cost  of  power,  of  which  coal  and  water  are  only  fractional 
^rS^unt  for  the  purchS^  of  reciprocating  engines  "bereturfime.  ought 
tobc  instaUed.  The  oil  enrine  and  the  ^as  engine,  for  small  and  moderate 
■ised  planta,  are  also  giving  3ie  steam  engine  vigorous  competoUon. 
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lit.  The  thermodjiuinlei  of  the  iteam  turbine  ia  a  simpler  matter  ia 
theory  than  the  steam  engine.  The  energy  of  the  adiabatic  expansion  in  the 
turbine  is  converted  into  kinetic  energy  by  producing  motion  of  the  steam 
particles,  which  issue  from  the  noisles  as  jets. 

110.  Beslited  uul  tn»  «zpuialon.  The  expansion  in  the  engitie  is 
termed  "perfectly  resisted;"  in  the  turbine  it  is  "free."  Therefore  all  the 
worlc  is  done  upon  the  steam  itself  during  the  expansion,  producing  high 
velocity  of  the  steam  particles;  these  particles  in  turn  impinge  upon  curved 
vanes  or  buckets,  whicn  change  the  direction  of  flow  of  the  jets  in  such  a  man- 
ner aa  to  produce  a  force  in  the  direction  of  rotation  of  the  wheel. 

lit.  Ths  louas  are  wholly  different  from  those  in  the  engine;  there  is  no 
InitiiU  condensation,  tjeeause  the  parts  assume  the  temperatures  of  the  mov- 
ing steam,  instead  of  l>eing  alternately  heated  and  cooled,  and  radiation  is  ao 
■light  as  to  be  oegligible  (0.1  per  cent,  or  less). 

111.  Friction.  The  only  true  mechanical  frietion  is  in  the  bearings,  and 
Is  usually  under  2.5  per  cent,  in  small  turbinas,  and  under  1  per  oent.  for 
larger  sixes.  The  principal  loss  is  steam  friction,  which  is  made  up  of  (a) 
ooiile  friction,  (b)  blade  friction,  (e)  eddies  in  the  flow  and  (d)  windage  of  the 
discs  or  drums  revolving  in  steam.  There  is  some  leakaire,  but  generally 
less  than  in  the  engine.  The  presence  of  any  velocity  in  the  exhaust  steam 
is  also  a  source  of  direct  loss. 

HI.  The  flow  of  KM  through  •  noisle  is  a  phenomenon  divisible  into 
two  classes — (a)  above,  and  (b)  below,  the  critical  pressuie.  When  differ- 
ence of  pressuie  is  maintained  across  an  orifice,  steam  will  Sow  with  increas- 
ing velocity  and  in  increasing  quantity  as  the  pressure  difference  increases  up 
to  that  point  at  which 

p,  -0.58,  for  steam,  (38) 

where  Pi— initial  pressure  in  lb.  per  sq.  absolute  and  i>>  — back  pressure  in 
lb.  per  sq.  absolute. 
114.  The  erltloal  iirauur*  is, 

Pt-0.58Pi.  (M) 

This  is  true  for  all  initial  pressures.  The  corresponding  velocity  varies 
from  1,300  to  1,500  ft.  per  sec.,  and  is  found  practically  to  coincide  with  the 
velocity  of  sound  in  steam  at  the  pressure  Pt  —  0. 5SPi. 

111.  Effect  of  reducing  baek-prenure.  Up  to  this  point  (Par.  m) 
the  stream  issues  from  the  orifice  in  parallel  lines;  but  if  the  value  of  Pt  is 
reduced  below  O.SSPi,  no  further  increase  in  velocity  or  quantity  eap  be 
obtained,  at  the  orifice,  but  there  is  further  acceleration  beyond  the  orifice, 
and  the  stream  flows  out  laterally  as  well  aa  forward.  Heavy  aceoustic 
vibrations  occur,  and  the  efficiency  of  conversion  decreases.  ^To  correct 
this,  a  conical  or  conoidal  section  is  added  to  the  orifice,  diverging  in  the  direc- 
tion of  flow,  and  the  further  pressure  drop  18  permitted  to  take  place,  in  this 
flaring  or  truropet-Uke  exit. 

118.  The  exit  area  should  be  that  suited  to  the  velocity  and  volume 
resulting  from  the  total  heat  drop  from  the  pressure  Pi  to  Pf ;  but  the  throat 
always  remains  of  that  siie  required  for  a  pressure  of  O.68P1,  and  a  velocity 
of  about  1,300  to  l,500ft.  per  sec.  The  theoretical  velocities  are  not  resliied, 
due  to  friction  of  the  steam  in  the  nossle. 

117.  The  reloolty  efllciancr  of  »  oonTergant  noiils  (orifices  with 
rounded  entrance)  varies  from  98  per  cent,  at  low  velocities  down  to  05  per 
cent,  at  1,300  to  1,400  ft.  per  sec.  The  velocity  efBclency  of  a  dlTercant 
nossle,  for  expansion  beyond  the  critical  pressure,  ranges  from  94  per  cent, 
at  1,500  ft.  per  sec.  to  90  per  cent,  or  85  per  cent,  at  3,000  ft.  per  sec. 

118.  The  Telocity  effiolanoy  of  the  bucket!  varies  from  about  95  per 
cent,  to  98  per  cent.,  for  the  low  velocities  used  in  reaction  turbinee  (lesa 
than  IjOOO  ft.  per  sec),  to  84  per  cent,  or  86  per  cent,  in  impulse  turbines  at 
velocities  of  aoout  2,500  ft.  per  sec.  The  second  and  succeeding  rows  of 
buckets  or  guides  in  velocity-compounded  turbines  have  even  lower  effi- 
eiendei,  raaohiiig  84  per  cent,  at  about  1,500  ft.  per  sec. 
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1.  Tba  wloeitr  Oht»<ll»hto  by  Mpauton  ia  expmaibie  by 
K-223.7Vh,-H, 


(40) 


«ken  1^  >-  veloeity  at  exit  of  noule  in  ft.  per  mw.,  Hi  ^  total  heat  oontenta  of 
■team  at  initial  condition,  and  £fi  — total  heat  contents  of  steam  at  final 
eonditioii.  If  Hi  denotea  the  beat  contents  after  an  adiabatic  expansion,  it 
loQowa  that  V  ia  the  theoretical  value;  but  Hi  is  always  higher  than  this, 
because  internal  friction  reduces  the  quantity  of  heat  removed  from  the  steam 
by  the  work  done. 

IM.  Praaanr*  drop.  In  the  impulse  turbine,  all  pressure  drop  occurs  in 
stationary  nossles,  and  there  is  no  difference  of  pressure  across  tne  moving 
blades.  In  the  reaction  type,  about  half  the  pressure  drop  takes  place  in  the 
stationary  blades,  and  the  remainder  in  tike  running  blades;  and  the  latter, 
therefore,  act  also  as  noiiles.  There  is  an  unbalanced  force  due  to  this  diOo 
enoe  of  pressure  across  the  moving  blades  that  must  be  cared  for  by  balano- 
ing  devices. 

m.  Tlur*  are  two  baiie  types  of  turbinsi:  ImpulM  and  reaction. 
Neither  of  the  two  is  really  pure  impulse  or  pure  reaction,  but  the  work  done 
by  impulse  predominates  m^the  impulse  type,  and  the  work  by  reaction  in  the 
reaction  type.  The  simple  impulse  wheel  is  only  employed  in  the  single-stage 
de  Laval  type;  velocity  compounding  and  pressure  compounding  are 
•mpioyed  in  all  other  impulse  types.  Compounding  becomes  a  necessity, 
to  secure  reasonable  rotative  speeds. 


SaotUmB 


BscttoB  B  Beotton  B 

Fia.  25. — Elemental  turbine  types.  * 


m.  The  ateun  Teloolty  in  a  ilnrle  ezpaniion  from  150  lb.  gage 
to  a  28-in.  vacuum  would  be  about  3,100  ft.  per  sec.  For  best  efficiency  the 
blade  Telocity  should  bs  a  little  less  than  half  the  steam  velocity,  or  in  this 
ease  1,500  ft.  per  sec.,  which  results  in  centrifugal  stresses  in  the  disc  much  in 
exoess  of  suitable  stresses  for  commercial  materials.  If  the  wheel  is  run 
slower,  the  exit  velocity  of  the  issuing  steam  is  increased,  reducing  the 
efficiency. 

Its.  In  Tslooitj  compoundinc  the  exit  velocity  from  the  first  wheel  is 
received  in  a  series  of  guide  blades  and  redirected  to  a  second  wheel,  so  that 
more  of  the  energy  ia  removed,  without  unreasonable  wheel  velocities  (300  to 
600  ft.  per  seo.). 

IM.  Prasaura  compounding  is  the  division  of  the  pressure  drop  into 
two  or  more  stages,  which  are  essentially  de  Laval  single-sta^s  nossles  and 
wheels  in  series.     Fig.  25  shows  these  types  with  characteristic  figures. 


*  From  "  The  Steam  Turbine  "  by  J.  A.  Moyer. 
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tSI.  The  reftction  turbine  for  best  efficiency  fudb  et  ^2  or  1.414  times 

the  peripheral  epoed  of  the  impulse  turbine  for  the  sune  pressure  drop.      It 
is  never  built  single-stage,  but  always  pressure-stage  compound- 

ISf .  Prlncip*!  typei.  The  de  Laval  is  the  original  single-stage  impulse 
type;  the  velocity-compounded  type  (generally  also  combined  with  few-stage 
pressure  compounding  as  well)  is  usually  known  as  the  Curtis;  the  pressure- 
stage  type  (pure),  as  the  Rateau;  and  toe  reaction  type,  as  the  Parsona. 


Kio.  27. — Curtis  turbine. 

XT.  The  blxllng  of  the  three  principal  types,  Parsona,  Curtis  and 
Rateain  is  shown  in  Figs.  26,  27,  and  28. 

US.  Hybrid  typei  have  lately  proved  the  moat  efficient,  or  cheaper  to 
build.  In  moderate  siics  the  Parsona  turbine  is  built  with  a  Curtis  2-wheel 
velocity  stage  for  the  high-preesure  stage;  the  advantage  is  a  large  pressure 
drop  in  a  small  noatle  chamSer,  avoiding  high  pressure  in  the  caaing,  shortea- 
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inc  and  oheapening  the  oonstruction.  and  eliminating  tJie  short  high  pro— ui  e 
reaotion  blaoing,  which  is  the  leaat  efficient. 

1S9.  The  Curtls-Rateau  type  consiste  of  a  S-wheel  Curtia  element  for 
the  high-preasure  stage,  f oUowef  by  6  to  12  Rateau  pressure  stages.  It  haa 
the  same  advantage  with  regard  to  keeping  the  high-pressure  out  of  the 
casing. 

140.  Velocity  itaglng  is  the  least  efficient  method  of  oompoundtnct  but  ia 
chiefly  used  for  small  turbines,  as  it  lowers  the  cost. 

t41.  Verttoal  and  horlBontal  typei.  There  is  very  little  difference  in 
principal  features  between  vertical  and  horisontal  turbines.  The  only  com- 
panies that  have  built  large  vertical  machines  are  the  Allgemeine  Elek- 
tricit&ts  Geeetlschaft  and  the  General  Electric  Company.  Small  vertical 
turbines,  ia  small  sises,  are  sometimes  built  for  use  all  with  vertical  f ana  &n<i 
pumps,  using  a  ball  step  bearing  for  support.     The  large  machinee  are  aJI 

frovided  with  oil' or  water  high-pressure  step  bearinss,  requiring  from  &50  to 
,000  lb.  per  sq.  in.  pressure,  ana  special  pumps.  The  A.  £.  Q.  Co.,  haa  dia- 
continued  building  this  type  for  several  years,  and  since  the  reoent  increaae 
in  rotative  speeds,  the  G.  £.  Co.  has  also  discontinued  it.  The  Paraona 
turbine  has  never  been  built  in  anything  but  the  horisontal  type. 

ftil.  Freuure  typei.  High-presiure  turbinei  are  those  which  operate 
on  full  boiler  pressure  and  euaust  to  atmosphere  or  vacuum.  Low-prea- 
sure  turbines  are  those  operating  on  atmospheric  pressure,  or  a  few  lb.  &bove 
it,  and  exhausting  into  a  vacuum.  They  are  usually  connected  to  the 
exhaust  of  non-condensing  reciprocating  engines,  or  other  source  of  low-pree- 
sure  steam  (except  direct  from  boilers).  Mixed-preuure  turbinea  nre 
those  designed  to  run  normally  on  low-pressure  steam,  but  equipped  with 
high-pressure  stages  which  may  receive  steam  from  the  boilers  direct,  if  the 
low-i>ressure  supply  fails  to  equal  the  demands  of  the  turbine  load.  Xhia 
type  is  eharactenaed  by  a  low-pressure  end  designed  to  handle  a  muc^h  larger 
quantity  of  steam  than  the  high-pressure  end. 

141.  Blaader  turbinei  are  those  in  which  provision  ia  made  for  ta^kins 
steam  from  a  stage  of  the  machine  normally  at  atmospheric  pressure,  or  a 
few  lb.  above,  to  lie  used  for  heating,  or  industrial  service.  The  remainder 
not  so  used  continues  through  the  low-pressure  section  to  the  condenaer. 
This  type  is  characterised  by  a  large  high-pressure  section,  as  compared  to  the 
low-pressure  end. 

144.  The  prinoipftl  featurei  of  turbine  deilra  relate  to  balanoe,  leak- 
age, and  resistanoe  to  high  centrifugal  stresses,  wheels  for  small  impulae 
turbines  are  normally  operated  at  peripheral  speeds  of  250  to  350  ft.  per  aec.» 
and  400  to  550  ft.  per  sec.  for  large  machines,  using  ordinary  hign-grade 
open-hearth  steels.  For  higher  speeds  up  to  700  ft.  per  sec.  chrome-nickel 
forged  steels  are  used.  Reaction  turbines  are  usually  designed  for  much 
lower  speeds,  150  to  350  ft.  per  sec.,  or  400  ft.  for  very  large  units,  and  are 
generally  of  drum  construction,  of  open-hearth  steel. 

145.  Spead  limltationa  of  open-hearth  iteel.  Theoretically,  a 
properly  designed  disc  can  be  run  at  from  125  to  160  per  cent,  of  the  safe 
speed  of  a  drum  with  corresponding  blading.  In  practice,  however,  the 
difference  due  to  computable  tensile  stresses  from  blades  and  centrifugal 
force  ia  less  important  than  the  unknown  harmonic  sUesses  due  to  blsKle 
and  disc  vibration,  and  the  drum  type  is  better  than  the  disc  type  in  thia 
respect. 

146.  Gaging  for  ■uperheated  steam  above  the  50-Ib.  pressure  section 
of  the  turbine  are  made  of  cast  steel;  below  this,  of  cast  iron;  and  for  all 
pressures  in  saturated  steam,  of  cast  iron.  The  casings  of  most  horisontal 
turbines  are  split,  so  that  lifting  the  upper  half  exposes  the  whole  intericu'. 
With  one  more  lift,  the  whole  rotor  may  be  removed,  facilitating  repairs 
to  all  parts.  The  vertical  turbines  must  be  opened  in  several  sections  and 
taken  apart  wheel  by  wheel. 

1A7.  Olandt  to  prevent  leakage  from  stage  to  stage,  or  from  the  in- 
terior of  the  turbine  to  the  outside  air,  are  neariy  always  some  form  of 
Iftbyrinth,  with  no  actual  rontacts,  or  at  moat  very  light  contact  on  float- 
ing ringH.  The  high  speeds  and  lack  of  lubrication  forbid  any  forms  of 
soft  packing  except  for  very  small  units.  The  function  of  the  labyrinUk  ia 
to  interpoee  a  large  number  of  constricted  pmwiges  to  the  flow  ca  ateam. 
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The»e  conatrictions  usually  measure  from  0.003  in.  to  0.035  in.,  depending 
on  the  sise  of  shaft  or  dummy  rin^,  and  the  pressure  difference.  The  dear- 
anee  is  selected  according  to  the  vibration  at  the  point  of  application  and  is 
eitan  made  a  function  of  the  diameter. 

t4B.  The  principal  bUde  f Mtenlnft  consist  of  the  dovetail  for  impulse 
dements,  in  all  sorts  of  forms  from  square  T-heads  to  bulb  heads  wiui  all 
eomers  ^minated;  the  reaction  btading  of  Parsons  make  is  a  caulked  type, 
d^iending  upon  some  distortion  and  friction  for  the  grip.  Riveted  blading 
ia  used  to  some  extent  in  small  impulse  turbines,  but  has  been  a  failure  in 
large  discs.  Fig.  29  shows  three  sucessful  types.  Blade  heights  vary 
from  0.5  in.  to  IS  in.,  depending  on  the  siie  of  the  machine,  and  the  stage. 
Widths  range  from  0.25  in.  to. 2  in. 


Brash- Parsons 


Fia.  20. — Four  types  of  blade  fastenings. 

149.  Preiture  Itagai.  In  high-pressure  Curtis  turbines,  the  usual  num- 
ber of  pressure  stages  is  five  to  seven,  with  two  velocity  stages  in  each 
pressure  stage.  In  Rateau  types,  there  are  about  thirteen  to  twenty-two 
pressure  stages,  with  one  whefl  in  each;  or  one  Curtis  stage  of  two  velocity 
stages  may  take  the  place  of  two  or  three  high-pressure  stages.  The  Parsons 
type  has  from  forty  to  seventy  pressure  stages. 

tM.  Turbine  rating.  Impulse  turbines  are  rated  on  a  basis  of  cal- 
culated flow  through  the  nosdes  and  known  efficiencies  of  different  types  of 
wheels.  Thus  a  wheel  of  given  sise  may  be  of  widely  varying  horse-power 
under  different  areas  of  noislea;  the  efficiencies  also  are  altered.^  Reaction 
turbines  jnustbe  designed  for  the  load,  and  can  only  be  altered  in  best  load 
capacity  by  increaaing  the  initial  pressure.  Overload  is  provided  for  in  the 
impulse  types  by  adding  extra  nossles;  in  the  reaction  type  by  by-passing 
some  of  the  high-pressure  stages. 

til.  MeMurement  of  theft  output.  The  output  of  the  turbine 
must  be  obtained  by  brake,  or  electrically;  no  indicated  horse-power  exists; 
In  small  turbines,  throttle  governed,  the  steam-chest  pressure  bears  an  ac- 
curate relation  to  the  horse-power  delivered  at  any  speed,  and  if  the  turbine 
is  calibrated,  it  may  be  used  as  an  indication  of  the  output  thereafter.  Thie 
is  true  because  the  pressure  is  a  measure  of  the  ^tearn  flow,  and  the  steam 
flow  is  a  measure  of^  the  output,  for  any  given  turbine  efficiency. 

151.  Lubrication  Is  exceedingly  ilmple.  No  internal  oiling  whatever 
is  employed;  gravity  or  force  feed  with  copious  supply  at  15  to  25  lb.  pressure 
is  general  for  large  units.  The  speed  of  rotation  causes  a  draggin^f  of  oil 
under  the  journal,  by  means  of  viscosity,  so  that  the  journal  never  ndes  on 
metal.  Some  turbines  actually  rise  a  few  thousandths  of  an  inch  after 
coming  to  speed  due  to  increase  in  the  oil  film  under  the  journal.  Small 
turbines  are  ring-oiled  like  motors. 

US.  The  actual  BanUne-cycle  efficiency  ratloi  obtained  in  small 
non-condensing  turbines  vary  from  45  per  cent,  to  50  per  cent.,  for  large 
unite,  from  55  to  05  per  cent,  for  the  great  majority,  up  to  71  per  cent,  as 
about  the  highest.     These  figures  assume  condensing  service  in  each  case. 
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TbijB  table  gives  efficiency  ratios  and  B.t.u.  per  kw-hr.     The  latter  figure 
is  obtained  from  the  water  rate  and  the  steam  conditions. 

B.t.u.  per  Icw-hr.  -  WXCHi-qi)  (41) 

Where  ffi^beat  contents  of  steam  supplied  to  turbine,  q«*heat  of  the  liquid 
in  oondenaate  and  W  —  water  rate  in  lb.  per  kw-br. 

The  thermal  effidenpy  is  the  product  of  the  effioteney  ratio  and  the  thermal 
affloieney  of  the  Rankine  oyde  (adiabatic  ezpanaioii). 


60 


70 


80 


ISO 


90        100       110 
Lgsd  f  Bitiaf 

Fio.  30. — Water-rate  ourrea  of  small  condensing  turbines,  steam,  IJSO  lb. 
gage;  superheat,  100  deg.  Fahr.;  vacuum,  28  in. 
A,  250  kw.  Westinghouse,  3,800  r.p.m.;  B,  400  kw.  Wsatinghouse,  3,600 
r.p.m.;  C,  SOO  kw.  Westinghouse,  3,600  r.p.m.;  D,  1,000  kw.  Westinghouse, 
1,800  r.p.m.;  E.  200  kw.  DeLaval;  P,  400  kw.  Kerr,  1,S00  r.p.m.;  O,  1,000 
kw.  Rateau. 
90 


90        100        110 
LMd  f  RMIni 

Fio.  31. — Water-rate  curves  of  small  non-condensing  turbines  with  dry 
steam  at  100  lb.  gage. 
A,  35  kw.  Curtis,  3,600  r.p.m.;  B,  75  kw.  Curtis,  3300  r.p.m.;  C.  100  kw. 
Curtis,  3,600  r.p.m.;  D,  125  kw.  Curtis,  2,400  r.p.m.;  £,  300  kw.  Curtis, 
1,800  r.p.m.;  P.  250  kw.  Westinghouse,  3,600  r.p.m.;  Q,  300  Westinghouse, 
3,600  r.p.m.;  H,  50  kw.  Sturtevant,  1,400  r.p.m.;  J,  160  kw.  Sturtevant, 
2,100  r.p.m.;  K,  50  kw.  Terry,  2,800  r.p.m. 

tSI.  Watar-rata  cunei.  Figs.  30,  31,  and  32  give  characteristie  water- 
rate  curvee  for  small  and  large  unita.  It  is  found  that  the  WUlans  llntt 
(total  steam  per  hour  vs.  output)  is  practically  straight  line  from  aero  load 
to  full  (or  best)  load;  on  overload,  with  by-psas,  or  extra  nossles  open,  it 
is  usually  another  straight  line,  joining  the  first  at  best  load,  but  more  steeply 
inolined.  This  property  allows  fractional-load  water  rates  to  be  readily 
interpolated  from  one  or  two  load  tests  or  guarantees. 
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IM.  Tta*  affect  of  rulatlon  In  Tscuum  on  a  turbine  diSerg  •omewhat 
with  the  type  of  machine,  but  can  be  obtained  with  reBaonable  accuracy 
from  Fii;.  33,  which  gives  average  flgui«a  for  high-preaeure  turbinea;  Fig.  34 
appliee  to  low-preeaure  turbines.  A  vacuum  of  38  in.  is  taken  as  the  stand* 
ara  for  high-pressure,  and  27.5  in.  for  low-pressure  units. 
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Fia.  32. — Water-rate  curves  of  large  condensing  turbines.    Steam,  200  lb. 

gage;  superheat,  100  oeg.  Fabr.;  vacuum,  28  in. 

A.  9,000  kw.  Curtis;  B,  10,000  kw.   CurtU;  C,  4,000  kw.   Curtis- Rateau; 

D,  10,000  kw.  Westinghouse;  E,  6,000  kw.  Parsons;  F,  6,000  kw.  Zoelly. 
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Fia.  83.— Buperheater  preeaure 
and  vacuum^  correotiona  for  higb- 
presBure  turbines. 
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Fio.  34. — Pressure  and  vacuum 
corrections  for  low-pressure  tur- 
bines. 


MT.  Tha  effect  of  luperhaat  in  improving  economy  is  usually  taken 
at  the  rate  of  10  per  cent,  for  the  first  lOO  deg.  of  superheat,  8  per  cent,  for 
the  next  100  de^.,  and  7  per  cent,  for  the  third  hundred.  Figs.  33  and  34 
show  the  corrections,  which  are  practically  identical  for  all  types. 

SM.  Tha  efllsiancy  lowat  may  be  subdivided  into  (a)  nossle  friction, 
6  to  28  per  cent.;  (b)  Dlade  friction,  6  to  30  per  cent,  (c)  windage,  3  to  IS 
per  cent.;  (d)  unused  exit  velocity,  3  to  6  per  cent;  (e)  leakage  2  to  10 
per  cent.;  (f)  mechanical  losses,  1  per  cent.  As  all  the  steam  losses  in  the 
nigh-pieseure  stagee  reappear  in  the  steam  as  unused  heat,  the  available  heat 
drop  is  increased  by  triknslation  of  the  expansion  lines  to  higher  entropies, 
as  shown  by  the  MolUer  dlft^ram.*  hence  the  wliole  turbine-diaf;ram 
efficiency  in  a  multi-stage  turbine  is  always  from  2  to  6  per  cent,  higher 
than  that  of  the  individual  stages. 

'Marki  i  Davte  "Steam  Tables,"  Longmans,  Green  t  Co.,  N.  Y.,  1912. 
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an.  Tha  •ffletaney  tt  tb*  tnrUiM,  tiunuh  diffaraat  lor  diffovnt 
ipe«da  and  pleasures,  does  not  change  appieoiably  with  time  or  lerTioaL 
"SYm  abaft  horse-power  or  brake  horae-imwer  ia  from  3  to  15  per  cent,  leaa 
than  the  oaloulated  dia^am  hotse-power  (corresponding  to  i.b.p,  in  the 
engine).  The  usual  friction  losses  are  generally  less  than  one-half  thoaa  of 
steam  engines  of  the  same  rating.  Meouaaioal  friction  in  the  turbine  is 
confined  to  bearings  and  governor  drive;  it  is  usually  under  1  per  cent.,  anci 
in  large  machines  is  leas  than  0.5  per  cent.  Internal  or  steam  friction  ia 
caused  by  imperfect  shape  of  blades,  and  windage  of  the  discs  or  drums. 

1(0.  Prauora  oorrection,  for  variations  in  steam  pressure  from  Kuar~ 
anteed  or  desired  conditions,  is  given  in  Fig.  33  and  34  for  high-preaaure 
and  low-preasure  turbines.     The  correction  is  the  same  for  all  types. 

Ml.  OoTamori  for  turbine  speed  ragolatton  are  alwsya  of  the  cen- 
trifugal typo;  the  inertia  governor  cannot  be  employed,  because  there  can 
be  no  sudden  angular  aocderatiocs.  The  centrifugal  governor  can  be  made 
nearljr  isochronous;  generally,  however,  there  is  a  slight  decrease  in  speed  aa 
load  increases. 

MS.  ThrottUnc  gOTemors.  For  all  small  turbines  (impulse  type)  and 
some  large  makes,  the  plain  throttling  governor  is  employed,  simply  controll- 
ing the  admission  pressure  at  the  steam  chest  or  first  stage.  The  old  Paraona 
governor  for  reaction  turbines  admitted  steam  at  fiul  pressure,  in  short 
puffs,  lengthening  the  period  the  valve  was  open  as  the  lo&d  inoreaaed. 
Many  of  the  Curtis  types  are  governed  by  multiple-nossle  control,  openinc 
and  closing  individual  nossles,  from  6  to  10  in  number,  and  thus  controlling 
the  quantity  of  steam. 

MS.  Panons  (ovamor.  In  the  Parsons  machine,  the  governor  not  only 
controls  the  primary  throttle,  but  also  a  secondary  valve  admitting  live 
steam  in  one-aizth  to  one-fourth  the  total  number  of  stages,  further  down  the 
turbine.  This  virtually  cuts  out  of  service  the  by-passed  rows,  and  converts 
the  turbine  into  one  of  fewer  stages,  but  in  effect  having  larger  blade  dimen- 
sions, and  not  as  economical.  The  best  load  for  this  type  is  that  carried  juat 
before  the  opening  of  the  secondary  valve. 

164.  Baductlon  gears  have  recently  come  into  greater  use,  than  iraa 
formerly  made  of  them.  The  de  Laval  turbine  has  used  them  sucoMsfully 
for  20  years,  at  enormous  relative  speeds.  The  type  developed  by  the 
Westingnouae  Machine  Company  from  the  MelviUe-Maealpine  gear  baa  a 
floating  hydraulic  frame  for  aligning  the  geara.  AU  the  other  t/pes,  including 
the  Falk,  Fawcus,  Parsons,  etc.,  use  solid  bearings  and  eonnectu>ns.  All  typea 
employ  the  double  helical  gear.  By  this  means  the  turbine  speed  may  be 
kept  high,  for  economy  both  in  cost  and  steam,  and  the  driven  apparatus 
may  be  operated  at  comparatively  low  speed.  Direct-current  generators, 
fans,  and  centrifugal  pumps  for  lar^  volume  and  low  speed,  may  thus  be 
successfully  oombinea  with  the  turbme  with  good  economy, 

MS.  Turbine  gpeeifleations  should  cover  the  following  items:  (a) 
Number  of  units  and  location;  character  of  building,  (b)  Service,  and  at- 
tachment to  driven  apparatus  (direct,  flexible  coupling,  reduction  gear,  etc.) 
(c)  Speed,  steam  and  back  pressure  conditions,  (d)  Capacity,  overload, 
electric  aystem  data,  (e)  Regulation,  variation  of  speed  under  change  of 
load,  (f)  Noise,  vibration,  (g)  Tests  and  inspection,  (h)  Mechaiiical 
details  of  connection  to  driven  apparatus,  (i)  Type  and  steam  system,  H.  P., 
L.  P.,  bleeder  mixed  pressure,  giving  quantities  tor  L.  P.,  or  blaeding  steam. 
(j)  Materials — casing,  wheels,  nosiles,  blades,  shaft,  (k)  Piping  oon- 
nectioos.  (I)  Bearinip.  (m)  Foundationa.  (n)  Oiling,  (o)  Auxiliary  appa- 
ratus— oil  pumps,  relays,  step-beariui  pumps  (for  vertical  turbines.)  (p) 
Painting  and  lagging,     (q)  Qages  ana  miscellaneous  equipment. 

ISS.  Turbine  supports  should  always  be  carefully  designed  to  prevent 
distortion  of  the  parts;  stiffness  of  the  supports  is  usually  very  desirable, 
but  fireat  mass  is  unneoeasary;  many  reaction  turbines  of  large  sise  are 
runmng  on  foundations  entirely  of  steelwork,  Vhioh  is  low  in  mass  for  the 
strength  and  stiff nesa. 

MT.  The  aozlliarlei  requlrsd  for  hortiontal  turbinai  consist  only  of 
an  oil  pump,  for  large  self-contained  units:  no  auxiliaries  whatever  are 
needed  for  small  units. 
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tM.  Tlu  ftOzUUriM  for  T«rtle«l  unita  inolude  in  mddition  to  the  oil 
'  pomp,  atap-bearinff  pumiM  for  oil  or  water*  capable  of  haadlin^preBsureg 
of  500  to  1,000  lb.  per  aq.  in.  (varying  with  the  Biie  of  the  main  unit}.  These 
step'bearizic  pumpe,  with  the  pipins,  are  generally  in  duplicate.  In  order 
to  steady  the  oil  supply,  a  frictionaT resistance  called  a  baffler  is  employed 
between  pump  and  step  bearing;  and  to  remove  pulsations  of  pressure  and 
provide  a  small  reservoir,  acoumulaton  of  the  elevator  type  are  alto 
required- 
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Fia.  35. — Steam    turbines.     Cost    per    kw.    w.    capacity.     Total    cost    w. 

capacity. 

60  Cycles,  maximum  24  hr.  rating,  50  deg.  Cent,  rise;  power  factor,  80  per 

cent.;  pressure  175  lb.;  superheat,  100  deg.  Fahr.;  vacuum,  28.5  in. 
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Capacity  ta  K.  W. 
Fia-  36. — Cost  of  small  turbinw  and  geoeraton. 


SO 


m.  Ttas  oast  of  turbinM  par  kw.,  iocludiog  generators,  varies  from 
(30  for  small  sUes  down  to  t9  or  leas  for  ver/  Targe  unite,  at  normal 
rating;    or    at 


maximum    rating,    SIO.     Fig.    35    gives    the  cost  iier  kw. 

, _    of  large  units  including  generators;  V 

per  h.p.  of  amail  turbines  with  and  without  generators. 


(normal  rating)  of  large  units  including  generators;  Fig.  36  gives  the  cost 
lail 
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ITO.  Tta«  op«r»tlon  of  tlw  tteun  torbia*  is  remarkable  for  its  rimplic- 

ity;  one  oiier  can  attend  to  two  or  three  units  (on  the  ensine-room  floor) 
agcregating  as  much  as  40,000  or  SO.OOO  kw.  But  with  engines,  onljr 
8,000  or  4,000  kw.  can  be  cared  for  by  one  man;  and  in  many  cases  muca 
less.  The  turbine  is  practically  undamaged  by  priming  which  would  wreclc 
an  engine,  and  has  a  maintenance  cost  but  one-fiith  as  great,  approximately. 
There  are  very  few  articulated  parts  in  the  turbine;  its  continuous  operation 
is  therefore  much  more  reliable  and  periods  of  two  to  four  weeks  oontinuoiaa 
operation  are  common.  Inapeetloxu  made  once  a  year  frequently  shoir 
no  repairs  or  adjustments  to  oe  necessary,  and  the  turbine  is  continued  in 
'service.  With  large  reciprocating  engines,  both  inspeetioni  and  adjuatments 
are  sometimes  necessary  every  24  hr. 

171.  The  general  method  of  itartinf  turbiiiei  with  ateun-eealvd 
fluids  is  to  establish  a  vacuum  on  the  condenser  with  the  dry-vaeuum 
pump,  start  the  circulating  water,  and  "crack"  the  throttle  in  order  to  send 
steam  through  the  turbine  for  warming,  without  turning  the  spindle.  After 
the  proper  time  allowance  (5  to  16  min.)  the  turbine  may  be  brought  to 
speed  and  placed  under  load. 

ITl.  In  itartlnf  a  turbine  with  water-ie^led  fUtndt,  it  is  usual 
practice  to  start  the  turbine  non-condensing  until  up  to  sufficient  speed  to 
seal  the  glands,  then  establish  the  vacuum  on  the  condenser  and  apply  the 
load. 

ITS.  At  the  present  time  the  turbine  is  praoticaHy  lupieme  Inluf* 
central  itationa,  as  a  heat-operated  prime  mover.  The  hydraulic  station 
is  limited  to  certain  localities,  while  the  large  gas-engine  plant  is  so  unreliable 
as  to  be  out  of  ^the  question.  For  small  and  moderate-sised  planta  the 
internal-oorabuation  engine  is  on  a  competing  basis,  although  its  reliability 
has  never  equalled  that  of  the  turbine. 

1T4.  ,The  field  for  imall  (team  turbines  is  readily  increasing,  particu- 
larly since  centrifugal  boiler-feed  pumps,  oiroulating-water  ^umpe,  fans, 
blowers,  etc.,  are  successfully  designed  for  turbine  speeds,  with  good  effi- 
ciencies. The  small  amount  of  attention  required  by  the  turbine,  its  reliability 
and  low  maintenance  are  generally  more  than  sufficient  to  overbalance  a 
slight  inferiority  to  the  steam  engine  in  economy.  Since  the  Item  of  foal 
economy  U  oiUT  one  of  the  taeton  in  operatmg  ooit,  thiaresoltis  natural 
and  the  use  of  the  turbine  is  bound  to  increase.  There  is  yet  much  to  im- 
prove in  the  turbine,  whereas  the  reciprocating  engine  has  been  at  a  virtual 
standstill  in  development  for  10  years  past. 

ooHDiNanra  iQTnpvsMT 

ITS.  Thermodynamics  of  condensen.  The  heat  given  up  by  the 
condensing  steam  must  equal  Uie  heat  received  by  the  eitoulatim|  water. 
In  jet  or  Darometric  condensers,  the  steam  and  water  mix;  no  dmerenoa 
between  the  temperature  correspondingto  the  vacuum  and  the  temperature 
of  the  discharge  water  need  exist.  The  surface  condenser  requires  some 
difference  of  temperature  between  the  steam  and  the  dronlating  water  at 
all  times,  or  no  heat  flow  from  steam  to  water  can  take  place. 

ITS.  RemoTal  of  air.  The  air  present  in  the  condensate  is  chiefly 
drawn  in  by  leakage  at  the  joints.  This  air,  being  non-condensible,  must  be 
removed  by  segregation  and  pumping. 

ITT.  The  Tolume  of  condensate  water  is  praotiaally  negligible  com- 
pared with  the  steam  volume  at  the  same  pressure.  The  work  in  tt-Ib- 
nutde  available  bv  the  condenser  is  the  steam  volume  multiplied  by  the 
pressure  difference  in  lb.  per  sq.  ft.  existing  between  the  atmosphere  and  the 
interior  of  the  condenser;  the  work  required  to  produce  this  enect,  is  merely 
the  product  of  the  number  of  cu.  ft.  of  condensate  and  the  same  preesure 
difference.  At  28  in.  vacuum  the  ratio  of  these  two  is  21,000  to  1.  To  the 
oondeniate  pomp  work  must  be  added  the  work  of  the  cjronlating- 
water  pump  (chiefly  a  friction  loss)  and  the  work  of  the  dT7-Taeuam 
pump  which  removes  the  air. 

ITS.  The  principal  condenser  typei  are:  (a)  Jet;  (b)  barometrio;  (o) 
eductor  or  siphon;  (d)  rotary  jet;  and  (e)  surface.  These  are  desorlbedln 
Par.  ST9  to  MS. 
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m.  TlftA  |«t  eond«iu«r  oonalati  of  a  catt-iron  shell  into  which  tb« 
etlumst  pipe  ia  led,  having  the  circulating  water  apiayed  through  the  cham- 
ber in  jets.  The  steam  condenaes  and  minglea  with  the  jets,  and  is  pumped 
oat  of  the  bottom  of  the  shell.  The  buromvtrlo  condenser  is  a  jet  con- 
deoaer  Bet  higher  than  34  ft.  above  the  level  of  the  discharge  well  or  tunnel; 
the  water  therefore  runs  away  by  gravity,  but  must  be  pumped  in,  due  to 
adight  friction  loss  and  velocity  head,  the  vacuum  assisting  the  circulating 
pomp. 

ISO,  Zn  the  eduotor  or  alphon  tTpe,  the  injection  water  is  pumped  in 
under  26  to  30  lb.  preesure,  and  requires  sufficient  velocity  to  carry  out  not 
only  its  own  mass  but  the  condensed  steam  and  entrained  air  as  w^l,  by 
kinetio  energy.     No  vacuum  pumps  are  required. 

Ml.  Tbe  rotary  Jet  typea—originally  developed  by  Le  Blanc — consist 
«f  a  oentrilncAl  impeller  throwing  segments  of  water  into  a  noasle,  in  suoh 
(ssbion  as  to  form  water  pistons,  which  trap  and  condense  the  steam,  and 
pnsh  before  them  the  air.  This  type  is  also  used  as  a  dry-vacuum  pump. 
All  the  above  types  (Par.  STt  to  ftSt)  are  derivatives  of  the  true  jet  conoenser. 

tM.  Tlie  snrfaoe  d<mdenMr  conusts  of  a  oast-iron  shell  with  two  heads 
or  water  bozea  into  one  of  which  the  circulating  water  passes.  These  two 
boxea  are  connected  by  a  large  number  of  small  brass  tubes,  which  allow  the 
cireulatins  water  to  traverse  the  main  shell  without  contact  with  the  steam; 
the  latter  is  fed  into  the  shell  around  the  tubes.  The  circulating  water  passes 
to  the  aecond  box,  which  may  lead  to  the  discharge  or  redirect  the  water 
back  to  another  section  of  the  first  box  by  way  of  another  nest  of  tubes. 
If  the  first  t^pe  is  used  it  is  called  lingla  paia;  if  the  second,  tvo  paia; 
and  so  on,  with  three  or  four  passes  in  some  few  eases.  The  cold  water 
paasinK  through  the  tubes  condenses  the  steam  by  conduction,  and  the  con- 
densate trickles  down  to  the  bottom  of  the  shell,  there  to  be  pumped  out. 
The  air»  which  is  always  heavier  than  steam  at  the  same  temperature,  also 
eolleets  at  the  bottom  and  must  be  pumped  out,  preferably  by  another  pump. 

tSS.  Atmofpheric  eondenaeri  consist  of  a  form  of  surface  condenser  in 
which  the  co<^ng  medium  is  a  mixture  of  air  blast  and  water  spray.  The  air 
takes  up  aome  of  the  spray,  becoming  cooled  thereby,  and  acts  as  a  cooling 
medium  for  the  steam.  High  vacuum  is  not  to  be  obtained  with  this  type. 
The  chief  feature  is  economy  of  circulating  water,  which  may  be  in  the  ratio 
of  i  lb.  of  water  per  lb.  of  steam,  or  slightly  lesa,  since  the  w'hole  latent  heat 
1^  OTaporation  (of  the  water  spray)  as  well  as  the  heat  of  the  liquid  is  avail- 
able for  cooling. 

184.  Quanttl7  of  dronlatlng  water  required.  In  the  Jet  or  ordinary 
surface  types,  the  circulating  water  must  be  at  least  25  to  30  times  the 
weisht  ox  the  steam  condensed.  ^  In  the  jet  condenser,  the  condensate  mixes 
wira  the  (droulatinff  water,  and,  if  the  latter  is  dirty,  is  necessarily  lost.  The 
surface  condenser  keeps  the  condensate  separate  from  the  circulating  water, 
so  that  it  is  available  for  re-use  in  the  boilers,  a  pure  distilled  water  (Par. 
1S7  and  ISS). 

Theproportipna  of  Jet  oondenawv  are  relatively  unimportant,  the 


design  merely  providing  for  adequate  mixture  of  water  and  steam.  The 
shdl  therefore  need  only  be  large  enough  to  take  the  exhaust  and  water 
connections.  The  volume  of  a  jet  condenser  varies  from  0.6  to  2.5  times  the 
▼idumc  of  the  low-pressure  cylinder  volume  of  a  reciprocating  engine;  in 
the  ednctor  types,  the  volume  is  somewhat  less. 

SM.  8uzf  aoa  condensers  are  limited  in  capacity  bT  the  rate  of  heat 
traasfer.  For  average  practice,  300  to  350  B.t.u.  per  sq.  it.  per  degree  mean 
temperature  difference  per  hour  can  be  allowed.  It  loUows  from  this  as- 
sumption that 

^-VX-ff^  (42) 

where  A  —  area  in  sq.  ft.  of  tube  surface,  IT  •  lb.  of  steam  per  hour  from 
exhaust,  J7i  — total  heat  per  lb.  of  exhaust,  qt  —  heat  of  the  liquid  per  lb. 
(at  condensate  temperature),  //s  —  (fi  »  1,000  to  1,050  for  most  cases, 
t'  B  transmiMion  eoefHeient  ~  300  to  350  B.t.u.  per  hour,  per  sq.  ft.,  per 
defree  mean  temp,  difference  (Fig.  37),  and  («  —  mean   temperature  differ^ 
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ence  between  steam  and  circulating  water.     The  arithmetic  formula  for 
(.is: 
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Fia.  37. — Values  of  the  coeflicient  of 
heat  trausniitMiioQ. 


where  Tt  «  steam  temperaturo  at 
the  vacuum,  7*i  ->  injection  tem- 
perature and  Tt  -  diacharge  tem- 
perature. The  logarithmic  form- 
ula for  tm  is: 

r.-Ti 

,^/r.-r,\        (44) 

For  the  majority  of  oases,  Eq.  43  ia 
sufficient. 

tST.  The  qu&ntlty  of  eirou- 
bbtlnr  vater  raqulrad  for  J«t 
oondansars  is  g;ven  by 

where  ITc  —  lb.  of  eirculating  water 
per  lb.  of  steam,  Ht  —  heat  oon- 
tents  per  lb.  of  steam,  Tt  "  dia- 
charge  temperature,  and  T\  —  in- 
jection temperature.  The  quan- 
tity raquirad  in  gal.  per  min.,  tak- 
ing ;/  -  Ti  +  32  as  1050  B.t.u.,  ia 


AV 


(*6) 


2.11*'. 

t\-Ti 

where  W,  —  lb.  of  steam  per  hour,  and  Se  "  circulating  water   in  gal.  par 
min. 

IM.  IzamplM  of  Modern  Condansar  Proportions 


Name  (»f  stnlion 


Sise  of  turbo- 
generators on 
mnx.  24-hr. 
I         rating 


Sq.  ft., 
total 


Commonwealth  Edison  Co. 

Northwest  Station 

Quarry  St 

Rsk  St 

Interborougb  R.  T.  Co. 
S9th  St.    Power  Station,   N.  Y., 
(Engine  and  low-preeeure  turbine.) 
74th  St.  Station 

Metropolitan  St.  Ry.,  Kansas  Cy.. 

Marion  Station,  P.8.E.  Co.,  N.  J.. . 

United  El.  Lt.  &  Power  Co.,  N.  Y.. 


20,000  kw. 

14.000 

12,000 


15,000 
30,000 
10.000 
IS.OOO 
15.000 


32,000 
25,000 
26,000 


25.000 
50,000 
22,000 
25,000 
25,000 


M9,  The  quantity  of  ciroulfttlnc  water  required  tor  turfMW  con- 
densers is 


_  lh-T,+32 
t'i- Ti  " 


(47) 


where  Ti  »  condensate  temperature,  and  the  other  symbols  have  the  same 
significance  as  before.  For  jet  condensers  Tt  becomes  Tt;  for  surface  con- 
densers Ti  is  at  least  5  deg.  Fahr.  higher  than  Tt,  and  generally  10  or  15  deg. 
higher. 

190.  Us«  of  dirty  oondenainx  watar.     For  jet  condensets,  very  dirty 
cireulatibg  water  may  be  used,  except  that  if  sewage  or  other  gaa-produeiiig 
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■liter  lA  contained,  th«  work  of  the  dry  air  pump  will  be  creatly  inozvaeed. 
Dirty  water  in  auifaoe  oondenoers  causes  sUme  deposito  on  the  tubea.if 
coataiDin«  grease  and  sewage;  or  it  inoruste  the  tubes  with  eoale.  if  very 
bard.  In  either  case,  periodic  cleaning  is  necessary,  as  both  depostta  lower 
ihe  efficiency  of  heat  tranamisaion. 

til.  Bcraena  are  usually  made  of  iron  mesh  or  bars,  with  openings  the 
Mme  nae  aa  condenser  tubes  or  \  in.  smaller;  these  screens  are  set  in  frames, 
ud  operate  id  slides  for  cleaning  purposes.  Small  metal  screens  enclosed  in 
cut-iron  boxee  in  the  suction  pipe  are  employed  forsmiUl  siies  and  are  then 
osoally  called  "fish-traps."  A  later  development  is  the  use  of  moving  setf- 
deanioB  screens,  either  arranged  drum  fashion  like  a  stone  screen,  or  like 
t  chaia  crate  set  on  edge.  The  Teloel^  through  lereeni  should  not 
exceed  4  to  5  ft.  per  sec. 

tit.  Pumps.  Oirculating-watar  pumpe  in  modern  plants  are  always 
eentrifncnl  or  prmwller  types,  especially  since  the  advance  of  the  sm^ 
rteam  turbine,  wet  vacuum  pumps  handle  both  condensate  and  non- 
Goodennble  gases.  They  are  not  used  to  any  extent  at  present.  Oiy 
faoanm  pumpi  handle  non-condenflible  gases  only.  Condensate  or  hot- 
wall  pumps  handle  the  condensate  only.  The  separate  pumps  are  much 
more  efficient  than  the  combined  wet-vacuum  pump.  The  hot  well-pump 
is  usually  »  one-stage  or  two-stage  centrifugal.  The  dry-vacuum  pump  may 
be  a  reciprocating  compressor  specia  ly  designed  for  tightness  and  small 
dearanee,  ox  a  hydraulic  device  using  a  form  of  centrifugal  pump  and  water 
jets  to  entrain  the  air,  such  as  the  I«  Blanc  pump. 

Its.  Power  required  for  auziUaries.  The  circulating  .pump,  if  a 
reciprocating  dry-vacuum  pump  is  used,  requires  85  per  cent,  to  90  per  cent, 
of  the  total  n. p.  for  condenser  auxiliaries;  the  condensate  and  dry- vacuum 
pomps,  5  to  7  per  cent.  each.  The  total  h.p.  at  27  in.  to  28  in.  vacuum  is 
about  2  to  2i  per  cent,  of  the  main  unit,  for  reciprocating  main  engine;  3  to 
3JS  per  cent,  at  28  to  2Q  in.  vacuum  for  turbine  plants. 

SM*  The  steam  demand  of  aU  condeaser  ftuxUisries,  using  engine- 
driven  arculator,  is  3  to  5  per  cent,  of  the  total;  for  direct  turbine-driven 
dreulator.  6  to  9  per  cent.;  for  latest  type  geared  turbine-driven  circulator, 
4  to  6  per  cent.  The  water  rate  of  turbines  used  for  hot-well  pumps  is  50  to 
00  lb.  per  b.h.p.-hr.;  for  low-speed  dircct^connected  turbines  lor  circu- 
lators, 35  to  45  lb. ;  for  geared  high-speed  turbines,  29  to  35  lb. 
MS.  Boeont  Blgh  Vacuum  Results  with  Largo  Surface  Condensers 


Plant 

Sur- 

Water 

Hot 
well 

Circ.   water 

Vacuum 
30-in. 
Bar. 

Ratio 
Iw'.'- 

face,      per  lb,. 

sq.  ft.         br. 

1 

temp., 
deg 
fahr. 

Ilk 
deg. 
fahr. 

Out 
deg. 
fahr. 

Interborough 
50th  St 

25,000 
26,000 
26,000 

237,480 
182,608 
164,945 

71.2 
53.2 
85.5 

37.7 
33.3 
72.5 

57.3        28.50  i     1.67 
47.6        29.15        1.67 
86.0        28.55  i     1.67 

Marion.  P.  S. 
E.  Co 

20,000 

128.000 

78 
71 

60.0  1  73.5 

29.1 

2.00 

United  EI.  Lt. 
ft  Power 

25,000 

.58 

68 

29.0     ;     1.67 

Boston     Ele- 
vated  

28,000 
28,000 

182,000 
120,000 

74.6 
73.0 

64.0      74.0 
64.5      71.5 

29.07 
29.06 

2.00 
2.00 

lUnoU  Steel.. 

25.000 
25,000 
25,000 

196,000 

210.000 

91,000 

90.6 
90.3 
83.3 

73.4      88.1 
73.4      86.9 
73.6      80.0 

28.25 

28.3 

28.8 
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tM.  RydraoUo  drx-VManm  pmnpi  take  from  6  to  12  timm  u  mueb 
power  u  the  reoiprooatins  type*;  but  thli  u  relatively  unimportant  if  tha 
ezhauit  ateam  i(  usable  in  the  feed-water  heaters. 
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Fia.  38. — Vacuuma  and  ciroulating-water  temperatures. 

n7.  Th*  obtainable  racuum  (Fig.  38)  depends  chiefly  upon  the  tem- 
pwature  of  eondenaing  water.  The  actual  results  obtained  may  be  less  than 
this  due  to  air  lealcage  or  dirty  tubes. 
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ns.  OooUat  tovan  an  employed  where  aoDdaniiog  water  eumot  be 
gbtained  in  sufficient  quantity  for  complete  njeetion  ol  disohain.  The 
droulatins  water  is  broken  up  into  spray  or  thin  sheets  and  falls  through  a 
curreDt  of  air.  The  air  in  becoming  warmer,  takes  up  heat  from  the  water; 
naporation  also  takes  place  and  tends  to  siiturate  the  air.  This  araporft- 
tton  ia  from  0.80  to  0.95  lb.  per  lb.  of  steam  exhaust  to  the  condensers,  ex- 
diisive  of  the  spray  loss  in  water  actually  carried  away  mechanically  in  the 
air  current.  The  oistance  between  spray  outlets  and  tank  under  the  tower 
it  usually  about  25  ft.  so  that  this  head,  plus  friction  in  additional  pipins, 
must  be  added  to  the  total  pump  head.  The  towers  are  50  ft.  to  80  it.  high 
for  natural  draft;  but  may  oe  shorter  if  a  forced  draft  fan  is  used,  provided 
tke  rain  from  the  tower  is  not  objectionable.  The  ground  area  reqtiired  is 
1  sq.  ft.  per  20  lb.  steam  condensed  x>er  hr.  approximately-  The  circulating 
water  required  is  60  gal.  per  sq.  ft.  of  ground  area,  cooled  from  dS  deg.  to 
75  deg.,  which  is  average  performance.  The  heat  transmission  to  air  per 
tq.  ft.  of  cooUngsurfaoe  in  the  lattice  work  or  screens  runs  from  350  to  850 
B.t.u^jper  hr.  The  circulating  water  required  is  25  to  30  lb.  per  sq.  ft.  per 
hr.  Tjie  work  of  the  circulating  water  pump  is  practically  double  that  of  the 
ordinary  installation  without  towers,  or  6  to  8  per  cent,  of  the  h.p.  of  the  m^n 
anit.  If  forced  draft  il  used,  the  fan  requires  0.3  per  cent,  to  0.5  per  cent, 
of  the  h.p.  of  the  main  unit. 

IM.  Th*  oMratlon  «t  eondcniiiMr  xiuipmant  becomes  vary  simple 
with  turbine-driven  auxiliariee,  aa  these  require  almost  no  attention.  De- 
pending on  the  water,  oondanaer  tubes  should  be  cleaned  from  onoe  a  week 
to  once  a  month;  brushing  the  tubes  may  be  necessary.  All  joints  should 
be  very  carefully  made  and  maintained  tight;  shellacing  or^ainting  is  of 
great  aaaistance  in  this  respect.  The  ferrules  of  the  tube  ends  need  taking 
np  from  time  to  time,  aa  the  jMwking  shrinks,  or  aa  the  vibration  loosens 
the  ferrules. 

SOO.  Btartiiv.  The  eiraulator  should  always  be  started  first,  so  aa  to 
keep  the  tubes  cool  at  all  times  when  steam  may  ooma  in  contact  with 
tbem;  as  soon  as  the  circulator  is  running,  the  main  unit  may  be  started, 
and  the  hot-well  pump.  Whenever  the  vacuum  is  desired,  the  vacuum 
breaker  valve  may  be  closed  and  the  dry-vacuum  pump  started. 

au.  Shuttlog  down:  shut  ofl  the  main  unit,  break  the  vacuum  with 
the  breaker^valve,  shut  down  the  dry  air-pump,  then  the  hot-well  pump, 
and  lastly,  the  circulating  water  pump. 

MS.  The  piplnir  should  be  so  arranged  that  air  can  be  removed  from 
the  highest  point  of  the  circulating  water  system;  otherwise,  air  might 
accumulate  and  prevent  water  from  entering  part  of  the  tubes,  beaidas 
breaking  the  siphon.  The  discharge  pipe  should  be  submerged  in  tha 
discharge  tunnel  or  well,  eo  aa  to  have  an  inverted  siphon,  not  to  exceed  25 
ft.  head;  this  redueea  the  dreulating  pump  head  to  friotion  and  velocity 
only. 

Ml.  The  coat  of  eondenaiiis  •qulpmant  complete,  including  pumps, 
barometric  type,  is  from  tO.16  to  $0.25  per  lb.,  average  (0.21 ;  coat  per  kw. 
of  main  unit,  S0.90  to  11.95,  average  Sl.IO  for  moderate  and  large  siie  units. 
For  very  small  units  the  cost  may  go  up  to  t4.00  or  (5.00  per  kw.  Jet 
condensers  cost  from  $1.35  to  $2.10  per  Kw.,  average  $1.65,  for  moderate 
and  large  sises;  $3.00  to  $4.50  for  small  units.  The  figures  assume  26  in. 
or  27  in.  vacuum  and  are  based  on  normal  kw.  rating.  Surface  condansen, 
28  in.  to  29  in.  vacuum,  cost  per  kw.  of  main  unit  from  $2.25  to  $4.22, 
average  $3.12;  this  is  based  on  maximum  rating  of  units  and  applies  to  large 
sixes.  Small  surface  condensen  cost  from  $3.60  to  $10.00  per  kw.  Cooling 
towers,  $3.12  to  $6.00,  average  $4.30,  per  kw.  rating  of  unite  attached. 

mD-WATXS  HXATXR8 

MM.  The  heat  tranifer  In  closed  f aed-water  heaters  is  exactly  the 
same  as  in  surface  condensers;  that  in  open  heaters,  the  same  as  in  Jet 
condensers,  aa  covered  in  Par.  M(  to  !$•.  The  feed-water  heater  is  merely 
a  eondenaer  operated  at  atmoapheric  preasure,  with  boiler  faedrwater  for 
condensing  water. 

8M.  Tha  open  heater  is  much  like  a  jet  condenser  in  general  arrange- 
ment, but  is  usually  a  rectangular  box,  or  cylindrical  tank  large  enough  to 

741 

Digitized  by  VjOOQIC 


8«c.  10-306 


POWBR  PLANTS 


provide  a  littl*  stonute  eapkcity  for  feed  wster,  aa  the  bailer  feed  pninpa 
usually  draw  direot  fiom  uie  heater. 

SM.  The  eloMd  heater  is  uaually  built  much  like  a  eurfaoe  oondenaeT 
and  is  then  known  as  the  straight-tube  type.  In  some  makes  the  tubes 
are  corrugated,  in  others  coiled,  or  with  a  single  U-bend;  or  an  expansion 
joint  is  placed  in  the  shell;  in  these  cases  the  tubes  are  expanded  fast  in  the 
tube  sheets, 

SOT.  The  water  Tsloeitlaa  employed  in  closed  feed-water  heaters 
are  usually  slower  than  for  surface  condenser  practice,  so  that  the  value  of 
the  transmission  coefficient  is  reduced.  An  average  6gure  is  300  B.t.u. 
per  deg.  mean  temp,  difference  per  sq.  ft.  per  hr. 

SM.  The  mean  t*mp«f«tlir«  dlSarenM  given  by  the  arithmetic  formula 
is  close  enough. 

where  (■— temperature  of  exhaust  steam  at  exhaust  pressure  (usually  212 
to  214  dec.),  <i— temperature  of  heater  discharge  water,  and  ii^i  temperature 
of  heater  Inlet  water. 

MM.  Tampsratiire  liM.  If  a  given  quantity  of  exhaust  steam  is  avail- 
able, the  resulting  temperature  rise  in  a  cloeed  beater  may  be  found  as 
firilows: 

W.ill,  -  Q.) 


((.-(.)- 


W 


(••9) 


where  IT —feed  water  in  lb.  per  hr.,  w<- exhaust  steam  in  lb.  per  hr., 
ff>  —  total  heat  of  exhaust  steam  per  lb.  (usually  l.ISO  B.t.u.),  ti— heat  of  the 
liquid  (condensed  steam),  at  the  temperature  leaving  the  heater  (fi),  usually 
212  deg.,  (i  "temperature  of  feed  water  at  heater  inlet,  and  (i  —  temperature 
of  feed  water  at  heater  discharge.  For  all  ordinary  cases,  0a  — (i  —  BTO; 
If  cannot  be  higher  than  208  deg.  fahr.,  if  exhaust  steam  at  212  deg.  is  en»- 

Kloyed.     If  the  value  of  b,  as  found  above,  exceeds  this,  it  indicates  that  there 
exeen  exhaust  steam.     Eq.  56  can  be  transposed  to  solve  for  «■,  if  the 
amount  of  exhaust  steam  to  neat  the  feed  water  to  208  deg.  is  desired. 
StO.  Temperaturai  Obtainable  In  Open  Faed  Water  Heater 
(Temperature  of  steam.  212  degrees  F.) 
Initial  Temperature  of  Feed  Water,  Degrees  F. 
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si 
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147.1 
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n 

8».0 
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156.9 
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176.1 

,4'a 

6 

98.3  107.71117.2 
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^i 

7  107.4,116.8 
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135.6 

145.0 
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»> 

8 

116.4 

125.7 

135.0 

144.4 

1,W.7 

163.0 
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191.0 
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j2 

0 
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134.6 
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180.7 
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10 

133.3 

143.1 
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S  S 

n 

142.5  151.6 
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12 
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177.9  187.0 

196.0  205. 0J212.0* 
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212.0* 

Sll.  The  rartsee  required  in  oloied  heeten  is  given  by 


il> 


W  (h-h) 
VU 


(50) 


where  U'^300  and  .A  — area  of  tube  surface  in  sq.  ft.;  the  other  symbols  are 
as  given  in  Par.  MM. 

tit.  Hekten  are  rated  In  h.p.     One  h.p.  equals  30  lb.  of  exhaust  steam 
per  hr. 

*  AU  of  the  steam  not  condensed. 
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SU.  TlM  T«laiXM  r«iialr*d  in  opan  he»t«s  ia  cinn  by 

V-S  (51) 

a 

share  Y  —  volume  in  eu.  ft.,  a  —  2.15  for  muddy  water,  a — 6  for  sUghtly  muddy 
water,  mnd  S'S  for  clean  water. 

SU-  Op«r&tion.  The  operation  of  closed  lieaters  is  somawliat  more 
expennve  than  open  heaters;  the  tube  packings  require  attention  and  the 
toMs  must  be  cleaned  of  scale,  if  this  lornu.  In  heaters  with  oomigated 
or  bent  tubes,  cleaning  is  practically  impossible.  ,  The  advantage  of  the  closed 
Iwaier  is  the  elimination  of  oil  from  the  feed  water,  but  with  tlie  use  of  tur- 
faime-driven  auxiliaries,  this  advantage  disappears,  as  there  is  no  oil  in  the 
exhaust  steam.  In  open  heaters,  the  cast-iron  trays  over  which  the  feed 
water  BpUls,  are  readiv  removable  for  cleaning.  If  an  open  heater  is  used 
on  oily  exhaust,  some  mMos  of  oil  elimination  must  be  used,  sometimes 
siqyplemented  by  a  filter  in  the  body  of  the  heater. 


laoo 
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Fia.  39. — Coat  of  feed-water  heaters. 


Slf.  OoDiMetion  to  teed  pump.  Closed  heaters  may  be  either  the 
suction  or  the  discharge  side  of  the  feed  pump;  o[>en  heaters,  only  on  the 
suction  side.  Either  type  when  on  the  suction  side  of  the  pump,  must 
be  above  it. 

SK.  TlM  ooat  of  heaters  is  given  in  Fig.  39. 

■OOMOmZBBS 

SIT.  The  lawi  of  h*kt  truufer  for  •eonomlxan  are  the  same  as  for 
surface  condensers  and  closed  water  heaters.  But  the  substitution  of  a  gas 
for  the  steam  increases  the  resistance  enormously,  and  the  value  of  the 
transmission  coefficient  is  much  lower  and  is  very  uncertain  in  value. 

SM.  Typei.  There  are  two  types:  the  ■tkgSei'Sd  tube  and  the  non- 
lt«f  r«ra<r  tube.  In  both  types  the  tubes  are  arranged  in  vertical  rown 
attached  to  headers  at  top  and  bottom  of  each  row,  perpendicular  to  thf> 
gas  flow.  The  staggered  arrangement  serves  to  break  up  the  gas  stream 
thoroughly.  The  tubes  are  always  of  cast  iron  and  are  usually  4  i  in. diameter 
and  10  ft.  long. 

Sit.  The  lurface  required  is  based  on  empirical  values,  because  the 
temperature  and  quantity  of  flue  gases  per  lb.  of  coal,  waterflow  and  con- 
dition of  surfaces,  introduce  so -many  independent  variables  that  the  rational 
formuin  used  for  condensers  and  heaters  are  useless.  The  surface  installed 
varies  from  3  to  5  sq.  ft.  per  rated  boiler  h.p.  eonnected. 
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no.  The  t«mp«r»tur*  rUa  ia  gtvan  by 

v(ri-(i) 


X- 


(52) 


when  X~  rise  in  temperature  of  feed  (de(.  Fahr.),  7*1  —  temperature  flue  i 

entering  economiier,  (i « temperature  feed  water  entering  eoonomiBer, 
w^Lb.  of  feed  water  per  boiler  n,p.  per  hr.,(?  — lb.  flue  gas  per  lb.  of  combus- 
tible (average,  20),C"lb.  of  ooal  per  boiler  h.p.  per  hr.,  andy^sq.  ft.  of  econo- 
miier surface  per  boiler  h.p.  A  rough  metnod,  if  the  temperature  drop  of 
flue  gases  is  known,  ia  to  take  0.5  deg.  rise  ia  feed  water  for  every  deg.  drop 
in  flue  gases. 

Sll.  Th*  feed  water  enten  the  bottom  headers  by  a  connecting  main 
and  is  collected  from  the  top  headers  by  another  main,  placed  at  the  0|^ 
posite  end  of  the  headers,  so  that  the  tubes  form  equal  parallel  paths. 

Sll.  The  draft  lou  through  eoonomisers  varies  with  the  velocitjr  of  the 
gases,  as  in  the  boiler.  At  normal  full  load  on  the  connected  boilers  the 
loss  is  from  0.25  in.  to  0.40  in.  (of  water),  increasing  to  0.6  in.  or  0.7  in.  at 
heavy  overloads.  In  fact,  as  normally  designed  and  installed,  forcing 
the  boilers  beyond  200  per  cent,  of  rating  is  impoesible  without  by-paamns 
the  economiier.  Induced  draft  must  Im  employed  if  the  eoonoxmser  ia  to 
be  used  at  high  ratings,  because  the  draft  losses  limit  the  maximum  capacity 
of  the  boilers  obtainable  with  natural  draft.  If  the  temperature  of  gases  is 
reduced  from  550  deg.  to  350  deg.,  the  loss  of  draft  is  approximately  25  par 
cent. 

tt>.  The  eapactt7  ratine  of  economizers  is  based  on  circulatins 
0.25  gal.  of  feed  water  per  hr.  per  tube,  and  upon  a  heat  transmission  coeffi- 
cient of  2.7  to  3  B.t.tt. 

SM.  Iconomlxer  Dlmeniloni  and  Capadtlei 


No.  of 
tubes 

No. 
tubes 
wide 

No. 
sec- 
tions 

Length 
of  econ- 
omiier 

Clear 
height 
reqM 

Height 

over 
sections 

Width 

be- 
tween 
walls 

Capac- 
ity (lb. 
water) 

Heatii>g 
surfaoe 
external 
(»q.  ft.) 

i 

Ft. 

In. 

Ft.  In. 

Ft.  In. 

Ft.  In. 

»e 

6 

16 

9 

8 

23  0 

10  2i 

4     8 

6,000 

060 

144 

6 

24 

14 

6 

23  6 

10  2 

4     8 

9,000 

1,440 

192 

6 

32 

19 

4 

23  6 

10  2 

4     8 

12,000 

1.920 

240 

6 

40 

24 

2 

23  6 

10  2 

4     8 

16,000 

2.400 

128 

8 

16 

9 

8 

23  6 

10  2i 

6     0 

8,000 

1,280 

256 

8 

32 

J  9 

4 

23  6 

10  2i 

6     0 

16,000 

2,560 

384 

8 

48 

29 

0 

23  6 

10  2 

6     0 

24,000 

3,840 

512 

8 

64 

38 

8 

23  6 

10  2 

6     0 

32,000 

5.120 

576 

8 

72 

43 

6 

23  6 

10  2 

6     0 

36,000 

5.760 

160 

10 

16 

9 

8 

23  6 

10  2 

7     4 

10,000 

1.600 

320 

10 

32 

19 

4 

23  6 

10  2 

7     4 

20.000 

3,200 

480 

10 

48 

29 

0 

23  6 

10  2 

7     4 

30.000 

4,800 

640 

10 

64 

38 

8 

23  6 

10  21 

7  .4 

40.000 

6,400 

800 

10 

80 

48 

4 

23  6 

10  2i 

7     4 

50,000 

8,000 

Any  other  number  of  sections  in  multiples  of  4,  from  8  to  SO,  can  be  em;- 
ployea,  giving  proportionate  dimensions. 

SS0.  AoeumuUUon  of  loot  occurs  upon  the  tubes*  and  th«*'8weatinc** 
which  takes  place  at  low  feed  temperatures  tends  to  catch  and  hold  the  soot 
firmly.  Continuous  acraplnf  of  the  tubes  is  employed  to  overcome  this 
difficulty.  ^  The  oast-iron  scrapers  are  driven  slowly  up  and  down  the 
tubes  in  pairs,  requiring  about  1  n.p.  to  every  300  or  350  boiler  h.p.  connected 
to  the  economiser.^  There  is  a  friction  ri^  on  each  scraper  drive  so  that  if 
any  solid  obstruction  stops  one  scraper,  it  will  neither  break  the  scraper 
nor  interfere  with  the  others. 

Stt.  Tho  oponbtton  of  econonkiien  re<juireB  attendance  for  the  scrapei*. 
cleaning  the  tnride  of  the  tubes,  and  deamng  soot  and  fine  cinder  from  the 


744 


hy»^iuuyic 


POWER  PLANTS  Sec,  10-327 

bottom  of  the  economiier  chamber-  The  fint  item  U  small,  ae  the  drive  ie 
uraally  by  motor  and  the  mechanism  is  very  slow  moving;  the  second 
depends  on  the  feed  water  and  should  occur  with  lees  frequency  than  in  the 
beolera;  the  last  depends  on  the  rate  of  driving  and  the  eoat,  varying  from 
once  a  month  to  once  in  four  months. 

aT.  The  coit  of  economlaon  averages  about  tl5.00  per  tube,  installed. 
The  tubes  are  iisuallv  \\  in.  by  10  ft. ;  cast  iron  is  employed  throughout,  since 
St  the  low  rate  of  neat  interchange,  any  other  material  would  be  too  ex- 
pensive. ,  From  the  point  of  view  of  increased  econoni>[  and  the  cost  of 
■eeurinK  it,  the  economiier  is  the  least  desirable  of  all  auxiliaries.  In  many 
esaes  it  cannot  be  made  to  pay;  this  is  generally  true  if  it  saves  less  than 
5  per  cent.  If  it  saves  over  10  per  cent.,  there  is  reason  to  conclude  that  the 
rest  of  the  plant  is  being  very  badly  operated. 

FUMP8 
SS8.  Tlia  work  done  by  *  pump  is  given  by 

TF-wA  <53) 

where  fF  — ft.-lb.  of  work  per  miu.  performed  in  lifting  the  water,  to* lb* 
of  water  pumped  per  min.  and  A  — sum  of  suction  lift,  discharge  head  and 
velocity  bead  gained  in  the  pump  inlet  and  outlet,  in  ft.  The  water  h.p. 
is  equal  to  wA  divided  by  33,000.  The  water  pressure,  or  suction,  in  lb. 
per  sq.  in.  divided  by  0.434  equals  the  head  in  ft.  at  the  discharge,  or 
the  suction,  respectively,  for  water  at  62  deg.  fahr.     The  velocity  head  is 

vheie  «  — velocity  oi  water  in  ft.  per  sec.  and  '\/2ir'-8.08.     For  moat  cases, 
the  Telocity  head  in  suction  and  discharge  pipes  may  be  disregarded,  as  it 
is  not  over  8  ft.  per  sec. 
tl9.  Tha  dntr  is  expressed 

_  /ft.-lb.  of  work  done  gn_ggter  s 
V         weight  of  dry  steam  / 

Duty  -  ('^-"'-  ^  7"^  .^°"  yq-^g^^)  1,000.000  (M) 

\  Total  B.t.u.  used  / 

The  latter  definition  of  duty  is  more  satisfactory  than  the  first;  duty 
always  includes  the  efficiency  of  the  steam  end,  as  well  as  the  water  end. 

SSO.  Puznpt  are  broadly  classed  In  four  types— reciprocating,  cen- 
trifugal and  turbine,  rotary,  and  jet  pumps.  The  reclj>roCAtlng  tjl^e  can 
be  subdivided  into  directr acting,  flywheel  and  power  pumps.  The  direct- 
Mting'  type  has  steam  and  water  cylinders  on  a  common  piston  rod.  and  no 
flywheel;  the  valve  mechanism  for  the  steam  cylinder  is  actuated  direct 
from  the  rod  by  tappets.  This  type  may  be  single-cylinder,  or  duplex, 
Mui  the  steam  cylinoera  may  be  simple,  compound  or  triple  expansion. 
The  duplex  simple  pump  is  the  most  rugged  and  reliable  of  aU.  Out- 
side-pacxed  plungers  are  the  most  desirable,  as  the  packing  on  the  plunger 
is  adjustable  while  running  and  the  amount  of  leakage  can  be  seen.  Fly- 
wheel pumps  are  similar  to  the  direct-acting  type,  except  that  a  flywheel 
is  added  and  the  steam  valve  is  gear  driven  from  the  shaft  as  in  a  steam  engine. 
Pumping  engines  are  a  development  of  this  type.  Power  pumi>s  are  fitted 
with  one  or  more  cylinders,  driven  from  a  crank  shaft  and  belted  or  geared 
to  the  source  of  power.  When  three  cylinders  with  cranks  at  120  dee.  are 
used,  the  pump  is  known  as  a  triplex;  this  type  is  very  frequently  geai^ariven 
from  a  motor  or  an  internal  combustion  engine. 

S81.  Centrifugal  pumps  are  those  in  which  pressure  and  flow_  is  pro> 
duced  by  a  rotating  impeller,  which  gives  the  water  entering  it  an  increase 
in  velocity;  this  velocity  is  convertea  into  pressure  by  a  suitable  whirlpool 
chamber  or  diffuser.  The  obtainable  heAd  is  proportional  to  the  square  of 
the  peripheral  velocity  of  the  impeller;  this  velocity  is  subject  to  practical 
limitations,  so  that  150  to  200  ft.  head  is  about  the  upper  limit  desirable  in 
a  single  impeller.  For  higher  heads,  such  as  boiler  feeding,  the  pumps  are 
made  two,  three  or  more  stages,  connsting  merely  of  single  impellers  con- 
nected in  series  in  a  single  canng. 
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SU.  Kotarr  pump*  are  very  little  used  In  power-station  servioe;  the 
commonest  types  are  the.  bi-lobular  type,  and  the  sear  pump.  Melther 
has  very  good  efficiency. 

■U.  Barew  or  propallar  pumpi,  while  not  strictly  centrifugal,  create 
pressure  in  the  same  manner,  and  are  usually  considered  in  the  same  class. 

SU.  Jet  pumpi  arc  covered  in  Par.  SM  to  SU. 

SSI.  The  charaeteristlo  etirvs  of  a  oantrlfagal  pump  is  neceeaery 
for  determining  its  bchav  or.  The  capacity  of  a  reciprocating  or  a  rotary 
pump  varies  directly  with  the  speed  and  is  substantially  independent  <^ 
the  pressure.  The  usual  graphs  are  between  capacity  and  efficiency,  and 
capacity  and  head.     Fiy.  40  gives  results  for  a  6-ia.  single-stage  pump. 

Pumps  for  similar  service,  but  different  siies,  will  have  about  the 

characteristics,  the  efficiency  increasing  slightly  with  the  siie. 


§iiliisii||||l||l 

pulU>l*U.IJi. 


§§§i§i?iii§iiiii.§- 


Fia.  40. — Characteristics  of  a  6-ia.  single-stage  centrifugal  pump. 

SSS.  Boiler  feed  pumpt  are  usually  the  duplex  outside-packed  plunger 
type,  or  the  three-stage  or  four-stage  centrifugal.  Occasional  installationa 
of  motor-driven  triplex  pumps  are  made,  but  are  undesirable.  The  principal 
feature  required  is  reliability,  which  at  once  gives  the  steam-driven  apparatus 
the  precedence.  The  duplex  direct-acting  tyoe  was,  until  recently,  almost 
exclusively  used,  but  is  now  being  replaced  oy  the  turbine-driven  centrif- 
ugal. Fig.  40  shows  that  the  pump  speed  is  increased  slightly  as  the  delivery 
increases;  this  gives  a  more  nearly  constant  head  and  a  better  efficieney 
with  the  variable  loads. 

SST.  PreHure  rsgulaton  are  employed  to  control  the  speed  of  all  direct- 
acting  boiler  feed  pumps  and  also,  in  most  oases,  for  the  centrifugal  type*. 

SSS.  The  cflBclsnoy  of  dlreet-aotlnx  iteam  simplex  and  dnplez 
pumps  is  low  mechanically  and  thermally.     The  mechanical  effloicncy 
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(««ter  h.p./iDdieated  h.p.)  varies  from  0.50  in  small  pumps  to  0.85.  The 
water  rates  are  very  high,  both  on  account  of  the  low  speed  and  the  lack 
«(  expansion. 

SM.  FavferauuiM  teat  of  boUw  feed  pump.  The  following  test  of 
economy  of  Marsh  pumps  was  made  at  Armour  Institute  of  Technology; 
■le  I2X7iX12  in.;  steam  actuated  valve  gear;  initial  pressure  100  lb.  gage; 
back  presanre  2  lb.  gage. 


Number 
of  strokes 

Pump 
b.p. 

Hteam  per 
indicated 
h.p.-hour 

Number 
strokes 

Pump 
h.p. 

Steam  per 
indicated 
h.p.-hour 

10 
20 
30 
40 
SO 

1.0 
2.0 
3.0 
4.1 
5.2 

400                    60 
210                    70 
168                    80 
130                    90 
118                  100 

6.4 

7.6 

8.8 

10.0 

11.3 

105 

101 

100 

99 

99 

(G.  F.  Gebkxkdt) 

340.  Ttae  meohanical  sfflolenor  of  csarad  triplex  pnmpi  is  high, 
running  up  to  0.82  for  motor-driven  and  nigh-speed  pumps;  the  low-speed 
feared  pumpe  reach  0.70. 

Ml.  The  sffieisney  of  cmtrifnral  pumiw  depends  on  the  sise  and 
number  of  stages.,    De  Laval  gives  the  following  data  for  volute  pumps. 


Capacity 

Efficiency 

Capacity                  Efficiency 

75-    250g.p.m. 
250-    900 
900-3,000 

55  to  65 

70 
70  to  73 

3,000-  6,000                73  to  75 

6,000-10,000               75  to  78 

10.000-up                      75  to  85 

The  maximum  efficiency  of  two-etage  pumps  is  about  70  to  75  per  cent. 
of  three-stace  and  four*«ta^  pumpe.  about  60  to  68  per  cent.  These  values 
apply  to  turtune  speeds,  as  in  turbine  drive.  The  efficiency  of  a  volute  pump 
U  oaually  stated  at  the  proper  speed  for  the  head.  At  turbine  speeds  and  under 
low  heaa,  the  efficiency  drope 
alwut  20  to  25  per  cent;  this 
is  tiio  oa«e  for  turbine-driven 
circuJatins  pumps.  In  which 
the  speed  is  too  high  for  effi- 
cMQt  low-head  pumping  and 
still  too  low  for  efficient  tur- 
bine water  ratee.  The  latest 
aolution  ia  a  reversion  to  the 
de  I^tbI  geared  drive,  using 
helical  cears. 

S41.  Costa  are  i^ven  in 
Fig.  41  for  mmplex  and  duplex 
pumps,^  and  for  triplex  and 
two-cylinder  geared  power 
pumps.  All  costs  are  given 
in  terms  of  displacement. 
The  cost  of  large  geared  dou- 
ble-acting pumps  is  from 
S2.00  to  t3.00  per  eu.  in.  of 
di^acement.  The  cost  of 
single-stage  centrifugal 
pumpe  is  from  SO. 50  to  t0l75 
— r  gal.  per  min.  of  capacity. 
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FlQ.  41. — Costs  of  reciprocating  pumps. 


Mul' 


Multi-stage  centrifugal  pumps  cost  from  $2.50  to  $4.00  per  gal.  per  min.  of 
capacity. 

S4S.  The  usual  piston  ipeedi  at  which  capacity  is  calculated  for  piston 
pumps,  are  from  100  to  200  ft.  per  min.  for  strokes  below  12  in.  and  100  ft. 
per  min.  for  all  strokes  longer  than  12  in. 


747 


yGoogle 


Sec  10-344 


POWBR  PLANTS 


S44.  Op«r«tl<m.  The  diraet-uUnc  aimplex  or  duplei  steam  pump 
requliM  almost  no  attention  except  uocasioniil  paoking  of  eUndfl  and  lubH- 
oatins^  When  coatrolled  by  a  prauur*  coTamor,  the  deliver/-  is  suited 
to  the  demaad.  It  will  run  on  water  as  well  as  steam,  and  little  care  need  be 
taken  to  supply  it  with  dry  steam.  The  geared  triplex  type  requires  more 
oareful  attention  on  account  ol  the  additional  parts  to  be  lubricated;  if 
motor-driven,  it  must  be  provided  with  a  suitable  speed  control,  or  it  caniiot 
be  used  on  variable  load.  Piston  and  rotary  pumps  must  always  be  provided 
with  relief  TalTes  in  the  discharge,  as  they  are  positive  in  action  and  irill 
produce  excessive  pressuree  if  the  discharge  is  restricted. 

Ceatrilogal  pumps  cannot  discharge  under  a  higher  head  than  that  corre- 
sponding to  the  speed,  therefore  no  relief  is  needed;  the  reason  for  using  pres- 
sure governors  with  turbine-driven  centrifugal  boiler  feed  pumps  is  to  reduce 
the  speed  in  proportion  to  the  deliverjr  in  order  to  keep  up  the  efficiency. 
Centrifugal  pumps  are  generally  ring  oiled  and  therefore  require  very  little 
attention.  The  packing  of  the  glands  where  the  shaft  leaves  the  pump  caotnc 
is  usually  water-sealed;  for  this  purpose  a  clean  cool  water  should  be  pro- 
vided. All  centrifugal  pumps  must  be  primed  before  they  will  operate,  and 
if  no  vacuum  apparatus  is  provided,  a  foot-valve  on  the  auction  pipe  must  be 
used  to  prevent  the  water  draining  out  of  the  pump  on  shutting  down.  A 
discharge  valve  must  be  provided,  to  be  closed  when  priming,  until  the 
pump  develops  preesure. 

m  PVHPt 

•M.  Jet  pumpi  operate  by  means  of  the  kinetic  energy  of  a  rapidlj 
moving  stream  of  fluid.  In  those  operated  by  steam,  a  jet  of  the  high-pres- 
sure steam  issues  into  a  chamber  at  approximately  atmospheric  preesure  or 
a  little  below,  and  there  strikes  the  supply  of  water  to  oe  pumped.  The 
impact  of  the  steam  transfers  momentum  to  the  water,  which,  together  with  the 
condensed  steam,  is  hurled  into  a  second  nossle  which  converts  the  Unetio 
energy  of  the  mass  into  pressure  and  the  stream  enters  the  pressure  chamber 
through  a  check  valve.  Since  the  water  pumped  must  condense  the  steam 
used,  It  has  a  limitation  in  temperature,  or  the  injector  will  fail  to  work. 

(M.  lojeoton  are  used  for  boiler  feeding.  For  low  and  moderate  pres- 
sures a  single  steam  tube  is  used,  both  for  ufting  the  water  and  forcing  it 
into  the  boiler.  But  for  heavier  pressures  and  greater  flexibility  in  handlins 
variable  quantities  of  water,  ana  with  wider  range  of  pressure,  the  double- 
tube  injector  is  employed.  The  first  jet  lifts  the  water  to  the  second,  or 
forcing  jet. 

•47.  Oapaelt7  of  Bohiitts  A  Kosrting  doubls-tubs  boilar-faed  ixt- 
Jsetors,  in  gal.  per  minute. 


Sise 
No. 

Sise 

Steam  pressure 

Sise 
No. 

Sis. 
^n^ 

Steam  pressure      | 

SO  lb. 

100  lb.  ISO  lb. 

50  1b. 

100  lb. 

ISO  lb 

00 

33 

48 

60 

6 

u 

82S 

990 

1,136 

0 

83 

101 

112 

7 

1) 

1,072 

1,372 

1,612 

1 

112 

143 

180 

8 

li 

1,388 

1,800 

2,115 

2 

172 

210 

232 

9 

2 

1,688 

2,100 

2,47S 

w 

278 

338 

397 

10 

2 

2,02s 

2,438 

2,860 

388 

472 

547 

11 

2-2) 
2} 

2,S30 

3,060 

3,515 

4 

1 

533 

622 

720 

12 

3,000 

3,638 

4,252 

S 

u 

075 

802 

022 

The  weight  ranges  from  3  to  108  lb.;  No.  2  weighs  10  lb.  and  No.  4 
weighs  20  lb. 

t4ft.  SIsctors  are  either  single-tube  jet  pumps,  or  direct-pressure  pumps 
in  which  atcam,  or  air,  is  admitted  directly  into  a  chamber  filled  by  gravity 
with  the  liquid  to  be  pumped.  The  pressure  closes  the  inlet  check  valve  and 
foroes  the  water  or  other  liquid  out;  when  the  chamber  is  emptied,  a  float 
therein  drops  and  relieves  the  pressure,  allowing  the  chamber  to  fill  again. 
As  the  liquid  reaches  the  top,  the  float  rises  and  readmits  pressure.  The 
Shone  ana  Albany  traps  are  examples. 
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SI9.  Insplrftton  are  injcctora  of  th9  double-tube  type  (Par.  SM). 

SN.  siphons,  so  called,  are  single-tube  jet  pumpe  used  for  lifting  only. 
Air,  etemm,  or  highrpreasure  water  may  be  the  motive  foroe.  They  are  not 
med  for  forcilig  againat  more  than  a  few  feet  head. 

SU.  Pulsometeri  oomprise  another  form  of  dlrect-preesare  pump  like 
the  ejector,  and  operate  in  muoh  the  same  manner.  The  operating  steam  is 
eondenaeil  by  the  cold-water  chamber  and,  in  collapeing  to  water,  draws 
the  chaznber  full  of  water  and  operates  a  ball  valve  to  admit  steam  again. 
There  are  always  two  chambera,  one  filling  and  one  disoharging,  operated  by 
Uie  ancle  ball  valve.  The  pulsometer,  therefore,  can  lift  water  by  auetion* 
iriiereaa  the  preaeure-iype  ejector  must  be  primed  by  gravity. 

SS9.  Sffldeney.  If  the  mechanical  efficiency  alone  is  considered,  all 
jet  pumpe  are  very  inefficient,  being  more  wasteful  of  steam  than  the  direct 
acting  steam  pump.  But  thermally  considered,  the  steam  injector  ia  nearly 
100  per  cent,  efficient,  since  the  beat  of  the  exhaust  steam  is  returned  in  the 
feed  water.  The  siphon  and  the  pulsometer  are  convenient  for  temporary 
use  and  for  drainage  of  pits  under  conditions  adverse  to  the  use  of  machinery. 

MS-  Tlie  ooit  of  these  classes  varies  so  widely  that  representative  figures 
eaa  hardly  be  given,  $2  to  $5  per  100  g.p.m.  capacity  covers  moat  oaaes. 

pipma 

SM.  The  requirements  of  piping  are:  (a)  tightness  againat  leakage; 
(b)  reasonably  amall  preaaure  loas  through  friction;  (c)  suitable  provision  Tor 
change  of  length  through  ohange  of  temperature  of  the  fluid  contained; 
(d)  reaaonably  amall  loas  of  heat  by  radiation  if  the  fluid  is  hot,  and  intended 
to  be  kept  so.  Most  of  these  requirementa  increase  the  first  cost;  a  balance 
must  liierefore  be  found  beyond  which  it  does  not  pay  to  carry  refinements. 

SW.  The  flow  of  steam  ia  expressed  by  Babcock  as  - 


r-87j 


^0+7-) 


(67) 


(58) 


P-0.0001321^^ \rf'  y 

where  W^Xh.  steam  flowing  per  min.,  I'  — pipe  length  in  ft.,  d-inside 
diameter  of  pipe  in  in.,  7*  mean  density  of  steam  at  pressures  in  the  pipe 
and  P  «  preaaure  drop  in.  lb.  per  sq.  in. 

BM.  Steun-flow  for  1-lb.  drop  computed  by  Babcock's  formula 


a," 

2  « 


Weight  of  steam  per  min.  in  pounds  with  I  lb.  drop  of  pressure,  in 
length  of  240  pipe  diameters 


Nominal  pipe  diameter  (in.) 


J       1   I  H  I    2 


2J 


3 


8 


10 


12 


1 

10 

SO 

80 

100 

150 


1.16 
1.44 
2.27 

2.71 
2.95 
3.45 


2.07 
2.67 
4.04 
4.82 
6.25 
6.14 


6.7  10.27 
7.1  12.72 
11. 2120.01 
13.3123.82 
14.525.96 
17.030.37 


15.46 
19.15 
30.13 
35.87 
39.07 
45.72 


25.38 

31.451  58.05 
49.48  91.34 
S8.9M08.74 
64.181118.47 
75.09  138.61 


46.85  115.9  211.4 
143.6262.0 
226.0'412.2 
269.0|490.7 
293.1  534.6 
343.0  625.5 


341.1 
422.7 
665.0 
791.7 
862.6 
1009.2 


502.4 

622.5 

979.5 

1166.1 

1270.1 

1486.6 


MT. 


Th*  flow  of  water  In  lone  pipe,  is  giv«n  by  Church  aa 


Q-3.15' 


Jl 


<S9) 


where  Q  —  eu  ft.  per  sec.,  <i~ diameter  pipe  in  ft.,  A' 
/-  eoaffioieot  of  friction  and  I  •■  length  of  pipe  in  ft. 
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For  pipe  under  SOO  diameters  in  lencth, 


SM.  The  Ion  of  head  due  to  frlotioii  is  given  by  Weiabach  u 

«.(o.o.«+-?;-«).-._ 

where  Af  ^frietion   heiui  in  (t.,  V»  velocity  of  water  in  ft.  per  sea.  and 
d^  ea  diameter  of  pipe  in  in. 

Sn.  ImiiTalant  lancth  of  TSlTei  and  elbow*.  Tlie  above  f ormtdaa  for 
■team  and  water  (Par.  SBT  and  SM)  apply  to  straight  pipes.  Valves  and 
elbows  may  be  figured  as  equivalent  to  lengths  of  straight  pipe  as  foUowa, 
toriteun, 

L  -  — "^?5A^_  lor  each  90  deg.  ell  (62) 

('  +  %') 

9  bd 

X,* ^rs—  'or  each  globe  and  angle  valve,       <tt3) 

I  3.G\ 


0+^-^) 


where  £— equivalent  length  of  straight  rape  in  ft.,  and  <<•■  diam.  of  pipe 
in  in.    Oate  valves  are  not  considered.     For  watsir, 

H-C(£)  (64) 

where  C  -  coefficient,  0.182  for  46  deg.  ells,  0.98  for  90  deg.  ells,  0.182  for  gate 
valves,  1.91  for  globe  valves,  and  2.94  for  angle  globe  valves. 

tM.  The  prinelpal  piping  iritemi  are:  high-pressure  steam;  ezhauat 
or  low-pressure  steam;  hot,  cold  and  circulating  water  piping;  and  oil  pipins. 

S(l.  Blf  h-preuure  iteun  piping  is  made  chiefly  of  steel  pipe  with  cast- 
iron  fittings,  il  saturated  steam  is  used;  if  superheat  is  employed,  east-steel 
fittings  and  valves  must  be  used,  as  cast-iron  will  not  stand  the  temperature. 
For  any  pressure  up  to  12s  lb.  per  sq.  in.  standard  fltttngi  are  used;  above 
128  lb.  extra  heavy  fittings.  Screwed  fittings  should  not  be  used  above 
3-in.  pipe  sises;  all  larger  material  should  be  flanged. 

til.  On  ashaiut  lines,  standard  weight  pipe  and  fittings  are  usually 
employed;  for  very  large  sises,  however,  special  light-weight  nttingS  may  be 
used  to  save  weight  and  first  cost.  Screwed  pipe  may  be  used  up  to  8-in. 
pipe  sises,  but  flanged  fittings  are  preferable  for  everything  over  4  in.  Spiral 
riveted  galvanised  pipe  may  be  iised  in  place  of  standard  pipe,  as  it  is  very, 
much  lighter  and  perfectly  suitable  for  moderate  pressures.  It  cannot  be 
used  on  vacuum  work. 

tU.  Hot  and  cold  water  m«ina  are  made  up  the  same  as  Uve  steam 
linse;  except  that  in  some  cases  cast-iron  pipe  as  well  as  fittings  are  employed 
throughout  on  high-pressure  hot-water  service,  to  minimise  corrosion  effects. 
No  cast-steel  fittings  are  necessaiir.  For  circulating  water  lines,  galvanised 
spiral  riveted  pipe  is  useful  for  fresh  water,  but  cast-iron  pipe  is  generally 
used  throughout  for  salt  water  and  is  preferable  even  for  fresh  water. 

t64.  Oil  ayitems  were  ^nerally  installed  in  brass  pipe  and  fittings  on 
the  supply  to  engines;  but  it  has  been  found  that  steel  pipe,  if  well  cleaned, 
is  perfectly  satisfactory  for  the  service.  There  is  little  excuse  for  the  use 
of  Drass  piping  exceiit  for  appearance,  on  gage  fittings,  or  for  some  special 
service  where  corrosion  would  be  fatal. 

Ui.  There   are  fonr  principal  lyctemi  of  plplnf  airanremonta: 

individual  supply;  ring;  header;  and  unit  (Fig.  42).  The  Indltidoal 
supply  is  really  not  a  system,  but  the  lack  of  it,  and  should  not  be  employed. 
M6.  The  xln^  lyitem  is  a  development  of  the  duplicate  header;  all 
supply  lines  tap  in  on  one  side  of  the  ring,  all  demand  lines  on  the  other;  by 
means  of  sectionalising  valves  in  the  main,  any  section  may  be  isolated  witl»- 
out  interfering  with  the  rest  of  the  plant. 
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Wf .  la  tb*  h«»d«g  iTItam,  all  nipply  and  demsnd  lines  tap  to  on* 
bm  main;  so  that  if  any  aeotion  ia  cut  out,  it  must  interfere  to  some  extent 
«mi  the  operation  of  the  plant.^  This  feature  may  not  be  serious;  but  for 
ItriB  power  stations  it  is  undesirable. 

MS.  IFnlt  sntam.  The  modern  tendency  is  to  revert  to  the  unit  s^tem. 
This  la  the  individual  supply  system — each  group  of  boilers  supplying  its 
o«n  turbine,  but  the  units  are  tied  together  by  equaliser  pipes;  so  that  there 
is  really  a  header  of  diminished  capacity  between  the  units.  Fig.  42  gives 
typical  examples. 


^^ w.kwA.'.kW^ivvv'.-.-.'.-.'.^^'.V'.V'wvvv  ■ :  \wv  - 


:^^^sm^ss^^^^■'.v^v^j!^^^^^..^^^^^^^^.^^<^^.■H 


Flo.  42. — ^Piping  systems. 

tM.  Xzpuillon  in  steel  and  CEist-iron  pipe  may  be  taken  as  0.9  in.  per 
100  deg.  temperature  difference  from  atmosphere,  per  100  ft.  of  pipe  under 
average  conditions.  Kxpanalon  Joint*  should  be  provided  every  50  ft.  of 
straight  steam  main;^  every  75  or  100  ft.  will  do  for  water  or  exhaust  steam. 
See  Bee.  4,  for  coefficients  of  expansion  of  piping  materials. 

S70.  rh*  flip  expansion  joint  is  useful  for  water  service  and  exhaust 
■team  at  atmospheno  pressure.  It  should  never  be  used  for  high-pressure 
steam  or  vacuum;  its  capacity  can  be  anything  up  to  9  in.  or  10  in.  of  move- 
ment. 

STl.  Tha  copper  bellows  Joint  is  very  successful  for  low-pressure  steam 
and  vacuum  work,  particularly  the  type  naving  only  one  corrugation.  Its 
capacity  however  is  never  over  0.5  to  1  in.  of  expansion,  and  preferably  not 
over  0.25  in.  This  type  of  joint  is  sometimes  made  up  of  boiler  plate  for 
high*pressure  steam  service. 

BTt.  The  pipe  bend  is  the  simplest  and  safest  joint  for  hiKh-preBsure 
steam  and  is  usually  made  of  as  large  radius  as  can  conveniently  be  madci 
taking  care  of  from  1.5  to  2  in.  of  expansion  per  bend. 

S7S.  Aroidanea  of  strains  In  flttlngi.  Piping  should  always  be  laid 
out  so  that  exjpansion  will  not  bring  strains  upon  cast-iron  fittings,  but  upon 
the  expansion  joints,  or  at  least  upon  the  more  flexible  steel  pipe. 

ni.  OondanMtton  In  Itoun  plpw  is  due  to  radiation;  it  occurs  only  in 
saturated  steam  mains.  All  low  points  in  the  piping  system  and  all  dead  ends 
or  pockets  where  water  can  collect,  must  be  drained.    The  usual  method  for 


4» 


761 


dbyV^iUUyiL' 


Sec.  10-375  POWBR  PLANTS 

high-preeaure  steam  is  to  connect  a  steam  trap  at  each  point  to  be  dndned  uici 
can  bo  returned  direct  to  the  boilers,  or  to  the  feed  tanks.  Low-preasurB 
ateam  mains  are  usually  drained  by  gravity  through  an  inverted  sipnon  les. 
to  act  as  a  steam  seal. 

9Ti.  Bteam  traps  are  of  four  principal  types:  bucket,  float,  tilting  and 
expansion.     The  bucket  and  tilting  traps  are  probably  the  most  reliable. 

S76.  Separaton  are  employed  to  remove  moisture  from  the  steam  before 
it  is  supplied  to  an  engine.  In  every  instance  short  and  sudden  turns  mre 
employed  to  throw  out  the  moisture  by  centrifugal  force,  and  a  large  chamber 
U  tnen  provided  to  reduce  the  velocity  of  the  steam  and  act  as  a  reservmr  to 
collect  and  retain  the  water.     (See  Fig.  20a.) 

STT.  Gontrollinff  Talvas  are  of  three  types:  gate,  globe  and  angle.  The 
globe  Talve  is  always  used  for  stop  or  throttle  work.  The  angle  valT*  ia 
really  a  globe  valve  with  the  outlet  turned  through  90  deg.  and  is  used  as  a 
globe  valve,  usually  for  the  stop  valve  on  boilers.  _  For  all  other  steam  worlc 
the  gate  valve  should  be  used  on  account  of  offering  practically  no  obstruo- 
tion  to  steam  flow.  All  exhaust  valves  should  be  of  the  gate  type.  For 
water  service,  gate  valves  should  be  used  wherever  possible,  Chaok  Talvas 
may  be  horiaontal,  vertical,  and  swing.  The  horisontal  and  vertical  check 
valves  ordinarily  are  built  much  like  a  globe  valve,  but  the  valve  disc  has  no 
stem  and  wheel'  for  closing  it. 

ST8.  Belief  and  back-preuure  TalTes  are  developed  from  the  check 
valve,  with  a  spring  or  lever  and  weight  loading  device,  so  that  a  definite 
pressure  under  the  valve  disc  will  lift  the  valve  and  let  off  pressure.  Relief 
valves  are  used  on  the  discharge  of  reciprocating  pumps  to  prevent  exoeasive 
pressures;  also  on  cylinders  and  receivers  of  steam  engines.  Back  pressure  - 
and  atmospheric  relief  valves  are  used  on  exhaust  steam  systems  and  con- 
densers respectively.  All  of  these  types  are  emergency  valves,  to  pre  ent 
damage  under  unuBual  conditions. 

S79.  Reducing  valves  are  usually  double-seated,  or  balanced,  valves, 
with  a  pressure  diaphragm  substituted  for  the  spring  of  the  reli^  valves. 
This  diaphragm  is  connected  to  the  discharge  side  of  the  valve,  and  operates 
to  cloee  the  valve  only  when  the  pressure  on  the  discharge  side  rises  above  the 
predetermined  amount.  They  are  used  to  feed  high-pressure  steam  into 
low-pressure  systems. 

UO.  Thethreeprindpaltypesof  plpejointusedare;  screwed,  flanged, 
and  bell  and  spigot.  The  screwed  Joint  is  used  for  all  pressures  and  ser- 
vice up  to  3-in.  diameter  of  pipe,  and  up  to  12  in.  for  low-pressure  service. 
Above  3  in.  in  high-pressure  service  and  12-in  low-pressure  service  the 
flanged  joint  in  one  of  its  forma  is  used. 

S81.  The  principal  methods  of  attaching  flanges  to  steel  pipe  are: 
screwed  flanges,  peeued  flanges  and,  lately,  machine  expanded  flanges,  welded 
flanges  and  lap  flanges.  Of  these,  screwed  flanges  are  in  common  use  for 
low-pressure  work,  and  high-pressure  work  up  to  100  lb.  in  any  siie,  or  up 
to  200  lb.  in  sizes  not  larger  loan  6-in.  or  8-in.  diameter.  It  ia  a  cheap  ana 
eatisfactory  joint  when  well  made. 

38t.  A  much  better  Joint  for  high  nressures  is  the  lap  Joint,  in 
which  the  pipe  is  lapped  over  onto  the  nange  and  then  faced  off.  The 
welded  Joint  is  also  satisfactory  but  more  expensive.  The  new  machlns- 
expuided  Joint,  in  which  the  pipe  la  rolled  into  a  recess  in  the  flange, 
promises  well  and  is  cheap  to  make. 

S8S.  Gaskets  for  low-pressure  work  may  be  of  rubber  compounds  or 
asbestos.  For  high-pressure  steam,  asbestos,  and  the  metallic  gaskets,  such 
as  corrugated  copper,  are  better. 

384.  Bursting  pressure  of  standard  mild  steel  pipe.  Tests  made  at 
the  Armour  Institute  of  Technology  on  5-ft.^  random  spedmeoa  capped  at 
both  ends  gave  average  results  as  follows:  1-in.,  7,730  lb.  per  sq.  in.;  2-in., 
5,080  lb.;  4-in.,  1,750  lb.;  5-in..  2,550  lb.;  6-in.,  3,200  lb.;  lO-in.,  1,8001b.: 
12-in..  2.500  lb.  On  the  4-in.,  5-in.,  6-in..l0-in.  and  12-in.  siies  failure 
occurred  at  the  threaded  end. 

88B.  Pipe  coverinff  is  practically  always  justified  for  high-pressure  steam, 
and  for  exhaust  also,  if  used  for  heating  feed  water.     Hot  feed-water  pipes 
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dkonkl  also  be  aovered.  The  standard  coverinn  are  prindpally  magneaa, 
Hbeatoe  and  the  fossil  meal  oompounda.  Moulded  sectional  ooverinK  can  be 
obtained  lor  pipes  up  to  I2-in.  diameter  in  single  (1-in.)  and  double  (2-in.  to 
3>tn.)  thickness.  AU  exhaust  lines  should  be  covered  with  single  thickness; 
all  steam  lines,  with  double  thickness.  Usually  the  covering  is  bought 
already  canvassed.  For  larger  siae  pipe  than  12  in.,  sectional  blocks,  about 
1.5in.  X  3  in.  X  18  in.  are  used,  and  wired  on;  then  the  joints  are  pasted 
with  asbestos  cement  and  the  whole  is  canva^ised  and  painted.  Moulded 
eovering  can  be  bought  in  shapes  to  fit  standard  fittings,  such  as  tees  and  ells, 
but  is  frequently  made  up  from  blocking  and  asbestos  cement. 
SM.  TIm  radiation  loasei  from  uncovered  pipe  are  given  by 

Q~A{Ti~Ti)U  (65) 

where  ila>sq.  ft.  of  radiating  surface,  7*1  =  temperature  of  steam  within  the 
pipe.   Tt  •■  temperature  of  air  outside,   and    L^  =  transmission  coefficient  » 
2.7  B.t.u.  per  sq.  ft.  per  hr.  per  degree  of  temperature  difference. 
For  l-in.  magnesia,  85  per  cent.,        £7^0.4  —  0.5  (66) 

For  I.5-in.  magnesiat  85  per  cent.,     IT --0. 25-0. 3  (67) 

In  a  modem  plant,  with  properly  covered  piping  the  actual  radiation  loss 
from  pipe  alone  should  not  exceed  1  per  cent,  oi  the  total  heat  of  steam  pass- 
ing through  at  full  load. 

S8T.  TsBti  of  ftelattre  Bfflcienclei  of  Stoam-pipe  CoTerinrs 


Kind  of  covering 


Sise  of 
inches 


Thickness 
of     cover- 
ing, in. 


B.t.u.per 

J?*  JL  IPef  cent, 
^diff.'^"  1^-*  »-t 
temp. 


Bare  pipe 

HurfeltT 

Reman  t 

Solid  cork 

Magneaia 

Macneeia 

Asbeaioa  Bponge'fetted. 
Asbestoa  sponge  felted. 
Manvitle  sectional. . . . 
Manville  sectional. . . . 

Aabestos  air  cell 

Aibestos  air  cell 

Asbeatos  fire  felt 

Aabeatoe  fire  felt 


2 
2 
2 
2 
4 
10 
2 
4 
2 
4 
2 
8 
2 


0.06 
0.88 
1.20 
1.16 
1.12 
1.63 
1.21 
1.25 
1.31 
1.12 
0.96 
1.30 
l.OO 


2.7 

0.387 

0.434 

0.427 

0.439 

0.465 

0.280 

0.490 

0.453 

0.S72 

0.525 

0.716 

0..'>02 

0.721 


100 
14.3 
16.1 
15.8 
IB. 3 
17.2 
10.4 
18.1 
16.8 
21.2 
10.4 
26.5 
18.9 
26.7 


Authority 


Jacobus 

Jacobus 

Stott 

Stott 

Norton 

Barrus 

Barrua 

Norton 

Paulding 

Norton 

Jacobus 

Brill 

Paulding 


(Abstracted  from  "Book  of  Standards,"  National  Tube  Co.,  Pittsburgh, 
Pa.) 

SS8.  Klliaillt  heada  comprise  a  form  of  separator  in  which  the  entrained 
moiflture  in  atmospheric  exhaust  is  removed  so  that  the  issuing  steam  may  not 
be  a  nuisance  to  the  neighborhood,  or  an  injury  to  the  roof.  They  operate 
on  the  same  centrifugal  principle  as  separators. 

Sn.  Blov-oB  TklTei  and  piping,  being  subject  to  rapid  variation  from 
low  to  high  temperature,  must  be  carefully  designed  for  expansion.  As  solid 
seale  ana  rust  flakes  must  be  passed,  the  turns  should  be  easy,  and  all  con- 
neetioDS  between  individual  boilers  and  mains  should  be  by  45-deg.  laterals 
Instead  of  tees. 

SM.  The  installation  of  p^plnc  should  be  done  with  great  oar«  to  pro- 
vide good  alignment.  Pipe  joints  can  be  made  when  piping  is  considerably 
out  of  Ene,  as  the  lines  are  more  or  less  flexible,  but  satisfactory  joints  and 
service  cannot  be  expected.  For  hich-preisure  work,  it  is  unsafe  to  strain 
the  inpe  in  order  to  joint  it.  It  is  therefore  good  practice  to  arrange  connec- 
tions for  flexibility,  in  case  of  variation  from  drawing  dimensions;  or  better, 
to  leave  certain  pieces  of  pipe  called  flUen,  to  be  cut  to  field  dimensions. 
This  entails  a  slight  delay  in  erection  but  is  safe  and  eminently  satisfactory. 


753 


i.jv^iuuyic 


Sec.  10-391 


POWER  PLANTS 


AU  steam  piping,  and  most  water  and  oil  piping,  ahotUd  be  oar^ullsr  nlOMUMl 
of  internal  loale  (by  brushing  or  hammering),  as  this  may  dislooge  duiiiK 
operation  and  cause  trouble  in  the  cylinders  of  engines  or  other  apparatiu. 
Steam  and  water  piping  should  be  tested  at  the  working  pressure  before  beinc 
put  in  service. 

Sll.  Hangert.  Careful  provision  for  hangers  at  suitable  pcnnts  must  be 
made  in  order  to  support  the  pipe  properly.  The  Interval  between  hanjcers 
should  not  exceed  12  ft.  except  for  small  pipe,  which  may  be  supported  oa 
center  as  much  as  18  ft.  apart. 

BBS.  Goatfl.  Valves  cost,  in  cast-iron  body,  approximately  S0.20  to  $0.25 
per  lb;  straight  cast-iron  pipe,  12-ft.  lengtlu,  S34.00  to  ISO.OO  per  ton: 
straight  pipe,  shorter  than  12-ft.  lengths,  $52.00  to  $60.00  per  ton;  standard 
fittings,  $60.00  to  $75.00;  special  fittinga.  $73.00  to  $113.00  per  ton. 
Wrought-iron  and  steel  pipe,  1-in.  to  6-in.  Biies,  costs  from  3.4  to  4.5 
cents  per  lb.;  7-in.  and  8-in,  4.3  to  5  ccots;  10-in.  to  I2-in.,  5  to  0  cents 
per  lb.  AU  the  recent  evidence  seems  to  show  that  wrought-iron  pipe 
IS  no  better  than  steel  for  practically  all  purposes;  and  as  the  steel  pipe  ia 
lower  in  price  and  more  readily  available,  it  is  satisfactory  to  use  it. 

PLAHT  INBIMBUB 

$0$.  Th«  best  oombUubtion  of  plant  equipment  is  seldom  if  ever  ono 
in  which  each  piece  of  apparatus  is  cnosen  bv  reason  of  its  best  water  rate,  or 
highest  efficiency.  The  characteristic  under  variable  load  and  the  heat 
relation  to  the  rest  of  the  plant  are  most  important. 

$M.  The  queition  of  flnt  oost  varsui  economy  is  discussed  under 
power-plant  economics  (Par.  $8S  to  SS$).  The  following  paragrapha  covw 
the  best  capacity  and  grouping  of  units  for  the  best  overall  economy,  with 
given  efficiencies  in  the  individual  apparatus. 

Stf.  The  heat  analysla  in  B.t.u.  is  valuable  for  the  purpose  of  provins 
the  expected  economies  of  any  given  combination  of  apparatus.  Startinc 
with  tne  coal  supplied,  the  boiler-room  distribution  of  all  the  heat  oontenta 
is  followed  throu^,  including  the  B.t.u.  delivered  to  steam,  fiues,  unbumed 
combustible,  radiation,  leakage,  stoker,  fan,  and  boiler  feed-pump  diivea, 
other  auxiliaries  and  miscellaneous  steam  such  as  boiler  blow-down,  free  drip, 
dusting  tubes,  etc.  In  the  engine  room,  the  B.t.u.  supplied  in  the  steam  la 
separated  into  pipe  and  engine  radiation,  exhaust  drips,  condenser  auxHia^ 
nea,  oil  pumps,  exciters,  friction,  electrical  losses  and  energy  delivered  to  bue 
bars.     Heat  returned  by  feed-water  heaters  and  eoonomiiera  ia  credited. 

$•$.  The  average  conditions  In  a  larre  metropolitan  station  were 
^ven  in  a  paper  by  H.  G.  Stott,  on  "Power  Plant  Economics"  (A.  1.  B.  K. 
Transactions,  1006),  Par.  91B.  Recomputed  several  years  later,  under  im- 
;>roved  conditions,  the  same  plant  showed,  using  coal  having  14,000  B.t.u.  per 
b.  net: 


K 


• 

Per 
oent. 

Per 
cent. 

Per 
oent. 

P«r 
oent. 

Coal 

3.0 
19.0 
5.1 
8.0 

4.5 
0.3 

100.0 

6.1 
S.7 

Giro,  vater  pumpa 

Boiler  feed  pumps 

I.«akaKe  and  dnp*  in- 
cluded in  pipe  radiation 

Small  auxiliaries 

Heating 

4.0 
1.0 

1.3 
0.2 
1.0 
0.3 
1.1 

SI. 3 
0.2 

11.6 

Aah  loM* 

Stack  loM* 

Incomplete  combustion 
Boiler  radiation  and 

Returned  by  F.  W.' 

Engine  friction 

Electrical  losses 

Enpne  radiation 

Rejected  to  condensers. 

House  auxiliaries 

To  switchboard 

Total 

Returned  by  econo- 

Pipe   radiation  and 
leakage 

Tank  radiation 

111.8 

111.8 

*  66  per  oent.  boiler  affioienoy,  including  banking  fires. 
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ItT.  In  eKoonint  the  nnmbw  and  eapMity  of  prima  moran,  the 
Vniiuis  Una  of  total  steam  consumption  with  load  ia  plottad.  The  arranse- 
laent  which  ^ves  the  east  area  under  the  curve  ia  the  most  eoonomioal.  Fi(. 
43  shows  this  curve  for  42-tn.  X  80-in.  X  60-ii>.  double  oompound  Corliss 
engines,  7,500  kw,  maximum  continuous  rstins  on  190  lb.  dry  steam,  28  in. 
rscuuxn.  If  the  auxiliaries  were  not  oonaiderea,  the  Willans  line  for  enmnes 
■liiDe  would  show  the  proper  points  for  cutting  engines  in  and  out.  It  is 
found,  however,  that  the  moat  economical  method  is  to  carry  up  the  load  on 
m  units  jintil  the  Willans  line  for  n  units  interseots  the  Willans  line  for  n+1 
omta;  and  vice  verta,  ^The  maximum  capacity  of  individual  machines  may 
limit  the  cutting-in  point  somewhat  when  only  one  or  two  engines  are  run^ 
sing,  but  as  the  number  in  service  increases,  the  loads  on  each  engine  befon 
and  after  cutting  in  another  unit  become  nearer  alike. 

S98.  BBaet  of  ftUzlUarlai  on  WiUuu  Una.  The  eondensen  and  other 
auxiliaries  using  steam  necessitate  the  addition  of  their  demand  to  the  main- 
unit  demand,  and  the  resulting  Willans  lines  will  give  the  steam  demand  of 
the  engine  room  for  any  load.  This  supposes  the  units  to  be  all  alike  and 
equally  loaded  when  on  the  line;  however,  for  units  of  unequal  capacities, 
various  loadings  should  be  tried  and  plotted  in  order  to  determine  tne  most 
economical  operating  conditions  (Fig.  43). 
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Fia.  43. — ^Willans  lino  for  7500-kw.  engines. 

SW.  Tha  boilar  r<naration  ctirve  is  determined  by  the  efficiency  of  the 
bailer  and  stoker  and  by  the  steam  required  for  forced  draft,  stoker  drive, 
boiler  feed  pumps,  etc.  The  economical  cutting  in  and  out  points  can  be 
developed  in  the  same  manner  as  for  the  engine  room,  noting  always  that  it  is 
Hba  overall  efficiency  which  ia  important,  not  that  of  the  boiler  alone. 

400.  Faad-watar  haaten  recover  from  6  to  IS  per  cent,  of  the  heat  of  the 
steam,  the  source  being  chiefly  the  exhaust  from  auxiliaries  operated  non- 
condenaing.     The  feed-water  heater  always  pays  for  itself. 

401.  Iconomisara  recover  from  3  to  10  per  cent,  of  the  total  heat;  but 
the  xa  ent  increase  of  boiler  efficiency  (reducing  the  stack  temperatures), 
the  reversion  to  all-steam  auxiliaries,  and  the  need  for  more  draft  at  higher 
capacities,  ia  rapidly  limiting  the  field  of  the  eoonomiier;  it  doea  not  alwaya 
economise. 

401.  Poaalbia  raductioni  in  tba  haat  loaiea.  The  heat  losses  are  given 
in  Far.  SM.    It  is  clear  that:  (a)  the  ash  loss  cannot  be  much  reduced; 
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(b)  the  stack  loss  is  probably  suaoepUUe  of  eonaiderable  improTemont, 
especially  by  way  of  improvlDg  combuBtioD,  which  affects  stack  temperature 
indirectly;  (c)  the  incomplete  oombuBtion  would  be  decreased  with  (b); 
(d)  the  condenser  loss  is  the  only  other  very  coDoiderable  item,  and  this  oao- 
not,  by  nature  of  the  cycle,  be  appreciably  altered. 

MS.  Th«  Bteam  coniunxptlon  per  kw-hr.  of  the  plant  will  depend  upon 
the  water  rate  of  the  main  umt,  the  steam  required  by  auxiliaries  and  the  load 
factor.  The  no-load  steam  losses  include:  banked  boilers;  pipe  radiation  and 
leakage;  boiler  blow-down;  boiler  dusting;  oiwration  of  condenser  auxiliariee 
on  emersenoy  units  and  boiler  auxiliaries,  and  supplying  feed  water  tor  these 
losses,  if  the  load  factor  is  low,  these  bear  a  larger  proportion  to  the  total. 
In  a  high-grade  plant  with  a  yearly  load  factor  of  30  to  40  per  cent.,  the  station 
water  rate  is  25  to  35  per  cent,  higher  than  the  best  water  rate  of  the  main 
unit.  For  ordinary  stations  of  moderate  sise  on  less  than  25  to  40  per  cent, 
load  factor,  the  station  water  rate  is  SO  to  100  per  cent,  higher  than  that  of 
the  main  unit  alone.  The  steam  required  for  condenser  auxiliaries  is  from 
2  to  3i  per  cent,  of  the  main-unit  consumption,  for  engine  units,  up  to  27 
in.  vacuum ;  for  turbine  plants,  4.5  to  10  per  cent  for  28  in.  to  28.5  in.  vacuum. 
The  boiler  feed-pump  steam  varies  from  1  to  li  per  cent,  for  direct  recipro- 
cating pumps,  and  0.6  to  1.3  percent,  for  high-grade  pumping  engines,  or 
turbine^riven  centrifugal  types.  The  steam  tor  forced-draft  fans  on  undei^ 
feed  stokers  varies  from  1  to  2  per  cent,  of  main-unit  steam;  coal-conveying; 
sv-stems  require  1.7  to  3  per  cent.,  or  the  equivalent  in  electrical  energy. 
The  total  varies  therefore  from  8  to  18  per  cent. 

404.  The  power  taken  by  the  auxlliariei  of  ft  f  tOOO-kw.  turbin* 
tested  by  the  Edison  Illuminating  Co.  of  Boston  was  as  follows: 


Kw.  on  turbine '    2,713.0     |    3.410.0 


Vacuum,  in. 

Barometer,  in 

I.h.p.  of  boiler-feed  pump 

I.h.p.  of  circulating  pump 

I.h.p.  of  dry-vacuum  pump 

I.h.p.  of  step-bearing  pump 

Total  power  for  auxiliaries 

Per  cent,  power  of  auxiliaries 

Per  cent,  water  used  by  auxiliaries. 
Electric  h.p.  of  wet-vacuum  pump . 


28.4 

29.53 

13.9 

09.1 

24.3 

6.4 

122.3 

3.4 

8.4 

8.6 


28.7 
29.95 
23.7 
09.1 
23.2 
5.8 


131 
2 
7 
9 


4,758 . 0 

28.6 

29.96 

27.2 

69.1 

23.8 

5.6 

135.7 

2.1 

5.7 

9.8 


40f.  Number  of  main  unltl.  In  modern  central-station  practice, 
the  reciprocating  engine  is  practically  defunct.  For  24-hr.  service,  not  leaa 
than  three  turbine  units  should  be  employed  and  preferably  mx  to  eight  for 
large  stations.  The  units  should  always  be  of  similar  sise.  The  analysis 
given  in  Par.  897  to  S99  will  prove  that  there  ia  very  seldom  any  economy  in 
selecting  odd-sise  units  for  a  plant,  and  there  is  always  increased  risk  of  shut- 
down and  increased  cost,  due  to  lack  of  interchangeability  of  units  and  spare 
parts. 

406.  Steam  Teraus  eleotrlo  drive  for  auxillarlei.  The  heat  analysis 
shows  that  the  steam  auxiliary  is  always  more  economical  than  the  motor- 
driven  type,  when  the  amount  of  steam  required  for  auxiliaries  does  not 
exceed  the  demand  for  heat  in  the  feed  water.  Turbino-driven  auxiliaries 
are  practically  universal  except  for  the  dry-vacuum  pumps,  which  are  often 
reciprocating,  and  small  oil  pumps,  which  are  more  satisfactory  if  duplex 
direct  acting.  Turbine-driven  blast  fans  are  becoming  very  widely  used. 
Turbine-driven  centrifugal  boiler  feed  pumps  are  very  satisfactory  in  units 
larger  than  300  gal.  per  min.;  in  smaller  units,  the  impeller  passages  are  email 
and  likely  to  give  trouble  from  scaling  and  clogging. 

407.  Oeneral  plant  layout.  The  most  generally  satisfactory  scheme  ia 
to  lay  out  the  plant  on  the  unit  gystem,  with  a  complete  set  of  boilers  and 
auxiliaries  for  each  turbine.  The  advantages  become  more  and  more  marked* 
the  larger  the  plant. 

408.  Plant  location.  The  plant  should  be  located  at  the  edge  of  a  suffi- 
cient body  of  water  to  supply  abundant  condensing  water;  where  this  cannot 
be  done,  wells  may  possibly  supply  the  required  amount,  or,  failing  thist  cool- 
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ing  towen  will  be  neoenary.  Th«  next  moet  important  consideration  is 
coal  lupply;  location  on  a  river  or  at  tide-water  majr  automatically  take  care 
of  coal  aupply  by  barge,  but  othenriee  a  rail  connection  will  be  needed.  The 
tbiid  item  ia  suitable  ground  for  the  foundations  of  the  building  and  ma- 
chinery. Choice  of  site  where  rock  bottom  U  available  near  the  surface  is 
most  deaiTable,  but  hardpan  is  practically  as  satisfaotory.  On  marsh  land 
near  rivers  or  tide-water,  piling  or  fill  will  be  necessary.  Too  great  pains 
to  provide  solid  and  permanent  foundations  cannot  be  taken. 

4M.  iMuA  faetor  plays  a  large  part  in  selection  of  a  plant;  for  low  load 
factors,  the  fixed  charges  are  high,  and  the  operating  charts  relatively  small. 
It  is  therefore  necesmry  to  cut  down  the  firet  cost,  which  is  done  by  omitting 
reiinements  for  effieienoy  and  allowing  the  thermal  economy  to  go  down. 
Farldjgh  load  factor,  the  fixed  charges  are  less  important  and  operating  charges 
become  the  eontrolUng  factor;  therefore  profitable  investment  in  devices 
for  high  thermal  econom;^  may  be  made.  For  low  load  factors,  machines 
with  high  overload  capacities  are  desirable,  at  the  sacrifice  of  economy.  It 
will  bedeairable  to  overstoker  the  boilers  a  little,  to  this  end,  as  well  as  to 
bmid  tbe  turbines  for  high  overloads. 

410.  BM«m  ekp«eity  of  one  main  unit  at  peak  load  should  be  main- 
tained in  plants  of  any  number  of  units  up  to  eight;  above  this,  two  reserve 
onita.  Tms  applies  to  plants  with  duplicate  equipment.  For  plants  with 
dissimilar  units,  the  reeerve  should  be  equal  to  the  largest  unit  in  the  plant, 
either  as  one  large  unit,  or  the  equivalent  load  capacity  in  smaller  units. 

411.  Unit  ooita  ol  equipment  may  be  taken  as  given  in  Par.  iT,  88,  etc 
But  on  a  basis  of  plant  output,  the  relations  will  be  different.  Lyford  and 
Stovel  give  the  following  central  station  costs,  high  and  low,  for  steam 
turbo-electric  generating  stations  of  2,000  to  20,000  kw.  capacity,  based  on 
maximum  continuous  capacity  of  generators  as  50  deg.  Cent.  temp.  rise. 


Dollars  per  kw. 

High 

Low 

Preparing  Site:  Clearing  structures  from  site,  construction 
roads,  tracks,  etc. 

Yard  Work:  Flumes  for  condensing  water,  siding,  grading, 
fencing,  sidewalks,  etc. 

Foundations;  Foundations  for  building,  stacks  and  ma- 
chinery, excavation,  piling,  waterproofing,  etc. 

Building:  Frame,  walls,  floors,  roofs,  windows,  doors,  coal 
bunker,  etc.,  exclusive  of  foundations,  heating,  plumb- 
ing and  lighting. 

Boiler-room  Equipments:  Boilers,  stokers,  flues,  stacks, 
feed  pumps,  feed-water  heater,  economisers,  mechanical 
draft,  piping  and  covering,  except  condenser  water 
piping. 

Turbine  Room  Equipment;  Steam  turbines  and  tcener- 
ators,  condensers,  condenser  auxiliaries,  condenser 
water  piping,  oiling  system,  etc. 

Electrical  Switching  Equipment:  Exciters,  masonry 
switch  structure,  switchboards,  switches,  instruments, 
etc.,  all  wiring  except  for  lifjhting. 

Service  Equipment:  Cranes,  lighting,  heating,  plumbing, 
fire  protection,  compressed  air,  furniture,  permanent 
tools,  coal-  and  ash-handling  machinery,  etc. 

Starting  Up;  Labor,  fuel  and  supplies  for  getting  plant 
ready  to  carry  useful  load. 

General  Charges;  Engineering,  purchasing,  supervision, 
clerical  work,  construction  plant  and  supplies,  watch- 
men, cleaning  up,  etc. 

Total  cost  of  plant,  except  land  and  interest  during 
Construction. 

•0.25 

2.60 

6.00 

6.00 

12.00 

24.00 

22.00 

5.00 

5.00 

1.00 
6.00 

tl.OO 

1.00 
1.00 
4.00 

12.00 

12.00 

2.00 

2.50 

0.50 
3.00 

$83.75 

138.00 
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411.  BeUabillt^  is  increued  by  uniform  equipment,  and  by  proper  re- 

aervea.  The  turbine  plant  is  auperior  to  the  engiae  plant  in  thia  respect, 
with  the  aarae  number  and  capacity  of  unite.  It  ia  not  good  practice  to 
operate  a  unit  regularly  at  overloads,  although  the  machine  may  always 
be  overloaded  for  abort  periods  before  cutting  in  or  after  outtiiu  out  » 
unit.  The  analysis  given  in  Par.  MT  to  SM  will  ahow  tliia  to  be  tnennally 
economical. 

411.  Lftbor  raqulremanti  vary  with  atation  arrangementa:  roughly, 
for  reciprocating  enginee,  one  man  ia  required  per  750  to  1,000  lew.  in  the 
engine  room,  ara  one  man  per  1,000  to  l.SOO  kw.  in  turbine  atationa.  Thia 
ineludea  awitchboaid  and  eleotrical  attendance  for  operation  only.  Mainte- 
nance and  repaira  will  need  about  10  to  15  per  cent,  additional  labor. 

For  the  boiler  room,  one  man  ia  required  i>er  600  to  800  kw.  with  overfeed 
stokera  and  one  man  per  800  to  1,500  kw.  with  underfeed  typea.  The  total 
for  engine  planta  will  be  from  300  to  450  kw.  per  man  for  engine  plants  and 
400  to  725  kw.  for  turbine  planta,  for  operation  only;  for  maintenanoe  add 
10  to  16  per  cent,  to  the  number  of  men  required  for  operation. 

414.    KeUtlTS  Coiti  per  Kw-hr.    Distribution  of  Malntananee 
and  Operation     (H.  Q.  Stott) 


Reeip- 

roeating 

steam 

plant 

Steam 
tur- 
bine 

plant 

Redp- 
rocating 
engines 

and  low- 
pressure 

steam 
turbines 

Gaa- 

engine 
plant 

Oaa 

engines 
and 

steam 
tur- 
bines 

Hy- 

drau- 

Ue 

Maintenance 

1.    En^ne  room,  me- 

2.59 

0.51 

1.55 

5.18 

2.84 

O.SI 

chanical. 

2.  Boiler  or  producer 

4.85 

4.33 

3.55 

1.16 

1.97 

room. 

3.  Coal      and      osh- 

0.58 

0.54 

0.44 

0.20 

0.29 

handling  apparatua. 
4.  Electrical      appa- 

1.13 

1.13 

1.13 

1.13 

1.13 

1.13 

ratua. 

OrBBATION 

8.  Coal 

61.70 
7.20 
6.75 

55.53 
0.65 
1.36 

52.44 
0.61 
4.06 

26.52 
3.60 
6.76 

25.97 
2.16 
4.06 

"i;s8 

6.  Water 

7.  Engine   room,  la- 

bor. 

8.  Boiler  or  producer 

7.20 

6.74 

5.50 

1.81 

3.05 

room  labor. 

9.  Coal      and      aab- 

2.28 

2.13 

1.75 

1.14 

1.14 

handling  labor. 

10.  Aah  removal 

1.07 

0.95 

0.81 

0.54 

0.54 



11.  Electrical  labor. . . 

2.54 

2.54 

2.54 

2.54 

2.54 

2.54 

12.  Engine-room     lu- 

1.78 

0.35 

1.02 

1.80 

1.07 

0.20 

brication. 

13.  Engine-room 

0.30 

0.30 

0.30 

0.30 

0.30 

0.20 

waste,  etc. 

14.  Boiler-room  lubri- 

0.17 

0.17 

0.17 

0.17 

0.17 

cation,  eto. 

Relative    operating 

100.00 

77.23 

75.87 

52.94 

47.23 

5.94 

cost  per  cent. 

Relative      inveatment 

100.00 

75.00 

80.00 

110.00 

96.20 

100.00 

per  cent. 
Probable  average  ooat 

125.00 

93.75 

100.00    137.50 

120.00 

125.00 

per  kw. 
Probable  fixed  charges 

11.00 

11.00 

11.00 

12.00 

11.50 

11.00 

per  cent. 

For  ateam-turbine  pi 

ante  large 

r  than 

60,000  kw.  the 

Hist  per  k 

w.  may 

be  reduced  to  173. 
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Sec  10-416 


TUTUTO 

ill.  BoUar-tMtintt  requires  the  following  essential  data:  (a)  Weight 
of  water  fed  per  hr.;  (b)  weight  of  ooal  fed  per  hr.;  (c)  quality  of  steam; 
(d)  prcflaure  and  superheat;  (e)  feed-water  temperature;  (f)  proximate 
uialysBa  of  coal  including  moisture  and  B.t.u.  per  lb.  Additional  desirable 
data  includes:  (g)  Flue  temperature,  including  furnace  and  pass  tempera- 
tores;  (h)  fiue  gas  analysis,  and  analyses  of  gas  at  various  points  in  boiler; 
(i)  weight  of  refuse;  (k)  proximate  analysis  of  refuse,  moisture  and  B.t.u. 
per  lb.;  (1)  siftings,  if  stoker  fired;  (m)  soot  and  dust  passing  through  boiler; 
(o)  steam  flow  by  meters.  Boiler  testing  is  always  interwoven  with  stoker 
testing;  the  fire  and  the  heating  surface  are  tested  together.  The  dUTfttion 
of  test  should  never  be  less  than  24  hr.,  for  the  most  accurate  results. 

4U.  Vor  welsliinc  feed  water,  tanks  on  platform  srales  are  best:  but 
l«Amp  these,  a  calibrated  recording  Venturi  meter  is  satisfactory  and  accu- 
rate within  1  per  cent,  on  reasonably  steady  fiow. 

417.  Tar  full  datalla  M  to  methods  ot  flrinc>  ealorimetrr,  ote.,  see 
standard  rules  of  the  A.  S.  M.  E. 

4U.  Hast  Balance,  or  Diitrlbutioii  of  the  Heatinc  Value  of  the 
Oombuitibla 


The  heat  value  of  1  lb.  of  oombuatible 

B.t.u. 

B.t.u. 

Per  cent. 

1.  Heat  absorbed  by  the  boiler  -  evaporation  from  and  at 
2120  per  lb.  of  combustible  X965.7. 

2.  Loss  due  to  moisture  in  coal  'o  per  cent,  of  moisture  re- 
f erred     to    combustible  + 100 X [(212 -0+966+0.48 
(T  — 212)]  ((-temperature  of  air  in  the  boiler-room, 
T  -  that  of  the  flue  gases) . 

3.  Loss  due  to  moisture  formed  by  the  burning  of  hydro- 
gen "per  cent,  of  hydrogen  to  combustibles  100X9 X 
1(212-0+966+0.48  (T-212)l. 

4.*  Loss  due  to  heat    carried  away  in  the   dry  chimney 
gases- weight  of  gas  per  pound  of  combustible X 0.24 X 

5.t  Loss    due    to   ineomplete    combustion    of    carbon  — 
CO      , .  per  cent.  C  in  combustible  ^^  ,„  ,  ^^ 

CO,+CO^                        100                   X  10,160. 

6.  Lose  due  to  unconsumed  hydrogen  and  hydro-carbons, 
to  heating  the  moisture  in  the  air,  to  radiation,  and  un- 
accounted for.     (Some  of  these  losses  may  be  separately 
itemised  if  data  are  obtained  from  which  they  may  be 
calculated  ) 

Totals                                                           .    . 

100 

*The  weight  of  gaa  per  lb.  of  carbon  burned  may  be  caloulated  from  the 
gas  analyses,  as  follows: 

t  COs  and  CO  are  respectively  the  percentages  by  volume  of  carbonic 
add  and  oarbonio  oxide  in  the  Bue  gases.  The  quantity  10,150»number  of 
heat  units  generated  by  burning  to  carbonic  acid  1  lb.  of  carbon  contained 
in  carbonic  oxide. 

T>-.                IKK           *  ICO«+80+7(CO  +  N)  ,- „ 

Dry  gas  per  lb.  carbon aCCOTFCO) '  ^^^ 

in  which  COs,  CO,  O  aqd  N  are  the  percentages  by  volume  of  the  several 
gases.  As  the  sampling  and  analyses  of  the  gaaea  in  the  present  state  of  the 
art  are  tiable  to  considerable  errors,  the  result  of  this  calculation  is  usually 
only  an  approximate  one.  The  heat  balance  itself  is  also  only  approximate 
for  this  reason,  as  well  as  for  the  fact  that  it  is  not  possible  to  determine  accu- 
rately the  percentage  of  unburned  hydrogen  or  hydrocarbons  in  the  flue  gases. 
The  weight  of  dry  gas  per  lb.  of  combustible  is  found  by  multiplying 
the  dry  gaa  per  lb.  of  combustible  by  the  percentage  of  carbon  in  th»  oom- 
bustitw,  and  dividing  by  100. 
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Sec.  10-419  POWER  PLANTS 

419:   Siped*!  eare  ibiMild  be  taken  to  liolate  the  boUer  tested  so 

(hat  leakage  can  be  eliminated  or  measured.  No  aitigle  valve  may  be  con- 
sidered absolutely  tight.  Where  lines  cannot  be  completely  disooDDectecU 
there  should  be  two  closed  valves  with  a  half-inoh  open  bleeder  between  tbem 
to  indicate  leakage.     Variations  of  water  level  must  be  corrected  for. 

410.  flumxnary  of  overall  reiulti. 

*  Total  Quantities 

1.  Date  of  trial 

2.  Duration  of  trial hr. 

3.  Weight  of  coal  as  fired lb. 

4.  Percentage  of  moisture  in  coal per  cent. 

6.  Total  weight  of  dry  coal  consumed lb. 

0.  Total  ash  and  refuse lb. 

7.  Percentage  of  ash  and  refuse  in  dry  coal per  cent. 

8.  Total  weight  of  water  fed  to  the  boiler lb. 

0.  Water    actually   evaporated*    corrected   for  lb. 

moisture  or  superheat  in  steam. 
10.  Equivalent  water  evaporated  into  dry  steam  lb. 
from  and  at  212°. 
For  further  details,  see  the  standard  code  of  the  A.  S.  M.  E. 

411.  Quality  of  iteam.  The  peroentage  of  moisture  in  the  steam 
should  be  determined  by  the  use  of  either  a  throttling  or  a  separating  steam 
Oalorimeter.  The  sampling  noisle  should  be  placed  in  the  vertical  ateam 
pipe  rising  from  the  boiler.  It  should  be  made  of  0.5-in.  pipe,  and  should  be 
extended  across  the  diameter  of  the  steam  pipe  to  within  half  an  inch  of  the 
opposite  side,  being  closed  at  the  end  and  perforated  with  not  leae  than 
twenty  0.125-in.  holes  equally  distributed  along  and  around  its  cylindrical 
surface,  but  none  of  these  holes  should  be  nearer  than  0.5  in.  to  the  inner 
side  of  the  steam  pipe.  The  calorimeter  and  the  pipe  leading  to  it  should  be 
well  covered  with  felting.  -    « 

411.  Superheating  ^ould  be  determined  by  means  of  a  thermometer 

E laced  in  a  mercury-well  inserted  in  the  steam  pipe.  The  degree  of  supei^ 
eating  should  be  taken  as  the  difference  between  the  reading  of  the  thex^ 
znome^r  for  superheated  steam  and  the  readiiu  of  the  same  thermometer 
for  saturated  steam  at  the  same  pressure,  as  determined  by  a  special  ex- 
.periment,  and  not  by  reference  to  steam  tables. 

411.  SMnpllnr  the  ooal  and  determining  Ita  molstiire.  As  each 
barrow-load  or  fresh  portion  of  coal  is  taken  from  the  coal-pile  a  representa^ 
tive  shovelful  is  selected  from  it  and  placed  in  a  barrel  or  box  in  a  eool  place 
and  kept  until  the  end  of  the  trial.  The  samples  are  then  mixed  and  broken 
into  pieces  not  exceeding  1  in.  in  diameter,  and  reduced  b^  the  process  of 
repeated  quatering  and  crushing  until  a  fine  sample  weighing  about  5  lb. 
is  obtained  and  the  sise  of  the  larger  pieces  is  such  that  they  will  pass  throush 
a  sieve  with  0.25-in.  meshes.  From  this  sample  two  1-qt.,  air-tight 
glass  i^reserving  jars,  or  other  air-tight  vessels  which  will  prevent  the  escape 
of  moisture  from  the  sample,  are  to  be  promptly  filled,  and  these  samples 
are  to  be  kept  for  subsequent  determinations  of  moisture  and  of  heating 
value  and  for  chemical  analyses.  For  further  details,  see  the  standard  oode 
of  the  A.  8.  M.  E. 

414.  Calorlflo  testa  and  analysis  of  coal.  The  quality  of  the  coal 
should  be  determined  either  by  heat  test  or  by  analysis,  or  by  both.  The 
rational  method  of  determining  the  total  heat  of  combustion  is  to  burn  the 
sample  of  coal  in  an  atmosphere  of  oxygen  gas,  the  coal  to  be  sampled  ea 
directed  in  Article  XV  of  the  code.  The  chemical  analysis  of  the  coal 
should  be  made  only  by  an  expert  chemist.  The  total  heat  of  combustion 
computed  from  the  results  of  tne  ultimate  analysis  may  be  obtain^  b;y  the 
use  of  Dulong's  formula  (witlk  constants  modified  by  recent  determinations), 
via., 

0 

14,600C+62,000(H-  -) +4,0008,  (68) 

8 

in  which  C,  H,  O,  and  8  refer  to  the  proportions  of  carbon,  hydrogen,  oxygen 

and  sulphur,  respectively,  as  determined  bv  the  ultimate  analvsis.     It  is 

desirable  that  a  prcNdmate  analysis  should  be  made,  thereby  determining 
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POWBH  PLANTS  Sec.  10-426 

the  relative  ]^p(»tioii8  of  volatile  matter  and  fixed  carbon.  These  pro- 
portioiis  furmsh  an  indication  of  the  leading  oharacteriBtics  of  the  fuel,  and 
wrre  to  fix  the  olass  to  which  it  belongs.  Ajs  an  additional  indication  of  the 
eharacteriatica  of  the  fuel  the  apeoific  gravity  should  be  determined. 

4tS.  Traatznent  of  ashes  and  refuse.  The  ashes  and  refuse  are  to  be 
washed  in  a  dry  state.  If  it  is  found  desirable  to  show  the  ^rincip^  char- 
ftcteriaUcs  of  the  ash,  a  sample  should  be  subjected  to  a  proximate  analysis 
and  the  actual  amount  of  incombustible  material  determined.  For  elaborate 
triala  a  complete  analysis  of  the  ash  and  refuse  should  be  made. 

4M.  A  throttUnir  or'  a  Thomas  elactrlc  calorimeter  should  be  used 
where  possible,  in  preference  to  separating  or  other  types.  TharmometUTt 
are  more  satisfactory  as  indicators  of  saturated  steam  pressure  than  spring 
cages. 

457.  Xnffliio  testing  requires  essentially:  (a)  Weight  of  steam  used; 
(b)  kv.  output  of  generator,  or  brake  h.p.;  (c)  i.h.p.,  from  indicator  cards; 
Cd)  rev.  per  min.;  (e^  steam  pressure,  receiver  pressure  and  back  pressure 
or  vacuum;  (0  Quality  of  steam.  Desirable  additional  data  include:  (g) 
receiver  and  exhaust  temperatures;  (h)  weight  of  condensation  from  receiver 
or  elsewhere;  Q)  reheater  steam,  if  used. 

458.  The  steam  consumption  is  best  obtained  by  weighing  the  ^scharge 
from  a  surface  condenser;  but  if  jet  condensers  are  used  or  the  engine  is  non- 
eondenaing,  the  feed  water  must  be  measured  as  it  enters  the  boilers,  the  boiler 
leakage  determined,  and  the  boilers  isolated  from  all  other  steam  piping  and 
i^yparatus.  If  the  condensate  is  weighed,  the  oondenser  leakage  must  be 
ascertained.  The  test  should  continue  not  less  than  1  to  3  hr.,  with  surface 
condensers  and  8  br.  when  using  the  feed-water  method. 

^  4S9.  Turbine  testing  involves  the  following  essential  data:  (a)  Steam 
wright  per  hr.;  (b)  initiu  and  exhaust  pressures;  (c)  superheat,  or  wetness 
of  steam;  (d)  rev.  per  min.;  (e^  b.h.p.  or  kw.  output  of  generators; 
(X)  steam  chest  pressure.  There  is  a  general  similarity  to  engine  testing, 
the  only  real  difiference  lying  in  the  absence  of  indicator  cards.  In  meELsuring 
the  condensate, provision  must  be  made  for  measuring  also  the  gland<water, 
w  steam  for  sealing  purposes,  which  is  not  strictly  chargeable  to  the  turbine, 
■nee  ail  the  water,  or  all  the  heat  is  recovered. 

4S0.  Far  full  data  on  turbine  testing  see  the  standard  rules  of  the 
A.  S.  M.  E. 

481.  Condenser  testliig'  The  condenser  is  the  chief  auxiliary  requiring 
test:  generally  it  is  convenient  to  combine  the  condenser  test  with  the  engine 
or  turbine  test  on  the  attached  prime  mover.  The  essential  readings  are: 
(a)  vacuum  at  exhaust  entry  referred  to  standard  barometer;  (b)  condensate 
wei^t  per  hr.;  (c)  circulating  water  temj^eratures  at  Inlet  and  discharge; 
(d)  not  well  temperature.  Additional  desirable  data  include:  (e)  vacuum 
at  hot  well;  (f)  vacuum  at  dry  vacuum  pum[>;  (g)  temperatures,  top  and  bot- 
tom of  condenser;  (h)  temperature  of  dry  air  at  pump;  (j)  Fitot  or  Venturi 
meter  readings  on  circulating  water;  (k)  temperature  of  circulating  water 
at  beginning  and  end  of  each  pass;  (1)  volume  of  dry  eur  removed  per  min. 
A  separate  test  for  leakage  should  be  made  before  the  operating  test,  and  tests 
fco*  Mlt  may  be  made  on  the  condensate  during  the  operation,  if  salt  water  is 
employed  as  cooling  water. 

in.  Tests  of  boiler  feed  pumps  and  circulating  water  or  hot-well 
pumps,  of  the  centrifugal  tyi>e,  require  the  following  readings,  for  turbine- 
driven  units:  (a)  weight  of  steam  used  per  hr.;  (b)  steam  and  exhaust 
eures;  (o)  quality  of  steam,  or  superheat;  (d)  suction  and  discharge  heads; 


presBU 
(e)  we 


Je)  weight  of  water  pumped — by  scales,  tank  or  Pitot  or  Venturi  tube  read- 
ings, v^oh  are  close  enough  for  this  work  (weirs  may  be  used  for  large 
pumps) ;  (f)  rev.  per  min. 

4SS,  In  testlzif  direot-actinff  steam  pumps,  indicator  cards  should 
also  be  taken. 

4Si,  For  tests  of  electric  driven  pumps,  readings  (a),  (b),  and  (c) 
in  Far.  4SS  would  be  replaced  by  kilowatt  readings  on  the  motor. 

4SB.  Tests  on  turbine-driven  fans  for  forced  or  induced  draft  require: 
(a)  Steam  used  per  hr.;  (b)  steam  pressure  and  back  pressure;  (c)  quality 
of  steam  or  superheat;  (d)  Pitot  static  and  dyzkamio  readings  on  suitable 
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Sec,  10-436  power  plants 

fftn  outlet;  (e)  rer.  per  min.     For  motor  driTe,  kUowatt  resdinEs  will  replao* 
(m).(b)  and(c). 
488.  Complete  plsnto  hare  what  unounts  to  a  eontinuoui  tost  in 

their  regular  records,  if  proper  y  kept.  Coal  ia  bought  and  paid  for  by 
weight  and  by  analvsia;  and  recording. wattmeters  give  the  output.  For 
yearly  figures  the  plant  storage  usually  is  not  an  important  factor,  as  ita 
amount  is  small  compared  to  the  total  consumption;  but  for  monthly  figures, 
a  survey  of  the  coal  stored  is  necessary.  This  is  usually  made  by  taking 
reaolDgB  at  predetermined  points  over  the  bunkers  or  storage  space  and  cal- 
culating the  volume  of  ooal,  Rowing  generally  50  lb.  per  ou.  ft.  for  bituminoua 
coal  and  54  lb.  per  cu.  ft.  for  No.  1,  No.  2  or  No.  3  buckwheat  anthracite. 

48T.  The  apparatus  required  for  welfhlnc  water  is  preferably  made 
up  of  one  or  more  sets  of  tanks  on  platform  aoalea;  the  accuracy  may  be  kept 
to  0.25  per  cent,  quite  readily.  Where  lees  accuracy  is  required,  0.5  to  1.5 
per  cent.,  measurement  by  vcuume  in  a  tank,  or  by  Venturi  meter,  or  V-notch 
weir,  ia  suitable. 

488.  For  meaauring  the  steam  uied,  the  best  method  is  by  surface 
condensers  (which  may  be  made  substantiidly  Ught),  using  scale  tanks  for 
weighing  the  condensate. 

489.  For  meaaurimr  temperature  up  to  800  deff.  Fahr.,  mercury 

thermometers  of  12  in.  length  are  most  convenient;  they  should  be  used  in 
iron  or  brass  wells,  with  a  little  mercury  in  the  bottom  of  the  oup,  and  the 
remainder  filled  with  oil.  For  temperatures  above  500  deg.  Fahr.,  nitrogen- 
filled  mercury  thermometers  must  oe  employed.  Care  should  be  taken  to 
asoertain  the  immersion  for  which  the  thermometer  is  calibrated.  Reaiat- 
ance  thermometers  are  now  available,  but  are  in  general  very  much  more 
expensive;  their  use  is  a  convenience  where  there  are  sevenu  inaccessiblo 
readings  to  be  taken,  as  all  the  resistance  bulbs  may  be  read  from  one  gal- 
vanometer and  bridge.  For  higher  temperatures  than  900  dcg.  Fahr.,  reoist- 
ance  thermometers  or  thermocouples  should  be  used.  For  high  furnace 
temperatures,  radiation  or  optical  pyrometers  are  best.     (Sec.  3.) 

440.  For  prewure  measurementM,  the  spring  gage  is  convenient  but 
usually  inaccurate;  for  pressures  up  to  15  lb.,  mercury  columns  are  far  better. 
For  steam  pressure,  the  thermometer  is  a  valuable  and  accurate  means  of 
getting  results.  If  the  steam  is  superheated,  a  thermometer  in  a  pressure 
chamber  separated  from  the  steam  main  by  a  condenslog  coil,  and  suitably 
drained,  wul  give  correct  readings  of  pressure.  If  ^ges  are  used,  they 
should  be  carefullv  checked  at  the  operating  pressure,  in  poeition  if  possible, 
against  a  standara  gage  tester. 

441.  Frequency  of  obiervatlonfl.  Observations  of  temperatures, 
pressures  and  speeds  should  occur  once  every  10  or  15  min.  Water  and  coal 
weighings  should  be  made  as  often  as  needed  by  the  capacity  of  the  con- 
tainers on  the  scales.  Wattmeter  reading  and  coal  and  water  readings 
should  be  balanced  every  hour,  as  a  precautionary  measure  in  checking  the 
steadiness  and  reliability  of  the  test.  Calorimeter  readings  on  boilers  and 
turbines  at  steady  load  only  need  bo  taken  at  half-hourly  or  hourly  intervals, 
as  they  vary  but  little.  Barometer  readings  taken  three  times  during  a  test 
are  sumcicnt.  For  short  tests,  such  as  occur  in  motor-driven  pumps  and  fans 
with  Pitot  tube  or  Venturi  tube  readings,  instantaneous  values  taken  once 
a  minute  for  10  min.  gives  good  enough  results  as  a  rule.  Htot  readintfi 
for  air  should  be  taken  at  numerous  points  in  the  pipe  (see  Treat,  Trotu. 
A.  S.  M.  E.,  1012,  and  Rowse,  Trant.  A.  S.  M.  E.,  101^  and  Taylor,  Trant, 
N.A.  4M.E.,  1005).  -^ 

448.  Duration  of  tests.  Engine  or  turbine  tests  by  the  feed-water 
method  should  not  be  less  than  8  hr.,  as  the  error  introduced  bv  variations  of 
level  in  the  boilers  is  too  great  on  shorter  tests;  when  weighing  the  condensate, 
I  to  3  hr.  will  be  sufficient,  depending  on  reservoir  capacity  in  the  system. 
Where  flow  meters  can  be  employed  with  sufficient  accuracy,  instantaneous 
tests  of  a  few  minutes  duration  may  be  run.  The  time  taken  for  a  boiler 
test,  start  to  stop,  should  never  be  less  than  10  hr.,  12  are  better  and  18  to  24 
hr.  give  much  more  consistent  results.  This  length  of  time  is  needed  on 
aeoount  of  the  variable  error  introduced  by  the  unknown  amount  of  ooal 
on  the  fire  at  start  and  finish. 
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44a.  Yreciaion  of  tests.  Boiler  tests  of  10  hr.  duration  are  seldom  closer 
tfaan  3  per  cent,  either  side  of  the  average;  12-hr.  tests,  2.5  per  cent.;  24  hr. 
1  per  cent.  Engine  testa  of  8  hr.  duration,  will  have  a  probable  error  of  2 
per  eent..  either  way;  turbine  tests  of  3  hr.,  2  per  cent.  It  is  therefore  need- 
Ken  to  compute  results  closer  than  iS  ^f  ^^  Pc  cent. 

GAS  POWER  PLANTS 

BT  ESOXHALO  J.  8.  PIOOTT 

P&ODUOEB8 

44ft.  1>— tgUfltJTa   distillation   can   occur   only    with   fuels   containing 

Toiatiie  matter;  therefore  anthracite  and  coke  producers  cannot  be  said  to 

operate  by  deefaructive  distillation.     Oas  may  be  produced  from  hard  coal 

■8  follows:  with  air  only,  2G+Ot«-2CO;  with  steam  only,  HiO-hC-CO 

+  H>;    with    both    steam    and   air.   SC  +  Oi  +  HiO-SCO  +  Hs.     The    first 

proeesB  is  not  often  used;  the  second  is  used  to  make  water  gas,  but  since 

It  does  not  produce  heat,  it  is  used  intermittently  with  the  process  C  +  Oi  i- 

COs,  or  simple  combustion  of  the  fuel  in  the  producer  to  generate  the  necessary 

heat.     This  is  called  "blasting  up."     The  third  process  is  the  one  used  in 

mairiwy  produosT  gfts  from  anthracite  or  ooke. 

441.  With  bltumlnoos  ooals,  the  volatile  matter  is  given  off  as  tar  and 
hydrocarbon  gases  of  the  methane  series,  chiefly.  These  are  again  broken 
op  by  the  heat  in  the  producer  to  methane,  carbon  monoxide  and  hydrogen. 
In  aa<titioD,  the  formation  of  CO  and  H  from  the  coke  remaining,  goes  on 
substantially  as  in  the  anthracite  oroducer.      In  the  down-draft  types  of 

Eroducers,  the  tar  passes  through  the  fuel  bed  and  is  broken  down  to  com- 
ustible  gases  and  lampblack,  some  of  which  are  burned  in  the  passage. 
448.  Suction  produosrs  obtain  a  flow  of  air,  steam  and  gas  by  means  of 
a  alight  difference  of  pressure  due  to  the  pump  action  of  the  four-cycle 
gas  engine  on  the  charging  stroke,  or  by  an  exhauster. 

44T.  Frstgnrs  produosrs  obtain  a  Sow  of  gas.  etc.,  by  means  of  a 
pressure  fan  or  blower  for  the  air,  01:  a  boiler  for  toe  steam.  A  pressure 
[ffoducer  is  independent  of  the  engine,  and  does  not  affect  the  capacity  of 
the  latter. 

44ft.  Vp-dnift  producers  are  arranged  with  the  steam  and  air  admitted 
at  the  bottom  and  gas  removed  from  the  top;  tar  passes  off  with  the  gas  and 
must  be  removed  by  scrubbers  and  purifiers. 

449.  as«lflc&tlon  of  AnthrsdU  Coal  (R.  D.  Wood  Co.) 


Prooeaa 

Products 

Lb. 

Cu.  ft. 

Anal,  by 
Vol. 

80  lb  C  burned  to  CO 

186.66 

18.33 

5.00 

3.75 
301.05 

2,529.24 
157.64 
116.60 

712.50 
4,064.17 

33.4 
2.0 
1.6 

0.4 
63.6 

5  lb.  C  burned  to  CO, 

5  lb  vol.  HC  (distilled) 

126  lb.  Oxygen  are  required,  of  which 

30  lb.  from  HiO  liberate  H 

90  lb.  from  air  as  aasoeiated  with  N . 

514.70 

7.580.15 

100.0 

Energy  in  the  above  gas  obtained  from  ItM  lb.  anthracite:  85  per  cent. 
F.C;  5  per  oent.  V.M.:  10  per  eent.  ash. 

186.66  lb.  CO 807.304  B.t.u. 

5.001b.  CH» 117,500  B.t.u. 

3.75  lb.  H 235,500  B.t.u. 


Total  energy  in  gas  per  lb 

Total  energy  in  gas  per  cu.  ft.. 
Efficiency  of  conversion 
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410.  Down-draft  produo«n  are  ar- 
ra&ced  with  air  and  steam  supply  at  the 
top.  and  oaa  removal  under  toe  firebrick 
crate  at  the  bottom.  The  doublft-ion« 
producer  hae  down  draft  in  the  upper 
■one  axul  up  draft  in  the  lower. 

4fl.  Suetton  producer!  hare  the  ad- 
"TntfigT  of  not  allowing  gas  to  escape 
into  the  operating  room  from  the  producer, 
ss  the  oaxbon  monoiide  Is  intensely  poison- 
ous; and  poke  oiwninn.  etc.,  can  be  con- 
veniently operated.  For  small  sises,  no 
exhaust  fan  is  used,  the  necessary  draft 
beins  provided  by  the  engine  suction.  Most 
o(  the  down-draft  produoera  are  suction 
types  with  exhaust  fans.  In  this  class 
buong     the      Loomi»*Fettibone,    De     La- 

Tergue,    K5rting,    United    Gas    Machinery 

Co..   Westinghouse  double-sone.  Otto,  and 

Mond  (Bmallsise). 
419.  Preaiure  produoen  require  forced 

draft  supplied    by  a  fan  or  a  steam   jet 

blower,  the  steam  thus  admitted  being  used 

in  the  gasification.    The  tar  formed  is  car- 
ried over  with    the    gas  and  requires  more 

extensive  cleaning,  but  access  to  the  grates 

is  better  than  with  the  down-draft  and  suc- 
tion types  and  mechanical  stoking  or  poking 

may    be     employed    cither  by   mecnanical 

water-cooled  pokers,  or  bv  rotating  the  ash 

table  and  in  some  cases  tne  producer  shell. 

Exaniples  of  this  type  are  the  Mond  large 

sise,  Taylor,  and  Chapman. 
4U.  The   capacity  of  a  producer  is 

based  on  0.065  to  0.075  sq.  ft.  of  cross- sec- 
tional  area  per  brake   h.p.   of  engine  and 

about  0.105  to  0.118  cu.  ft.  of  volume  per 

h.p.  (SneU). 
4S4.  The  oontlnuoiu  rate   of   ffaslii- 

eatlon  with  high-grade  coal  will  not  exceed  16  lb.   of  coal  per  hr.   per  sq. 

ft^  of  fuel  bed;  10  lb.  is  a  good  average  figure  (Femald,  Bulletin  13.  Bureau 

of  Mines). 


Fio.  46.— Taylor  or  Mood 
up-draft  producer. 


46S,  OaslfloaUon  of  Bit.  Coal.  Low  ToUtlle 


Procesa 

Products 

Lb. 

Cu.  ft. 

Per  cent, 
by  vol. 

65  lb.  C  buroed  to  CO 

151.6 

18.3 

20.0 

3.1 

25U 

2,0S4 
167 
466 
588 

8,391 

30.8 
2.3 
7.0 
9.0 

50.9 

6  lb.  C  burned  to  C0» 

20  lb.  Tol.  HC  (distilled) 

25  lb.  0,  from  water  liberate  H 

7S  lb.  atmoe.  O  mixed  with  N 

444.2 

6,666 

100.0 

Calorifio  energy  of  the  gaa 1,247,870  heat-unite. 

Calorific  energy  of  the  goa  per  lb 2,800  heat-units. 

Calorific  energy  of  the  gas  per  cu.  ft 187.4  heat-unite. 

Calorific  ener^  of  the  coal 1,415,000  heat-units. 

Efficiency  of  the  conversion 88  per  cent. 

Proi.  Anal. :  70  per  cent.  F.C. ;  20  per  cent. ;  10  per  cent.  ash. 


765 


V  Google 


Sec.  10-456 


POWER  PLANTS 


4M.  OMiac»tion  ot  Bltominoiu  Coal,  Hlch  VolaUl* 


Process 

Products                           1 

Lb. 

Cu.  Ft. 

Per  cent, 
by  Vol. 

50  lb.  C  burned  to  CO 

116.66 
18.33 
32.00 

2.6 

200.70 

1,580.7 
167.6 
746.2 

475.0 

2,709.4 

27.8 

2.7 

13.2 

8.3 

47.8 

5  lb.  C  burned  to  COj 

32  lb.  vol.  HC  (distilled) 

80  lb.  O  are  required,  of  which  20  lb. 
derived  from  HcO,  liberate  H . . .  . 

60  lb.  0,  derived  from  air,  arc  asso- 
ciated with  N 

370.19 

6,668.9 

90.8 

Energy  in  116.66  lb.  CO 604,654  heat^units. 

Energy  in    32.00  lb.  Vol.  HC 640,000  heat-units. 

Energy  in      2.501b.  H 155,000  heat-units. 

1,299,554 

Energy  in  coal 1,437,500 

Per  cent,  of  energy  delivered  in  gas 00. 0 

Heat-units  in  1  lb.  of  gas 3,484 

Heat-units  in  1  cu.  ft.  of  gas 229.2 

Prox.  Anal.:  55  per  cent.  F.C.;  32  per  cent.  V.M;  12  per  oent.  ash. 

4ST.  8pM«.raqulr«dfor8lnrI«-unitOMPow«rn»att  (Approxiiiutte) 


H.p. 

Suction 

Pressure* 

Gas  holders      | 

Length  Width 
feet         feet 

Head 
room 
feet 

Length 
feet 

Width 
feet 

Head 
room 
feet 

Cubic 
feet 

Tank       di- 
ameter 

25-50 
50-75 

75-100 

150 

200 

300 

400 

500 
1,000 

13-14 
14-15 

15-19 
20-21 

9-11 
10-12 

11-14 
13-15 

13-15 
14-17 
15-20 
19-20 
22-23 
23-25 

1,000 
2,000 
2.500 
3,000 

16  ft. 

17  ft. 

10  ft.  6  in. 
21  ft.  S  in. 



22-23    15-16 
25-26    16-17 

32 

34 

36 

2  units  39 

16 
18 
20 
22 

47 

22-25 
23-25 
23-26 
23-26 
23-26 

4.000  21  ft.  6  in. 

5,000'         24  ft. 

6,000  30  ft.  6  in. 
10,000:         36  ft. 
15,000          43  ft. 

3  units  30 

: 

1 

Area  depends  of  course  on    number  and  sise  of  unite  for  the  total  powor 
given. 

iS8.  The  eSBclency  of  large  producers  will  vary  from  70  per  cent,  to 
80  per  cent,  if  the  gaaea  are  used  cold,  and  80  to  90  per  cent.,  if  used  hot 
(for  furnace  work).  The  losses  include:  (a)  Sensible  heat  in  gases;  (b) 
producer  radiation  and  conduction;  (o)  combustible  in  ash.  The  carbon 
in  the  ash  of  a  properly  operated  large  producer  will  be  from  4i>er  cent. 
-  to  12  per  cent,  for  about  0.5  to  1.5  per  cent,  total  heat  loss,  with  a  coal  hav* 
ing  10  per  cent,  to  12  per  cent.  ash.  For  small  producers,  suction  type,  the 
carbon  in  the  ash  may  be  as  much  as  60  per  cent,  of  the  total  refuse,  and  the 
efficiency  of  the  whole  producer  from  44  to  75  per  cent.  The  sensible  heat 
in  the  gases  varies  from  4  to  10  per  cent.,  usually  about  15  per  cent,  average. 
4S9.  Heat  balance.  The  following  data  on  the  test  of  a  Looroia- 
Pctttbone  producer  were  taken  from  the  N.  E.  L.  A.  report  on  gas  engines, 

*  Pressure  plante  exclumve  of  holder. 
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1S08. 

Total  beat  in  fuel 100        per  cent. 

Total  heat  in  gaa  at  GO  (leg.  fahr 84.7    per  cent. 

Total  heat  removed  by  scrubber 8. 16  per  cent. 

Totid  heat  removed  by  water  cooled  valves 1 .  56  per  cent. 

Total  heat  lost  by  radiation,  etc 5. 58  per  cent. 

100.00 

460.  Tuti  on  a  60-h.p.  Otto  Suction  Produeor 


Ho  of  t«nt 

21 

16 

17 

27 

25 

12 
Lehi 

12 

12 

12 

12 

Kind  of  fuel 

gb    chestnut 

Scranton  pea 

Proxiniate  axutlyaiB 

Fixed  carbon 

T<dAtile  matter . 

80.11 
4.27 
1.95 

13.67 
1.08 

73.59 
8.47 
3.98 

13.96 
1.41 

77.39 
6.70 

i.n 

14.81 
0.63 

75.64 
6.34 
2.90 

15.22 
1.71 

78.46 
5.99 
2.75 

12.81 
1.10 

Ash 

Sulphur 

B.t.u.  per  lb.,  dry  coal 

B.t.u.  per  lb.,  oombuBtible. .  .  . 
Dry  coal   fired  per  hr.  (lb.) . .  . 

Dry  air  per  hr.  to  producer  (lb.) 
Calorifio  value  gaa,  b.t.u./ou.  ft. 

Wt.  dry  gas  per  hr.  (lb.) 

Qas  snalyais,  COi  (per  cent.) . . 
CO 

12,750 
15,570 
12.78 
22.2 
58.8 
104.8 
69.0 
9.17 
16.06 
0.53 
9.55 
2.10 
62.65 
54.3 

12,780 
15,550 
49.40 
30.40 
202.5 
111.8 
248.6 
6.46 
27.77 
0.49 
9.53 
1.74 
69.01 
66.8 

12,680 
15,700 
82.90 
42.06 
386.0 
103.4 
456.0 
6.04 
21.33 
0.37 
7.06 
1.90 
62.50 
64.6 

12,540 
15,700 
24.75 
16.30 
87.5 
120.0 
105.0 
5.90 
21.70 
0.40 
10.70 
1.60 
59.70 
56.4 

13,040 
15,700 
64.70 
28.50 
259.2 
137.3 
326.0 
4.20 
27.01 
0.23 
10.40 
1.77 
56.40 
76.2 

,.    .Oi 

H. 

CH4 

N« 

Cold  (as  efBciency  (per  cent.) . 

461.  Test!  ot  Waitlnchoute  Doubl«-sone  Producer 


Fuel 

Pocahontas 

Texas  lignite 

Duration 

Total  coal  fired 

96  hrs. 
14,452  lb. 
13,983  B.t.u. 
126.9  B.t.u. 
117.8  B.t.u. 

80% 
74.5% 

46.5  hrs. 

12,693  lb. 

8,007.  B,t.u. 

128.8  B.t.u. 

117.1  B.tu. 

77.3% 

70.6% 

Heat  value  per  lb 

Heat  value  per  ou.  ft.  (total).. : . . 
Heat  Taliie  per  cu.  ft.  (effective). 

Efficienoy  (total) 

Efficiency  (effective) 

Gas  AnalyBis 


Carbon  dwaae        COii. ......". . 

7.4% 

0.5 
18.1 

2.6 
12.6 
58.3 

14.4% 

0.9 
13.3 

3.6 
14.7 
55.1 

Marsh  gas                (CH4) 

Hydroffen                 (H) 

Nitrogen                  (N) 

In  the  above  table  all  values  are  computed  on  the  assumption  that  the 
gas  is  at  a  temperature  of  62  deg.  Fahr.,  and  that  the  absolute  pressure  is 
30  in.  of  mercury. 
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461.  Teita  of  Wood  Preitura  Producer 

(Gas  plant  test— 24  days  continuoua  running) 


*COAL  per  cent. 

Moisture 14.68 

Volatile  combustible 30.98 

Fixed  carbon 42.93 

Ash 11.41 


100.00 

Sulphur 1 .  33 

Calorific  power  12,343  B.t.u.  per  lb.  of  dry  coal. 

Average  heat  value  of  gas  for  24  days-  156. 1  B.t.u.  per  cu.  ft. 


GAS:        Average  per  cent. 

Carbon   dioxide CUi—  9.2 

Oxygen Oj  =   O  .  O 

Ethylene     CtH«  -   O  .  4 

Carbon  Monoxide CO  -  20  . 9 

Hydrogen  Hi  —  IS .  6 

Methane CH4-   1.9 

Nitrogen  Ni  —  52 . 0 


On  the  average  of  the  Government  testa  generally  Prof.  Fernald  gives  th« 
following: 

461.  Taitt  bjr  0«oIo(le«I  Burrer 


Load  90 — 100  Per  cent. 
30  to  50  hr.° 

Bituminous 

Lignites      |          Peat           1 

As 
fired 

Dry 

As 

fired 

Dry 

As 

fired 

Dry 

B.t.u.  per  lb.  of  fuel 

Cu.  ft.  of  gas  per  lb 

12,280 
60.5 
152.1 

1.36 

13,150 
64.7 

1.26 

8,350 
36.8 
158.4 

1.99 

11,290     8,127 
45.7      30.3 

10.289 
38.3 

2.03 

B.t.u.  per  cu.  ft.  of  standard 

gas. 
Total  lb.  per  b.h.p.  hr 

1.68 

175.2 

2.57 

464.  Quuttlt/  of  CM  par  lb.  of  tual  in  up-draft  pressure  producers  ia 
given  in  Par.  461  (Fernald,  Tech.  Paper  No.  9,  Bur.  Mines.,  1912). 

465.  The  addition  of  axoasi  ttaam  over  that  theoretically  required, 
if  not  too  large,  has  little  or  no  effect  on  efficiency,  but  gives  more  control 
over  clinker  formation.  The  steam  required  at  30  to  60  lb.  gue  is  0.33 
to  2.5  lb.,  averaging  0.7  to  1.0  lb.,  per  b.h.p.  The  highest  figures  are 
lor  by-product  recovery  plants. 

466.  AnalTUi  of  gas  are  given  in  Par.  US,  4W,  460,  and  46S. 

46T.  The  operation  of  gai  producers  presents  three  main  features: 
(a)  maintenance  of  uniform  resistance  of  bed,  which  includes  regulation 
of  feed  and  poking;  (b)  removalof  ash;  (c)  prevention  of  clinker.  _  In  the 
case  of  up-draft  producers  coal  is  fed  usually  by  an  air-lock  device  and 
spreader;  poking  is  done  through  holes  in  the  top.  to  fill  up  holes  or  channela 
which  may  have  formed  by  clinkering  and  arching,  or  by  localised  com'- 
bustion.  Poking  must  be  carefully  done  to  avoid  starting  the  evils  it  la 
intended  to  correct.  A  moderate  rate  of  driving  will  tend  to  keep  fires  in 
better  condition,  as  the  producer  cannot  be  forced  to  the  same  extent  aa 
a  boiler  and  give  satisfactory  results.  The  down-draft  producer  can  be 
poked  in  the  same  manner  as  the  suction  producer. 

468.  The  coit  of  producer!  ranges  as  follows: 

Suction  producers,  up  to  300  h.p.,  total  cost     -252-|-14.2X(h.p.)  (69) 

Pressure  producers,  up  to  300  h.p.,  total  cost    -860-1-15.  lSX(h.p,)        (70) 

The  foregoing  figures  were  given  by  A.  A.  Potter,  Power,  1913,  p.  938. 
R.  H.  Fernald  (Bull.  55,  Bur.  mines)  gives  values  averaging,  for  producers 
of  both  types: 
Total  co8t-250-(-9. 70  b.h.p.  for  sises  from  15  to  300  h.p.  (71) 

Hepairs  and  maintenance  vary  from  60.15  to  60.25  per  h.p.  per  year. 
Guarantees  on  maintenance  are  usually  2  to  3  per  cent,  of  first  cost  a  year. 


•Prof.  R.  H.  Fernald. 
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4M.  TIm  Iawi  of  heat  tranifer  for  fluperheatera  have  been  covered  in 
Par.  IS  to  Sf ,  and  for  economixera  in  Par.  SSO,  for  vaporiEers  in  Par. 
S,  S  and  4. 

470.  SujMTheaten  are  attached  to  the  vaporisers  of  some  types  of 
produceTv  to  superheat  the  steam  fed  to  the  fuel  bed.  They  are  usually  of 
the  protected  type,  heated  by  the  hot  gas  leaving  the  producer,  and  deliver- 
ing aaperheated  steam  for  use  in  the  tuel  bed.  Some  additional  economy 
is  gaiiml  by  their  use. 

4T1.  Wath  boSM  are  water  seals  and  serve  the  purpose  of  a  cheek  valve 
to  prevent  blowing  back  of  gas.  They  are  made  of  cast  iron  generally,  with 
a  croea  aection  eq^ual  to  about  25  times  the  delivery  pipe.  The  submersion 
flf  the  entering  pipe  is  about  3  in. 

4TS.  Xeonomiaen  are  employed  for  preheating  the  air  fed  to  the  pro- 
dueer  and  operate  on  the  sensible  heat  of  the  gas  leaving  the  producer. 

4TS.  ▼ap<vlaen  or  boilers  are  attached  to  nearly  all  producers,  and 
serve  to  yield  the  necessary  steam  for  gasification,  abstracting  sensible  heat 
from  the  hot  gas.  They  are  usually  built  much  like  a  vertical  fire-tube 
boiler,  or  of  cast-iron  cooling  chambers  forming  the  top  or  side,  of  the 
producer. 

4T4.  Condensen  are  employed  to  remove  the  tar,  and  oonsiat  usually 
of  chambers  with  iron  bafffes  upon  which  the  viscous  tar  impinges  and 
collecta;  suitable  drainage  allows  the  tar  to  be  recovered  and  removed.  The 
general  design  is  similar  to  an  oil  separator.  Borne  are  made  with  helical 
passages  to  secure  centrifugal  action.  There  are  also  one  or  two  designs  of 
mechanical  tar  extractors  built  like  centrifugal  fans,  to  throw  out  the 
tar  by  centrifugal  force.     They  are  generally  made  entirely  of  oast-iron. 

4TS.  Operation.  The  operation  of  superheaters  requires  practically 
no  labor;  vaporisers  in  this  respect  are  the  same  as  boilers;  tar  separators 
require  periodic  cleaning  and  continuous  drainage.  The  tar  is  inclined  to 
socumulate  and  thicken  with  the  dust  in  the  gas.  The  standby  period  for 
lignite  or  bituminous  producers  is  from  6  to  10  hr.  a  week  for  cleaning 
purposes  and  repairs,  on  the  average.  Anthracite  producers  may  be  run 
0(1  to  00  days  continuously.     (Latta,  1910.) 

476.^  The  cost  of  these  auziUaries  is  included  in  the  cost  of  the  producer, 
given  in  Par.  448t  since  they  are  essential  to  operation. 

8GEUBBEE8  AND  PURITIXES 

477.  The  Impuritlet  found  In  produOor  gaa  are  dust,  tar  and  ammonia. 
Dust  is  blown  over  from  the  fuel  bed,  being  usually  the  ash  from  the  fines  in 
the  coal.  In  some  cases,  lampblack  is  also  carried  over  in  the  down-draft  and 
double-sone  types.  Tar  is  the  result  of  partial  decomposition  and  is  a  com- 
bustible material.  Ammonia  is  produced  by  the  union  of  U  dissociated  in 
the  producer  with  N  in  the  air  supplied. 

47B.  Two  methods  of  cleaning  are  used;  (a)  wet  scrubbing,  with 
stationary  towers  and  water  spray  in  some  form,  or  mechanical  scrubbers 
more  or  less  like  fans  with  water  injection;  (b)  dry  scrubbing,  with  purifiers 
or  filters  made  with  excelsior  or  shavings,  which  require  periodic  removal 
ai^  cleaning. 

4TB.  Wet  lorubbers  consist  of  steel  towers  filled  with  coke,  wire  netting 
or  wood  latticing,  somewhat  after  the  fashion  of  a  cooling  tower.  Water  is 
sprayed  down  from  the  top,  and  divides  into  fine  streams  or  spray,  washing 
out  solid  impurities  and  tar,  dissolving  out  ammonia  and  sulphur  gases. 
The  amount  required  varies  from  1.5  gal.  to  2.5  gal.  per  b.h.p.  per  hr. 

480.  The  mechanical  washer*  are  chiefly  heavy-built  fans  with  water 
spray  devices,  or  Theisen  washers.  The  simple  fan  washer  consists  of  cen- 
trifugal fans  of  heavy  construction,  usually  with  cast-iron  casing,  with  a  water 
spray  device  at  the  inlet  to  produce  a  spray  curtain  or  fog  through  which  the 
gas  passes.  The  efficiency  averages  about  12  to  1,  gas  containing  1.75  to 
2.65  gr.  per  eu.  ft.  being  cleaned  to  0.15  to  0.22  gr.  per  cu.  ft.    The  h.p. 
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requind  per  1,000  eu.  ft.  per  hr.  is  0.066.     Witb  two  ftuu  in  seriee,  the  deuw 
ing  ia  from  SO  to   1,  to  200  to  1   and  the  h.p.  required  ia  0.184  to  0.288 
per  1,000  ou.  {t.  per  hr.     The  water  required  per  fan  is  0.0125  to  O.OISO  gal. 
per  cu.  ft.  cleaned  per  hr. 
481.  Tha  Thelien  waihar  eonaiats  of  three  elemenia  in  one  caaing:  (a)  s 

Srimary  cleaning  fan  at  the  suction  end;  (b)  an  annular  chamber  between  a 
rum  ntted  with  helical  vanes  and  a  coarse  meah  grating  surrounding  the 
drum;  (c)  a  discharge  fan  chamber.  Water  spray  ia  fed  in  at  the  auction 
chamber  and  taneentially  in  the  grating.  The  water  oonsumption  is  0.0272 
gal.  per  1,000  cu.  ft.  per  hr. ;  the  h.p.  required  is  0.184  per  1,000  eu.  ft.  per  hr. 
cleaned. 

4S1.  The  bT-produoti  reoorered  from  bituminous  eoal  gaaifioation  are 
ammonium  aulpnate  and  tar.  The  recovery  of  ammonium  aulphate  requires 
the  addition  of  an  acid  tower,  through  which  dilute  sulphuric  acid  ia  circu- 
lated aa  in  a  purifier.  The  acid  removes  the  ammonia  gaa  aa  ammonium 
sulphate.  Tar  is  removed  by  separators  or  oondenaera,  ana  may  be  used  as  a 
fuel  in  certain  oil  engines;  it  usually  contains  considerable  moisture — up  to 
20  per  cent.,  on  account  of  the  water  employed  in  washing  the  oondeoaer 
trays. 

4SS.  FurlBara  or  (by  forubben  oonsiat  of  a  ateel  tank  or  tower,  filled 
witb  shavings,  excelsior,  coke,  or  Laming  oompoeition.  T4>ming  oompoaition 
18  a  mixture  of  bog  iron  ore  and  ahavinga.  It  ia  used  in  6-in.  to  8-in.  layers* 
on  gratings,  and  abaorba  cyanidea  and  sulphur  compounda.  The  Laming  mi  s- 
ture  ia  removed  and  exposed  to  the  air  from  time  to  time,  which  regeneratea 
the  materiala  for  uae  again.  Shavings  and  other  mechanical  dry  purifying 
material  muat  be  removed  and  replaced  by  freah  material  aa  often  aa  they 
become  clogged.  Wet  scrubbers  are  automatically  cleaned  by  the  water 
used  to  precipitate  duet. 

484.  Ooit  of  the  M>l>u>taa  ia  included  in  the  coat  of  produoera.  Par.  4M. 

HOLDEBS 

485.  Qaa  storag*  ia  required  to  provide  reserve  capacity  for  audden  in- 
crease of  demand,  and  to  absorb  excess  generation  when  sudden  decrease  of 
load  occurs. 

484.  The  holder  is  of  the  regular  collapsing  gasometer  type,  in  no  way 
different  from  the  ordinary  iltuminatinp-  as  tank.  In  some  cases  the  wat^ 
seal  in  the  base  lb  used  as  an  additional  wash-box  for  incoming  producer  gas. 

487.  Tha  capacity  required  varies  from  40  to  25  cu.  ft.  up  to  100  h.p.; 
20  to  15  cu.  ft.  up  to  1 ,000  h.p.  The  larger  the  number  of  units  the  leas  storage 
usually  required,  as  manipulation  ia  more  flexible. 

488.  The  operation  of  gas  holders  requires  only  ocoaaional  painting  to 
protect  the  tank,  yearly  cleaning  of  sediment  from  the  water  reservoir,  and 
suitable  ateam-supply  to  the  lift  seals  to  prevent  freexing  in  winter. 

489.  The  cost  of  gas-holders  varies  from  t0.60  to  80.45  per  cu.  ft, 
including  foundations. 

PEOPBRTHS  or  OA8 

490.  CalorlUe  Value  of  elementary  gasas.  (From  Gas  Engine  Design 
— Lucke.) 


Fuel 

B.t.u.  per  lb. 

Lb. 
per  ou.  ft. 
at  62  deg. 

fabr. 

B.t.u.  per  eu.  ft. 

High 

Low 

High 

Low 

H        

61,524.0 

4.395.6 

24,021.0 

51,804.0 

4,305.6 

21.592.8 

19.834.2 

.00538 
.07498 
.04308 
.07631 

331.0 

329.58 

1.037.22 

1,619.46 

278.7 

329.58 

932.38 

1,613.56 

CO 

CH) 

CH4 

21,222.0 
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m.  Prodnew  (aa  hu  a  apeeifio  gravity,  nfarred  to  air,  of  0.S7,  average 
■weifie  heat,  0.25.  It  varies  m  oompoeition,  not  only  with  tlie  type  of  pro- 
doeer,  but  from  variations  in  operation  of  tlie  same  produoer.  The  hydrogen 
content,  being  usually  high,  limits  the  compraaaion,  usually  from  100  to  160 
lb.  per  aq.  in.,  with  18  to  5  per  cent,  of  hydrogen,  average  pressure  135  lb. 
Careful  jacketing  of  valves  and  pistons  for  large  engines  raises  the  obtainable 
eompreaaian. 

in.  natural  km  is  the  richest  of  the  power  gases,  and  is  obtainable 
chiefly  through  the  soft  coal  and  oil  regions.  Ohio,  Indiana,  lUinoia,  Pennsyl- 
vania and  Virginia  are  moat  favored  i  n  this  way.  The  allowable  comrression 
varies  from  To  to  130  lb.  The  speeiflo  gravity  referred  to  air  is  approxi- 
mately 0.40  to  0.80;  density,  0.043  to  0.049  lb.  per  cu.  ft. 

MS.  Znumlnatlnc  gaiei,  either  ooal  or  water  gas,  are  usuaUy  too  ex- 
pensive for  use  in  any  but  the  smallest  engines,  up  to  say  75  h.p.  The  allow- 
able  compression  is  60  to  100  lb.  average  80;  specific  gravity  approximately 
0.40  to  0.43  for  ooal  gas,  0.57  for  water  gas. 

4M.  Blagt-fumaea  (as  is  the  leanest  of  the  erases  and  will  stand  oomprea- 
■on  from  120  to  100  lb.,  avera^ng  155  lb.;  this  is  on  account  of  the  dilution 
with  N,  and  low  hydrogen.    It  la  used  only  in  large  gas  engines  at  steel  mills. 

OA8  BRanras 

4M.  Oaa-anfliM  eyelei.  The  tbermodynamioa  of  the  gaa  engine  is 
eompHeated  by  the  fact  that  not  only  the  change  of  state  by  expansion  and 
compression  oceurs  in  the  cylinder,  but  alao  the  combustion.  The  order  of 
events  in  the  tisual  Otto  or  lour-atroka  ejrols  is  as  follows:  aspiration  of  a 
charge  into  the  cylinder  (suction  stroke) ;  compression,  approximately  adi»- 
batic  on  the  instroke;  ignition  and  explosive  combustion  at  constant  volume, 
wfadie  the  piston  is  on  or  near  the  dead  centre;  and  approximately  adiabatie 
expansion  on  the  second  outstroke;  partial  expulsion  of  the  burnt  gases  at 
constant  volume  when  on  the  outer  dead  center,  further  expulsion  on  the 
second  instroke,  at  atmospheric  pressure.  Tha  twe-itroke  cycle  eliminates 
the  suction  and  exhaust  strokes,  by  admitting  the  incoming  charge  under  a 
few  pounds  pressure  while  the  piston  is  on  or  near  the  outer  centre,  after  the 
partial  exhaust  to  atmospheric  pressure  and  constant  volume  has  just  taken 
place.  This  incoming  charge  sweeps  before  it,  by  displacement,  most  of  the 
remaining  burnt  gases. 

4M.  Tha  standard  refaranea  dlacram  put  forward  by  Lucke  is  useful 
in  investigating  the  performance  or  design.  This  diagram  is  an  assumed 
indicator  card  Based  on  the  assumption  that  the  mixture  in  the  cylinder  will 
behave  the  same  aa  pure  air.     The  general  relations  are  as  given  below. 

49T.  Compraulon  pranora. 

■p-c:)'"  "-'-'-o'"         C72, 

where  pa»14.7  lb.  per  sq.  in.,  suction  pressure;  p»  —  final  compression 
pressure;  *a~  total  cylinder  volume  in  cu.  it.  «<  displacement  plus  clearance; 
vb "  compression  volume,  or  clearance,  in  cu.  ft. ;  (« » absolute^  initial 
temperature  (deg.  Fahr.  +  461) ;  and  U  ^  absolute  compression  temperature. 
.  IM.  The  preiaure  rlaa  on  azploilon  dejwnds  on  the  amount  of  beat 
per  cu.  ft.  of  mixture. 

V-VO (c^^  +  1 )    and  t—  U■^■^  (73) 

where  p«  ■>  explosion  pressure;  Q  *  B.t.u.  per  lb.  of  mixture;  C»  >■  specific 
beat  at  constant  volume;  l«  ••  absolute  explosion  temperature;'  and  the  other 
symbols  are  as  above  (Par.  t<7). 

2.2  0  ,.    ,.  .    . 

p.  -  p»  -  -— (in  lb.  per  sq.  m.) 

(P-^O  71  •.  '"' 


J»- 


«n.  B.t.u.  par  eu.  ft. 
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where  B  —  B.t.u.  per  eu.  ft.  of  miztuie,  hot;  a'  ••  oa.  ft.  of  air  required  to 
burn  1  ou.  ft.  gas;  and  n  m  cu.  ft.  of  neutral  added.     The  actual  pressure 
ratio  pVpt  obtained  is  from  40  per  oent.  to  65  per  cent,  of  the  air  card  ratios. 
800,  bpuuion  is  taken  according  to  the  law 


pi-pc 


\», 


(73) 


0.29 


(77) 


which  is  the  same  as  for  oompreaaioB. 
Ml.  Bfflelency. 

Bml-hml-rS!) 

ft  Vp*/ 

where  B  ••  thermal  efficiency  of  the  cycle;  other  symbols  are  as  above. 
The  thermal  efficiencj;  of  the  ideal  cycle  is  only  dependent  upon  the  ratio 
ef  compression  to  suction  pressure. 

101.  FouTTCyda  exvginei  are  built  in  all  sises;  the  terms  single  and  double 
acting  have  the  same  application  as  for  steam  en^nes.  The  maionty  of 
engines  of  small  and  moderate  size  are  ^single  acting.  Large  engines  aro 
generally  made  double  acting,  to  economize  space,  as  the  gas  engine  is  even 
more  bulky  per  h.p.  than  the  steam  engine. 

MS.  Two-«rol«  engines  are  also  used  in  all  sises,  but  are  found  to  the 
greatest  extent  in  large  units,  double  acting.  For  small  units  thev  are  never 
b\ult  double  acting,  as  separate  pumps  are  then  required  to  give  the  pressure 
for  charing  at  the  end  of  each  stroke.  In  the  small  single-acting  types,  the 
mixture  is  compressed  between  the  piston  and  the  crank  ease. 

M4.  Cylindar  Jaoketi  are  essential  to  practically  all  gas  enranes.  The 
enormous  heat  developed  during  explosion  would  soon  destroy  the  cylinder 
and  piston  if  they  were  not  protected  by  cooling.  In  most  cases  this  is  done 
by  water  jacketing;  in  a  few  small  engines,  air  eoollnc  is  employed. 
Pistons  smaller  than  15  in.  in  diameter  a;«  not  separately  cooled  by  water 
Jacketing;  but  above  this  size,  the  area  of  piston  head  is  too  large  to  be 
properly  cooled  by  conduction  to  the  jacketed  cylinder  walls,  and  the  air  in 
the  crank  case;  therefore  water  cooling  becomes  necessary. 

505.  The  quantity  of  jacket  water  should  be  about  6.5  gal.  per  b.h.p.- 
hr.  at  50  deg.  Fabr.,  7.75  gnl.  per  b.h.p.-hr.  at  60  deg.  Fahr.,  B.7S  eal. 
per  b.h.p.-hr.  at  70  deg.  Fahr.,  and  12  gal.  per  b.h.p.-lir.  at  80  dec. 
Fahr.,  for  large  units.  Moat  of  this  may  be  recovered  ana  re-used  if  cooled. 
If  a  cooling  tower  is  used,  for  recooling  the  jacket  water,  about  8  per  cent, 
is  lost  by  evaporation.  The  heat  loss  to  the  jacket  is  from  25  to  60  per  cent., 
generally  the  largest  with  small  engines. 

506.  Mean  eBectlve  preuure  is  computed  from  the  indicator  card  in  the 
same  manner  as  for  a  steam  engine.  The  m.e.p.  of  the  reference  diagram  ia 
given  by 

or 


M.C.P.  =  5.41(^J  {  1  -  (H-;)0.2e  I  .c(-^J  (79, 

where  the  symbols  have  the  same  meaning  as  in  Par.  497  to  800. 
For  constants  to  be  used  with  those  equations  see  Par.  80T. 

80T.  Conitanti  used  In  Calculation  of  K.C.P.  (Par.  808) 


Compression 

Value  of  factor 
C-5.41X 

Compression 

Value  of  factor 

C-5.41X 

,_(P_,)0.29 

Atmos- 
pheres 

Lb.  per 
sq.  in. 

Atmos- 
pheres 

Lb.  per 
sq.  m. 

3 
4 

S 
6 

7 

44.1 
S8.8 
73.5 
88.2 
102.9 

1.474 
1.787 
2.014 
2.187 
2.327 

8 
9 
10 
11 
12 

117.6 
132.3 
147.0 
161.7 
176.4 

2.446 
2.554 
2.630 
2.711 
2.775 
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■06.  ObMiTod  mean  aSactiTs  preuurei  obtained  by  te8t  are 
by  Luoke: 


given 


Compre»- 

M.e.p. 

Compres- 

M.e.p. 

Fuel 

BioQ.  lb. 

actual 

Fuel 

sion,  lb. 

actual 

per  Bq.  in. 

lb.  per 

per  sq.  in. 

lb.  per 

abs. 

sq.  m. 

abs. 

sq.  in. 

City  gas 

45 

45 

Producer  gas. . 

103 

63 

80 

80 

108 

88 

66 

95 

125 

51 

91 

90 

141 

83 

70 

60 

170 
95 

73 
100 

Natural  gaa  . . . 

127 

68 

05 

90 

130 

82 

00 

62 

135 

00 

Blast-furnaoe 

115 

103 

60 

140 

47 

155 

81 

f09.  The  Ignition  of  gas  engines  U  practically  entirely  electrio.  The 
Jump-spark  or  high-tension  spark  system  is  not  used  for  power^tation 
engines.  Make-and-break  systems  are  used,  because  more  reliable  and  effec- 
tive. The  principal  troubles  are  insulation  breakdowns,  worn  and  dirty 
contacts  or  snort-cirouiting  by  jacket  leaks. 

BIO.  The  timing  of  ignlUon  affects  the  work  done  by  a  given  charge 
and  the  economy.  Ignition  should  take  place  so  as  to  give  a  nearly  vertical 
explosion  line.  The  spark  should  be  advanced,  theoretically,  as  the  rate  of 
propagation  is  decreased  by  weakening  the  mixture  or  the  compression,  but  in 
practice  the  spark  is  usually  fixed  to  give  the  best  results  at  the  average  load 
condition,  and  is  not  varied. 

Sll.  The  ipeed  of  gaa  engines  is  about  the  same  as  for  steam  engines 
of  the  same  class.  See  Par.  170.  In  small  engines  the  speed  may  be  10  to 
25  per  cent,  higher. 

•IS.  Indicated  horse-power  is  obUuned  in  the  same  manner  aa  for  steam 
engines,  except  that  care  must  be  used  in  planimetering  the  card  to  go  around 
the  negative  work  areas  in  the  right  direction.  For  throttle  governed  engines, 
the  number  N  in  formula  34a,  is  the  same  as  rev.  per  min.  for  2-cycle 
enginee  and  rev.  per  min./2  for  4-cyole  engines;  with  engines  governed  by 
the  hit-and-miaa  method,  the  number  of  explosions  must  be  counted  to  get 
St  as  it  has  no  fixed  relation  to  rev.  per  min. 

813.  The  friction  is  usually  higher  in  the  gas  engine  than  in  the  steam 
engine;  the  mechanical  efficiency  at  full-load  is  seldom  over  85  per  cent., 
even  for  large  engines.     Lucke  gives. 


Mech.  Efficiency                 1 

4-cycIe 

2-cycle 

Large  engines,  500  h.p.  and  over 

0.81  too. 86 
0.79  too. 81 
0.74  too. 80 

0.63  to  0.70 
0.64  to  0.66 
0.63  to  0.70 

Small  4  to  25  h  D 

114.  Lubrication  is  entirely  by  machine  oil.  aa  the  cylinder  walis  are 
water  cooled.  Lubrication  in  general  is  handled  exactly  as  with  the  steam 
engine.    About  1  gal.  of  oil  is  required  per  4,000  b.h.p.-hr. 

lis.  Tha  rated  capacity  of  a  gas  engine  is  preferably  baaed  on  ou.  ft.  of 
cylinder  displacement.  The  displacement  per  n.p.  per  lb.  of  mean  effective 
pressure  is  229.17  cu.  ft.  per  min.  For  a  given  b.h.p.  required,  the 
mechanical  efficiency  is  assumed  and  the  i.h.p.  found;  and  with  a  suitable 
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m.e.p.  for  the  fuel  omidoyed  (Par.  WW),  the  required  dUplaeement  pw  h.p. 
divided  into  required  i.h.p.  gives  total  cylinder  diaplacement  per  minute: 
Internal  combustion  engines  are  usually  rated  at  15  per  cent,  to  20  per  cent, 
below  the  capacity  of  the  cylinder  as  given  above.  Torrance  and  Ulbricbt 
{Pover,  1812)  give  the  following  (ormula  for  buildert'  ratine  in  America. 


Producer  gaa,  b.h.p.  — 


d'fa 
18,500 


-2.0 


lUuminating 


b.h.p.  •• 


15,700 


-2.0 


Natural  gas,  b.h.p. « 


dnn 


15,200 


-5.0 


(80) 


(81) 


(82) 


Blast-furnace  gas,  b.h.p.-^Yooo"''"*'  ^^' 

where  d— diameter  of  cylinder,  inches;  I— stroke  in    inches;    and   n^tvr. 
per.  min. 

SIC.  The  fuel  oonaumptton  of  gas  engines  on  produoers  ranges  from 
0.99  to  3  lb.  per  b.h.p.-hr.  From  75  to  90  co.  ft.  of  gas  iwr 
b.h.p.-hr.  are  required,  of  approximately  150  B.t.u.  per  cu.  ft. 

617.  Teat  of  300-h.p.  Illm«r>-*troke  cycle  double  aetlnc  horUont»l 
engine.  {Powtr,  May,  1913.)  Duration  of  test,  33.5  hr.;  coal.  Weat- 
moreland  bituminous,  14,100  B.t.u.  as  fired;  average  b.h.p.,  284;  average 
B.t.u.  per  cu.  ft.  of  gas,  144;  Producer  efficiency,  67  per  cent.;  B.t.u.  per 
h.p.-hr.,  10,300;  total  coal  per  b.h.p.-hr.  1.14. 

SIS.  Fuel  consumption,  Ulbricht  and  Torrance  (Power,  1912)  give 
average  fuel  consumption  as  below:     (B.t.u.  and  cu.  ft.  per  h.p.-hr.) 


50  b.  h.p. 


100  b.h.p. 


B.t.u. 


ou.ft. 


Eff.i  B.t.u. 


cu.  ft.   ES. 


Over  100  b.h.p 


B.t.u. 


cu.ft.   Eff. 


Water  gas 

Carburet  ted  gas. 

Coal  gas 

Producer   gas: 

anthracite 

bituminous. . . 

coke 

lignite 

Ml 

peat 

wood 

Blast-furnace  gas 
Coke-oven  gas. . 
Natural  gas  avg.. 


10,690 
10,600 
10,690 

10,380 
10,380 
10,380 
10,380 
10,380 
10,380 
10,380 
10,860 
10,690 
10,380 


35.2 
18.1 
17.6 

82.6 
0 
0 
5 
7 
6 
6 
0 
0 
2 


23.8 
23.8 
23.8 

24.5 
24.6 
24.5 
24.5 
24.5 
24.5 
24.5 
23.4 
23.8 
24.5 


10,160 
10,160 
10,160 

9,630 
0,630 
0,630 
9,630 
9,630 
9,630 
9,630 
10,500 
10,160 
9,420 


33.4  25.0 
17.2  25.0 
16.7  26.0 


76. 
77, 
78. 
71. 
63. 
68. 
74. 
110. 
20. 
11. 


26.4 

26.4 

26.4 

26.4 

7126.4 

3!26.4 

826.4 

024.2 

9^25.0 

0,27.0 


10,160 
10,160 
10,160 

9,600 
9,600 
9,600 
9,600 
9,600 
9,600 
9,600 
9,860 
10,160 
9,320 


33.4I25.O 
17.2,25.0 
16.7  25.0 


26. S 

26. S 

26.5 

26.5 

26.5 

0,26.5 

6  26.5 

0  25.(i 

.9l25.0 

.927.3 


SIS.  Teit  of  a  SlO-h.p.  engine,  horisontal  double-acting  (Buckeye), 
running  on  coke-oven  gas,  560  B.t.u.  per  cu.  ft.,  gave  the  following  results. 


Load 

B.h.p. 

B.t.u.  per  h.p.  hr. 

Per  cent,  efficiency 

full 

165 
210 
310 

13,000 
11,700 
11,100 

18.5 
23.0 
22.5 

The  B.t.u.  per  kw.-hr.,  with  blast-furnace  gas  engines  (Freyn,  1913),  variea 
from  16  200  to  26,000,  average  18,400;  thermal  efficiency  13.0  to  21.0  per 
cent.,  average  18.5. 

SM.  Test  of  a  SOO-h.p.  engine  of    the    Borsig-Oechelhfiuser   2 -cycle 
type,  on  coke-oven  gas  (Junge,  in  Power)  gave  results  as  follows: 
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S«C.  10-521 


I.II.P. 

B.t.u.  per 
b.h.p. 

Por  nent.  of 

i.h.p.    to 

pumps 

I.h.p. 

B.t.u.  per 
b.h.p. 

Per  cent,  of 
i.h.D.  to 
pumpa 

eie 

627 
674 

8,650 
8,650 
8,650 

10.3 
11.1 
11.4 

488 
474 

9,642 
9,761 

14.2 
15.5 

I  Ul.  Test  of  a  60O-li.p.  enxlne,  KSrting  2-cycIe  type,  ysve  these  re- 
•ulta:  b.h.p.  616;  pump  work,  11.2  per  cent,  of  total;  meonamcal  efficiency, 

I     0.78;  lb.  of  coal  per  b  h.p-hr.,  0.787. 

I        OS.  Thermal  •flleiency  of  gaa  ennnes  ia  given  in  Par.  US  and  619  in 

j  eonnection  with  some  of  the  tables.  Further  data  is  given  as  follows  by 
Diederiehs: 


Engine 

Fuel 

B.h.p. 

Thermal 
efficiency 

Authority 

Otto 

DeuU 

NOmberg.. . 

Denis 

OUdner.. . . 

Illnminating  ns 

Suction  produoer,  low 
grade  soft  coal. 

Blast-furnace  gas 

Anthracite  producer 

Suction  anthracite  pro- 
duoer. 

8 

29.4 
22.4 

24.6 
22.0 
23.2 

Meyer 

Meyer 

linde 
Joasa 
.Sohrotar 

750 
450 

29 

MS.  Th«  overloAd  e*paelt7  (Far.  815)  U  generally  10  to  20  per  cent. 
mate  thftii  the  ^ted  oapadtv.  The  mazimum  capacity  is  limited  by  the 
dimenaona  of  the  cylinder  and  not  by  a  variable  cut-off.  Mazimum  economy 
occurs  at  or  near,  maximum  edacity. 

•S4.  OoTvmlnc  is  aooomplished  by  hit-or>mi88,  throttling  or  quality 
methoda.  Hlt-or-mlaa  ffOTttrninf  is  arranged  with  a  movable  pick-blade 
operating  the  gas  inlet  valve;  it  is  now  uaed  only  for  low-grade  agricultural 
engines.  Throttle  foveminiT  is  employed  on  a  ^rreat  many  engines  of 
small  and  medium  sise,  and  conaists  simply  of  restricting  both  the  gas  and 
the  air  intakes,  so  that  the  suction  stroke  preasure  is  lowered,  a  smaller  charge 
is  taken  in,  and  compression  is  reduced.  Quality  or  out-off  govamlnc 
ooDBLsts  of  throttling  the  gas  supply  only,  as  the  load  drops.  In  this  way  no 
reduction  of  suction  pressure  occurs,  but  a  reduction  <h  gaa  in  tiie  charge 


the  three,  being  more  efficient  at  light  load  than  throttling,  and  allowing 
better  regulation  than  hit-oi^mias. 

•S8.  Op«ratloiL  of  a  sat  azigine  requires  the  same  care  as  a  steam  engine, 
and  a  higher  maintenance.  Power-station  gas  engines  are  started  by  com- 
preaaed  air  in  most  cases,  although  motor  starters  have  been  employed. 
Special  valve  gear  is  thrown  into  service,  and  the  engine  runs  for  a  revolution 
or  two  as  an  air  engine.  Befor*  staitiiif,  (a)  the  load  must  be  o£F,  (b) 
ignition  system  inspected  and  made  ready  in  the  retarded  position,  (c) 
lubricating  oU  feeds  turned  on*  (d)  fuel  shut-off  valve  opened  and  (e)  cooling 
water  turned  on.  Failure  to  start  may  be  due  to  (a)  faulty  ignition,  (b) 
very  abnormal  mixture,  either  too  rich  or  too  lean,  (o^  broken  vedve  rods  or 
(d)  closed  fuel  connections.  Ignition  should  be  adjusted  to  give  a  fairly 
sharp  rise  at  the  average  load  conditions,  and  the  mixture  Bhould  be  a  little 
leaner  than  theoretical  proportions — say  15  to  20  per  cent.  Shutting 
down  is  best  accomplished  Sy,  (a)  cutting  off  fuel  supply,  (b)  cutting  out 
ignition,  if  on  battery,  and  placing  set  in  "retarded"  position,  (c)  oil  feed 
stopped,  (d)  cooling  water  shut  off  and  jackets  drained. 

fM.  The  coct  of  gta  Ottflnoi  is  given  by  Femald  (Bull.  65,  Bureau  of 
Mines). 

Total  oost-250+34.8(b.h.p.),  for  40  h.p.  to  2,000  h.p.  (84) 

A.  A.  Potter  {Povter,  1913)  gives,  for  engines  of  W  to  800  h.p.,  on 
Illuminating  gas.    Total  oost<-33.6Xb.h.p.-110.  (85) 
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The  following  figures  are  given  by  Stott,  Pigott  and  Gorsuoh,  Tmnaaetumt 
A.I.E.E.,  June,  1914.  Horisontal  producer-gaa  and  natur^-gaa  engines, 
4-oycIe  tandem  and  twin-tandem«  direct  connected  to  60-cycIe  generators, 
20(>-2,000  kw.  @  80  per  cent,  power-factor  delivered  and  erected. 

Average  total  cost  -  2,000+  70  (kw.)  (86) 

0tT.  The  maintszuuLcs  and  repair  costs  are  approxiniately  42  per  cent, 
to  55  per  cent,  of  the  net  operating  coat.  For  oil  and  suppliea  the  cost  is 
about  double  that  of  a  ateam  plant, 

5S8.  Weight.  The  net  weight  of  large  tandem  double  acting  types 
averages  080  to  740  lb.  per  kw.  Moderate  aiaea  of  single-ey Under, 
nngle  acting  engines  weigh  from  200  to  300  lb.  per  b.h.p.,  the  unit 
weight  going  up  with  the  b.h.p. 

pipma 

6t9.  Osnsral  rsqolrementa.  As  all  preaaurea  are  light,  standard 
pipe  and  fittings  may  be  used  throughout.  Xzpanilon  must  be  providad 
for  in  the  same  manner  oa  ateam  piping  (Par.  369  to  372). 

flSO.  Qai  piping  from  producer  to  scrubbers  and  purifiers  should  bo 
oaat  iron  witn  standard  flanged  joints,  asbeatoa  or  metallic  packing.  In 
most  cases  it  is  advisable  to  hne  the  piping  between  scrubber  and  producer 
with  fire-brick.  Explosion  doora  should  be  installed  at  intervals,  and  if  the 
gas  is  dusty,  ells  should  be  replaced  by  tees  where  possible,  to  provide  for 
raking  and  cleaning, 

5S1.  Water  piping  for  supply  to  jackets,  vaporisers  and  purifying 
apparatus  way  be  of  ordinary  galvanised  standard  pipe.  The  diacharge 
from  scrubbers  and  purifiers  is  preferably  of  cast  iron,  on  account  of  corro- 
sive action. 

US.  Bxhauflt  piping  can  be  built  of  wrought-iron  standard  pipe,  or 
cast-iron  standard  pipe;  light  riveted  pipe  is  not  advisable  as  it  may  c<rf- 
lapee  on  the  return  wave  of  a  muffler  or  exhaust  pipe  explosion.  MufiBers  for 
small  engines  are  usually  cast-iron  pots;  for  large  plants,  concrete  tunnels, 
vrith  water  in  the  bottom  to  oool  and  silence  the  exhaust,  are  frequently 
used, 

ISS.  Tlis  cost  of  piping  varies  from  %5  to  SO  per  kw.  of  maximum  rating 
of  the  plant,  being  much  the  same  as  for  steam  plants. 

PLAHT  ECOMOMT  AND  DBBZOK 

U4.  Tha  Auziliariei  to  be  considered  in  the  engine  room  are:  oompressors 
for  starting;  exciter  units  and  cooling  water  pumps;  station  lighting.  In 
^e  producer  room  the  auxiliaries  are:  the  blowers  or  exhausters,  as  the  ease 
may  be;  power  for  rotating  ash  table,  producer  body,  or  mechanical  pokers. 
is  these  are  used;  coal  and  ash  handling  apparatus;  mechanical  washers  ana 
tar  extractors;  scrubber  and  washer  water-supply  pumps. 

U6.  Ths  heat  losses  In  a  ];>roducer  plant  will  be  indicated  by  the 
following  analysia.  (Snell,  "Power  House  Design.")  Loss  in  producer  and 
auxiliaries,  20  per  cent.;  loss  in  jacket  water,  19  per  cent.;  loss  in  exhaust 
gases,  30  per  cent.,  loss  in  engine  frirtion,  6.5  per  cent,,  loss  in  Kenerator  0.5 
per  cent.,  total  losses,  76  per  cent.,  converted  to  electrical  energy.  24 
per  cent. 

U6.  The  WiUant  line,  for  the  several  main  units  should  be  plotted 
with  kw.  output  and  cu.  ft.  of  ^as  as  ordinatca.  On  this  curve  should  be 
superposed  the  gaa  used  by  auxiliaries,  or  if  these  are  electric  driven,  their 
roQuirements  should  be  subtracted  from  the  gross  output  of  the  generators 
before  plotting  the  Willans  line.  By  taking  the  gaa  required  at  any  load 
from  ttus  curve,  and  plotting  for  the  load  curve  of  the  plant,  the  gaa  demand 
of  the  engine  room  is  obtained.  Similarly,  an  input-output  curve  for  the 
producer  can  be  drawn,  between  coal  fired  and  gas  generated;^  on  this  is 
superposed  the  gas  or  power  demands  of  producer  room  auxiliaries  and  the 
atandoy  coal.  In  conjunction  with  the  engine-room  gas  demand  curve, 
this  gives  the  coal  demand  for  the  station  under  load. 

537.  Power  for  auzlUariet.  The  power  required  for  the  blower  or  ex- 
hauster will  be  from  1  to  2.5  per  cent,  of  the  total  horse-power  of  the  producer. 
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Ttie  hone-power  raquirementa  of  washers  are  pven  in  Par.  4M.  The  ooal 
and  aah  handling  ayatem  will  not  usually. require  more  than  0.2  to  0.4  per 
oent.  of  the  total  horae-power;  compreaaor  equipment,  not  over  0.1  per 
cent.  The  total  power  requirements  of  the  auxiliaries  will  be  about  5  per 
cent.    The  atandb):  losM*  of  a  producer  banked  14  br.  in  24  are  about 

1.5  to  2.0  per  cent,  of  the  total. 

■IS.  Wktar  ootuumption  par  h.p.,  for  the  plant  will  run  from  6  to 
8  lb.  per  kw-hr.,  at  the  switchboard  for  non-recovery  plants,  and  40  lb. 
per  kw-hr.  tor  recovery  plants,  using  cooling  towers  in  both  cases. 

•M.  ▼ertieal  TI.  horlxontel  enclnei.  Design  practice  in  plants  up 
to  2,000  b.h.p.  will  allow  vertical  engines;  these  usually  are  not  built 
over  750  to  1,000  h.p.  per  unit.  Above  this  size  only  horisontol  engines 
are  used. 

MO.  Ammonl*  iweorwy.  It  is  not  worth  while  to  attempt  the  recovery 
of  amrooni*  from  bituminous  jplants  of  less  than  2,000  b.h.p.,  and 
then  only  when  the  load  factor  is  above  25  per  cent.  Each  ton  of  coat 
produoes  approximately  100  lb.  of  sulphate  of  ammonia;  the  sulphuric  acid 
lequired  is  (fbout  1  to  1  in  weight  ratio  to  the  sulphate  of  ammonia.  In 
citiea,  the  recovery  plant  is  practically  out  of  the  question  on  account 
of  space  requirements.  Extra  labor,  the  acid  tower,  extra  repairs  and  the 
cost  of  bagging  the  sulphate  must  be  taken  into  account. 

Ml.  The  floor  sp»ee  required  is  from  5  to  8  aq.  ft.  per  kw.,  or  3  to  4 
times  the  floor  space  for  a  turbine  plant.     The  producer  room  requires  from 

2.6  to  4  sq.  ft.  per  kw. 

MS.  Tb«  load  taetor  should  be  high  for  a  successful  gas  plant.  The 
gas  engine  la  not  well  suited  for  heavily  swinging  loada  partly  on  account 
of  its  lack  of  much  overload  capacity. 

■4S.  The  subdivision  of  gederatinK  units  should  be  the  same  as  for 
asteam  plant — six  to  eight  units  if  possible.  For  small  units,  up  to  400 
b.b.p.  one  reserve  unit  in  5  or  6  is  sumcient;  but  for  large  units  (which  have 
never  been  brilliantly  succesaf uH ,  one  in  four  is  necessary  for  continuity  of 
operation.  The  reliability  of  toe  gas  engine 'is  still  open  to  much  question 
in  very  large  units,  but  the  units  of  moderate  and  small  sise  are  as  reliable 
aa  steam  engines,  if  given  the  same  grade  of  attention. 

M4.  Labor  rsquliad  is  usually  one  man  per  engine  above  750  h.p. 
and  one  man  to  four  or  Ave  producers  of  good  sise  and  equipped  with  me- 
chaoical  apparatus  for  feed  and  stoking.  About  one  man  for  1,000  to 
1,200  h.p.  of  engine,  and  one  man  per  2,000  to  2,500  h.p.  of  producer, 
represent  the  average. 

MS.  Total  plant  cost.  The  following  data  is  taken  from  the  1900 
report  of  the  N.  E.  L.  A.  on  gaa  power  plants. 

360  to  2,700  kw.  maximum  rating 


Item 


I 


Dollars  per  kw. 


Maximum     Minimum    Average 


Building 

Produoer  equipment  incl.  piping. 

Gas  engines 

Foundations 

Generators 

Switchboards 


Total. 


44 

49 
56 


15 


16 
33 
38 


12 


33 
38 
47 
5 
14 


171 


107 


140 


If  the  costs  for  gas  engines  given  in  Par.  SSS  ere  used,  these  totals  will 
be  from  SIO  to  S20  higher. 
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TUTnro 

•M.  Tha  MMntUl  mMoiamanta  for  <Ut«nniaiiic  prodoear  •IB- 
etmeir  and  oapaolty  ar«: — (a)  «eii;ht  of  coal  per  hr.;  (b)  proximats 
auUyaUt  B.t.u.  per  lb.  and  moisture  id  coal;  (e)  ou.  ft.  of  gaa  made;  (d) 
temperature  of  gas,  humidity;  (e)  calorific  value  and  analysis.  Additional 
data  required  for  full  information  include:  (f)  weight  of  dry  ash  per  hr.; 
(g)  proifmate  analyaia  and  B.t.u. ;  (h)  wt.  of  steam  per  hr. ;  U)  wt.  of  vapor- 
iser and  aorubber  water  per  hr.,  and  temperatures;  (k)  h.p.  required  for 
blowers  or  ezhauatera  and  tar  eztraotors  or  waaheta;  0)  grains  of  dust  i>er 
ou.  ft.  in  gas. 

For  most  pnrpofles,  only  the  eflBdency  of  the  producer  itself  is  desired. 
For  full  details  of  tests,  see  Gas  Power  Committee  reports,  A.  S.  M.  E. 

MT.  The  tattinc  of  gai  ancliiai  is  very  similar  to  that  of  steam  engines. 
The  essential  data  are:  (a)  iHi.p.;  (b)  b.h.p.  or  kw.  output  and  generator 
effideucy;  (c)  r.p.m.;  (a)  explosions  per  min.,  if  hit-or-mias  governed; 
(e)  cu.  ft.  of  gas  per  min. ;  (0  calorific  power  of  gas  per  cu.  ft.  Desirable 
additional  data  include:  (g)  jacket  water  per  hr.;  (h)  inlet  and  outlet  jacket 
water  temperatures;  (i)  gas,  air  and  exhaust  temperatures;  (k)  amount  of 
lubricant.     All  physical  dimensions  of  the  engine  should  of  course  be  taken. 

MS.  The  saienttal  data  for  a  plant  teat  consist  of  kw.-hr.  output  at 
switchboard  and  coal  used  in  producers;  or  cu.  ft.  of  gas  and  ealoiifio  power, 
if  coke  oven,  blast-furnaoe,  natural,  or  illuminating  gas  is  used. 

■M.  For  gas  maaauramant  the  gas  meter  is  chiefly  used;  the  method 
of  measuring  the  fall  of  a  gas  holder  Tor  volume  should  never  be  employed 
as  the  change  of  temperature  ordinarily  possible,  entirely  vitiatea  the 
aoouraoy.  The  Venturi  meter  furnishes  an  accurate  and  inexpensive  measur* 
ing  devioe  if  properly  handled  and  kept  clean  in  the  throat. 

MO.  Indleatad  h.p.  is  obtained  by  the  usual  indicator,  but  equipped 
with  0.5  in.  area  piston  for  this  work. 

111.  Tha  calorifte  value  of  gas  can  be  obtained  by  the  Junkers  or  other 
make  of  gas  calorimeter.  Oralna  of  duit  par  cu.  ft.  are  obtained  by 
a  special  filter  apparatus  and  test  gas  meter;  the  dust  of  a  measured  quantity 
of  gas  is  collected  and  weighed.  Other  meaanramanta  are  similar  to 
those  for  steam  engines  (Par.  417). 

ISl.  Tha  duration  of  taat  should  be  about  the  same  as  for  engine  and 
boiler  tests  generally.  For  Venturi  readings,  a  record  is  best,  or  very  fre- 
quent readings,  say  onoe  a  minute.  The  producer  test  should  preferably 
not  be  less  than  2i  hr.  except  with  small  producers  intended  for  intermittent 
use;  the  longer  the  test  the  better. 

US.  For  full  calculation  of  rasulta  the  heat  balance  is  required.  Tlw 
reports  of  the  gas  power  committee,  A.  S.  M.  K.,  furnish  full  data  for  tha 
elaborate  testa. 

OIL  POWER  PLANTS 

BT  UaUALD  t.  B.  PiaOTT 
OIL  XNaiHlB 

tU.  Tha  thermodynamic*  of  tha  explosion  eyde  (Otto)  type  of 
oil  engine  are  exactly  the  same  as  for  gas  engines  (Par.  49S  to  BOB).  Tha 
eonstant-preiiare  oyola  (Brayton  cycle),  of  which  the  Dlaaal  is  uie  prin- 
cipal example,  has  sUghtly  different  events.  For  the  four-«yola  typa, 
the  inspiration  and  compr<«sion  strokes  are  the  same,  but  are  made  upon  air 
only;  at  the  end  of  compresaion,  the  oil  fuel  is  injected,  and  burned,  m  such 
a  way  as  to  maintain  a  practically  constant  pressure  during  the  early  part 
of  the  working  stroke.  Expansion  and  exhaust  then  follow  as  in  the  gaa 
engine. 

BBS.  Tharmodynamle  aquattona.  For  the  air  card,  or  ideal  cycle, 
fi,  h,  and  vt  are  obtained  as  for  the  Otto  cycle.  Par  497  to  SOI.,  when  burn- 
ing fuel  at  constant  pressure: 

P.-P*  (87)  P<-(p.j^)'«'  (91) 
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where  pa«  pft,  Pej  iMM^inspiratioii,  compresaioD.  combustion  and  release 
pressurea,  respectivelyj  in  lb.  per  sq.  ft. ;  9«,  tb,  vc,  vd'=  volumefl  in  cu.  ft.  at 
begixinins  <>'  compression,  enci  of  compression,  end  of  combustion  or  begin- 
ning of  expansion,  respectively;  («  b,  Ic,  d  —  absolute  temperatures,  at  the 
same  pointa  in  deg.  Fahr.;  <2i  — heat  added  per  lb.  of  gases,  in  B.t.u.j  Q<  — 
heat  ujBtracted  per  lb.  of  gases  in  exhaust,  in  B.t.u.;  £»thermal  effloiency; 
Cv'speoifio  heat  at  constant  pressure. 

■M.  Tli«  thermal  affietoney  would  be  the  same  as  for  the  Otto  cycle, 
if  eomplete  expansion  occurred  for  the  same  comi>ression  pressures.  But  as 
expansion  is  always  incomplete,  the  efBciency  is  less;  this  is  more  than 
offset  by  the  much  higher  compression  possible  with  the  Diesel  cycle. 

tWt.  Types.  The  types  are  the  same  as  for  gas  engines;  see  Par.  IM  and  SM. 

■M.  ICawi  affasttra  Itrauura  of  the  Dieeel  type  is  given  by 


.e.p.-j'g--^-'-^^'' 


M.e.p. 
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where  /"-Joule's  equivalenti  777.6;  Cv  and  Cp^specifio  heat  at  constant 
volume  and  constant  pressure,  respectively;  la,  s«, -pa,  p»  are  the  same  as 
in  Par.  IM. 

Luoke  givea  the  following  usual  m.e.p. 


Kerosene 

Gasolene                         1 

Absolute  compres- 
sion pressure 

Observed  m.e.p. 

Absolute  compres- 
sion pressure 

Observed    m.e.p. 

46 
63 
65 
68 
70 
50 
55 

40 
69 
68 
40 
72 
SS 
85 

66 
70 
75 
86 
86 
95 

106 
75 

100 
70 
72 
60 

BM.  Speed  And  power.  The  speed  ia  the  ssme  as  for  gas  engineB  of 
the  urae  power  (Par.  611).     For  indicated  and  b.h.p.  see  Par.  61t. 

i60.  Karoeene  engines  of  the  Miets  and  Weiaa  and  Hornsby-Akroyd 
types  are  built  in  sixes  up  to  250  h.p.  and  operate  in  the  same  general  manner 
as  gas  enffiiieSj  the  fuel  oeihg  pumped  in  and  vaporized  in  a  hot  tube,  hot 
bulb,  or  Taponxing  chamber.  The  not  tube  and  the  hot  bulb  are  kept  warm 
by  being  left  unjacketed,  and  by  the  combustion  of  a  portion  of  the  charge  in 
the  hot  bulb  chamber.  Compression  forces  up  the  temperature  of  the  charge 
enou^  for  ignition  to  take  place.  Kerosene  engines  are  the  least  efficient 
(rf  tbe  (h1  engines. 

(•I.  Oaeolene  engines  are  praetically  unused  for  power-station  purposes, 
OD  account  oi  ezpeosire  fuel,  and  low  relative  economy. 

iM.  The  crude  oil  engine  is  arranged  like  the  kerosene  engine,  except 
that  more  careful  arrangements  must  be  made  for  preheating  the  oil  for 
Taporisation,  and  in  most  caaes,  the  air  also.  Exhaust  gas  jackets  are 
genenU^  used  for  the  purpose  of  providing  the  necessary  heat. 
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%9A.  The  DiftiaX  engine  is  now  th«  most  important  of  the  oil  encinea 

on  account  of  its  remarkable  efficiencies.  It  is  built  in  both  two-cyole  and 
four-cycle  types,  and  practically  always  vertical,  single  acting.  ^  It  requires 
separate  compreased-air  starting  sets,  at  about  1,000  lb.  per  sq.  in.  pressure. 
In  the  two-cycle  type,  separate  air  pumps  (cylinders  driven  from  toe  ctobb- 
head)  are  employed,  as  well  as  the  tuel  pump,  which  is  always  necessary. 

U4.  Welghti.  The  Diesel  and  the  Junkers  engines  are  the  heaviest  of 
prime  movers,  running  from  400  to  600  lb.  per  b.h.p.  The  enormous 
wcifcht  is  due  chiefiy  to  the  heavy  presaurcs,  500  lb.  per  sq.  in.  being  an 
ordinary  compression,  with  safe  design  allowance  up  to  1,000  lb.  per  sq.  in. 
to  safeguard  against  breakage  due  to  preigniti'on. 

M5.  The  capacity  of  oil  enffinei  is  baaed  on  cu.  ft.  of  cylinder  dis. 
placement,  as  for  gas  engines  (Par.  61S). 

M6.  Builderi'  rating.  Ulbricht  and  Torrance  (Power,  1912)  give 
average  practice  in  builders*  rating  (for  oils  and  distiUatee),  as 


(97) 


where  d— cylinder  diameter,  in  in;  {—stroke  in  in.  n»r.p.m.     The  rating 
is  about  10  to  20  per  cent,  less  than  the  ultimate  capacity. 

■87.  The  fuel  coniumption  is  poorest  for  the  gasolene  and  keroeeae 
engines,  running  from  13,000  to  15,600  B.t.u.  per  b.h.p.-hr.;  9,400  to 
10,000  B.t.u.  per  b.h.]7,  hr.,  for  American  Diesel  engines.  The  German 
Diesel  and  Jumcera  engines  run  as  low  as  7,100  to  8,500  B.t.u.  per  b.h.p.- 
hr.  AU  figures  are  for  full  load.  These  figures  correspond  to  0.65  to  0.7S 
lb.  of  (gasolene  or  kerosene  per  b.h.p.-hr. ;  0.48  to  0.52  lb.  of  oil  for  Ameri- 
can Diesels;  0.37  to  0.44  for  German  Diesel  and  Junkers  Engines.  Fuel 
consumption  decreases  with  sise. 

■M.     TMt  of  Falk  kerosene  oil  endne  (H.  D.  Wile,  Elee.  World,  1913) 


Cooling  water,  lb.  per  hr 

Inlet  temperature,  deg.  Fahr.. . 
Outlet  temperature,  deg.  Fahr. 

Rev.  per  min 

B.h.p 

Indicated  h.p 

Mechanical  efficiency,  per  cent. . 
Kerosene,  lb.  per  b.h.p.-hr. . . . 
Thermal  efficiency ■  ■ 


47.5 
106 
448 
9.05 
11.04 
82 

1.14 
11.2 


445 
44 
123 
448 
9.05 
11.31 
80 
1.09 
11.7 


391 
71 
157 
449 
8.73 
10.65 
82 
0.98 
13.1 


244 
47.5 
182 
440- 
9.05 
11.84 
76 

1.0 
12.8 


Angle  ignition,  deg 

Rev.  per  min 

B.h.p 

Indicated  h.p 

Mechanical  efficiency 

Kerosene,  lb.  per  b.h.p.-hr 

Thermal  efficiency 

Mixed  water-kerosene,  per  cent. 

Rev.  per  min 

B.h.p 

Indicated  h.p 

Mechanical  efficiency 

Kerosene,  lb.  per  b.h.p. -hr 

Thcrmnl  efficiency. 

B.h.p. 


4.2 


Indicated  h.p I     6.4 

Rev.  per  min . . , 457 

Mechanical  efficiency 66 

Cooling  water,  lb.  per  hr. . . . 
Kerosene,  lb.  |)cr  b.h.p.-hr. . . 

Thermal  efficiency 

Maximum  pressure,  lb.  per  sq. 
in. 


236 
1.55 
7.3 
68 


ft 

ft 

7. 

5 

457 

74 

290 

1 

2fi 

10 

1 

94 

7 

9.17 
450 
76 
306 
1.05 
12.1 
124 


34 
446 

8.73 
11.7 
77 

0.97 
13.2 
34.4' 
442 

8.7 
12.3 
71 

1.06 
12 


8.73 
11.2 
448 
77 
262 
0  93 
13.8 
170 


38 
450 

9.06 
10.65 
82 

0.98 
13. 1_ 
62.8 
440 

8.7 
11.7 
74 

1.14 
11.1 


10.3 

12.5 
437 

82.5 
309 
0.87 

14.7 
206 


41 
442 

8.73 
12.0 
75 

0.95 
13.4 


85 
444 

8.7 
11.4 
76.7 

1.19 
10.5 


11.9 

14.38 
436 

82.8 
304 
0.94 

13.6 
242 
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IfO.  Th«  di&eienoy  of 
giaoluM  •nciAM  ^t  fuU  load 
Tuies  from  18  per  cent,  at  10 
b.h.p.  per  eytuuier,  to  20  per 
cent,  at  22  to  32  b.h.p.  per 
cjliiider;  keroMiio  •nguMB,  1 
to 2  per  cent,  less;  Aznerieui 
IMttel  encinet,  from  26  per 
eent.  at  60  b.h.p.  per  cylinder 
end.  to  27  per  cent,  at  100 
b.h.p.  and  over,  per  cylinder 
end;  0«niuui  DiaseU,  from 
33  per  cent,  at  60  b.h.p.  per 
cylinder  end.  to  36  per  cent. 
at  100  h.p.  All  figures  are  at 
foU-load. 

ffTl.  The  OT«rl<MUl  cftpac- 

itj  of  oil  engines  is  not  more 
than  10  to  20  i^  cent,  above 
the  rated  capacity. 

ITS.  OoTernlnc  in  oil 
engines  is  chiefly  by  throttling 
the  oil  supply  to  the  cylinder. 
The  Miets  and  Weiss  kerosene 
enjpne  governs  by  the  hit-or- 
mias  principle  on  the  oil  pump. 

B7S.  Zgnitlon  in  some  of 
the  kerosene  engines,  and  all 
of  the  gasolene  engines,  is  by 
eleetric  spark,  usually  make- 
and-break.  Some  of  the  kero- 
sene engines  operate  with  hot 
bulb.  The  Diesel  types  and 
most  of  the  heavy  oil  types 
isnite  by  means  of  the  beat 
Que  to  high  compression. 

874.  The  oper&tlon  of  the 
kerosene  and  other  low-oom- 
preaaion  oil  engines  is  practi- 
cally the  same  as  for  gas  en- 
flines.  The  hot-tube  systems 
require  ooeasional  removal  for 
de&ning  of  carbon  deposit,  and 
clearing  the  oil  holes.  The 
Diesel  en^ne,  however,  re- 1 
quires  the  nighest  class  of  op- J 
crating  labor,  on  account  of 
the  high  pressures  employed, 
and  the  lubrication  difficulties. 
These  objections  are  reflected 
in  the  lower  ^  efficiency  of 
American  engines  compared 
with  English  or  German  types, 
beca,u8e  the  compression  pres- 
sures have  been  reduced  to 
relieve  pressure  and  lubrica- 
tion troubles,  and  thus  obviate 
the  use  of  such  highly  skilled 
labor. 

•78.  The  cost  of  internal 
eombmtton  engines  is  given 
by  A.  A.  Potter  iPovter,  1913) 
as  follows:  Gasolene,  up  to 
100  h.p.,  hit-and-miss 
governedt 
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Total  cost -Ul +24.8  (b.h.p.)  (dolUn)  (08) 

Qasolene,  up  to  75  b.p.,  throttle  sovemed. 

Total  coat -309 +.36.  t  (b.h.p.)  (doUus)  (90) 

Oil  engines,  up  to  400  h.p.. 

Total  ooet-63.S  (b.h.p.)- 318  (dollars)  (103) 

Diesel  engines,  (rom  100  to  1,000  h.p.,  approximately  (price  varies  verjr 
widely). 

Total  cort-S8.0  (b.Ii.p.)+2,000  (dollars)  (101) 

Stott,  Pigott,  and  Gorsuch,  A.I.E.E.  Procetditiet,  June,  1914,  give  95.00 
per  kw.  for  all  sises  of  Diesel  engines.  This  is  due  to  the  fact  that  weisfat 
per  kw.  tacreoss*  with  sise. 


•T«. 


Test  of  a  low-eompreailon  heavy  oil  entliM. 
and  W.  W.  Carlson,  Bice.  World,  1913) 


(A.  A.  Potter 


Cylinder  diameter,  in 

Length  of  stroke,  m 

Kind  of  fuel 

Speoifio  gravity  at  60  deg.  Fahr. 

Deg.  Beaumi 

Lb.  per  fal 

Heat  umts  per  lb.,  high 

Heat  unit  per  lb.,  low 

Heat  units  per  gal 


16  .■, 
24 
Solar  oil 

0.8145 
42.0 
6.79 
17.240 
16,322 
117,100 


Data  and  results 


Number  of  test 


Duration  of  heat,  hours 

Barometer,  in 

Speed  of  en^ne,  rev.  per  min 

Mean  effective  pressure 

Indicated  h.p 

B.h.p:  Average 

Mecnanlcal  efficiency,  per  cent 

Fuel  used,  total  lb 

Fuel  used  per  i.h.p.  per  hour,  lb 

Fuel  used  per  b.h.p.  per  hour,  lb 

Heating  value  of  fuel  consumed: 

Per  b.h.p.  per  hour,  b.t.u 

Temperature  of  cooling  water,  deg.  Fahr. 

Inlet 

Outlet • 

Rise 

Cooling  water  used  per  hour: 

Toul,  lb 

Perb.h.p.,Ib 

Thermal  emciency,  per  cent 


3 

26.95 
.     183.6 
75.9 
85.6 
73.5 
85.8 
222.75 
0.868 
1.010 

17,400 

82.25 
164.0 
81.76 

1,775 
24.2 
14.62 


1 
26.94 
201.2 
37.1 
45.5 
39.70 
87.4 
50.1 
1.10 
1.26 

21,750 

79.0 

133.0 

54.0 

2,868 
72.2 
11.7 


1 

28.05 

202.0 

27.50 

34.0 

20.2 

50.4 

42. 5S 

1.20 

2.1 

36,200 

84.26 
125.55 
41.2 

2,712 
134.2 
7.0 


1 


Heat    distribution    per  lb. 
fuel 


of 


B.t.u. 


Per 
cent. 


B.t.u. 


Per 


B.t.u. 


Per 

ecDt. 


Converted  into  i.h.p. . 
Converted  into  b.h.p. . 
Friction  and  losses. . . 
Lasses  in  jacket  water. 


2,935 

2,520 

415 

l.g.'iS 


17.0 

14.28 
2.40 
11.32 


2,315 

2,020 
295 


13.4 

11.7 

1.7 


3,090  17.9 


Losses  in  exhaust,  radiation,  etc. .  j  12,350  71 .  68'  11,835  68.9 


2,036  11.30 

1,210    7.01 

826    4.70 

2,635  15.28 

12,560:73.42 


BT7.  The  ooit  of  plplnf  for  oil  plants,  per  installed  kw.,  ranges  from 
•0.50  to  81.70. 
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■n.  Cl«n«ral.  What  has  been  ||iTen  in  Par.  M4  to  414  eaii  be  mplied 
ia  prindpl*  to  the  oil  plant.  But  inumueh  as  the  only  auzUiarie*  are  the 
emtera,  jacket  pumps  and  air  compressors  for  starting,  the  problem  is  much 
■mpter,  and  the  economy  of  the  plant  is  much  more  nearly  that  of  the  main 
onit. 

tra.  PUmt  coata.  The  buildings  will  oost  from  (10.00  to  (24.00  per 
kv.,  aa  no  producer  room  or  boiler  room  is  required.  The  oil  storage  tanks 
require  approximately  0.06  to  0.08  gal.  capacity  per  kw.  and  cost  from  13.00 
to  (6.00  per  kw.  of  rated  capacity.  All  other  auxiliaries,  including  crane, 
oil  pumpa,  air  compressor  ana  compressed  air  tanks,  cost  from  (2.90  to  (6.00 
per  kw.  of  rated  capacity,  installed.  The  total  costs  will  range  as  follows, 
perkw.: 


High 


Low 


IKeael  engiiie 

BidlfUnc 

Tanks 

Auxiliaries... 
Pip«n« 

Totals. . . 


(100.00 

24.00 

6.00 

5.00 

1.70 


(OS.OO 
10.00 
3.00 
2. SO 
O.SO 


136.70 


111.00 


There  are  no  plants  in  this  country  much  larger  than  l,fi00  kw.  in  total 
c^ncity. 

TBBTDrO 

HO.  The  taitinf  of  oil  enginas  is  exactly  similar  to  the  tasting  of  gas 
sngixiea,  except  that  weight  of  oil  per  hr.  is  substituted  for  ou.  ft.  of  gas  per 
min.    All  other  data  and  instruments  required  are  the  teme. 

POWER  PLANT  BUILDINGS  AND  FOUNDAHONS 

BT  WEOIMAU}  J.  B.  PIOOTT 

(81.  The  buJliUiif  honiing  any  kind  of  power  plant  should  be  entirely 
fireproof.  In  many  cases,  no  fire  insurance  is  carriea,  and  therefore  all  wood 
and  other  tmnecessary  combustible  should  be  kept  out  of  the  structure. 

Ut.  The  approTad  conitmotioiu  are:  (a)  Steel  structure,  brick  walk, 
concrete,  slate  or  tile  roof.  For  small  low-grade  plants  corrugated  iron  may 
be  employed  to  a  very  limited  extent,  (b)  Steel  framework,  walls  and  roof 
concrete,  (c)  Reinforced  concrete  throughout.  Type  (c)  is  exploited 
chiefly  in  the  hydroeleotrio  plants;  type  (a)  is  the  most  widely  employed. 
Concrete  foundations,  for  alt  work,  are  practically  universal. 

(U.  The  general  airangamant  of  engine  rooms  in  the  older  plants  and 
in  the  most  modern,  is  parallel  to  the  boiler  room.  About  8  years  ago  the 
sudden  increase  in  capacity  of  the  turbine  without  much  increase  in  sise  made 
the  use  of  croes  firing  aisles  necessary,  to  get  in  enough  boilers.  But  the 
underfeed  stoker  has  so  increased  the  forcing  capacity  ot  the  boiler  that  this 
Is  now  unnecessary. 

(S4.  In  ni-itrodueer  plants,  the  producer  room  is  generally  arranged 
parallel  to  the  engine  room,  although  it  may  be  entirely  separate  and  some 
distanee  away,  as  in  some  recovery  plants. 

Uf.  Tha  «o*l  bunkart  In  larger  power  plant*  are  of  steel  framing 
with  concrete  arch  lining.  For  moderate  aise  plants,  and  for  outdoor  bunkers 
for  producer  plants,  the  suspended  type,  catenary-curve  bunker  is  widely 
used;  also  steel  with  concrete  lining,  iioppers  and  chutes  for  coal,  are  made 
of  plate  steel  or  cast  iron;  aah  hoppers,  of  plate  steel  lined  with  red  brick, 
or  reinforced  eoncrete. 
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■M.  Brlokwork  tor  powar-atetUm  bnilrtlngi  varies  about  «■  giTaa 
bolow. 

Heavy  buement  work,  labor  east  only  ST. 00  to  tS.OO  per  M. 
Uin.  walU  8.00  to  10.00  per  M. 

13  in.  walla  9.00  to  11.00  per  M. 

18  in.  wall,  faced  on  one  side  with  pressed  brick  13.00  to  14.00 
18  in.  wall,  faced  on  both  sides  with  pressed  brick  16.60  to  19.00 
13  in.  wall,  faced  on  one  side  with  pressed  brick    14.00  to  17.00 

This  is  for  straij^ht  wall  work.  For  work  much  out  up  b^  wiodowi  and 
corners,  these  prices  must  be  increased.  Common  red  bnck  costs  about 
S8.00  per  M  deliTered  in  or  near  cities. 

S8T.  Ooneret*.    Taylor  and  Thompson  give  the  following  approximmta 
oost  for  concrete: 


Item 


Per  cubic  yard 


Range 


Average 


Mass  foundations 

Conduits  and  sewers 

Tunnels,  subway 

Reinforced  retaining  walls 

Reservoirs,  filters 

Tanks,  standpipes 

Buildings,  total  structures 

Walls  io  building  construction 

Encasing  structural  steel  in  concrete. 

Concrete  piles 


84.00  to  6.00 
8.00  to  16.00 
B.OO  to  42.00 

12.00  to  16.00 
6.00  to  23.00 
4.00  to  20.00 
8.00  to  26.00 

12.00  to  26.00 

14.00  to  21.00 

Per  linear  ft. 
0.61  to    1.60     I 


87.00 
0.50 
16.00 
as.  50 
10.50 
12.00 
14.00 
17.60 
18.50 

1.15 


CSS.  Btructural  steel  (or  bulldlnr  purpoMS  eosta  from  855  to 
8120  per  ton,  erected.  For  any  amount  over  200  tons,  it  should  not 
ordinarily  exceed  865  per  ton. 

SS>.  Building  foundations  are  made  almost  exclusively  of  mass  con- 
crete (Par.  SST). 

BM.  The  bearing  power  ot  loila  for  eomputing  the  proper  spread  of 

footings  is  given  below. 


SoU 

Tons  per 
sq.ft. 

Remarks 

4.0 
1.76 

2.0 

1.6 
2  SO 
30.0 
8.0 
5.0 
4.0 
3.0 
2.0 

New  York  Building  Laws 
Chicago  Building  Ordinanoes 

Chicago  Building  Ordinances 

Chicago  Building  Ordinanoes 

Richey 

Richey 

Richey 

Richey 

Richey 

Richey 

Richey 

Pure  clay,  16  ft.  with  no  admix- 
ture of  foreign  substances  except 
gravel. 

Dry  sand,  16  ft.  thick,  no  admix- 
ture of  foreign  substances. 

Hara  rock  on  native  bed 

Ledge  rock 

Gravel. 

Clean  sand 

Wet  clay 

m.  Tta  maUng  concrete  in  any  quantity,  machine  mixing  always 
pays,  both  in  first  cost  and.  in  reliable  quality.  Form  work  is  usually 
of  1.26-in.  tongued  and  grooved,  short-leaf  yellow  pine  lumber  dressed  one 
side,  with  2  in.  x  4  in.  rough  spruce  or  yellow  pine  studs  and  bracing  for 
the  greater  part;  4  in.  x  4  in.  studs,  and  larger,  are  uaed  only  wbere 
necessary. 
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tn.  Zrf>MU  on  roundhtlon 

(Chicaco  Building  Ordinances) 


Foundation 

Tons  per 
«q.    ft. 

Foundation 

Tons  per 
sq.  ft. 

Concrete       

4.0 
fi.O 

9-12.8 

Iron  raila  in  concrete . . . 
Steel  rails  in  concrete. . . 

Piles 

6.0 
8.0 

12.0 

Foundation  piera,  dimenaion 
(tone. 
Brick  piers  in  cement 

MS.  Maehlnerr  totmdatlons  are  generally  of  mass  concrete,  as  for 
buildings.  But  lately  the  demands  for  condenser  and  auziliaiy  space 
onder  steam  turbines  have  forced  the  use  of  struetural  ttMl  (otmdktiOBa. 
There  is  no  objection  objection  to  this,  provided  the  turbine  is  properly 
balanced  and  the  maximum  permissible  deflection  of  about  0.02  in.  is  not 
eiceeded.  Foundations  should  extend  up  to  1  in.  or  }  in.  below  the  bottom 
Ene  of  the  machine  base  to  be  aet;  and  when  the  latter  is  lined  up,  the  whole 
riiould  he  grouted  with  cement  grout,  mixed  1:2,  of  cement  and  sand. 
Voundktlon  bolts  are  now  seldom  set  from  templates,  but  are  accurately 
located  in  the  forms  by  drawing  dimensions.  Each  bolt  is  mounted  in  a 
pipe  sleeve  large  enough  to  allow  a  pla^  of  at  least  one  diameter  for  taking 
care  of  inaccuracies  in  the  casting  and  in  the  setting.  With  some  turbines, 
DO  bolts  whatever  are  needed. 

SM.  Drainage  should  if  possible  be  arranged  for  by  placing  the  whole 
station  above  sewer  or  tide-water  level,  so  that  gravity  now  from  sumps  and 
traps  is  possible.  Where  this  cannot  be  done,  suitable  reservoir  sumpe 
must  be  provided,  emptied  by  ejectors  or  pumps,  float  controlled.  Gal- 
vanised iron  or  cast-iron  roof  leaders  may  be  employed,  with  oast-iron  soil 
pipe  in  the  ground,  or  glased  clay  tile  pipe. 

nS.  Ughtiiig  Uld  TentUktion.  The  use  of  all-glass  monitors  is  the 
most  desirable  way  of  lighting  and  ventilating  plants.  The  rolled  steel 
lection  windows  and  monitors  now  produced  have  rendered  easy  the  problem 
of  fireproof,  permanent  window  and  ventilator  fixtures.  The  operating 
devices  should  be  arranged  for  quick  opening  and  closure,  to  provide  for 
storm  protection.  The  continuous  sash  for  monitor  use  is  the  latest  device 
in  this  line.  Care  should  be  taken  to  make  windows  rain-  and  snowproof, 
and  to  allow  opening  for  ventilation  without  letting  in  rain  during  ordinary 
storms. 

M6.  Ughtlng  bj  daylight  is  accomplished  by  the  monitors  above 
mentionea  and  by  high  side  windows  in  some  cases.  The  night  illumination 
in  most  oases  is  by  incandescent  lamp.  The  arc  and  Nernst  lamps  are  gener- 
ally undersirable;  the  mereiuy  vapor  lamp  is  very  successful  where  used,  and 
is  the  least  injurious  to  eyesight,  but  there  is  much  general  objection  to  the 
color  of  the  light.  The  usual  demand  for  illumination  in  a  power  station 
will  take  from  0.2  to  0.5  per  cent,  of  the  output. 

HT.  Fira  risks  in  well  constructed  plants  are  exceedingly  low;  in  many 
of  the  largest  plants,  no  insurance  against  fire  is  carried.  The  use  of  wood 
roofs  or  other  inflammable  structures,  makes  insurance  imperative. 

MS.  The  oott  of  buildings  for  various  types  of  power  plant  is  given  in 
Par.  41t,  tU  and  STt  per  kw,  of  capacity.  The  cost  per  cu.  ft.  of  contents 
is  less  variable,  and  runs  from  10.20  to  SO. 35. 


HYDRAULIC  POWER  PLANTS 

BT  ARTHUR  T.  BATTORD 

ContuUing  Hydraulic  Engineer,  Member,  American  Society  of  Citil  Engineer; 
Mtwber,  American  Society  of  Mechanical  Bngineert 

HTDRATTLIO 

nt.  PrMtor*  aod  dopth.  Water  is  but  slightly  compressible,  therefore 
the  pressure,  P,  is  for  aU  practical  purposes  directly  proportional  to  the 
deptA,  H,  and  oaa  be  represented  by  a  diagram  as  shown  in  Figs.  46  to  49. 
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The  total  pnHore  on  an^  lubnurcsd  ■uifaoa  ia  equal  to  the  area 
of  the  preMuro  diagram  (abc,  Fig.  46;  d<cb,  Fig>.  47  and  48)  andtheoentre  of 
preuure  pasAee  through  ita  centre  of  gravity,  G,  perpendicular  to  the  sub- 
merged surface.     The  moment  of  the  pressure  about  c  is  (Fig.  49), 

M  -Py  (ft-lb.)  (102) 

The  pressure  in  lb.  per  sq.  in.  at  any  point  is 

)>- 0.433  X  Depth  (103) 

The  pressure  is  always  normal  to  the  submerged  surface.  The  total  pra»- 
sute  exerted  on  a  submerged  body  ia 

P-62AnA  (lb.)  (104) 

wherein  H  is  the  depth  of  water  in  feet  over  the  geometrical  centre  of  the 
body  and  A  is  the  area  of  the  surface  in  sq.  ft. 


Fio.  46. 


*  1**'*'*^' 


Fia.  47. 


^       Csutlon;    II  »  dun,  kad  ttitr<  1«  i«*ki{a 
\         ■iiiIm  tt.  ttiiii  mij  liiiijTiriTjMiwiin 


Fia.  48. 


Fia.  41). 


600.  Poiaible  upward  prauura  tmdar  dami.  If  tha  itruoture  is  a 
dam  and  there  is  leakage  under  it  there  may  be  upward  pressure  over  the 
entire  bottom.  If  there  is  no  leakage  then  there  wiQ  be  no  upward  pressure. 
The  truth  in  any  given  case  probably  lies  between  these  two  extremes  and 
the  foundations  and  underlying  material  must  be  carefully  studied  to  make 
a  proper  design. 

Ml.  Tha  dyiiainio  propartleg  of  water  in  motion  are  theoretically 
the  same  as  those  of  falling  bodies  i.e.: 

V-  V2ih-8.02y/k  (ft.  per  sec.)  O05) 

where  v>32.ie. 

Actually  this  formula  is  rarely  exact  and  expressions  baaed  upon  it  must 
be  modified  by  empirical  coefficients. 

•Ot.  The  quantltr  of  water  paaainc  a  glran  point  in  a  unit  of  tioM 
is  equal  to  the  product  of  the  net  cross-sectional  area  taken  perpendicular  to 
the  line  of  flow  and  the  mean  velocity  in  that  time  parallel  to  the  line  of  flow. 
This  may  be  expressed  by  the  equation 

Q-AV  (seo-ft)  (106) 

If  X  is  the  area  in  square  feet,  V  the  velocity  In  feet  per  second,  then  Q 
is  the  quantity  in  cu.  ft.  per  sec,  or,  in  its  briefer  form,  seoond-feet.  This 
in  the  United  States  is  now  the  common  expression  in  water-power  practice 
for  flow  of  streams,  capacity  of  canals  and  raceways  and  discharge  ol  water- 
wheels. 

Ml.  At  sTery  aaction  of  a  continuous  and  steady  atraam  tha  total 
energy  la  constant;  whatever  head  is  lost  as  pressure  is  gained  as  velocity. 
This  IS  known  as  BemoulU'a  theorem,  and  in  terms  of  head  can  be  expressed 
as  follows:  Total  head  —  velocity  hesd  +  preasure  head  +  head  due  to  ele- 
vation "  constant;  or  in  every  stream  section, 

HT-h.+h,+h..  y^  +  I  +*.  (ft.)  (107) 

where  y  ia  the  constant  to  reduce  lb.  per  sauare  inch  to  head  in  feet,  or  0.433. 

In  order  to  make  this  equation  of  practical  application,  a  term  representing 

the  head  lost  in  overcoming  friction.  Ax,  must  be  added  on  the  rigbt>-hand  aide 

ol  the  equation.     This  formula,  properly  modified  to  inolude  the  eileet  of 
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frictional  reaisUnces,  is  the  boaui  of  all  empirical  formulas  for  the  flow  of 
water. 

•M.  Power  and  enercr*  The  potential  energy  of  water  held  in  reaenre 
is  its  weight  multiplied  by  the  net  available  distance  through  which  it  can 
fall  in  the  performance  of  work.  Ab  power  expresses  the  rate  of  doing  the  work* 
it  is  coUTenient  to  deal  with  the  flow  of  water  in  cu.  ft.  per  sec.  falling  through 
a  ^ven  vertical  distance  in  feet.  Power  — 62. 4QH  ft^lb.  per  sec,  where 
Q  18  the  flow  in  ou.  ft.  ^r  see.,  and  H  the  vortical  distance  or  "head"  in  feet 
and  62.4  ia  the  weight  in  pounds  of  1  cu.  ft.  of  water. 

_  62.4Qff       QH  „„„, 

Horse-power-      --^      -  ~  (108) 


550 


This  is  the  maximum  horae-power  that  might  be  obtuned  from  Q  oubio 
feet  of  water  per  second  falling  a  distance  H  feet,  assuming  an  efficiency  of 
transformation  of  energy  of  100  per  cent.  This  expression  multiplied  by 
the  known  efficiency  of  a  water  wheel  will  give  the  power  at  the  water-wheel 
sh^t.  Ordinarily  QH/ll  or  QH/\2  will  give  approximately  the  net  water 
horse-power,  corresi>onding  respectively  to  efficiencies  of  80  per  cent,  and  73.^ 
per  cent. 

FLOW  rOKMUI^B 

•05.  Orlfloei  employad  as  metsrs,  are  limited  in  use;  experimentaUy 
they  have  given  very  consistent  results,  but  in  practice  these  results  often 
cannot  be  reproduced  with  sufficient  accuracy  for  precise  work.  Orifices  of 
rdatively  small  sixes,  of  regular  shapes  (usually  round  or  rectangular),  wiUi 
carefully  made  edges,  and  used  with 
full  contraction  of  the  jet,  have  been 
carefully  experimented  upon  and  may 
be  usea  with  confidence  provided  there 
is  practically  no  velocity  of  approach 
(less  than  0.5  ft.  per  sec). 

•06.  Tbe  flow  of  water  through  an 
orifice  (Fig.  60)  in  a  vertical  wall  ex- 
pressed in  cubic  ft.  per  sec.  is 

Q~CAV^CAV2^ 

(cu.  ft.  per  sfo.)  (100) 

where  A  is  the  area  of  the  opening  in 
square  feet,  k  the  head  in  feet  measured 
from  the  surface  of  the  water  to  the  cen- 
ter of  the  opening,  and  C  is  the  coeffi- 
eient  of  discharge  which  depends  on. 
tiie  form  of  the  orifice.  For  sharp-edged 
orifices,  4  sq.  ft.  or  leas  in  area,  with  full 
contraction  of  the  issuing  stream  (Fig. 
50),  discharging  under  heads  from  about 
1  to  20  times  the  depth  of  the  orifice 
(practically  novelocitvof  approach),  a 
value  of  C  maybe  taken  as  0.6.  If  the 
orifice  is  large  and  the  head  acting  is 
small,  the  exact  or  integral  forni  of  the 
equation*  must  be  used  when  C  is  taken 
as  0.6.  For  high  heads  and  relatively 
small  orifices  this  ia  not  necessary,  if 
the  contraction  is  even  partly  suppressed 

the  results  are  unreliable;  if  wholly  suppressed  the  orifice  becomes  a  short 
tube  or  noizle  and  the  coefficient  vanes  greatly,  depending  on  the  shape 
and  proportions;  but  always  more  than  0.6  (see  Par.  •80). 

•07.  In  treating  head  gates  and  sluice  gates  as  orifices,  the  forme  of 

croBB-section,  the  channel  of  approach  and  that  leading  awav  from  the 
orifice,  and  the  velocity  of  approach  are  all  very  important;  these  factors 
modify  any  computed  discharge  based  upon  the  opening  and  observed  head. 


fftUllsg  Box 


Fig.  50. — Circular  orifice  with 
sharp  edges,  giving  full  contrac- 
tion. 


*  Water  Supply  and  Irrigation  Paper  No.  200. 
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The  ooeffioient  of  diaoharge  for  gates  on  the  basis  of  their  oroas-Metional  araa 
and  the  head  measured  above  and  below  them  may  vary  all  the  way  from  thkt 
of  a  standard  sharp-edged  onfice  (0.6)  to  over  1.0  if  there  is  much  velocity  of 
approach.  For  these  reasons,  if  head  gates  or  sluice  gates  are  to  be  uaed  MM 
measuring  devices  they  should  be  given  their  own  rating  by  some  indepeiwlant 
method  of  measurement. 


•M.  Wetobsoh't  Ooaffloieuta 


CinQ' 


•C.   V2gh 


(loeA) 


wherein  (7  is  a  ooefEolent  which  depends  on  the  form  and  head  h  acting  on 
orifice,  Q  is  given  in  cubic  feet  per  sec.  when  h  and  d  are  measured  in  fieet; 
h  is  heaa  in  feet  above  centre  of  orifice;  and  d  is  diameter  of  orifice  in  feet. 


•t 

> 
i 

Thin  plats  ori- 
fice and  com* 
plote  contrae- 

1  tion  of  stream 

1             U^iiU. 

ii.t:      <;  >  ui 

B.  deg. 

c 

c 

Inlet 
slightly 

round 
C-0.90 

Depend- 
ing upon 
smooth- 
ness 
surface 
C  =  0.9B 
to  0.99 

Depend- 
ing on 

the 
length 

and 

velocity 

C  =  0.98 

to  1.6 

d 

h- 
1.148 

1.969 

0. 

0.97 
0.96 
0.92 
0.90 
0.75 
0.68 
0.63 

0.64 

C 

C 

11.2 
22. { 
45. 
67. J 
90. 

5 

o'.hh' 

0.58 
0.60 
0.63 

Inlet 

very 

round 

C-0.97 

0.0144 
0.0328 
0.0656 
0.0984 
0.1312 

0.68 
0.64 
0.63 
0.62 
0.614 

0.66 
0.A8 
0.62 
0.61 
0.607 

soft.  Weln,*  if  properly  constructed  and  used  with  faithful  regard  to 
reproducing  the  exact  conditions  wiiicfa  obtained  when  the  ezpenmenter 
derived  his  formula,  should  give  good  results.  Some  extraordinary  results 
have  been  obtained  because  these  precautions  were  not  observed;  and  weir 
measurements  unless  standardised  will  gradually  lose  their  hold.  A  weir 
installation  in  a  power  plant  must  necessarily  cut  down  the  available  he*d 
by  roughly  3  ft.  For  this  reason  the  weir  should  be  used  only  for  testinc, 
and  not  for  operating. 

•10.  "The  iiroeeduTa  to  b*  tollowed  in  weir  meuoremanta  eom- 
I>rlies|t 

(a)  Constructing  and  setting  up  the  weir  and  the  gage  for  measuring  tho 
bead;  reproducing,  if  possible,  the  eziwrimental  conditions  of  the  formula  to 
be  used. 

(j>)  Measuring  the  length  of  the  crest  and  determining  its  irregularitiea 
if  any. 


(c)  Taking  a  profile  of  the  crest  if  not  shar|>edged. 
(a)  Determimng  by  actual  ) 


_    .  measurements  the  cross-sectional  area  of  the 

channel  of  approach. 

(«)  EstabliBhing  by  leveling  the  relative  elevations  of  the  crest  of  the  weir, 
and  the  sera  of  the  gage. 

(/)  When  the  desired  regulation  of  flow  is  established,  determining  the 
head  by  hook  gage  or  other  observations  at  intervals  as  frequent  as  the 
conditions  require. 

*  For  the  most  extended  compilation  and  examination  of  exisUng  weir 
data  Water  Supply  and  Irrigation  Paper  No.  200  (Weir  Experiments,  Coeffi- 
cients, etc.,  by  R.  E.  Horton)  should  be  consulted. 


t  Hughes  and  Safford, 
page  196. 


"Hydraulics;"  New  York,  MacMUlan  Co.,  1911; 


788 


byv^iuuyie 


POWER  PLANTS 


Sec.  11 


(d)  If  pjOMible,  measure  the  ac- 
tual velocity  in  the  ohannel  of  ap- 
proach  by  a  current  meter  or  some 
other  direct  method;  and 

(A)  Compute  the  diacharge  by 
the  formula  selected.  Three  of 
theae  operations  require  especial  con- 
nderation,  vis.:  construction  and 
■ettinc,  the  measurement  of  the 
head,  and  the  selection  of  the  for- 
mal*.*' 


Fia.  52. — W«ir  with  end  con- 
tractions suppressed. 

•11.  "Coiutruction  and  set- 
ttnff  of  Wfllri.*  In  order  to  elimi- 
nate as  far  as  possible  factors  for 
which  precise  allowance  cannot  be 
made,  the  construction  and  setting 
should  meet  the  following  conditions: 

(a)  A  sharp-crested  weir  with 
complete  crest  contraction  should 
be  used. 

{b)  The  crest  should  be  level,  and 
its  ends  vertical. 


*  Hughes  and  Safford,  "Hydrau- 
lics;" New  York,  MacNCllan  Co., 
1911. 
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(c)  The  end  controetioss  should  be  complete,  or,  if  luppreeaed,  entirely 
suppreoaed. 

(a)  The  upitream  face  should  be  vertical ;  the  downatream  faee  so  deii«ned 
that  the  nappe  has  fr^e  overfall. 

(e)  Free  access  for  air  under  the  nappe  should  be  made  certain. 

(/)  The  weir  should  be  set  at  right  angles  to  the  direction  of  flow. 

(^)  The  channel  of  approach  should  be  straight  for  at  least  25  ft.  abov« 
the  weir,,  of  practically  uniform  cross-section  and  of  slight  slope  (preferably 
none). 

(K)  Screens  of  coarse  wire  or  baffles  of  wood  should  be  set  in  the  ohannel, 
if  necessary,  to  equalise  the  velocities  in  different  parts  of  the  channel,  but 
not  nearer  the  crest  than  25  ft. 

(S)  The  channel  of  approach  should  have  a  large  eross-aeetional  area  in 
order  to  keep  the  velocity  of  approach  low." 

A  weir  wiUi  complete  end  contractions  is  shown  in  Fig.  51;  suppressed  end 
contractions  are  shown  in  Fig.  62. 

•U,  Vruiels  forinulaa.  The  best  known  formulas  are  those  of  James  B. 
Francis  and  M.  Baxin.  The  Francis  formulas  are  strictly  applicable  only  to 
T6rtlCftl,  Bhurp-creited  weirs  with  free  overfall  and  either  with  no  end  con- 
tractions r'suppressed  weir"),  or  with  complete  end  contractions  and:  (a) 
when  the  length  of  the  weir  is  at  least  5  ft.;  (b)  when  the  head  i^H)  is  not 
greater  than  one-third  the  length  (L);  (c)  when  the  head  is  not  less  than  0.5 
ft.  nor  more  than  2  ft.;  ((i)  when  the  velocity  of  approach  is  1  ft.  per 
second  or  less;  (s)  when  the  height  of  the  weir  crest  above  the  bottom  of  the 
ohannel  of  approach  is  at  least  three  timea  the  head.  For  tabulation  of 
standard  formulas  see  Par.  <lt. 

•14.  Smith'!  formulu.  For  ihort  wain  (shorter  than  S  ft.)  the 
experiments  and  studies  made  by  Hamilton  Smith,  Jr.,  aSord  the  best 
guide  (See  Smith's  weir  coefficients.  Par.  6M). 

•IS.  B»tin'l  formula.  The  best  weir  experiments  abroad  are  those  of 
M.  Basin  whose  general  formula  is  Q  «  mLhy/if/h  for  suppressed  weirs  only. 
At  about  1.0  ft.  depth  on  the  crest,  with  no  velocity  of  approach,  Uie 
results  from  his  standard  8.5ft-ft,  (2-meter)  weir  are  praotioally  those  of 
James  B.  Francis'  standard  10-ft.  weir  (See  Par.  Ml). 

•U.  Ftel«7  and  Staama'  formula.  For  heads  from  0.07  to  0.5  (t.  the 
Fteley  and  Steams  formula*  Q-3.3lLy/H'+0M7L  is  recommended. 

•IT.  Weir  dlacharse  tablai.  The  following  table  of  discharges  for  waiia 
without  end  contractions,  and  velocity  head  is  given  for  heads  from  0.00  to 
2.08  ft.  and  includes  figures  from  the  Fteley  and  Stearns  formula  up  to  0.5 
ft.  and  the  Francis  formula  from  0.5  ft.  to  2.98  ft.  The  quantity  of 
water  is  given  in  cu.  ft.  i>er  sec.,  per  foot  of  weir,  with  complete  eon- 
traction  on  the  erest,  and  no  end  contractions.  Q-3.31Xi\/^-f  0.007L  for 
depths  up  to  0.6  ft.  and  Q-3.33I/\/H'  for  depths  aboveO.Sft.;  the  velo- 
city due  to  the  head  is  computed  by  formula,  Vel.  —  'V2gh, 

'  Fteley  and  Steams,  in  "Sudbury  River  Experiments"  (pace  84)  state 
that  this  formula  is  based  upon  experiments  in  which  the  depths  on  the 
weir  ranged  from  0.07  to  1.63  ft.     Trans.  Amer.  Boo.  Civil  Eng.,  Vol.  XII. 
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H 

(ft.) 

Quan. 

Veto. 

H 

Quan. 
(»ec- 
ft.) 

Veto. 

H 
(ft.) 

Quan. 

Veto. 

(■eo 
ft.) 

(ft.  per 
«eo.) 

(fU 

(ft.  per 
sec.) 

(nec- 
ft.) 

(ft.  per 

MO.) 

0.00 
.02 

0.60 
.52 

1.18 
.25 

5.67 

6.78 

1.00 
.02 

3.33 
.43 

8.02 
8.10 

"".ia 

'iiis' 

.04 

.03 

1.60 

.54 

.32 

5.89 

.04 

.53 

8.18 

.00 

.06 

1.96 

.58 

.30 

6.00 

.06 

.63 

8.26 

.08 

.08 

2.27 

.68 

.47 

6.11 

.08 

.74 

8.33 

0.10 

0.11 

2.54 

0.60 

1.66 

6.21 

1.10 

3.84 

8.41 

.12 

.14 

2.78 

.62 

.63 

6.32 

.12 

.95 

8.49 

.14 

.18 

3.00 

.64 

.70 

6.42 

.14 

4.05 

8.56 

.16 

.22 

3.21 

.06 

.79 

6.52 

.16 

.16 

8.64 

.18 

.26 

3.40 

.68 

.87 

6.61 

.18 

.27 

8.71 

0.20 

0.30 

3.59 

0.70 

1.96 

6.71 

1.20 

4.38 

8.79 

.22 

.35 

3.76 

.72 

2.03 

6.81 

.22 

.49 

8.86 

.24 

.40 

3.93 

.74 

.12 

6.90 

.24 

.60 

8.93 

.26 

.46 

4.00 

.76 

.21 

6.99 

.26 

.71 

9.00 

.28 

.M 

4.24 

.78 

.20 

7.08 

.28 

.82 

9.07 

0.30 

0.S5 

4.39 

0.80 

2.38 

7.17 

1.30 

4.94 

9.14 

.32 

.61 

4.64 

.82 

.47 

7.26 

.32 

6.05 

9.21 

.34 

.66 

4.68 

.84 

.56 

7.35 

.34 

.16 

9.28 

.36 

.72 

4.81 

.86 

.66 

7.44 

.36 

.28 

9.35 

.38 

.78 

4.94 

.88 

.75 

7.52 

.38 

.40 

0.42 

0.40 

0.84 

5.07 

0.90 

2.84 

7.61 

1.40 

6.52 

9.49 

.42 

.91 

6.20 

.02 

.94 

7.69 

.42 

.63 

9.56 

.44 

.97 

5<32 

.04 

3.03 

7.78 

.44 

.76 

9.62 

.46 

1.04 

5.44 

.96 

.13 

7.86 

.46 

.87 

9.69 

.48 

.11 

5.56 

.98 

.23 

7.94 

.48 

6.00 

9.76 

l.SO 

6.12 

9.82 

2.00 

9.42 

11.34 

2.50 

13.16 

12.68 

.62 

.24 

9.89 

.02 

.56 

11.40 

.52 

.32 

12.73 

.M 

.36 

9.95 

.04 

.70 

11.46 

.64 

.48 

12.78 

.S6 

.49 

10.02 

.06 

.85 

11.61 

.56 

.64 

12.83 

.58 

.61 

10.08 

.08 

.99 

11.57 

.68 

.80 

12.88 

1.60 

6.74 

10.14 

2.10 

10.13 

11.62 

2.60 

13.96 

12.93 

.62 

.87 

10.21 

.12 

.28 

11.68 

.62 

14.12 

12.98 

.64 

.99 

10.27 

.14 

.42 

11.73 

.64 

.28 

13.03 

.66 

7.12 

10.83 

.16 

.57 

11.79 

.66 

.45 

13.08 

.6^ 

.26 

10.40 

.18 

.72 

11.84 

.68 

.61 

13.13 

1.70 

7.38 

10.46 

2.20 

10.87 

11.90 

2.70 

14.77 

13.18 

.72 

.61 

10.52 

.22 

11.01 

11.95 

.72 

.94 

13.23 

.74 

.64 

10.58 

.24 

.16 

12.00 

.74 

15.10 

13.28 

.76 

.77 

10.64 

.26 

.31 

12.06 

.76 

.27 

13.32 

.78 

.91 

10.70 

.28 

.46 

12.11 

.78 

.43 

13.37 

1.80 

8.04 

10.76 

2.30 

11.61 

12.16 

2.80 

15.60 

13.42 

.82 

.18 

10.82 

.32 

.77 

12.22 

.82 

.77 

13.47 

.84 

.31 

10.88 

.34 

.92 

12.27 

.84 

.94 

13.52 

.86 

.45 

10.94 

.36 

12.07 

12.32 

.86 

16.11 

13.56 

.88 

.58 

11.00 

.38 

.23 

12.37 

.88 

.27 

13.61 

1.90 

8.72 

11.05 

2.40 

12.38 

12.42 

2.90 

16.44 

13.66 

.92 

.86 

11.11 

.42 

.54 

12.48 

.02 

.62 

13.70 

.94 

9.00 

11.17 

.44 

.69 

12.53 

.94 

.79 

13.76 

.96 

.14 

11.23 

.46 

.85 

12.58 

.96 

.96 

13.80 

.98 

.28 

11.29 

.48 

13.00 

12.63 

.98 

17.13 

13.84 

(18.  ■zAinplai  of  wair  ealeulatioas.    A  weir  5  ft.  lone  ia  set  in 
ohannal  10  ft.  wide  and  the  oreet  ia  4.36  ft:  high.    If  the  obaerred  head  i 
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0.64  ft.,  compute  the  discharge  (a)  by  the  Franda,  (6)  by  the  Fteley  and 
Stearns,  (c)  by  the  Smith  formula. 

(a)  Francis  formula:  0-3.33  C5-0.1X2X0.M)  .y'or64i-3-33X4.872X 
0.512  =  8.31  ou.  ft.    per  sec;  not  corrected  for  velocity  of  approach  V  , 

Area  of  channel  of  approach  ii-:>  (4.36+0.64^  10-60  sq.  ft.  Velocity 
of  approach  y^-Q/il-8.3I/S0-0.1662  ft.  per  sec.     Velocity  head  &.» 

(0.1662)V84.32-0.0004;  VH*  -  V(0.64+0.0004)«- V0.0004«-0.6125  - 
0.000008-0.6124;  Q-3. 83X4.872X0.6124-8.313  ou.  ft.  per  see. 

(6)  Fteley  and  Stearns  formula:  Q-3.31  (5-0.1X2X0.64)  V0.64»+ 
0.007X5-3.31X4.872X0.512+0.007X5  =  8.29  ou.  f t^  per  seo.;  A.  (aa 
above) -0.0004;  H- 0.64 +2.05X0.0004 -0.6408;  v'tf'-O.filB;  Q-3.31X 
4.872X0.518+0.007X5-8.31  cu.  ft.  per  sec. 

(e)  Hamilton  Smith  formula:  0-0.607X1X6X8.02Xa/0.64"  -  8.30S 
cu.  ft.  per  sec;  h,  (as  above)  - 0.004 ;  /r-0.64  +  1.4X0.0004-0.e40e: 
Vh>-0.5127;  (3-0.607X  J X 5X8.02X0.5127 -8.320  cu.  ft.  per  sec. 

In  the  foregoing  solutions  it  is  seen  that  the  effect  of  velocity  of  approach 
is  negligible,  as  is  usually  the  case  when  the  velocity  is  less  than  hau  a  foot 
per  second. 

•K.  rurther  azamplei  of  weir  ealoaUtlont.  Given  a  suppressed 
weir  7  ft.  long,  with  crest  4.6  ft.  above  the  bottom  of  the  channel;  the 
observed  head  is  1.36  ft.  Compute  the  discharge  by  the  Francis,  Fteley 
and  Steams,  and  Basin  formulas:  ^a)  not  correotinx  for  the  v^odty  of  ap» 
proach;  (5)  correcting  for  the  velocity  of  approach. 

(o)  Francis  formula:  0-3.33X7xVl.36'-36.97  oa.  (t.  p«r  seo. 
Fteley  and  Steams  formula:  Q-3.31X7xVl.36>+0.007X7«i36.80  ou. 
ft.  per  sec. 

(6)  Francis    formula:       A  '7X  5.86  -  41.02    aq.    ft.;    Vji  -  Q/A  — 

86.97/41.02-0.90  ft.  ^er  sec;  A.-(0.90)V64.32-0.0128  ft.:  Vl^- 
V{r36+0.0126)«-v'0.0126«- 1.610;  Q-3.33X7X1.61-87.60  ou.  ft. 
per  sec 

Fteley  and  Steams  formula:  V^ -36.70/41.^-0.894;  A. -  (0.884)V64.*3 
-0.0124;  ff-1.36  +  1.50X0.0124-1.379;  v'H'-1.620;  Q-3.S1X7X1.6S0 
+0.007X7-37.58  ou.  ft.  per  sec. 

Basin  formula:  Basin's  coefficient  (Par.  Ml)  ioeludes  efleot  of  Telocity 
of  approach;  0-0.4266X7X1.36  \/64.32X1.36  =  37.97  cu.  ft.  per  seo. 

MO.  Smith's  weir  eoeffloients.  C.  -  coefficient  for  weirs  with  the  oon- 
traction  suppressed  at  both  ends  and  complete  crest  contraction. 


Effective 

Length  of  weir  in 

feet 

head  in 
feet. 

L-0.66 

2 

3 

4 

5 

0.1 
0.15 

0.675 
0.662 

1 

0.669 
0.645 

0.652 

0.649 

0.647 

0.2 

0.6,56 

0.645 

0.642 

0.641 

0.638 

0.26 

0.653 

0.641 

0.638 

0.636 

0.634 

0.3 

0.651 

0.839 

0.636 

0.633 

0.681 

0.4 

0.650 

0.636 

0.633 

0.630 

0.628 

0.5 

0.650 

0.637 

0.633 

0.630 

0.627 

0.6 

0.651 

0.638 

0.634 

0.630 

0.627 

0.7 

0.653 

0.640 

0.635 

0.631 

0.628 

0.8 

0.656 

0.643 

0.637 

0.633 

0.629 

0.9 
1.0 

0.645 
0.648 

0.639 
0.641 

0.635 
0.637 

0.631 
0.633 

1.1 

0.644 

0.639 

0.636 

1.2 

0.648 

0.641 

0.636 

1.3 
1.4 

0.048 

0.643 
0.644 

0.638 
0.640 



.....! 

1.5 
1.6 

0.646 
0.647 

0.641 
0.642 

1.7 
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C«— eoeffident  for  weira  with  complete  contraction  at  two  ends  and  com- 
plete erect  contraction. 


Effective 

Length  of  weir  in  feet 

head  in 

feet, 

H 

L-0.e6 

1 

2 

2.8 

3 

4 

5 

0.1 

0.632 

0.630 

0.646 

0.660 

0.852 

0.653 

0.653 

0.15 

0.619 

0.625 

0.634 

0.637 

0.638 

0.639 

0.640 

0.2 

0.611 

0.618 

0.626 

0.629 

0.830 

0.631 

0.631 

0.25 

0.605 

0.612 

0.621 

0.823 

0.824 

0.625 

0.626 

0.3 

0.601 

0.608 

0.616 

0.618 

0.619 

0.621 

0.621 

0.4 

0.696 

0.601 

0.609 

0.612 

0.613 

0.614 

0.615 

0.5 

0.590 

0.596 

0.605 

0.607 

0.808 

0.610 

0.611 

0.6 

0.587 

0.593 

0.601 

0.604 

0.605 

0.607 

0.608 

0.7 

0.585 

0.590 

0.598 

0.601 

0.603 

0.604 

0.606 

0.8 
0.9 
1.0 
1.1 
1.2 
1.3 
1.4 
1.5 
1.8 
1.7 

0.595 
0.592 
0.590 
0.587 
0.585 
0.582 
0.580 

0.598 
0.596 
0.593 
0.591 
0.689 
0.586 
0.584 
0.582 
0.580 

0.600 
0.698 
0.696 
0.593 
0.591 
9.589 
0.587 
0.585 
0.582 

0.602 
0.600 
0.598 
0.596 
0.594 
0.592 
0.590 
0.589 
0.687 

0.604 
0.603 
0.601 
0.599 
0.597 
0.596 
0.594 
0.592 
0.591 

1 

'      ..      . 

' • 

Ml.  Baiin't  eoeffleianta. 

Values  of  m  corresponding  to  heads  (A)  and  heights  of  weir  (p)  in  feet  for 
■e  in  Basin's  formula.  


k 

(ft.) 


0.656 


f.O 


1.5 


P- 
2 


P- 
2.5 


P- 
5 


6.56 


0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
OS 
0.9 
1.0 
1.1 
1.2 
1.3 
1.4 
1.8 
1.6 
1.7 
1.8 
1.9 
2.0 


0.456  0.449:0.446 

0.457:0. 4460. 440 
0.463l0. 448  0.439 
0.489[0. 46110. 440 
0.478  0.45510, 442 
0.4820.460  0.444 


0.489  0.465 
0.495  0.470 


0.601 


0.475 
0.479 
0.483 
0.487 
0.491 
0.495 


0.447 
0.451 
0.454 
0.457 
0.461 
0.464 
0.467 
0.470 
0.473! 
0.475; 
0.478 
0.480| 
0.483 


I 


0.444 
0.438 
0.435 
0.435 
0.435 
0.436 
0.438] 
0.4401 
0.443 
0.44.') 
0.448 
0.450 
0.452 
0.455 
0.457 
0.459 
0.461 
0.463 
0.465, 


lo. 444*0 
0.4360 
O.433I0 
:0.432i0 
0.43l'0 
O.432IO 
,0.43310 
0. 43410 
0.436i0 
'0.438  0, 


443*0.443 
43610.436 
432  0.431 
430,0.428 
429  0.427 
4290.420 


0.439 
0.441 
1 0.443 
0.445 
0.447 
0.448  _ 
0.450  0 
O.452IO 
|0.453|0 


0.426 
0.426 
0.426 
0.427 
0.428 
0.428 
0.429 
0.430 
0.431 
44110.431 
44210.432 
444  0.433 
445,0.434 


430 
430 
432 
433 
434 
436 
437 
438 
440 


»!/, 


oL 


0.443  0.443  0.443 

0.435*0 

0.43010 

0.4270 

0.4250 


0.424 
0.424 
0.424 
0.424 
0.424 
0.424 
0.424 
0.425 
0.425 
0.425 
0.426 
0.426 
0.427 
0.427|0 


.434 
.430 
.427 
.425 
.423 
.423 
.422 
,422 


0.434 
0.430 
0.427 
0.424 
0.423 
0.422 
0.422 
0.421 


.422  0.421 


0.421 
0.421 
0.421 
0.421 
0.421 
0.421 

422  0.421 

423  0.421! 
423  0.421 


422 
422 
422 
422 
422 
422 


•M.  Other  formi  of  weir  notehei  have  been  proposed  and  used,  the  most 
eommon  of  which  are  of  Cippoletti,  a  trapesoidal  notch,  and  the  triangu- 
lar notch  (Fig.  53).  The  object  of  the  Cippoletti  weirs  was  to  eliminate 
the  effect  of  the  end  contractions.     According  to  erperimenta  by  Horton* 


*  Water  Supply  and  Irrigation  Paper  No.  2(X>  U.  8.  Geol.  Survey;  Waah- 
Isgton,  D.  C. 
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Fig.  63. — Triangular  weir. 


) 


when  the  batter  of  the  sides  ia  1  in  4  this  aim  w  accomplished.  The  formula 
for  any  tr»pesoldftt  vetr  takes  the  usual  form 

Q^CLVu*        (ou.  ft.  per  sec.)  (110) 

in  «rhich  C  for  the  special  form  cited  has  been  experimentally  determined 
aa  3.307.    Correction  for  velocity  of  approach  may  be  made  as  for  the  FrancU 

weir.  The  advantage  of  this  weir  is  that 
a  constant  length  L  may  be  used  for  all 
heads  BO  that  for  continuous  measure- 
ments with  varying  heads  it  savea  much 
labor.  This  form  naa  been  much  used 
ID  irrigation  projects  in  the  Western 
United  States.  By  adding  1  per  cent,  to 
the  value  of  Q  found  in  the  weir  table  in 
Par.  ftl7  the  discharge  for  this  weir  may 
bo  computed. 

V.  *    ■fr'v        X  \l\      X       ***•  Trt**!*"!**'  (notch)  weln.  The 

^V         n    "V  -^\,'      *■  X         common  triangular  notch  is  right  angled, 

^^     I'       r"^-^  L^-     I  X  set  with  the  apei  down  and  the  bisector 

of  this  angle  vertical  (Fig.  53).  It  has 
been  found  by  experiment  that  the  coeffi- 
cient of  such  a  triangular  weir  ia  remark- 
ably constant  for  all  heads.  The  formula 
for  a  right-angled  notch  set  as  described 
reduces  to 

Q-CVW*  (cu.  ft.  per  aec.)  (Ill) 

in  which  C  may  be  taken  as  2.54  when  H  is  measured  to  the  apex  of  the  angle. 
For  measuring  small  quantities  of  water  where  the  necessary  head  consumed 
ia  unimportant  the  V  notch  furnishes  an  accurate  means  and  has  been  de- 
veloped commercially  as  the  Left  Kacorder. 

ftS4.  Flow  of  wat«r  in  ch&nnalit  whether  open  or  closed,  is  subject  to 
the  same  fundamental  laws,  and  the  formulas  in  common  use  are  based  on  the 
two  primary  conceptions  stated  in  Par.  601  and  ftOS.  Head  ia  required  to 
|>roduce  velocity,  to  overcome  obstructions  such  as  bends,  sudden  constric- 
tions or  enlargements  and  head  is  required  to  overcome  friction.  Friction  id 
turn  depends  on  the  velocity  of  flow  and  on  the  surface  over  which  the  water 
flows,  its  extent,  and  its  character.  In  any  formula  for  discharge  the  extent 
of  the  rubbing  surface  in  contact  with  the  water  may  be  carod  for  directly  by 
a  numerical  factor  k  nown  as  the  mean  hydraulic  radlui,  which  is  found  by 
dividing  the  croas-scctional  area  of  the  stream  by  its  wettedjierimeter;  the 
latter  ia  the  linear  dimension  of  that  part  of  the  boundary  line  of  the  cros»- 
eection  of  a  channel  in  contact  with  the  water.  The  effect  of  the  character 
of  the  surface  must  be  cared  for  by  empirical  coefficients.  Head  may  be 
provided  by  natural  topographical  conditions  as  in  the  slo[>e  of  a  river  bed, 
or  created  artificially  as  in  the  case  of  an  elevated  reservoir  feeding  into  a  pipe 
line.  In  the  formulas  most  commonly  in  use  the  head  appears  in  the  slope 
of  the  hydraulic  grade  line  which  is  the  fall  in  feet,  per  foot  of  distance, 
measured  along  the  lonEitudinal  axis.  The  hydraulic  grade  line  is  a  line  ia 
the  plane  of  the  longitudinal  axis  of  the  stream  and  at  all  points  distant  from 
it  an  amount  ec^uol  to  the  net  effective  head.  In  an  opwn  channel  the 
hydraulic  grade  hne  is  coincident  with  the  surface  of  the  water.  In  the  case 
of  a  pipe  or  conduit  flowing  under  preaaure  the  hydraulic  grade  line  ia  above 
the  centre  line  of  the  pipe  and  distant  from  it  as  defined  above. 
^  %%%.  The  Cheiy  formula  is  probably  the  most  satisfactory  one  to  uae, 
oiHainly  for  open  channels.     It  is  usually  stated  as  follows: 

V-CVfiS  (ft.  per  aeo.)  (112) 

where  C^^  coefficient  increasing  with  the  mean  hydraulic  radius,  and  for  xkew 
clean  channels  usually  increasing  with  the  mean  velocity  of  now,  and  de- 
creasing with  the  roughness  of  the  channel;  A  — mean  hydraulic  radius,  and 
S^sine  of  the  slope  of  the  hydraulic  grade  line.  The  common  textrbook 
formula  which,  as  nearly  as  may  be  determined,  was  proposed  by  Weisbach,* 

*  Weisbach's  "Meohanies"  (Coxe's  translation),  page  856.    This  formula 
Is  not  uncommonly  designated  as  Weiabach's,  Darcy'a,  Weaton'a,  or  Cheay*a. 


794 


i.y^^iDUyiC. 


POWSR  PLANTS  See.  10-626 

and  which  is  used  only  for  pipes  under  pressure,  is  as  follovs  (for  steady 
oniform  flow  under  pressure  in  ciroular  pipes): 

/LV 


*'-'(i5-)  <f*-)  ("») 


K2gD 

wheM  kf^iha  head  lost  in  friction,  f^ihe  frioUon  factor  or  coefficient  of 
friction,  deoreaains  witli  an  increase  in  tlie  diameter  of  the  pipe  and  commonly 
with  ao  increase  of  velocity  of  flow;  and  increasing  with  the  ace  and  roughness 
of  the  Burfaoe  in  contact  with  the  water  (Par.  M<).  Zi-tfie  length  (in  ft.) 
of  the  pipe  measured  on  its  axis;  i?  =>tbe  internal  diameter  (in  ft.)  of  the  pipe; 
F»the  mean  velocity  of  flow  in  ft.  per  sec.;  0  — the  acceleration  due  to 
^rmvity,  taken  here  as  32.16.  The  above  equations  are  merely  different 
expressions  for  the  same  formula.    Bither  may  be  used  to  suit  convenience. 

Values  of  C  suggested  for  tue  in  Eq.  112  are  as  follow*:  New  oast-iron  pipe 
Iwd  esrefully  without  abrupt  change*  in  grade  or  alignment:  aises  S  in.  to 
10  in.,  velocities  3  to  8  ft.  per  sec.,  C>  102  to  108;  sites  12  in.  to  20  in.,  velo- 
cities I  to  5  ft.  per  sec.,  C"  106  to  115;  sises  20  in.  to  60  in.,  velocities  1  to  6 
ft.  per  sec,  C— 120  to  150.  Riveted  steel  pipe  (new):  sisea  16  in.  to  102  in., 
velocities  2  to  6  ft.  per  sec,  C  — 100  to  116.  Tunnel  or  aqueduct  with 
smooth  cement  or  haid  brick  lining  of  relatively  small  oroaa-eectional  areas 
(15  to  50  sq.  ft.}:  velocities  1  to  5  ft.  per  sec,  C-llS  to  140.  Small 
canal,  cross-sectional  area  about  100  sq.  ft.  in  loose  gravel  or  rook:  velocities 
3  to  S  ft.  per  sec,  C=>e0  to  85.  Large  canal,  wide  and  shallow,  smooth 
bottom  and  sides:  velocitiee  2  to  5  ft.  per  sec,  C  •■  50  to  70.  Large  canal, 
wide  and  deep,  fairly  smooth  bottom  and  aides:  velocities  2.5  to  3.5  ft.  per 
■ec,  C  ■>  75  to  90.  Large  river,  tortuous  channel:  C" 40  to  80.  Large  river, 
easy  bends:  C  —  70  to  100.  Where  the  carrying  capacity  of  any  pipe  or  chan- 
nel is  very  important  about  30  per  cent,  depreciation  should  oe  figured  in 
advance. 

6M.  Trletlon  factor*  (/  in  Eq.  113,  Par.  CtS)  for  pipes  may  be  computed 
by  Weston's  formula.  *  This  formula,  which  must  only  be  applied  to  pipes 
having  interior  sides  similar  to  lead  and  brass  pipes,  from  one-half  inch  to 
three  and  one-half  inches  in  diameter  is  as  follows: 

#    n«,o«  .0.0315-0.06d 

/-0-0128+ ',^ (114) 

V  r 
in  which  d^^internal  diameter  of  the  pipe  in  feet;  and  D**the  velocity  in 
feet  per  second. 

For  pipes  with  interior  sides  similar  to  new  cast-iron  pipes  the  following 
formolas  an  used: 

('                  0  00,5065    '>«»«'72«+"r^'\  «    ^ 
/-io.017379+?:50»?65+ ^^^j,^^       ("» 

0i98920+5:??I|««Z?)t£  (116) 

The  first  formula  (E9.  115)  ia  for  velocities  of  flow  leas  than  0.33  ft.  per 
sec,  the  second  for  higher  velocities. 

•17.  The  Sutter  formula  though  intended  and  largely  used  for  pipes  as 
veil  as  for  oxwn  channels,  is  not  recommended  for  general  use  in  either  case. 


,-(.. 


41.66 +lfl+»M 


l  +  (41.e6+0«)-^ 


Vr 


xVrS  (117) 


To  estimate  directly  a  value  of  C  (Par.  695)  is  simpler,  and  probably  quite  as 
accurate  as  to  estimate  a  value  of  n.  The  value  of  n  depends  on  the  value 
of  S.  Considering  that  in  picking  out  the  value  of  n  a  variation  of  0.001  for 
small  values  of  n  and  R  may  change  the  value  of  C  as  much  as  17  per  cent., 

*  "Tables  showing  Ix>ss  of  Head  due  to  Friction  of  Water  in  Pipe*"  by 
Edmund  B.  Weston,  C.  E.,  D.  Van  Nostrand  Ck>.,  3rd  Edition,  1903. 
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and  lor  moderate  valuea  as  much  aa  5  to  8  per  oent.,  it  should  be  obvioue  thBit 
hair-eptitting  oaloulatioDs  with  the  Kutter  formula  are  a  needlesa  waate 
of  time,  producins  merely  oumerioal  accuracy  instead  of  a  hi^h  degree  of 

8re<nsion.     Though  it  seems  evident  that  we  shall  never  have  one  formula  to 
t  accurately  allkinds  of  channels,  it  appears  probable  that  we  may  have  * 
small  group  of  formulas  each  of  which  will  fit  some  particular  class  of  channels. 

Values  of  n  to  be  used  in  the  Kutter  formula  for  calculating  values  of  C  to 
be  used  in  the  Chesy  formula  are  as  follows: 

n«*0.01:  should  never  be  used  except  for  temporary  work  and  then  only 
for  perfectlv  smooth,  dean  iron  pipes  under  8  in.  diameter  and  for  Ush  ▼»- 
locitiea.  or  for  temporary  and  new  planed  wooden  stave  pipes,  at  high  vdocity 
10  in.  and  under  in  diameter. 

n  «  0.01 1 :  for  above  pipes,  and  low  velocity. 

n»0.012:  for  above  pipM  3  ft.  or  more  in  diameter  and  high  vdooities; 
old  iron  pipes  8  in.  diameter  or  under,  low  velocities;  old  eity  water  mains 
above  8  in.  diameter.  Also  for  concrete  tunneU  having  R^2,o;  wood  flumee, 
open,  planed  plank,  long  bends. 

naO.013:  for  above  pipes  36  in.  to  120  in.  diameter,  old  pipes  and  low 
velocities;  l-to-2  cement-hned  pipes;  new  penstocks  lined  with  unplaned  lum- 
ber and  running  full  at  all  times;  large  concrete-lined  tunnels  of  area  100  to 
200  sq.  ft. 

n>*0.0135:  Ashlar  masonry  and  well  laid  brickwork  penstocks  over  3 
ft.  in  diameter;  cast-iron  concrete  or  steel-riveted  pipes  8  in.  to  20  in. 
diameter,  long  in  use,  short  Joints  and  under  pressure  of  75  to  150  lb.  per  sq.  in. 

n«0.015:  rough  concrete  pipes  where  the  interior  cannot  be  smoothed  or 
kept  clean,  moderate  velocities  and  diameters  above  3  ft. ;  penstocks  of  poorly- 
laid  rough  brickwork;  concrete-lined,  open  canals,  low  velocities. 

n«>0.017:  canals  with  gravel  bottom  and  sides  well  rammed,  atones  beinc 
0.3  to  0.7  in.  diameter;  tunnels  through  hard  rock,  well  trimmed  and  roughly 
faoed;  very  large  open  concrete-lined  canals. 

n^p,02:  rough  rubble  masonry;  canals  through  rock,  or  with  bottoms 
and  aides  paved  with  cobble  stones;  canals  in  earth  with  bottoms  and  sides 
well  trimmed;  small  rough  lumber  penstocks  with  battens  and  poor  alignment. 

n  -=0.0225:  canals  in  earth  in  good  condition,  but  long  in  use,  having  mosa 
growing  freely. 

n— 0.025:  canals  in  clay,  long  in  use ;  small  rivera,  deep  and  narrow  and  with 
no  sharp  bends,  smooth  sand  bottoma  and  smooth  umform  banks, 

n*  0.0275:  canals  and  rivers  as  for  n —0.025,  but  having  an  oooaaional 
bend  and  snag  also  the  same,  but  with  gravel  bottoms;  earth  canals  as  left 
by  dredging. 

n»0.03:  rivers  having  loose  boulder  beds,  irregular  banks,  sharp  bends, 
shallow,  normal  flow. 

nea  0.035:  rivers  with  rough,  irrcgiilar  beds  having  shallows  and  pools, 
snags,  bends,  gravel  bottoms,  average  flood  stages. 

n  9  0.05:  large  shallow  rivers,  having  sharp  bends,  low  heavily  woodcKl 
banks,  an^s,  snallowB,  pools,  rough  bottom  and  moderate  flood  conditions. 

n*=  0.056:  large  torrcnUal  streams  during  high  floods,  with  the  banks 
heavily-wooded  and  inundated;  mountain  streams  with  many  falls,  large 
boulders,  rapids,  etc. 

•iS.  B«ardsley't  formula  for  C.  Assuming  values  for  n,  8  and  R,  C  may 
be  calculated  from  the  formula  as  given  by  R.  C.  Beardsley. 


(,^1+0^) 


^~~ f= -^——=i r-  (118) 


or  in  ita  orisiDBl  form 


(r  0.001551    n    \ 


0.00281  "I     n  \  (^*") 


66+       ^ 

•n.  BMln'l  formuU  for  C.     Buin  proposed  a  formula  for  ooinputiii« 
the  value  of  C  to  be  uaed  in  the  Cheiy  formula  which  differs  from  the  Kutter 

7W 

DigilizedbyV^iUUyie 


POWER  PLANTS 


S«c 10-830 


fonnnla  in  ^minftting  rS  and  making  the  variation  in  C  depend  only  upon 
rariations  in  the  mean  hydraulic  radius  and  the  ooeffioient  of  rouj^neea. 
It  ia  as  good  as  any  general  formula  and  has  the  advantage  of  simplieity. 
His  formula  is 

C.l^  (120) 

Valuee  of  y 
■y  xO.109:  very  smooth  surfaoes;  neat  eement;  planed  wood, 
•yc- 0.290:  smooth  surfaces;  planks,  bricks,  ashlar. 

Y  — 0.833:  rough  surfaoes;  nibble  masonry. 

7  —  1.54  :  canals  with  mixed  linings;  very  regular  earth  or  paved  with 
stones. 

Y  —  2.35  :  earth  canals  in  ordinary  oonditiona. 
•y->3.17  :  earth  canals  in  bad  condition. 

Basin's  formula  represents  the  results  of  a  very  careful  study  of  exisl^ng 
data  and  is  extremely  valuable  Jn  designing  relatively^  small  channels  ana 
tboee  with  very  smooth  Unings;  it  also  meets  the  conditions  of  design  for  all 
open  ehannels  as  well  as,  if  not  better  than  any  general  formula  available. 
It  has  the  additional  merit  of  simplicity. 

•SO.  fHction  lou  in  iron  plpei  InereMei  with  •(••  Under  ordinary 
conditions  of  service  at  the  end  of  30  years  we  may  expect  to  find  the  losses 
in  oast-iron  pipe*  due  to  friction  about  doubled.  This  is  satisfactory  for 
rongh  aj>prozimations  and  the  loss  for  intermediate  years  may  be  taken  as 
proportional  to  the  age. 

ni.  Lou  of  head  kt  entrance.  The  flow  formulas  which  have  been 
pven  (Par.  SOS  to  619)  take  into  account  only  the  head  necessary  to  over- 
come friction.     There  is  in  addition  to  this  a  further  loss  of  head  in  creating 


^^■■■^  t       ■  >\\\<v\^ 


^SSSm 


Flo.  54a. 


Fio.  546. 


Fio.  S4c. 


the  velocity  of  flow  and  in  overcoming  the  resistance  of  entrance  into  the 
pipe.  The  Telocity  head  is  equal  to  V*I2q.  The  head  lost  at  entrance 
varies  with  the  form  of  entrance  and  is  expressed  as  a  constant  times  the 
vdocity  bead  {«V'/20.     Values  of  (  are  given  below. 

0.5^  (0.11  to  0.02)^  0.93^ 

US.  Houlei,  properly  designed,  furnish  one  of  the  simplest  and  most 
accurate  methods  of  measuring  small  quantities  of  water.  Coefficients  of 
disohaise  for  various  forms  of  nossles  from  about  {  in.  to  5  in.  have  been 
detenmned  with  great  accuracy  by  John  R.  Freeman.  *  Nossles  are  espe- 
cially useful  in  measuring  the  discharge  through  pipes,  fire  hose,  and  in  testing 
the  performance  of  pumps  and  impulse  water  wheels.  With  nossles  to 
whien  -  Freeman's  coefficients  are  applicable,  discharge  measurements  can 
be  made  with  an  error  not  exceeding  2  per  cent. 

MS.  LoM  of  head  due  to  bands,  elbowi ,  Talvai,  etc.  Experimental 
data  are  either  meager  or  lacking  from  which  to  compute  the  lose  of  head 
due  to  bends,  elbows,  valves,  etc.  Their  effect  only  becomes  important  with 
high  velocities  and  may  be  considered  as  corresponding  to  so  many  additional 


•  Tfom.  Am.  Boo.  C.  £.,  Vol.  XXI,  pp.  303-482. 
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feet  of  straight  pipe.  In  long  uniiorm  i»p*  lines  laid  irith  eaav  eurvaa  the 
friction  loas  pradominates  and  the  minor  loaaea  may  be  negleoted.  The 
following  table  givea  approximate  values  determined  by  experiments  made 
by  the  Inspection  Department  of  the  Associated  Factory  Mutuid  Fire  Insur- 
ance Companies,  and  may  be  used  when  no  exact  information  is  available: 


Name  of  fittins 

Number  of  feet  of  clean,  straight 
pipe  of   same  ^iie  which  would 
cause  the  same  loss  as  the  fitting. 
(Loss  in  straight  smooth  pipe  as 
given  by  Weston). 

4 
9 

9 
17 

S 

2.5-iii.  to  8-iD.  ahort-turn  elU 

3-iD.  to  8-iii.  loniK-tum  tees 

l/8th  bend 

6S4.  Treeman's  formula  for  nonles  is  given  as  follows: 


a  =■  29.83  Cd«, 


^^-^k) 


'*     (gal.  per  min.)       (121) 


whore  G'  — discharge  in  gallons  per  minute,  C  — coefficient  of  discharge,  d^ 
diameter  in  inches  of  the  noiile  orifice,  Z^Bdiameterininchesof  thepiesom- 
eter  ring  at  the   base  of  the  nossle,  and  Po*  piezometer  reading  in  pounds 


Fia.  55. — Section  of  nozile  and  piesometer  ring. 


fter  SQuare  inch  at  the  centre  of  the  noizle  orifice. 
D  eugiDeering  units  the  same  formula  becomes: 


For  water-power  prootioe 


Q-6.3C(f>. 


'aPS 


)' 


(sec-ft) 


(182) 


where  (}•  discharge  in  cubic  feet  per  second,  C-i  coefficient  of  disqhjuge, 
d«>  diameter  in  feet  of  the  nossle  orifice,  i^^diameter  in  feet  of  the  piesom- 
eter ring  at  the  base  of  the  nossle,  and  A«— piesometer  reading  in  feet  of 
water  above  the  center  of  the  nossle  orifice. 
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•at.   Co«fflclM&to  tor  noulet.     A  value  of  0.974  may  be  taken  as  a 
auitable  coefficient  (C)  for  the  ordinary  smooth  fire  noiile  with  a  nominal 
diamewr  between  0.75  in.  and  1.375  in.  and  under  pressures 
varying  from  20  to  1001b.  per^.  in.     For  pressures  less  than 
>  20  lb.  per  sq.  in.  the  same  coemcient  maybe  used,  but  with- 
I  out  so  great  a  confidonce  in  the  aocuracy  of  the  result.     For 
'  larger  sizes  of  smooth  nossles  ranging  from  1.75  in.  and  2.5  in. 
Freeman's  coefficients  lie  between  0.987  and  0.009  for  pressures 
ranging  from  15  to  5-3  lb.  per  sq.  in.    For  smooth  noiilesfrom 
^^.5  in.  up  to  6  in.  and  under  heads  of  more  than  10  ft.^  Free- 
man sugge.sted  a  coefficient  of  0.905.    The  following  co- 
^  efficients  have  been  obtained  by  experiment  for  a  set  of 
Bpecialiy   made  smooth  meter  noxilei  (Fig.  56): 
2.5  in.,  0.08;  3  in.,  0.985;  4  in.,  0.99;  6  in..  0.996. 
_  The  coefficients  will  vary  somewhat  in 
different  sets  of  noziles  and  it  is  impor- 
tant to  know  at  what  ppint  the  pressure 
is  registered  (Fig,  55).     If  speciu  accur- 
acy is  desired  a  set  of  meter  nosslea 
been  carefully  rated  by  volumetrio 
should    be    used.      With 
nossles  the  jet  Buffers  con- 
cients  according  to  Free- 
from  0.65  up  to  0.976 
the  orifice. 

tioal    application    of 
measurement  of  water 


which  have 

measurement 

ttquarc       ring 

traction  and  the  coetfi- 

man's  experimeoCs  range 

mooording  to  the  proportions  ol 

•Sft.  Th«  Vcnturl  meter,  is  a  prac- 
BemoulH's  theorem  (Par.  603)  to  the 


Fig.  56. — Meter  nossle. 


In  pipes  flowing  under  pressure.     The  formula  for  discharge  is 


Pa 

I 


C- 


f 


iVD,*-Dh* 


(aec-ft.) 


(123) 


- -f- -^-^-     ... 


Fia. 


-Section  of  Venturi  meter. 


The  symboU  will  be  understood  by  reference  to  Fig.  67.  For  metera  with 
a  given  ratio  of  throat  and  inlet  diameters  the  formula  may  be  simplified. 
Let  the  ratio  R  =  0,1  Di  and  let 


(124) 
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(12fi) 


Then  Q-CKDt'VH  (to.  ft.  per  no.) 

Values  of  K   -   3.0  2.S  2.0 

Values  of /C   -6.338         6.381         6.505 
The  value  of  C  varies  wth  the  velocity  at  the  throat,  the  ratio  R  and  the 

actual  dimeoaiona  of  the  meter.     Aa  the  Venturi  metera*  are  ordinarily  eon- 

strueted  the  coefficient  C  ia  between  0.97 

and   1.03.      Theee  metera  may  be  rated 

backward  and  a  coefficient  of  correction 

found  to  apply  to  the  manometer  reading 

(Fig.  58).     The  total  Ion  of  head  throuch 

the  meter  tube  ia  relatively  unimportant 

compared  with  other  typea  of  commercial 

metera  and  ia  ao  amali  that  the  insertion 

of  the  meter  in  the  maina  of  a  water  aupply 

ia  rarely  objectionable,  and  the  uae  of  tnis 

appliance  is  growing  con- 
stantly.    It   may    be   used  . — vcc^p^/'     l  at 

particularly   well  in  high-  Qp^-'\  ^Jl  jL       reading    may    be    ob- 

pressure  power  plants         (^q^j"  »  lar^  I  M       tainedoy  the  recording 

where  a  continuous  >-^r>P^V^\\,,rf^  fffSf  apparatus;  also  to  mea- 
sure boiler  feed  and  for 
measuring  liquid* 
heavier  and  lighter 
than  water.  Experi- 
ence ha*  shown  that 
with  the  register,  con- 
tinuous measurements 
have  been  made  with 
an  error  not  exceeding 
3  per  cent. 
Fio.  58. — Venturi  meter  with  manometer. 

63T.  The  Pitomatart  (Figi.  50  and  60).  by  means  of  the  differential  gage 
regiatera  the  difference  in  pressure  on  the  two  orifices,  one  pointed  directly 
against  the  current,  the  otner  in  the  exact- 
ly oppoaite  direction.  Thia  difference  in 
pressure  ia  not  a  raeaaure  of  the  vdocity 
head  directlvi  but  ia  greater  than  the 
velocity  head.  For  these  instruments  the 
coefficient  (K)  of  correction  has  been  found 
to  be  nearly  a  constant,  and  equal  to  0.84. 
The  formula  for  velocity  therefore  beoomes 

■^      V-X12»(«'-l)d]*  (ft.  peraeo.)      (126) 
I     where  •'-specific  gravity  of  the  heavier 
i    liquid,  d-the  deflection  (Fig.  61)  in  feet, 
'     V  the  velocity  in  feet  per  second,  and  K 
the  Pitometer  coefficient.    The  liquid  used 
in  the  differential  gage  ia  usually  carbon 
tetrachloride   and,   gaaoline,  colored  red. 
The  specific  gravity  aa  put  up  for  use  is 
usually  either  1.25  or  1.60  (for  very  ac- 
curate work  the  apeclfio  gravity  ahould  be 
determined  for  the  temperature  at  which 
it  ia  uaed).     The  formula  (Eq.  126)  then 
reduces  to; 


Flo.  59. — Principle  of  pitometer. 


For  .'-1.25;  V-0.84  "^^  =3.368d 


V4_ 
V2ffd 


(ft.  per  aco.)       (127) 


For  .'-1.50;  r-0.84X^  -6.671d         (ft.  per  aec.)       (128) 

y/i 

*  Made  by  the  Builders  Iron  Foundry,  Providence,  R.  I.,  in  standard 
sises  for  pipe  lines  from  2  to  60  in.  in  diameter,  and  much  larger  aiaes  are  in 
uae;  they  may  be  furnished  with  either  direct  reading  or  recording  apparatus. 

t  Developed  by  John  A.  Cole  and  Edward  S.  Cole  and  ownea  by  the 
Pitometer  Co.,  N.  Y. 
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To  detarmina  the  discharge  the  oroia  aeetjon  of  the  pipe  must  be  dirided 
into  one  or  more  known  areas  ^Fic.  61),  the  velocity  for  each  found  and  hence 
the  mean  velocity  for  the  entire  croas-aection;  the  discharge  beins  simply 
the  product  of  the  area  and  the  mean  velocity.  For  pipes  the  following 
tnble  (Par.  <S9)  is  useful  and  the  example  (Par.  Ml)  illustrates  how  the  dia- 
charce  is  calculated.  The  Pitometer  is  set  so  that  the  velocity  is  determined 
for  toe  points  as  shown  in  Fig.  61.  The  pipe  coefficient  (see  example)  being 
first  determined,  it  is  subsequently  neceesary  only  to  get  a  reading  for  the 
centre  of  the  pipe  and  apply  the  coefficient  to  the  centre  velocity  to  obtain 
the  mean  velooity  and  oisnoe  the  discharge  by  the  formula: 

Q-KCVU  (cu.  ft.  per  sec.)  (120) 


Fia.  60. — Portable  pitometer. 


•SB.  The  principal  us*  of  tha  pltomatar  is  for  measuring  the  Sow  in 
water  mains  where  it  has  proved  its  great  value  in  detecting  leaks  and  waste, 
and  in  measuring  the  shp  of  pumping  engines.  _  It  can  be  installed  and 
operated  for  relatively  small  expense,^  without  interfering  with  the  flow. 
f<or  large  penstocks  and  in  silt-bearing  water  it  is  not  recommended. 
When  used  in  old  pipes,  allowance  roust  be  made  for  incrustations  reducing 
the  crose-sectional  area  and  a  traverse  of  several  points  through  more  than 
one  diameter  is  preferable  to  the  single  obeervation  and  the  use  of  the^pipe 
Kicfficient. 


801 


,  Google 


S«c 10-639 


POWBR  PLANTS 


•St.  Trkvane  table  for  pltomator  gfbtat,  ahowing  iimar  diuneter 
of  each  ring  for  ordinary  aiiee  of  mains  in  inches;  and  giving  the  area  of  emefa 
ling  and  centre  circle  in  square  feet. 


Diameter 

of  pipe 

(in.r 

Area  of 

pipe 
(sq.  ft.) 

Ring 

Ring 
B 

Ring 
C 

Ring 
D 

Centra 
ditOeE 

48 

12.566 

Diam. 
Area 

44 

2.007 

36 
3.490 

28 
2.793 

16 
2.880 

16 
1.306 

42 

9.621 

Diam. 
Area 

38 
1.745 

32 
2.291 

24 
2.443 

14 
2.073 

14 

l.OOV 

36 

7.069 

Diam. 
Area 

34 
0.764 

28 
2.020 

20 
2.004 

10 
1.637 

10 
O.MS 

30 

4.909 

Diam. 
Area 

28 
0.633 

24 

1.134 

18 
1.376 

12 
0.982 

13 
0.785 

24 

3.142 

Diam. 
Area 

22 
0.502 

18 
0.873. 

14 
0.608 

8 
0.720 

8 
0.349 

20 

2.182 

Diam. 
Area 

18 
0.415 

14 
0.698 

10 
0.524 

6 
0.340 

6 
0.106 

18 

1.767 

Diam. 
Area 

17 
0.191 

15 
0.349 

11 
0.567 

7 
0.393 

7 
0.367 

16 

1.396 

Diam. 
Area 

15 
0.169 

13 
0.305 

10 
0.377 

6 
0.349 

6 
0.106 

14 

1.069 

Diam. 
Area 

13 
0.147 

11 
0.262 

9 
0.218 

6 
0.246 

6 
0.106 

12 

0.785 

Diam. 
Area 

11 
0.125 

9 
0.218 

7 
0.176 

S 
0.131 

S 
0.186 

10 

0.645 

Diam. 
Area 

9 
0.103 

8 
0.093 

6 
0.153 

4 
0.109 

4 
0.087 

8 

0.349 

Diam. 
Area 

7 
0.082 

6 
0.071 

5 
0.060 

3 
0.087 

0.040 

6 

0.106 

Diam. 
Area 

0.031 

0.055 

3) 
0.043 

2 
0.045 

3 
0.023 

4 

0.0873 

Diam. 
Area 

0.0205 

2J 
0.0327 

1) 
0.0218 

0.0123 

KoTE. — Diameter  given  in  inchee;  area  in  aq.  ft. 

MO.  Pieiometert.     **  Mille*  experimenta  upon  pieiometen.     ffiram  F. 

Mills*  published  in  1878  the  results  of  some  six  thousand  obserrationa  made 
with  extraordinary  accuracy  to  determine  the  proper  form^  of  pieiometer 
orifice.  ,With  twenty-two  openings  varied  in  shape  and  direction  and  a  ranga 
of  velocities  from  0.6  to  8.0  ft.  per  sec.,  he  lound  that  with  an  orifice 
whose  edges  are  in  the  plane  of  the  side  of  the  channel  and  passue  normal 
thereto,  the  picsometer  column  will  stand  neither  above  nor  below  the 
surface  of  the  stream,  but  will  indicate  the  true  height  of  the  water  surface 
in  an  open  channel  or  the  pressure  in  a  closed  channel;  but  if  the  pasaaga 
inclines  either  upstream  or  downstream,  or  the  edges  of  the  orifice  project 


*  Chief  Engr.   Essex  Co.,  Lawrence,   Maw.     Trent.    Am.  Aeademy  of 
Soienoe,  1878. 
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bevond  the  plane  of  the  ride,  the  true  height  of  the  surface  or  the  true  pressure 
will  not  be  indicated."* 

Ml.  Szam^Ie  of  me  of  pltometer.    The  following  disgram  (Fig.  61) 
and  oomputations  illustrate  the  usxial  method  of  computing  discharge. 


—  VilMNgrCnn 


1.0  1.5 


Croaa-seetlon  of  Pipe  Longitudinal  Section  on  M-U. 

Fio.  61.— Velocity  curve  as  determined  by  pitometer  readinga 

Deflection  and  velocity  curves  from  24-in.  supply  main 


Ring 

Ring  areas 
(»q.  ft.) 

Ring  velocity    !¥»««  J°,'""*?t 
(ft.  per  sec.)      °*  527.^,'^      ' 

A            

0.502 
0.873 
0.698 
0.720 
0.349 

1.57                0  7sa 

B      

1.87 
2.06 
2.18 
2.24 

1.632 
1.431 
1.670 
0.781 

c           

D   

E             

Total  discharge  of  pipe 

3.142 

6.202 

M 1 .97  ft.  per  sec,  mean  velocity. 


V    1  97 

\F  9~2i  "  0-879  =  pipe  coefficient. 


Discharge ^f  pipe        6.202 

Area  of  pipe  3 .  142 

Mean  velocity 

Centre  velocity 

MS.  Floats.  Under  favorable  circumstances  one  of  the  simplest  methods 
of  measuring  the  flow  of  water  ia  by  means  of  velocity  determinations  with 
floats.  The  di£Ferent  kinds  of  floats  are  surface,  subsurface,  or  combinations 
of  the  two,  and  rod  floats.  Surface  floats,  even  on  a  perfectly  quiet  day, 
give  only  the  surface  velocity  and  with  any  wind  blowing  the  velocity  can- 
not be  nwasured  with  accuracy.  Subsurface  floats  are  but  slightly  heavier 
^an  water  and  are  easily  caught  by  eddies  and  cross  currents  which  move 
^em  about  in  an  undeterminable  path  and  make  the  results  unreliable. 
Twin,  floats  have  been  used,  but  their  place  ia  better  filled  by  rod  floats. 

MS.  "Rod  floats  are  cylinders  usually  made  of  metal  tubing  loaded  with 
lead  at  the  bottom  so  that  they  will  float  vertically  with  about  6  in. 
extending  above  the  surface  of  the  water.  They  are  beat  adapted  for  use 
in  power  canals  with  straight,  smooth  sides  and  level  bottom  so  that  rods 
may  be  used  reaching  nearly  to  the  bottom  without  danger  of  bumping. 
Unaer  such  conditions  rod  floats  have  been  used  continuously  on  a  large 
scale  for  a  great  many  years.     The  method  of  measurement  ia  direct.     The 


*  Hughes  ft  Safford,  **  Hydraxilics;  * 
pace  104. 


New  York.  Ma'sMillan  Co..  1911. 
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lollowins  paragrapha  ai«  quoted  from  Hughes  and  SaSord's  HydraoUoa 
(MaoMiTlan  Company): 

"Procedure  in  measuring  velocity.  A  straight  Btretoh  of  stream  should 
be  selected  as  a  place  for  gaging,  and  two  cross-sections  selected  to  mark 
the  beginning  and  the  end  of  the  area.  The  float  should  be  placed  quietly 
in  the  stream  at  such  a  distance  upstream  from  the  upper  of  the  two  cross- 
sections,  that  it  will  be  running  with  the  current  before  the  first  marker  is 
reached.  The  time  of  passage  between  these  two  sections,  of  which  the 
distance  apart  is  known,  shoiud  be  noted  with  a  stop  watch;  or  the  position 
of  each  float  at  successive  intervals  of  time  be  located  by  engineers'  transits 
or  sextants  by  intersection,  and  the  points  plotted  on  a  scale  drawing,  from 
which  the  distance  traveled  in  the  observed  interval  of  time  can  be  computed. 
The  distance  in  feet  divided  by  the  time  of  each  run  in  seoonds  will  give  th« 
velocity  of  the  float  in  ft.  per  sec." 

SM.  "Application  of  rod  float  meaiuraments  (Hughes  and  Safford). 
The  sphere  of  usefulness  of  rod-float  meaaarementa  is  somewhat  limited,  and 
the  expense  of  making  them  is  relatively  great.  Their  regular  use  in  the 
future  will  probably  be  limited  to  straight,  deep  canals  or  flumes  where  a  high 
degree  of  accuracy  is  required,  where  a  sufficient  force  of  men  is  regularly 
employed  for  this  and  other  purposes,  and  wherv  it  is  very  necessary  to  ga«s 
all  the  water  used  for  power  and  other  purposes,  without  interfering  with  l£e 
operation  of  the  mills.  Ordinarily,  tne  difficulty  of  getting  good  results 
from  the  sum  of  individual  measurements,  or  retidings  of  water  wheela,  is 
due  to  the  fact  that  the  total  diachart^e,  which  is  simply  the  sum  of  the  in- 
dividual water  wheels,  often  does  not  include  the  leakage  or  the  water  used 
for  manufacturing  purposes  other  than  power;  but  the  Bume  measurements 
of  the  total  quantity  passing  to  each  mill  will  cover  everything.  There  is  very 
Uttle  opportunity  to  make  such  measurements  in  rivers  or  canals  which  do  not 
have  a  regular  cross-section;  and  for  such  conditions  there  is  no  question  that 
measurements  by  current  meter  (Par.  ((3  to  MC)  will  take  the  place  of  those 
formerly  made  by  rod  floats.  The  most  notable  published  gagings  by  rod 
floats  are  those  by  Humphreys  and  Abbott  of  the  Mississippi  River,  those 
described  by  James  B.  Francis  in  the  Lowell  Hydraulic  Experiments,  Daroy 
and  Basin's  gagings,  and  the  gagings  of  certain  rivers  in  India." 

•4S.  "Limits  of  accuracy  In  uas  of  rod  floati  (Hughes  and  Safford). 
With  a  straight,  smooth  flume  of  great  depth,  and  velocities  ranging  from 
2  to  5  ft.  per  sec,  quantities  of  water  from  a  few  hundred  to  4,000  cu.  ft.  per 
sec.  have  been  repeatedly  measured  with  a  probable  error  of  1  to  2  per  cent. 
This  form  of  measurement,  which  in  its  successive  steps  gives  the  product  of 
the  cross-secUon  and  the  velocity  of  the  water  as  indicated  by  the  rod  floats, 
is  a  perfectly  natural  one;  and  its  simplicity  appeals  to  the  non-technical 
man. 

Rod  floats  cannot  be  run  with  the  lower  end  closer  than  2  or  more  in. 
from  the  bottom.  Some  correction  mutt  be  made  to  account  for  this  slower 
layer  of  water  which  does  not  act  on  the  float.  The  following  formula  was 
derived  by  James  B.  Francis  by  comparing  rod  float  measurements  with  a 
weir: 


c-1-0.116  Wd-o.i) 


(130) 


where  C"  a  coefficient  of  correction  which  multiplied  by  the  observed  veloe- 
ity  will  ^ve  the  corrected  velocity,  and  i)-=  difference  between  the  depth 
of  water  in  the  flume  and  length  of  immersed  part  of  tube,  divided  by  depth 
of  water. 


Values  of  the  CoefBdent  C 

D 

0 

1         2 

3 

4 

8 

6 

7 

8 

9 

0,0 
0.1 
0.2 
0.3 

6!  975 
0.960 
0.048 

1.0000.995 
0.973  0.971 
0.958  0.957 



0.992 
0.970 
0.966 

0.988 
0.988 
0.955 

0.986 
0.967 
0.954 

0.983 
0.965 
0.9S2 

0.981 
0.964 
0.951 

0.979  0.977 
0.962  0.961 
0.9500.949 

Direct  interpolation  may  be  made  for  intermediate  values. 
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BTmSAX  rLow 
MC.  Th*  lo««I  TvUtlon  of  tha  aTarage  umtul  raintall  !n  the  United 
Sutea  ia  all  the  way  from  nothing  in  aome  years  in  the  deaert  refiona,  to  an 


oooasional  maximum  of  more  than  100  in.  in  the  mountaina  of  the  extreme 
Dorthweet.     An  examination  of  the  map  in  Fie-  62,  will  give  an  idea  of  the 
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geographical  distribution  of  nuDfall  over  the  United  States  m  a£Feotod  by  , 

altitude,  climate,  proximity  to  the  ocean,  etc.  In  general  mountalD  rajig<«  '' 
receive  a  greater  amount  of  precipitation  than  the  surrounding  ToUeys  and  ' 
yield  a  greater  proportionate  run-off, 

M7.  Source  of  run-ofl.  Rain  or  snow  falling  on  the  drainage  areas  of 
livers  is  the  immediate  source  of  water  power.  The  relation  between  the 
rainfall  and  the  run-off  ia  a  direct  one;  rain  falls  on  the  ground  and  a  part  of 
it  finds  its  way  to  the  water  courses,  and  yet  there  are  so  many  nnyncal 
factors  affecting  the  disposal  of  rainfall  that  to  establish  the  relation  between 
it  and  run-off  ia  baffling  if  not  actually  impoenble.  The  cycle  of  rainfall  and 
run-off  is  complete  when  we  include  ttie  evaporation  of  moisture  in  the  form 
of  vapor  from  water  and  ground  surfaces,  to  fall  later  as  rain. 

•48.  Rainfall  rseorda.  The  U.  S.  Weather  Bureau  has  kept  rainfall 
records  at  stations  geographically  widely  distributed  for  a  long  period  of 
time  and  it  frcquenUy  occurs  that  good  rainfall  records  are  at  hand  when  no 
stream  gagings  can  be  obtained.  For  this  reason,  any  relations,  even  only 
approximately  fixed,  between  rainfall  and  run-off  are  of  considerable  value 
to  the  water-power  engineer. 

M9.  The  main  factors  affecting  tha  disposal  of  rainfall  are  the  topot- 
raphy,  geology,  evaporation  and  the  amount  taken  up  by  vwetation.  Rug- 
p;ed  drainage  areas  with  steep  slopes  discharge  the  water  reaoily  and  quickly 
into  the  water  courses.  Rivers  draininK  such  areas,  unless  there  u  good 
storage  in  lakes  and  ponds,  are  more  subject  to  sudden  fluctuations  in  flow 
than  rivers  draining  flat  or  rolling  country  where  there  are  many  swamps  and 
where  the  water  has  chance  to  sink  into  the  pervious  soil.  Svaporation, 
according  to  our  best  present  knowledge,  is  essentially  the  same  from  year 
to  year  in  any  one  locality  and  likewise  the  amount  of  moisture  taken  by  tha 
vegetation  is  about  a  constant. 

MO.  Bun-<A  is  the  result  of  run  falling  on  the  contributing  drainage  area 
and  is  subject  to  the  same  conflioUng  influences,  with  an  additional  factor  of 
great  iniportance,  which  is  the  degree  of  water-storage  development  ou  the 
river.  We  can  measure  and  know  the  rain  at  any  one  or  a  number  ot  points 
and  form  a  more  or  less  close  estimate  of  the  total  rainfall  over  the  whole 
area.  We  can  measure  and  know  the  evaporation  from  water  surfaces  wiU& 
fair  precision.  For  the  rest  it  is  mainly  conjecture,  though  ve  can  count  on 
vegetation  to  take  a  fairly  constant  amount  of  moisture  from  year  to  year 
and  over  large  sections  of  the  country.  In  a  year  of  small  precipitation,  the 
evaporation  will  be  at  least  normal,  vegetation  will  require  as  much  as  usual 
and  take  all  it  can  get,  with  the  combined  result  that  the  run-off  of  the  rivers 
will  get  a  smaller  proportion  of  the  total  rainfall  than  in  years  of  avera^  or 
excess  precipitation.  For  these  reasons,  it  is  very  difficult  to  use  any  per- 
centage ratio  between  run-off  and  precipitation. 

In  the  cose  of  water  powers  already  established  where  run-off  records  ar« 
kept,  a  knowledge  of  the  local  relation  between  runfall  on  the  contributing 
area  and  the  flow  may  be  very  valuable  from  an  operating  point  of  view.  Of 
course  if  there  are  gaging  stations  up  river  these  ^ve  more  direet  and  reliable 
information.  It  is  only  in  the  absence  of  gsfing  stations  that  estimates 
based  on  the  amount  of  rainfall  need  be  resortea  to,  and  then  must  be  used 
with  the  greatest  care. 

681.  Distribution  of  run-off.  For  comparative  purposes  it  is  eonveid- 
ent  and  advantageous  to  express  the  flow  of  rivers  not  by  total  flow,  but  in 
eu.  ft.  per  sec.  per  square  niile  of  drainage  area.  The  following  is  a  list  of 
the  maior  factors  influencing  the  distribution  of  run-off: 

(a)  Geology — is  the  soil  pervious  or  impervious  (Par.  Mi). 

(6)  Topography — is  the  drainage  area  flat  or  rolUng,  or  has  it  stesp 
precipitous  slopes  (Par.  MS). 

(c)  Sise  of  the  contributing  area  (Par.  M4). 

(d)  Climate — amount  and  distribution  of  rainfall  and  ev^^wration  (Par. 
$9S) . 

(e)  Storage — whether  natural  or  developed — the  degree  of  development 
and  the  location  of  the  storage  basins  (Par.  606). 

These  cannot  be  said  to  be  of  equal  importance  and  the  rdative  effeet  will 
differ  on  different  areas.  It  will  be  seen  that  the  fifth  factor  only  can  be 
altered  by  man,  and  looked  at  in  this  liGcht  it  assumes  an  importance  of  greater 
moment  than  the  rest.    An  even  distribution  of  the  run-offis  a  most  deairabla 
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«btt«eterifltia.     Takhw  up  in  order  the  main  factors  listed  ftbove  we  shall  see 
%tm  each  one  affects  ue  distribution. 

Ml.  OeologT-  Pervious  soil  will  allow  the  water  falling  on  it  to  percolate 
down  into  it,  wnere  it  ia  held  as  ground  water,  a  part  to  find  its  way  into  the 
itreftma  when  the  general  water  table  Is  lowered.  If  the  soil  is  impervious 
water  must  run  off  quickly  and  find  its  way  to  the  main  water  courses.  Thus 
leavy  storms  of  short  duration  falling  on  froicn  or  saturated  ground  will 
sudden  rises  In  the  stream  and  much  water  may  be  wasted. 


US.  Topography.  Flat  or  rolling  country  combined  with  a  pervious 
.a  is  admirably  fitted  to  hold  the  rain  in  storage  as  ground  water.  The 
precipitous,  rock^  slopes  are  equally  fitted  to  discharge  the  rain  almost  as  it 


nlla  and  do  nothing  to  even  up  the  distribution  of  run-off.  But  if  complete 
or  xMarlv  complete  water  storage  is  provided,  a  precipitous  drainage  area 
majr  be  better  Tor  water-power  purposes  than  more  level  country.  Between 
the  two  conditions  are  a  multiplicity  of  possible  combinations  and  effects. 

•M.  81ie  of  drainage  area  has  an  additional  infiuence  when  there  is  little 
or  no  storage  available.  This  is  because  the  variation  in  the  extent  and  in- 
leaaity  of  rain  storms  is  extreme.  A  local  storm  of  sufficient  intensity  to 
eaooe  a  freshet  on  a  small  area,  occurring  on  a  drainage  area  of  a  thousand 
square  miles  or  more  would  hardly  be  felt  on  the  main  river.  It  is  for  this 
reason  that  without  storai|e  nnall  rivers  show  much  greater  divergence 
between  maximum  and  mimmum  discharge.  This  would  to  some  extent  be 
off-set  by  a  complete  forest  eov»,  which  on  the  small  stream  would  undoubt- 
edly fielay  the  peak  of  the  flood  and  might  entirely  prevent  a  sudden  rise. 
It  can  never,  however,  hold  the  water  in  storage  like  a  reservoir,  to  let  it 
down  at  certain  seasons  of  the  year.  Furthermore  on  drainage  areas  of  con- 
■derable  sise  sufficient  areas  usually  cannot  be  deforested  or  grow  up  fast 
enough  to  have  an  effect  more  than  local. 

MS.  CUmAts.  The  climate  prevailing  on  a  drainage  area  will  depend  on 
its  geographical  location  and  on  jts  topography.  It  is  sufficient  here  to  refer 
to  but  two  asi)ects:  (a)  the  total  annusi  precipitation  and  its  distribution; 
Qi)  the  total  evaporation  (Figs.  66  and  w)  and  its  distribution.  There  is 
such  radical  variation  in  different  narts  of  the  country  that  no  general  dis- 
cussion will  be  attempted  here.  Every  case  must  receive  careful  study  to 
ascertain  the  local  conditions  and  tenclencies.  A  map  of  the  United  States 
is  given  in  Fig.  62  showing  the  distribution  of  the  average  annual  precipitation 
over  the  country. 

SSS.  St<ffage  may  exist  on  streams  and  rivers  naturally  in  the  form  of 
swamps  and  lakes,  or  may  have  been  developed  by  damming  up  streams  at 
favonu>le  points,  or  in  raising  lakes  already  in  existence.  Tne  degree  of 
development  of  the  storage  on  a  drainage  area  is  important.  If  under- 
develot>ed  there  will  be  a  waste  of  water  during  the  periods  of  high  water 
which,  if  held  in  storage  for  future  use,  would  greatly  enhance  the  value  of 
tbe  reservoir.  The  storage  on  a  drainage  area  may  be  said  to  be  completelv 
dsireloped  when  the  reservoir  fills  once  in  each  normal  year  without  much 
waste,  and  is  of  sufficient  capacity  to  carry  over  a  series  of  two  or  three  drv 
years  with  undiminished  yield,  but  without  filling  entirely;  of  course  such 
csaes  are  rare.  Two  examples  in  New  England  are  the  Winnipiseogee  river 
which  drains  the  lake  of  that  name  in  New  Hampshire,  and  the  Preaumpscott 
river  flowing  out  of  Sebago  lake  in  Maine.  Lalte  Winnipiseogee  (Par.  SST) 
has  an  area  of  approximately  TOsquare  miles  with  a  drainage  area  exclusive  of 
tbe  lake  surface  of  about  300  square  miles.  The  steady  yield  of  this  lake  with 
rare  exceptions  is  from  1.5  t-o  2  cu.  ft.  per  sec.  per  square  mile.  Sebago  lake 
has  a  surface  area  of  about  50  square  miles  and  a  contributing  area  of  about 
420  square  miles.  The  flow  at  tbe  outlet  of  the  lake  rarely  falls  below  1.6 
cu.  ft.  per  sec.  per  square  mile  on  week  days. 

Perhaps  the  most  ftdvantageous  location  for  storage  reservoirs,  if  not 
too  large  for  their  contributing  areas,  is  near  the  head  waters  of  a  river,  for 
in  that  way  all  powers  are  Benefited.  The  most  economical  method  <rf 
^^^mVl^^t^^|'  the  storage  will  vary  in  different  coses;  usually  the  water  is  let 
down  quite  uniformly  throughout  the  year.  There  are  cases,  however,  where 
the  best  way  is  to  keep  the  storage  gates  closed  most  of  the  year  and  then 
Amr  heavily  during  tne  dry  season.  This  method  is  the  desirable  one  to 
follow  when  tiie  total  area  of  the  river  basin  is  large,  the  water  storage  great, 
and  the  area  oontributing  to  the  reservoir  a  amaU  i>art  of  the  wbde.     The 
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whole  objeet  of  storage  ia  to  keep  up  the  flov  of  the  river  aa  well  as  poeribla, 
in  order  to  make  as  high  as  may  be  the  permanent  dependable  power. 
Every  reaerroir  and  mill  pond  on  any  stream  must  be  operated  subject  to 
the  legal  rights  of  others  on  the  stream.  In  any  particular  oase  the  ^ield  of 
a  reservoir  may  be  predicted  from  a  study  of  the  run-o£F  of  the  contributing 
area,  the  precipitation  on  and  the  evaporation  from  the  water  surface.  Trial 
drafts  from  the  storage  are  assumed  and  the  effect  traced  through  a  number  of 
years.     In  this  way  very  safe  estimates  can  be  made  of  the  storage  yield. 

t6T.  Kxampla  of  a  large  itorAM  basin.  The  following  figures  show  by 
way  of  illustration  the  condition  of  Lake  Winnipiscogee  CPar.  Mt)  on  May  I, 
AufE<  1)  Nov.  1,  and  Feb.  1,  using  lOII  and  1912figuresof  run-off  and precipi- 
iation,  and  average  figures  of  evaporation.  The  yield  of  the  contnbuUnc 
area  is  expressed  in  inches  of  depth  on  the  lake  area,  rainfall  and  evaporation 
are  given  directly  in  inches  and  the  draft.  600  ou.  ft.  per  sec.  throughout  th« 
year,  is  also  reduced  to  in.  of  depth  on  the  lake  area  for  each  month. 


Date 

Yield  of 
the  con- 
tributing 
area  ex- 
pressed 

in  in. 
of  dentil 

on  tne 
lalce  area 

for  tiic 

montli 

Rain- 
fall in 

in. 
during' 

the 
month 

Evap- 
ora- 
tion 
in 
in. 
during 

the 
month 

Draft  600 

cu.  ft. 

per  sec. 

expressed 

in  in. 

of  depth 
on  the 

lake  area 
for  the 
month 

Net 
gain  or 
Ion  in 

in. 
of  depth 
on  the 
lake  area 
for  the 
month 

Eleva- 
tion 
of  the 
lake* 

April  1,  1911 
During  April 
May  1,  1911 

-1-38.35 

-1-1.38 

-1.6 

-9.56 

+28. S7 

27.57 
WaMiii« 

July  1,  1011 
During  July 
Augu.t  1,  1911 

-1-  1.83 

-1-4.36 

-4.32 

-9.88 

-  8.01 

38.00 
30.08 

October  1,  1911 
During  October 
November  1, 1911 

+  9.44 

-1-4.51 

-2.20 

-9.88 

+  1.87 

15.40 
17.38 

January  1,  1912 
During  January 
February  1,  1912 

-fll.51 

-1-3.12 

-0.70 

-9.88 

+  4.05 

17.21 
21.26 

*  44  in.  represents  full  lake. 

MS.  Kiver  gaging  itatlona  are  maintained  by  the  U.  S.  Government  and 
the  State  Governments  on  man^  rivers  and  streams  throu^out  the  country. 
This  work  of  gaging  the  rivers  is  carried  on  by  the  U.  8.  Geoloraoal  Sunrsy, 
Dept.  of  the  Interior,  and  the  observations  and  results  are  published.  Tlieaa 
publications,  which  are  invaluable  in  studying  the  possible  water-power 
development  of  our  streams,  may  be  obtained  at  nominal  expense  from  tba 
Supt,  of  Documents,  Government  Printing  Office,  Washington,  D.  C. 

659.  Flow  In  open  streama  is  subject  to  the  same  laws  as  the  flow  in 
any  other  channel  (Par.  60S),  but  because  of  the  irregularity  of  section  and 
the  changing  character  of  the  bed  from  point  to  point  the  difficulties  of  finding 
a  formula  to  fit  all  conditions  are  manifold.  The  only  reliable  data  concerning 
discharge  of  a  stream  are  based  on  actufd  measurements. 

660.  Measurement  of  stream  flow.  The  method  adopted  will  depend 
largely  on  the  sise  of  the  stream,  its  cross-section  and  the  variation  between 
minimum  and  maximum  flow.  A  weir  can  be  successfully  used  in  a  mmall 
stream  discharging  a  few  cu.  ft.  per  sec.  and  is  largely  employed  in 
irrigation  ditches.  For  rivers  from  medium  to  large  sise  the  most  adaptable 
method  is  to  employ  a  current  meter  and  by  making  measurements  at  several 
stages  of  flow  establish  a  ratliKg  ourre  by  means  of  which  it  is  only  necessary 
to  read  a  gage,  compare  the  reading  with  the  rating  curve  and  find   the 
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eomapondinc  to  the  given  atage.  The  same  ratine  curre  cannot 
for  both  winter  and  •ommer  oonditiona. 
Ml.  Typlosl  hydrograplu  showing  the  monthly  average  stream  flow  in 
tee-ft.  p«r  square  mile  of  drainage  area  are  shown  in  Figs.  63  and  66,  for 
the  Kansas  (Kan.)  and  Columbia  (Ore.)  rivers  respectively.  Figs.  64  and  67 
show  the  accompanying  tnonthly  rainfall  in  typical  years.  Figs.  65  and  68 
show  the  accompanying  monthly  evaporation.  These  ^stream-flow  records 
or  hydrographa  naturally  exhibit  different  characteristics  according  to  the 
local  climatic  and  other  conditions,  as  noted  by  comparing  Fig.  63  with  Fig. 
6A,  and  Fig.  64  with  Fig.  67.  Furthermore,  the  hydrographs  of  the  same  river 
wy  matenall]^  as  a  rule  from  year  to  year,  between  rather  wide  limits;  Figa. 
C3  and  66,  besides  showing  the  stream  flow  for  typical  years,  also  show  the 
maxinauin  (wet  year)  and  minimum  (dry  year)  flow  observed  during  a  series 
of  yeaia.  It  ii  also  instructive  to  compare  the  records  of  rainfall  with  those 
of  stream  flow;  compare  Fiip.  63  and  64,  and  Figs.  66  and  67.  Similar  records 
and  charts  should  be  obtained  for  any  particular  river  or  stream,  if  possible, 
in  connection  with  consideration  of  its  water-power  poasibilitiea. 
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Jaib  Veb.  Mar.  Apr.  May  June  Jaly  Aug.  Sept.  OcU    Not.  Deo. 
Fio.  63. — Hydrograph  of  Kansas  River  from  records  atLawrenoe,  Kans&B, 

MS.  Current  meten  may  bo  roughly  divided  into  two  clasBea,  those  in 
which  the  wheel  revolvee  about  a  vertical  axis  and  thoee  in  which  the  axis 
is  horisontal. 

The  Priofr-Gurley  meter  (Fig.  69)  belongs  to  the  first  class  and  is  the  type 
adopted  by  the  government  in  its  stream  gaging  work.  It  is  fitted  with  a 
vane  to  keep  it  beaded  into  the  current  and  with  an  electric  sounder  to  enable 
the  operator  to  record  the  revolutions  without  taking  the  meter  from  the 
water.  Tlds  meter  can  be  slung  from  a  cable  and  operated  from  the  shore  or 
from  a  bridge,  or  from  a  car  suspended  from  a  cable.  In  shallow  water  the 
meter  is  attached  to  a  rod  and  operated  directly  by  hand.  The  disadvantage 
inherent  in  this  meter  is  that  it  always  records  the  maximum  velocity, 
whether  that  velocity  is  in  a  forward  direction  or  is  merely  caused  by  cross 
enrrenta  and  eddies;  all  alike  are  recorded  as  forward.  Consequently  this 
meter  has  a  tendency  to  give  results  which  are  too  high. 

The  Haskell  meter  (Fig.  70)  is  of  the  screw-propeller  type  and  operated 
in  ^e  same  manner  as  the  Price-Gurley  meter.  It  is  suBject  to  the  same 
oritioism  in  that  it  records  the  maximum  Srelocity  at  the  point  of  immersion 
regardless  of  its  direction. 

The  Fteley-Steams  meter  (Fig.  71)  was  designed  for  use  in  the  Sudbury 
Aqueduct  of  the  Boston  Water  Works  and  is  especially  adapted  for  use  in 
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flame*  or  »jsf  AiiTieto  where  it  ii  deaiied  to  get  the  Teloeltjr  oloae  to  th* 
■idea  and  bottom.  It  is  ordinmrily  fitted  for  uae  on  a  rod  and  is  equipped 
with  recording  disla  thrown  in  and  out  of  mesh  by  a  oord.  The  meter  c&n  ', 
lito  be  fitted  up  with  vanp  and  electric  sounder.  It  then  loaes  its  peculiar  i 
value  in  recording  only  the  forward  component  of  the  velooity  of  the  water» 
which  makes  it  a  true  integrating  instrument.  It  has  been  suBoessfuUy 
used  in  large  rivers  and  in  velocities  from  0.4  to  10  ft.  per  see. 
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Jon.   Feb.  Mar.  Apr,     May  June  July  Aug,  Sept.  Oct.     Kov.  .Deo. 
Fro.  64.— Monthly  rainfall  in  Kansas  River  valley,  1897. 

MS.  Wfttar  wlMelft  as  eurrent  itt«t«in.  Water  wheels  if  rated  to  deter- 
mine their  discharge  with  given  bead,  gate  opening,  and  speed,  are  In  common 
use  as  water  meters  in  power  plants.  If  occasionally  cnccked  by  rod  float 
or  current  meter  meaaurementa  thej^  are  quite  accurate  enough  to  base  th« 
use  or  sale  of  water  on  the  quantities  so  determined.  The  Holyoke  test 
(Par.  TOC)  of  a  wheel  gives  the  necessary  information  from  which  a  discharge 
rating  curve  may  be  constructed,  but  it  is  more  satisfactory  if  in  addition  to 
ibiSr  careful  measurements  are  made  with  the  wheels  in  place. 
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Mi.  lC«ttio4i  of  nainf  enirwit  metora  are  as  follows: 

to)  8in«le  point  at  O.S  dspth. 

a)  Two  points  at  0.2  and  0.8  the  depth. 

if)   Multiple  point. 

W  IntcKrating:  (1)  vertioally;  (2)  diagonidly. 

The  sinffltt  point  method  at  0.6  depth  (a)  is  Bupix)eed  to  give  the  average 
vdoeitsr  of  the  vertical  section  in  which  it  is  held.  Except  in  special  cases 
•oeh  as  natural  streams  unoontrolled  by  local  conditions  this  can  rarely  be 
"  upon. 
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Fio.  65. — Monthly  evaporation  of  Topeka,  Kan.,  July,  1887-June,  1888, 
computed  under  the  direction  of  T.  Russell,  U.  S.  Mo.  Weather  Review, 
Sept.,  1888. 

The  average  of  the  two  velocities  at  0.2  and  0.8  depth  {(>)  is  supposed  to 
giTe  the  mean  ^Telocity  of  the  vertical  section  in  which  it  is  held.  The  same 
eomment  applies. 

These  two  methods  have  been  advocated  by  the  government  service  for 
quick  measurements  but  are  not  recommendea  for  accurate  work,  without 
actuai'determinations  of  velocity  distribution  in  the  stream  crosa-eection. 

By  dividing  the  croes-section  into  several  imaginary  vertical  strips  of  width 
depending  on  the  total  width  of  the  stream  and  the  uniformity  of  flow,  and 
measuring  the  velocity  at  several  points  in  each  vertical  strip  the  true  mean 
Telocity  can  be  closely  approximated.  This  method  (c)  is  recommended 
for  use  in  power  eanals  where  the  flow  is  fairly  steady  so  that  during  the  time 
eonsumea  in  miUdttg  the  measurement  there  is  no  material  change.     It  is 


811 


jigili.edbyCoOgle 


Sm.  10-664 


POWBR  PLANTS 


i 
s 

a 
<r 

I 
i 


I 

o 


Sztreme  Flowi.c-i.p.i./iq.mlJ 

ral 

rered 

unto 
lioa 

We 

rew 

18M 



Co 

SUtlon 

Tkalhlto 

SIOOO 

Wettett 
Becordad 

Dmy 

JnaiaM 

».87 

Month 

JiMlIM 

Ul 

Tl 

plcal 

Cur, 

W^ 

DryMt 
BMvrdad. 

J>.y 

ju.ifn 

J* 



Month 

Jaa.Uta 

.a 

!  i 

> 

\ 

L... 

' 

•-•ni;^ 

mm 

)WW 

M/'MW; 

i 

-Dr; 

T«>r 

ua« 

'""■" 

— — 

... 

Fio. 


Jan.  I'eb,  Mar,  Apr.  Mar  Jub*  July  Aus.  Sept.  Oot.  Nor.  Dan. 

66. — Hydrograph  of  Columbia  River  from  records  of  The  Dalles, 
Oregon. 
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espeaiany  naefal  in  thowing  the  diatribotion  of  the  relooity  over  the  croee- 
■aetion. 

Vertieal  intesnting  meaauremepte  (d)  (I)  ere  made  by  slowly  lowering  the 
meter  from  top  to  bottom  and  raisins  it  again  along  the  same  vertical  path. 
In  thia  way  the  average  velocity  for  the  stripe  is  order  is  obtained  meohanio- 
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Jan.    Feb.  Mar.  Apiv    Mar    Jane  July  Aus.  BopU  Oct.    Ifor.    Dect, 

Fia.  68. — Monthly  evaporauon  at  Spokane,  Wash.,  July,  1B87- June,  1888, 
computed  under  the  direction  of  T.  Russell,  U.  8.  Mo.  Weather  Review, 
Sept.,  1888. 

•By.  In  diagonal  integration  (d)  (2)  the  meter  is  moved  slowly  aeross  the 
stream  at  the  same  time  it  is  being  lowered  and  raised.  By  thia  method  the 
mean  velocity  for  the  entire  oroes-section  of  the  stream  is  obtained  in  one  con- 
tinnoos  operation. 

6M.  Choice  of  method.  The  width  of  the  ohaonel,  the  oonditiona  of 
flow  Mid  the  degree  of  aoouiaoy  desired  are  important  oonsiderationa  in 
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teleetiDg  the  method  to  be  uaed.  By  diTiding  the  itream  croaeeeotloa  by 
verticals  into  areas  of  equal  width,  through  the  centre  Une  of  which  the  meter 
ia  lowered  and  raised  with  uniform  speed,  the  mean  Telocity  in  ft.  par  aaa. 

^^  TaleBhon*8«aa4«r 


Pio.  69. — ^Prioe-Ourlejr  electric 
current  meter. 


Fia.  70. — ^Haakell  current  meter. 


Plpo 
Oonnectloa^ 


Ton* 


for  each  section  is  obtained  in  one  operation.  This  method  is  on  the  whole  to 
be  preferred  for  determinations  of  discharge.  The  multiple-point  method  is 
of  freat  value  in  determining  the  distribution' of  velocity  in  any  eroes-seotion, 
which  ie  often  necessary  for  at  least 
one  gaging;  but  for  determination  of 
discharge  this  method  is  tedious  and 
if  the  stream  is  subject  to  fluctuation 
in  stage  it  is  too  slow. 

If  tne  channel  is  not  too  wide  or  -  ,     v 

deep  the  diagonal  integration  which  W"""""" 
covers  the  whole  stream  in  one  opera- 
tion is  a  very  satisfactory  form  of 
measurement  because  it  permits  a 
great  manjr  measurements  under  differ- 
ent conditions  and  avoids  many  dis- 
turbing conditions.  Its  use  is  limited 
by  the  endurance  of  the  operator. 
The  double-point  and  aingje-p^oint 
methods  are  only  rough  approxima- 
tions, but  serve  a  useful  purpose  in 
securing  information  of  stream  flow  at 
low  cost. 

M(.  Xffaet  of  iM,  Ice  cover  on  a 
stream  or  canal  decreases  the  crosa- 
aection,  and  increases  the  wetted  per- 
imeter or  rubbing  surface.  Both  of 
theee  result  in  adcQtional  loss  of  head, 
the  first  through  increasing  the  veloc- 
ity, the  second  through  increasing  the 
fnctional  resistance  to  flow.  In  power  canals  the  formation  of  an  iee  cover 
of  sufficient  thickness  to  last  through  the  cold  season  is  a  protection  against 
trooble*  from  anchor  ice  and  franl  ice.    Neither  anchor  tea  nor  trauBl  ioa 


Fia.  71. — Improved  Fteley-Steams 
current  meter. 
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w31  form  under  an  already  eziffting  ice  cover;  the  latter  la  therefore  desirable 
tod  canals  should  be  designed  with  this  in  mind*  aod  the  velocities  should  be 
kept  down  (2  to  3  ft.  per  sec.)  by  making  the  eross-eection  ample  for  ex- 
treme conditions.  Anchor  ice  is  ice  which  forms  on  the  bottom  of  the  stream 
or  canal  and  may  seriously  obstruct  the  flow.  Frasil  or  needle  ice  forms,  as 
the  Dame  implies,  in  small  needles  where  the  current  is  too  rapid  for  the 
formation  of  surface  ice.  It  may  either  attach  itself  to  the  bottom  or  to 
uchor  ice  already  formed  or  it  may  be  carried  against  and  effectually  do^ 
the  racks  of  a  power  house. 

DAMS  AND  BXABWOBK8 

WT.  Water  storage  has  already  been  referred  to  in  Par,  AM  and  a  method 
outlined  for  testing  out  the  dependable  constant  yield.  The  value  of  a 
Morage  reservoir  increases  rapidly  as  the  capacity  per  square  mile  of  con- 
tributing area  increases  up  to  15,000,000  cu.  ft.;  beyond  that  point  there  is 
likdy  to  be  a  slower  rate  of  increased  yield  for  a  given  increase  in  capacity 
per  square  mile  of  drainage  area.  75,000,000  cu.  ft.  per  square  mile  might  be 
sa  overdevelopment  of  storage. 

CM.  Pondage,  as  the  term  is  used  here,  means  the  water  impounded'direeUy 
by  the  power  dam  and  is  therefore  almost  always  formed  by  backing  up  tha 
nrer  iteeU.  ^  The  study  of 
pondage  and  its  proper  hand-  i*V   _^ 

Bag  ia   oompUcatea   in   the  rlr"  *^^  ■"• 

Ceoeral  case,  but  as  a  rule 
comparatively  simple  of  solu- 
tion for  any  actual  power 
plant.  The  reason  is  tnat  it 
IS  involved  with  the  load 
curve,  the  natural  and  legal 
restrictions  of  the  flowage 
permisuble,  and  flow  de- 
tained, and  the  variation  in 
head  economically  advisable. 
Granting  the  pOBsibility  and 
rights  of  pondagCt  the  prob- 
lem reduces  to  a  considera- 
tion of  fitting  the  use  of  water 
to  the  demands  for  power 
niade  on  the  station.  If  the 
station  carries  a  typical  com- 
bined power  and  lighting 
load,  pondage  is  essential  to 
•atislactory  operation  since 
the  great  demand  for  power 
is  during  the  day-time  and 
the  earlv  evening  hours.  If 
the  head  may  be  drawn  down 
during  the  day  so  that  the 
pond  will  be  Just  filled  up  by 
the  night  flow,  the  most  that 
is  possible  is  being  obtained 
from  the  river. 

In  some  cases  of  low-head 
and  medium-head  develop- 
ments the  advisable  reduc- 
tion in  head  is  the  controlling 
or  limiting  factor.  As  the 
bead  falls  the  power  and  effi- 


For  effect  of  upward  pressure  see 

SptUwajr  Dam 
Flo.  72. — Reservoir  dam. 


ciency  of  the  water  wheels  fall  if  the  speed  is  kept  up,  as  it  must  be  in  hydro- 
electric stations.  Foresight  and  study  of  the  probable  range  of  head  variation 
make  it  possible  to  have  wheels  designed  with  charactcTistic  curves  8p>eciaUy 
Btuted  to  the  case  and  a  greater  variation  of  head  may  be  permitted. 

M9.  Dams,  regardless  of  the  material  composing  them,  may  be  roughly 
daaaified  into  two  main  divisions:  (a)  Impounding  dama  for  holding  water 
back,  as  in  a  reservoir,  but  which  are  not  designed  to  have  any  water  pass  over 
them;  ib)  spillway  dams  or  sections. 
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•TO.  Impenndlsc  drnmi  (Fi^ .  72)  an  almoat  ioTarisbly  of  the  graTitj 
typ«  depending  ontneir  own  weight  to  reeiBt  the  forces  of  the  water  except 
in  the  rare  oaaes  where  curved  dama  have  been  built  depending  wholly  or  in 
part  on  arch  aotion.  The  present  practice  is  tending  towara  heavy  earth 
aam*. 

•n,  BpUlwagr  duna  (Fig.  73)  may  be  farther  subdivided  into  gravity 
types  and  those  depending,  through  their  design,  on  the  hydrostatic  pressure 
m  the  impounded  water  to  hold  uiem  against  the  river  bed,  and  arch  dams. 
The  arch  dam  is  very  economical  of  material  but  requires 
that  the  abutments  be  founded  in  strong  solid  material  capa- 
ble of  taking  up  the  thrust. 

•T>.  Coffer  dams  according  to  their  height,  the  nature  of 
the  bottom  and  the  exposure  of  the  location  to  current 
or  wave  action  are  constructed  in  a  great  number  of 
ways.    Soineof  the  more  common  methods  are  men- 
tioned.   Interlocking  sheet  steel  ^Ung,  and  single  or 
double  rows  of  wooden  sheet  pUing  with  a  puddled 
filling  between  the  two  rows,  are  forma  frequently 
used.     For  low  cofferdams  the  A-frame  covered 
with  gravel;  or  bags  halt  filled  with  sand  piled 
in  careful  rows  have  been  successfully  em- 
ployed.   The  desi^  of  cofferdams  is  based 
^^<t       \     on  the  same   principles  of  hydrostaties 
-vV: — ^X.  governing  the  design  of  any 

n'*.        ^>^  other  dam. 


•T».  De*l«n    of 

The  conditions  whieh  should 
be  safely  met  by  all  dama 
are  stated  briefly  as  follows: 
(a)  the  dam  must  not  slide; 
(6)  the  dam  must  not  over- 
turn; (c)  the  dam  must  not 
crush.  The  external  forcea 
acUng  are  the  water  pressure, 
the  weight  of  the  material 
composing  the  dam,  the 
reaction  of  the  foundation, 
ice  pressure  near  the  top, 
and  wind  and  wave  pressure. 
The  pressure  usually  figured 
is  that  of  the  greatest  known 
freshet,  on  the  toe  of  the 
deepest  section,  without 
backwater.  The  oroas-seo- 
tion  of  the  dam  is  determined 
by  trial.  A  tentative  section 
is  assumed  and  then  all  the 
forces  are  computed.  If  the  dam  as  first  designed  cannot  satisfy  all  the 
conditions  of  safety  or  is  unduly  heavy  it  is  modified  accordingly. 

In  the  case  of  the  high  dama  of  the  gravity  type  (Fig.  72)  it  ia  customary 
to  assume  the  dam  divided  by  horisontal  jointa,  the  depth  of  each  section 
chosen  aooording  to  judgment  in  each  case,  and  to  treat  the  sections  arbitrar- 
ily so  selected  progressively  beginning  at  the  top,  testing  each  for  sliding, 
overturning,  and  crushing.  In  this  way  a  resultant  line  of  pressure  may  be 
traced.  In  the  design  of  masonry  dams  it  is  customary  so  to  proportion 
the  section  that  the  resultant  pressure  at  all  horiiontal  joints  shall  fall  within 
the  middle  third  whether  the  reservoir  be  full  or  empty.  This  gives  a  factor 
of  safety  of  two  against  overturning,  and  there  will  be  no  danger  from  tensile 
■tresaes  on  the  face  of  the  dam. 

There  is  rarely  any  trouble  experienced,  when  proper  construction  methods 
are  used,  from  sliding  within  the  body  of  the  dam  itself.  The  joint  between 
the  dam  and  its  foundation  ia  the  critical  point  at  which  to  guard  againat 
sliding.  It  ia  in  this  connection  that  the  amount  of  upward  pressure  be- 
comes of  vital  importance.  On  ledge  foundations,  steps  or  trenches  should 
be  cut  to  ensure  a  auffident  bond.     On  poorer  foundations  the  dam  must 


Fia.  73.— Spillway  dam. 
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he  made  maaa-n  enough  to  safeguard  acaisat  ilidinc  by  keeping  the  angle 
between  the  reeultant  pteasure  on  the  baae  and  a  vertical  line,  leas  than  the 
isgle  of  ^H'<i"H  of  the  foundation  material.  There  is  no  danger  from  crushing 
in  dama  otherwise  stable,  except  in  very  high  dams  which  are  not  treated 
hen. 

Dama  which  depend  on  the  hydrostatic  pressure  of  the  water  to  hold  them 
in  place  (Fig.  74)  may  be  made  much  lighter  than  the  solid  masonry  dams. 
The  piinoipat  oaloulations  for  strength  involve  the  deck  treated  as  a  nin- 
fareed  alab   and  of   the    but- 
tresses   as   walls   subjected  to 
■imple   oompreasion.     Fig.  74 
ilfaistrates  the  action  of  the  re- 
soltant  pressure.     If  a  floor  is 
Hied  weep  holes  are  provided 
to  allow  any  seepage  to  escape 
anobstmcted. 

For  a  more  thorough  and 
comprehensive  treatment  of 
dama  reference  should  be 
made  to  chapter  XXIX. 
"Principles  of  Construction  ol 
Dams"  in  "Water  Power  En- 
ginaering,"  D.  W.  Mead 
(MeGraw-Hni  Book  Co.)  and 
to  **  The  Design  and  Construe* 
tion  of  Dams,"  Edward  Wec- 
mann  (Wiley  &  Son). 

•T4.  Upward  preiaura  on 
th*  baaa  of  a  mititj-tjjpu 
dam  (Fig.  73)  shonld  reeeive 
moat  careful  study.  The  limit- 
ing conditions  are,  on  the  one 
^e,  a  tight  impervious  bottom 
with  the  dam  so  set  and  keyed 
into  it  that  no  leakage  can 
oecur  under  the  dam.  This  in 
effect  assumes  an  unbroken, 
watei^tight  wall  extending 
from  below  the  bed  of  the  river 

9  to  the  cteet  of  the  dam. 

he  other  extreme  would  be  a 


Fia.  74. — Concrete-steel  dam. 


"rte 

dam  founded  on  loose  gravel  or  porous  rock  which  freely  admitted  the  water 
under  the  entire  base  of  the  dam,  but  at  the  downstream  toe  a  cut-off  wall 
would  prevent  the  water  from  escaping. 

In  tne  first  case  the  assumption  is  no  upward  pressure  whatever,  in  the 
aeeond  there  would  be  pressure  due  to  the  full  hydrostatic  head  uniformly 
distributed  over  the  base  of  the  dam.  Rarelv,  if  ever,  can  either  of  these 
cisnnn  be  found  in  the  extreme  form  suggested.  The  truth  in  every  case  is 
doubtless  between  the  two.  In  other  words  there  is  probably  no  dam  exist- 
ing without  some  upward  pressure,  its  extent  to  be  determined  only  by  a 
moat  careful  examination  ot  the  geological  formation  of  the  river  bed  at  the 
dam  site  and  the  thoroughness  with  which  the  seepage  is  cut  off  by  cut-off 
walls,  grouting  or  other  preventive  measures.  Except  in  those  cases  where  the 
dam  is  fonnded^on  ledge  rock  which  gives  undoubted  evidence  of  soundness 
and  eaten^  borings  are  the  essential  preliminary  to  the  study  and  design  of 
a  dam.  No  rule  can  be  given  as  to  the  number  of  borings  necessary  but  in 
a  general  way  there  should  be  enough  to  cover  the  area  not  only  of  tne  spill- 
way aection  m  the  river  bed,  but  also  of  the  abutments  and  wing  walls;  and 
otber  Btmctures  near  the  river;  undermining  here  may  prove  quite  as  dis- 
aatroo*  aa  under  the  spillway  section. 

In  the  ease  of  pervious  foundations  it  is  desirable  to  eany  a  cut-off  wall  or 
apillnc  at  the  upstream  toe  down  to  an  impervious  stratum.  Where  such 
does  not  exist  toe  wall  should  be  carried  to  such  a  depth  that  the  friction 
oppo«ii»  the  flow  of  water  will  render  the  seepage  under  the  dam  inappreci- 
able. It  is  good  praotiee  in  designing  and  building  dams  to  eliminate  so 
f  ar  aa  is  posuble  toe  leakage  which  causes  upward  pressure,  but  to  aanime  in 
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the  computation!  for  atability  the  existence  of  fuU  upward  pressure  at  the 
upstream  side  diminishing  uuiformly  to  sero  at  the  downstream  toe. 

•78.  The  desifrn  of  canals  for  power  purposes  should  -be  made  from  an 
economic  viewpoint.  Canala  are  employed  to  utilise  a  greater  head  than  is 
obtainable  directly  at  the  dam  and  must  be  built  to  give  the  greatest  benefit 
at  the  \eaat  cost.  Head,  the  very  object  of  the  canal,  is  often  unnecessarily 
loit  through  poor  design  of  the  cross-section  and  alignment,  or  through  per- 
mitting unnecessary  roughnesa  of  the  bottom  and  aides.  Some  slope  will  be 
requirMl  to  carry  the  water  through  the  canal.  This  should  be  provided  by 
the  canal  bottom  itself  unless  the  drainage  must  be  in  a  contrary  direotion: 
otherwise  an  extra  loss  of  head  will  result^  for  the  slope  of  the  water  'will 
reduce  the  stream  cross'^ection  and  necessitate  a  higher  velocity  to  pass  a 
;iven  quantity  of  water.  The  form  of  the  cross-section  must  be  determined 
jy  its  requirements  and  the  character  of  the  material.  The  form  should  be 
such  that  it  will  remain  as  first  built  and  not  wash  or  slide.  In  general  the 
relatively  wide  and  shallow  canala  should  be  avoided  because  witb  any  drav^ 
ing  down  of  the  bead,  or  with  an  ice  cover  the  net  area  suffers  a  greater  pro- 
portionate reduction  than  in  the  case  of  deeper,  narrower  canals.  The  ad- 
vantage of  the  deep  canal  can  also  be  shown  from  a  consideration  of  the  form- 
ulas for  flow,  which  show  that  for  a  given  area  the  section  with  the  smallest 
wetted  perimeter  will  give  the  best  results.  The  velocity  should  be  kept 
low  and  as  uniform  as  possible.  If  there  are  changes  they  should  be  made 
gradually  and  in  general  a  velocity  once  gotten  up  should  be  held.  The  same 
statements  apply  to  ditches  whether  for  irrigation  or  power,  < 

C7t.  yiumes.  The  word  flume  implies  a  narrow  waterway  with  vertical 
or  nearly  vertical  sides.  It  was  formerly  used  to  designate  the  canal  or  pen- 
stock conveying  water  to  the  wheels  at  its  end.  In  modern  practice  a  flume 
is  understood  to  mean  an  aqueduct  of  relatively  small  dimensions  eonstnxoted 
usually  of  tlml3er  or  concrete  employed,  to  carry  water  long  distances.  The 
interior  surface  is  in  general  smooth  and  water  is  carried  at  a  high  v^oci^ 
on  an  even  grade.  In  computing  the  carrying  capacity  of  such  structures 
loss  by  friction  predominates. 

677.  Head-gates  are  usually  installed  at  the  entrance  to  a  eanal  to  con- 
trol the  amount  of  water  let  in,  or  to  shut  it  off  entirdy  in  case  repairs  are 
necessary  in  the  canal.  They  should  be  strong  enough  to  permit  the  water 
to  be  entirely  drawn  out  of  the  canal  and  to  protect  the  plant  during  high 
water.  The  number  and  eixe  is  fixed,  by  the  quantity  of  water  and  such 
structural  limitations  as  weight  and  strength  may  impose.  Head-gates 
are  eiUier  hand  or  power  operated  according  to  local  circumstances;  but 
modern  requirements  are  demanding  motor  hoists.  In  desifj^nlng  the  piera 
it  is  usually  well  to  provide  for  atop  logs  for  occasional  repairs  to  thfe  gates. 
Whenever  possible  tne  ^atea  should  be  so  set  that  the  water  from  the  river 
enters  at  low  velocity  without  sharp  contraction  or  change  in  direction. 

678.  Booms  either  floating  or  fixed  are  usual  to  prevent  floating  debris 
from  reaching  the  head-gates,  and  in  northern  rivers  ice  is  also  diverted  over 
the  dam  or  through  special  leeways  by  this  means. 

679.  Penstocks  are  frequently  used  instead  of  canals  or  in  conjunction 
with  them,  the  choice  depending  on  cost  in  the  case  of  low-head  to  medium- 
head  plants.  In  high-head  plants  penstocks  and  pressure  tunnels  become 
the  only  way  for  conveying  water  from  high  elevations  down  to  the  power 
house.  Penstocks  are  usually  built  of  riveted  steel  plates,  wooden  staves, 
or  reinforced  concrete,  d^>ending  on  local  conditions.  They  must  be  de- 
signed for  strength  and  'carrying  capacity.  Structurally  they  must  be  able 
to  withstand  the  pressure  due  the  head  plus  the  effect  of  water  hammer  and 
also. 'When  empty  or  partly  filled,  be  strong  against  collapsing.  In  long 
penstocks  great  care  must  be  taken  to  provide  against  Water  hammer.  In 
the  first  place,  the  thickness  of  the  shell  should  be  selected  with  this  in  mind 
and,  secondly,  provision  should  be  made  to  take  care  of  the  surges  when  they 
occur.  Where  the  head  permits,  the  most  satisfactory  protection  is  given  by 
ita&d-pipes  or  niTgo  tanks.  Further4>rotection  is  given  by  relief  Talves 
and  blow-out  plates,  usually  placed  just  outside  the  power  house. 

The  thickness  of  riveted  steel  penstocks  necessary  to  withstand  water 
hammer  may  be  computed  as  follows: 

'-%^  «->         t»« 
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I  where  Ca^thiokneaa  of  the  shell  in  inches  (should  never  be  leas  than  0.25 
I  inch),  p^  intensity  of  internal  pressure  in  pounds  per  square  inch,  p'w 
I  additional  pressure  in  pounds  per  square  inch  allowed  for  water  hammer, 
,  r«  radius  of  the  penstock  in  inches,  and  0  «  efficiency  of  the  riveted  Joints 
which  varies  from  0.5  to  1. 

Values  of  p'  to  be  used  in  above  formula  (Eq.   131) 


Nominal  diameter  of 
pipe  (iB.> 

p*  (lb.  per 
eq.  in.^ 

Nominal  <li«ni«^r  of 
pipe  Qn.) 

aq.  in.> 

16  and  18 

20 

24 

100 
90 
85 

30 
36 
42  to  60 

80 
76 
70 

In  designing  jranstooks  for  carrying  capacity,  the  veloeity  to  be  allowed 
will  depend,  as  in  the  case  of  canals,  on  the  value  of  the  head  saved  by 
additional  expenditure  in  the  orinnal  coiutruction.  The  problem  must  be 
studied  in  the  light  of  this  consideration  and  the  sise  of  penstock  selected 
accordingly. 

680.  Cost  data.  The  cost  per  developed  kilowatt  of  different  hydraulic 
structures  varies  very  much  witn  the  type  and  character  of  the  development; 
and  is  relatively  less  where  the  power  can  be  generated  near  the  dam  or  the 
output  is  largeby  reason  of  a  high  head  or  a  large  dependable  flow.  Atypical 
development  representing  fairly  average  conditions  for  a  built  up  fall  is: 


Item 

Per  cent,  of 
total  coat 

Cost  per  kilowatt  on 
25,000  kw.  equipped 

• 

Property 

19.3 
11.6 
42.3 
9.6 
17.2 

«24.00 
14.60 
52.60 
12.00 
21.40 

Dam 

Power  liouae  and  foundations 

Equipment 

Total 

100.0 

tl24.50 

Note  that  the  cost  of  the  canal  in  this  case  is  two-fifths  ot  the  entire  cost; 
but  this  is  usually  the  ease  unless  a  portion  of  the  fall  is  left  undeveloped. 

Steam  relay,  to  supplement  dry-weather  flow,  will  add  30  per  cent,  more 
to  the  total  cost. 

Ml.  Torebay  and  racks.  The  forebay,  where  water  wheda  do  not 
draw  directly  from  the  canal  or  penstock,  is  an  enlargement  of  the  canal 
leading  directly  to  the  racks  of  the  power  house  which  is  built  across  the 
lower  end.  The  power  house  should  oe  set  so  that  the  water  flows  from  the 
canal  and  passes  through  the  racks  with  slight  if  any  change  )n  direction. 
There  is  necessarily  some  loss  of  head  in  getting  the  water  through  the  racks 
and  this  should  be  minimized  by  setting  them  so  that  they  draw  the  water 
directly,  as  mentioned.  Provision  must  be  made  by  a  waste  weir  and  channel 
so  placed  that  when  open  a  strong  surface  current  wiU  be  created  making 
it  easy  to  float  accumulated  d6bns  and  ice  away  from  the  racks  and  di»* 
charge  them  into  the  river. 

Jtaeks  are  customarily  built  up  of  flat  iron  bars  from  1/4  to  1/2  in.  thick 
and  2  to  3  in.  wide,  spaced  an  inch  and  a  half  or  more  apart  in  thb  clear, 
with  the  flat  side  parallel  to  the  flow.  The  spacing  will  depend  on  the 
sise  of  the  water  wheels  and  the  fineness  of  the  material  to  be  excluded. 
The  rack  should  be  sectionaliaed  into  panels  which  can  readily  be 
Hfted  out  for  repairs.  They  should  be  set  at  an  angle  of  approximately 
30  deg.  from  the  verticM  in  order  to  facilitate  cleaning  with  a  rake  from  a 
platform  extending  the  length  of  the  intakes  to  the  power  house.  They 
mould  be  designed  of  sufiicient  strength  to  withstand  the  water  pressure 
ss  a  dam  in  case  they  become  completely  dogged  or  frosen  up.  In  eases 
where  every  effort  is  made  to  save  loss  of  head,  rack  ban  we  made  with 
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rounded  edsea  or  of  lenticular  ahape.  Then  ia  inevitably  aome  contraction 
of  the  atreama  of  water  in  paaaing  torough  the  raoka,  which  ahould  be  allowed 
for  in  computing  the  net  area  to  be  procured.  The  velocity  through  the  racka 
ahould  b«  kept  low,  even  when  partially  dogged.  Three  feet  per  aecond 
ahould  be  the  mazimom  allowed  under  the  very  wotat  conditiona. 

WATUt-WRKSU 
•M.  SydntullM  of  watar-whaela.  Force  la  required  to  change  the 
Telocity  and  direction  of  any  moving  body.  In  toe  oaae  of  hydraulio 
turbine  motora  water  ia  the  moving  body  and  the  water-wheel  (whether  im- 
pulae  or  reaction,  or  combined)  ia  the  agent  by  which  the  velocity  and 
direction  are  changed  and  uaeful  work  derived  from  the  proceaa.  The 
portion  of  the  reduction  in  velocity  not  chargeable  to  friction  or  other  loaaea 
occurring  during  the  paaaage  of  the  water  through  the  bucketa  ia  a  meaaure 
of  the  efficiency  of  the  wheel  aa  a  prime-mover.  If  a  jet  of  water  impincea 
on  a  moving  vane  or  bucket,  aaauming  a  condition  of  no  friction,  the  Ducket 
will  acquire  a  velocity  equal  to  that  of  the  Jet,  t.«.,  the  theoretical  velocity 
due  the  head  acting.  The  velocity  of  the  wheel  must  be  oonaidered  that  oif 
the  centre  of  applloation  of  all  the  filamenta  of  water.  Under  thia  condi- 
tion, where  the  velocity  of  the  bucket  and  of  the  jet  are  the  aame,  the  jet 

can  exert  no  ^reaaure  on  the  bucket 
and  no  work  la  done.  Actually  tha 
bucket  velocity  must  in  any  caae  oe  de- 
creased by  friction  from  that  auppoaed 
above,  and  the  water  muat  exert  at 
leaat  a  correapondizig  amount  of  prea- 
aure.  If  now  the  velocity  of  tha 
bucket  be  further  decreaaed  until  it  ia 
u„,i..  iN»r  ii..,w.,  blocked,  the  water  ia  exerting  ita  maz- 
M  »  imum  preaaure  but  again  no  work  ia 
being^  done.  There  ia  aome  apeed  of 
rotation  between  theae  two  extremea 
at  which  the  maximum  amount  of 
wqrk  will  be  done;  that  ia,  the  maxi- 
mum portion  of  the  velocity  of  the 
moving  water  will  be  converted  into 
uaeful  work.  At  thia  point  the  motor 
ia  running  at  maximum  efficiency. 
Although  the  bucketa  and  vanea  may 
be  aimple  or  complicated,  the  above 
fundamental  conception  holda  true 
and  the  performance  of  the  wheel  may 
be  analyaed  by  a  atudy  of  the  velocity  dia^rama  at  tha  entrance  and  the 
exit  ol  the  bucketa  or  vanea.     Thia  analysia  la  indicated  in  Fig.  76. 

In  thia  diagram  S  ia  the  peripheral  velocity  of  the  bucket,  Voi  ia  the 
abeolute  velocity  of  the  water  at  entrance.  Vn  la  the  resultant  of  theae  two 
and  ia  the  relative  velocity  of  the  water  at  entrance.  Vat  and  Vn  an  the 
abeolute  and  relative  velocities  at  exit.  It  ia  the  object  of  good  deaign  to 
make  Vn  auch  that  Foi  shall  be  aa  small  as  practicable.  But  this  can  be 
ao  fixed^  for  only  one  condition  of  speed  and  gate  opening.  It  is  this  which 
makes  it  important  to  know  in  advance  the  conditions  under  which  the 
wheel  ia  to  operate. 

MS.  Types  of  watar-wheeli.     Modern  water-wheels  maybe  olaaaified 
either  aa  reaction  or  impulae  wheels.     While  the  aame  fundamental  theoriea 
hold  for  each,  aa  pointed  out  in  Par,  SSS,  the  outward  form  and  the  method 
-  .      .  ,j,^j 


Fio.  76. — Velocity  diagram  of  a 
water-wheel  bucket. 


of  utilising  the  water  are  radically  different  in  the  two  types, 
wheal  (turbine)  utilises  in  the  main  the  pressure  of  the  water  and  the 
reactive  force  on  the  curved  buckets  which  tend  to  change  ita  diraction. 
An  iznpulM  wheel  utilixea  the  velocity  and  impact  of  a  jet  of  water  directed 
againat  bucketa  on  the  rim  of  a  wheel.  The  two  typea  are  primarily  adapted 
to  widely  different  oonditiona:  the  reaction  wheels  are  beat  adapted  to  re- 
latively low  heada  and  large  quantitiea  of  water;  the  impulae  wneel  to  high 
heada  and  amall  quantities  of  water.  In  recent  yean  reaction  wheels  have 
been  uaed  for  all  rangea  of  head  up  to  600  or  7(X)  ft.,  where  the  unita  are 
large.  But  for  heads  u|>wards  of  200  ft.,  with  small  flow,  the  impulae 
wheel  of  the  Peiton  type  ia  the  natural  aeleotion. 
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CM.  Thit  tp««d  of  turbiiias  for  a  given  output  and  head  ia  confined 
witikin  cfuite  nairow  limits.  As  noted  in  Par.  Mt  there  is  for  any  given  set 
of  conditions  a  best  speed.  This  for  modern  reaction  wheels  is  such  that 
the  peripheral  velocity  is  from  0.60  to  0.86  of  the  theoretical  spouting 
▼doeit^  of  the  water  due  the  head.  The  best  speed  may  be,  and  is,  varied 
by  design,  the  recent  tendency  bein^  toward  the  development  of  wheels 
with  high  relative  velocity;  this  is  easily  overdone  and  is  oftentimes  secured 
at  the  expense  of  part-gate  efficiencies.  '  The  best  relative  bucket  velocity 
in  the  ease  of  impulse  wheels  can  be  shown  analytically  to  be  0.5  and  this  has 
been  verified  by  actual  tests.  Characteristic  curves  to?  a  modern  reaction 
wheel  are  given  in  Figs.  76  to  7S  inclusive. 


Fia. 


.6  .7  .8 

Speed  Factor 

78. — Characteristic  curves — 48-in.  turbine. 


6M.  Th«  effleienoy  of  modem  water-wheels  has  been  steadily  improved 
by  experiment  and  design  until  the  makers  can  now  guarantee  teet  results  of 
from  80  per  cent,  to  90  per  cent,  at  the  Holyoke  Testing  Flume  (Par.  707). 
To  get  the  same  result  in  place  requires  the  best  design  of  the  setting  and 
waterways.  ^  Many  wheels  which  came  up  to  specification  in  the  Holyoke 
test  have  failed  signally  in  place  to  show  the  power  and  efficiency  of  which 
tbey^  were  capable.  In  moet  of  these  cases  the  fault  was  not  in  the  wheel 
but  in  the  setting.  A  wheel  improperly  installed  is  notsiven  a  fair  chance. 
By  carefuUv  tracing  the  velocity  through  the  penstocks,  wheel  case,  discharge 
ease  and  draft  tube,  using  net  areas  throughout,  it  is  possible  to  design 
setting  which  avoid  high  velocities  and  undue  changes  of  velocities  and 
direction,  and  results  in  place  equal  to  the  Holyoke  test  results  may  be  ex- 
peoted.     Efficiency  curves  for  a  modern  reaction  wheel  are  given  in  Fig.  TO. 

823  Lijli.r  lhy»^TUUyiC 


S«c.  10-686 


POWER  PLANTS 


Fio.  79. — Cylinder  gate  runner. 


•U.  WktarvaleettythroachcaldaehutM.  Msntion  hia  alraady  baen 
made  of  the  importance  of  keepins  the  velocity  of  the  water  throusb  head- 
gates,  eanal  and  raolu  low.  It  aUo  abould  be  kept  low,  not  over  3  ft. 
per  aeo.,  as  it  approaches  the  guide  chute*  of  the  runner  itself.     The^  is 

an  exception^  to  this  in  the  case  of  ""g^if 
runners  set  in  the  so-called  sorv^  ease. 
In  these,  wheel  makers  are  now  requir- 
ing a  velocity  of  about  IS  per  oent.  of 
that  due  to  the  head  acting  on  the  wheel. 
UT.  Mechuileal  detalU.  A  cylin- 
de^gate  runner  is  shown  in  Fig.  79,  and 
a  special  runner  in  Fig.  80.  The  general 
appearance  of  a  vertical  turbine  witli 
cylinder  gate  is  shown  in  Fig.  81,  with 
the  usual  form  of  setting  in  a  oonorete 
-wheel  pit.  The  nme  type  of  wheel  with 
a  horisontal  setting  in  a  steel  flume  is 
iodieated  in  Fig.  83. 

MS.  SetUnc*'  There  must  be  equal 
chance  for  the  water  to  feed  to  all  parts 
of  the  guide^  circumference.  When  one 
or  more  pairs  of  wheels  on  the  same 
shaft  are  set  horisontally,  extra  care 
must  be  taken  to  insure  that  the  last 
wheel  in  the  line  can  draw  its  share  of  the  water  under  as  favorable  condi- 
tions aa  the  first  wheel.  A  pair  of  ccntre-disoharfe  wheels  should  be  set 
in  the  ease  so  that  the  clear  distance  between  the  disohaige  lips  of  the  two 
runners  shall  be  at  least  from  3  to  4  times  the  diameter  of  the  runners. 
The  greater  distance  should  be  used  with  higher  heads;  rough  limits  of  heads 
and  corresponding  distances  are  given:  12  ft.,  3.5  diam.;  18  ft.,  3.0  diam.;  30 
ft.,  3.S  diam.;  60  ft.,  4.0  diam. 

Single,  large,  vertical  units  have  recently  received  special  attention  from 
designers  and  builders,  and  it  has  been  demonstrated  possible  to  obtain 
efficiencies  with  them 
about  4  per  cent, 
higher  than  have  been 
obtained  with  horison- 
tal  settiius  of  equal 
output.  In  comparing 
different  settings  it  is 
important  to  know  ex- 
actly where  the  head 
is  measured;  it  is  here 
assumed  that  ^the  net 
effective  head  is  taken. 
See  also  Par.  Til. 

689.  Ratings. 
Water-wheels  are  rated 
i  n  horse-power,  the 
rating  given  being 
usually  the  maximum 
output  under  the  head 
stipulated.  It  is  im- 
portant to  keep  in  mind  three  things:  (a)  that  a  horse-power  is  a  smmller 
unitthan  the  kilowatt  (1  horse-power  -  0.746  kw.};  (6)  that  water-wheels 
driving  generators  must  cany  the  normal  load  at  from  0.75  to  0.80  gate 
in  order  to  take  care  of  overload  on  the  generators;  (c)  when  once  under  a 
given  head  the  wheel  is  discharging  its  maximum  quantity  of  water  no 
furtiier  output  can  be  wrung  from  it.  The  attempt  to  impose  a  heavier 
load  can  only  result  in  reduced  speed  and  output,  Simplification  would 
result  if  water-wheel  ratings  for  hydro-electnc  plants  were  stated  in 
kilowatts  and  generator  ratings  were  stated  in  terms  of  the  maxinram  out- 
put instead  of  normal  rated  output.  This  would  remove  the  sources  of 
confusion  brought  about  by  rating  each  half  of  an  integral  unit  by  a  sepa- 
rate standard. 


Fio.  80. — Special  runner. 
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MO.  Draft  tubtl  make  it  poasible  to  aet  reaotion  wheels  well  above  tail- 
water*  Thia  is  a  distinct  and  important  advaatage.  It  makes  the  wheels 
soeeaaible  for  inn>ection  and  repau  in  spite  of  backwater  conditions,  and 
par  mils  the  use  of  horiiontal  wheels  direct-connected  to  generator  or  shafting 
without  sacrificing  head.  In  a  plant  subject  to  severe  backwater,  if  the 
maohinery  floor  can  be  set  20  ft.  above  low  tail<water  elevation,  draft 
tubes  frequently  save  great  expense  in  heavy  conatraetion  and  waterproofing 
of  the  power  house. 

A  reaction  wheel  dischar^ng  freely  into 
the  air  would  be  acted  on  by  a  head  equal 
to  the  distance  from  headwater  elevation 
to  the  elevation  of  the  centre  of  the  dis- 
charge orifices,  minus  such  losses  as  occur. 
The  pressure  against  the  discharge  is  full 
stmoapheric.  U  now  we  attach  an  air- 
tight pipe  of  suitable  diameter  to  the  run- 
ner case  and  conduct  the  water  down  from 
the  wheel  and  discharge  it  under  the  sur- 
face of  the  water  in  the  tailrace  we  have 
Increased  the  head  acting  on  the  wheel, 
beoause  now  the  pressure  against  the  dis- 
charge from  the  wheel  buckets  is  less  than 
atmospheric  by  an  amount  corresponding 
to  the  vertical  dtstauce  from  buckets  to 
tailrace,  where  the  full  atmospheric  pres- 
aat«  acting  on  the  water  in  the  tailrace 
is  holding  up  the  column  of  water  in  the 
pipe  or  draft  tube  so-called  (Fig.  84).  A 
ivUier  gain  is  effected  by  gradually  en- 
larging the  crocs-section  of  the  draft  tube. 
This  reduces  the  velocity  of  discharge  and 
■em*  of  the  energy  present  as  velocity 

it  transformed  into  pressure  within  the  dn^t  tube.  This  inereaaea  the 
column  held  up  by  atmoepherio  pressure  acting  on  the  tailwater  and  cor- 
respondingly oecreases  the  pressure  against  the  discharge  from  the  wheel. 
With  good  design  this  may  amount  to  a  foot  of  head.  The  flare  should  not 
be  greater  than  approximately  1  in  10. 

The  normal  atmospheric  pressure  will  support  a  column  of  water  34  ft. 
in  height.     Draft  tubes  are  seldom  used  longer  than  2S  ft.     There  are 


Fra.  81. — General  arran(>e- 
ment  of  vertical  turbine  with 
cylinder  gate. 
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l^iieakrfs 
Fia.  82. — Cylinder  gate  turbine,  horisontal  type  in  steel  flume. 


structural  limitations,  inevitable  losses  and  some  leakage  of  air  which 
makes  it  difficult  to  maintain  to  any  greater  height  an  unbroken  column 
of  solid  water,  essential  to  the  success  of  the  tube.  It  has  been  noted  that 
the  pressure  within  the  draft  tube  is  less  than  atmospheric.  This  necessi- 
tates an  aii^tight  design  suited  to  withstand  collapsing  pressure. 

The  velocitjr  through  the  upper  portion  of  the  draft  tube  is  necessarily 
Ugh.    For  this  reason,  the  interior  surface  should  be  smooth  to  minimise 
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friction  and  eddy  loasea;  and  in  th«  case  of  horisontal  wheels  the  obatrueiion 
caused  by  the  shaft  should  bo  made  as  Alight  aa  possible.  If  draft  tubes  arc 
wt  on  an  angle  it  should  never  be  more  than  45  deg.  from  the  vertical.  The 
elevation  of  the  outlet  should  be  fixed  so  that  the  draft  tube  shall  be  sealed 
during  loweat  iailwater  conditions.  The  velocity  of  discharge  from  the  tube 
should  in  general  be  a  little  greater  than  that  of  the  water  into  which  it  die- 
oharges,  but  ordinarily  not  more  than  3.5  or  4  ft.  per  see.  at  full  discharge. 

•91.  The  tallrace  bhouM  be  designed  to  carry  the  water  awa^r  with  a 
minimum  sacrifice  of  head.  It  should  therefore  receive  the  same  care  in  design 
and  construction  as  the  feeding  canal. 

69S.  In  leiectlnff  the  type  of  wheel  to  be  installed  in  any  power  plant 
the  natural  conditions  of  head  and  flow,  with  their  variations,  and  the  power 
demand  on  the  plant  must  be  clearly  and  definitely  understood.  Stock 
wheels  can  be  purchased  which  fit  a  wide  raxige  of  conditions;  spe(dal  wfaeela 
may  be  designed  to  fit  a  far  wider  ranee.  The  following  points  should  be 
covered  in  any  wheel  selection:  (a)  head,  and  its  variation;  (6)  flow,  and  its 
variation;  ic)  speed,  and  the  importaiice  of  close  regulation;  (d^  power 
demand,  and  its  variation.  These  may  best  be  studied  in  connection  with 
the  charact'eriatic  curves  of  different  types  of  turbines;  it  is  in  fact  the  only 
way  of  malting  an  intelligent  selection  from  stock  designs.  The  fluotuatioi& 
in  power  demand  is  probably  the  most  troublesome  point  and  the  wheel 
which  shows  the  best  efficiency  over  the  desired  range  may  be  readily  picked 
out  from  a  comparison  of  the  curves.  In  the  same  way  the  effect  of  the 
variations  of  head  on  each  type  of  wheel  may  be  seen  and  allowance  made  in 
the  choice.  A  set  of  common  charaeteristio  curves  are  shown  in  Figs.  76 
to  78;  these  are  drawn  from  Holyoke  test  results,  reduced  to  the  head  under 
which  the  wheel  is  to  operate. 

Three  examples  are  given  below  to  illastrate  three  typical  but  variant 
requirements  which  water-wheels  have  met  successfully.  The  number  of 
units  should  be  based  upon  the  fluctuations  in  atream  flow  and  power  de- 
mand; but  each  unit  should  be  ready  to  take  care  of  momentary  fluctuations. 

(1)  Ground-wood  pulp  mill.  Here  the  wheela  are  run  at  full  sate  as  long 
OS  there  is  water  to  run  them.  High  speed  is  important,  but  moderate  varia- 
tions in  head  arc  of  small  concern. 

(2)  Textile  mill.  There  is  only  moderate  variation  in  load  during  working 
hours.  Uniform  speed  is  vital;  therefore  wheels  which  hold  their  efficiency 
for  constant  speed  under  variations  of  head  are  desired.^ 

(3)  Hydroelectric  plant  carrying  a  railway  and  lighting  load.  Here 
fluctuations  in  power  demand  are  extreme  and  close  regulation  is  essential. 
Such  a  plant  frequently  requires  a  specially  designed  runner;  the  require- 
ments are  obvious. 

69S.  Speed  regulation.  The  control  of  resetion  wh«eU  is  effected 
by  governors  which  act  directly  on  the  wheel  gates.  There  are  two  general 
tvpes  of  governors,  mechanical  and  hydraulic.  Either  to  be  most  etiective 
should  be  of  the  relay  type  in  which*  "the  energy  is  transmitted  from  a 
source  independent — as  to  quantity — of  the  centrifugal  governor  balls  but 
controlled  by  them  in  its  application."  In  all  cases  in  which  the  fluctuations 
in  load  may  be  large' and  sudden  some^orm  of  relief  must  be  provided. 
For  open  canals  the  spillway  already  described  for  getting  rid  of  a6bris  will 
answer.  For  long  penstock  lines  standpip^  or  relief  valves  or  both  should 
be  provided  and  careful  study  as  needed  to  ensure  the  best  results. 

TmpuUe  wheels  may  be  gover^^  by  deflecting  the  stream  away  from  the 
buckets  or  by  throttling  the  stream.  .  The  throttling  may  be  accomplished 
in  the  case  of  a  multiple  orifice  noxile  by  closing  some  of  the  orifices.  The 
usual  noBsle  is  known  as  the  Doble  needle  nossle.  It  is  usually  the  case  in 
impulse  wheel  installations  that  the  head  is  great  and  the  velocity  of  the  water 
high.  For  this  reason  the  inertia  of  the  column  of  water  contained  in  the 
penstock  is  such  as  to  prohibit,  on  the  grounds  of  safety,  governing  by 
throttling  alone.  In  such  cases  the  first  action  of  the  governor  is  to  deflect 
the  stream,  the  siecond  and  slower  action  is  to  throttle  the  flow.  This  com- 
bined control  ist-he  most  economical  of  water. 


•  Mead,   D,  .W..  "VV'ater  Power  Kngineering;*'  New  York,  MoGraw-Hitl 
Book  .Co.,  Inc.,  1908 
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€M.  Q^Wsmon  have  been  developed  and  improved  rapidly  in  recent 
years.  The  increasing  demand  for  close  regiUatton  of  power  plants  has 
stimulated  this  improvement  until  now  there  is  a  new  type  fitted  to  every 
new  reuuirement.  ^  In  general  it  can  be  said  that  for  small  units  and  for  cases 
of  which  the  textile  plant  is  representative  the  mechanical  governor  is  ad- 
mirably suited.  For  large  units  such  as  are  becoming  common  in  hydro- 
electric practice  the  hydraulic  governor  is  better  fitted  to  develop  the  great 
force  necessary  to  operate  the  turbine  gates.  According  to  Mead*  governor 
specifications  ehoula  call  for  a  guarantee  of  the  following:  (a)  sennitivenera 
or  per  cent,  load  change  which  will  actuate  the  governor;  (b)  power  which 
the  governor  oan  develop  and  force  which  it  can  exert  to  move  the  gates; 
(r)  rapidity  with  which  it  will  move  the  gates:  (d)  anti-racing  qualities,  such 
as  number  of  gate  movements  required  to  adjust  for  a  given  load  change; 
(r)  generiU  requirements  of  material,  strength,  durability,  etc.  The  hydraulic 
encmeer  can  simplify  governing  to  a  marked  degree  by  good  design  of  the 
penstocks,  draft  tubes,  etc. 

W8.  Operation.  The  cost  of  operating  a  hydroelectric  plant  is  from 
10  to  15  pur  cent,  of  the  first  cost. 

•M.  Cost  dAta.     A  sub-division  of  costs  for  a  typical  case  is  as  follows : 
Item  Per  kw.  year 

Interest  6  percent,  on  S124.5  (Items  1-5,  Par.  680) S7.47 

Depreciation  10  per  cent,  on  21.4  (Item  5,  Par.  MO) 2. 14 

2  per  cent,  on  26.5  (Items  2  and  4.  Par.  680) 0.53 

1  per  cent,  on   52.6  (Item  3,  Par.  680) 0.53 

Ordinary  repairs  and  maintenance  S2]  per  kw.  year 2.67 

Administration  1.00  per  kw.  year 1.00 

Taxes  2  per  cent,  on  75.0  (60 per  cent,  of  total  cost). 1.50 

Insurance  i  of  1  per  cent,  on  33.4  (Items  4  and  5,  Par.  680) . .  0. 17 

6.16.01 

Note  that  interest  at  6  per  cent,  and  depreciation  arc  tivo-thirds  of  the 
total.  Steam  relay  to  supplement  dry-weather  flow  will  add  25  per  cent,  to 
operating  cost  without  coal,  if  charged  against  the  water  power. 

PLANT  DK8ION 

667.  Qeneral  ensemble.  The  location  and  relative  position  of  the  dami 
head-works,  power  house,  tailrace,  and  nil  other  necessary  structures  must  be 
governed  to  a  large  extent  by  the  topography  and  the  geological  conditions 
at  the  site.  The  choice  between  various  possible  schemes  will  be  based  in 
the  main  upon  the  relative  cost  considered  m  connection  with  the  efficiency 
of  the  proposed  plant  as  an  energy  producer,  or  as  an  income  producer. 
The  height  to  which  the  dam  may  be  built  is  usually  limited  by  the  extent 
of  flowage  damage.  In  a  hydroelectric  plant  pondage  may  haye  great 
▼alue,  making  fully  warranted  the  purchase  of  extensive  flowage  rights.  ^  The 
spillway  section  of  the  dam  should  be  designed  to  pass  safely  the  maximum 
amount  of  water  that  can  be  expected.  Likewise  the  abutments  and  other 
shore  structures  must  be  built  to  withstand  successfully  the  greates;t^  freshet 
conceivable  on  the  river.  In  this  connection  it  is  important  to  realize  that 
under  extraordinary  flood  (Conditions  the  channel  above  and  below  the  dam, 
and  not  the  dam  itself,  may  frequently  control  the  height  to  which  the  water 
rises.  This  is  especially  likely  to^  be  the  cose  when  the  dam  is  built  at  the 
head  of  rocky  tortuous  rapids  or  in  a  bend  of  the  river. 

The  intake  should  draw  water  from  the  stream  with  as  little  change  in 
direction  as  feasible  and  must  be  protected  by  some  form  of  boom  which 
shall  direct  ice  and  floating  debris  away  from  the  head-gates  and  over  the  dam, 
or  through  a  waste  channel  dceigned  for  that  purpose.  Additional  head  may 
be  obtained  over  that  at  the  dam  itself  by  carrying  the  water  dowhstream  in 
canals  or  penstocks.  The  advisability  of  such  proceduro-is  determined  by 
a  study  of  the  fixed  charges  on  the  structure  and  the  value  of  the  increased 
eneray  so  obtained. 

The  whole  system  of  waterwa^^s  from  head-|cates  through  the  canal  or 
penstock,  racks,  wheclpit    and   tailracc    to  the  river  should  be  designed  to 

•  Mead.  D.  W.,  "Water  Power  Engineering;"  New  York,  McGraw-Hill 
Book  Co.,  Inc.,  1008;  Chap.  XVIII.  p.  467.  
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keep  the  velocities  low  enough  to  aroid  exoaMive  loae  of  head.  Fluctuations 
in  velocity  are  bad,  and  if  unavoidable  the  changes  should.be  made  gradually. 
It  is  better  to  gradually  speed  the  water  up  from  say  1  ft.  per  sec  at 
the  head-gates  to  not  more  than  3  ft.  per  sec.  at  the  wheel  gates,  in 
the  ease  of  the  ordinary  vertical  or  horiiontal  setting;  the  exception  in  the 


Fia.  83. — Miscellaneous  settings  of  watei^wheds. 

case  of  scroll  case  settinn  has  been  noted  in  Par.  MS.  Where  moi«  than  one 
wheel  is  mounted  on  a  shaft  it  is  important  to  provide  for  equal  distribution 
of  the  water  among  the  units,  and  to  provide  against  interference  in 
the  draft  chest  as  mentioned  in  Par.  MS.  The  velocity  at  the  top  of  the 
draft  tube  is  necessarily  high  and  should 
be  gradually  reduced  by  enlargi^ng  the 
croes-section  of  the  tube  until  it  is  di»* 
charged  at  about  3  ft.  per  seo, 

SM.  Typieal  uttingi  of  water  wheels 
are  shown  in  Fig.  S3.  A  modern  form  of 
setting  known  as  the  spiral  or  scroll  cas- 
ing is  illustrated  in  Fig.  84,  which  shows 
a  longitudinal  vertical  cross-section.  The 
latter  type  of  setting  is  emi>loyed  at  the 
Keokuk  plant  of  the  Mississippi  River 
Power  Co. 

SM.  Th«  aconomieal  development 
of  a  watei^powcr  proposition  must  depend 
upon  the  availaole  power  in  the  river, 
the  market,  and  the  degree  to  which  auxil- 
iary power  is  to  be  employed.  Two  things 
must  be  determined  as  exactly  as  possible: 
(a)  the  hydrograph  of  the  river  (Par. 
SM) ;  (6)  tne  load  curve. 

A  thorough  and  exhaustive  study  of  all 
run-off  data  should  be  made  where  these 
are    available;    otherwise  study  must  be 
made  by  comparison  with  similar  drainage 
areas  by  means  of  rainfall  data.    Exist- 
ing and  possible  storage  should  receive  careful  attention.     It  should  be  re- 
membered that  on  streams  with  incomplete  storage  aMm^st  art  damimut, 
leading  to  overdevelopment.    Two  or  8  dw*  of  &ood  disohatgs  in  g  month 


Fia.  84. — Single  vertical  tur- 
bine in  a  spiral  flume  direct 
connected  to  a  vertical  electric 
generator. 
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much  above  the  oapaoity  of  any  poasible  equipment  can  raise  the  monthlv 
sTerace  to  sive  a  totally^  erroneoua  inmreBaion  of  the  kilowatt  hours  aTaif- 
able.  For  this  reason,  daily  records  of  flow  should  be  used  in  preference 
to  monthly  records,  since  the  daily  records  bring  out  the  maximum  and 
mimmum  Bows  and  the  final  estimate  can  be  much  nearer  the  truth. 

The  jjrobable  load  curve  is  of  prime  importance,  and  taken  together  with 
the  aTailable  pondage  it  will  determine  toe  number  and  siie  of  units  to  be 
installed  to  give  flenbility  and  economy  in  operating. 

TOO.  Auxiliary  ];>ower.  If  a  relay  station,  steam,  gas  or  oil,  be  used,  it 
should  be  placed  as  near  the  market  or  sources  of  fuel  as  economic  conditions 
iRrarrant.  Its  capacity  must  be  determined  by  the  daily  and  yearly  hydro- 
craph  and  the  load  curve.  So  many  combinations  of  conditions  of  pondage, 
storage  and  toad  occur  that  every  case  must  have  special  and  detailed  study. 
There  are  very  few  developments  where  a  relay  station  owned  either  by  the 
seller  or  the  buyer  of  hydroelectric  energy  is  not  almost  essential. 

TOl.  Choice  of  unite.  With  varying  load,  efficiency  requires  two  or 
snore  units  so  that  during  the  hours  of  minimum  demand  the  machine  or 
machines  on  the  line  can  carr^  the  load  at  good  efflcienoy.  Then  as  the 
load  comes  on  additional  machines  are  eut  in  sa  needed. 

70S.  Prorisiozu  for  handling  floods  include:  (o)  flathboardi:  (6) 
Tsdntcr  vates:  (c)  sluice  fates.  It  has  been  noted  that  the  heignt  to 
which  a  power  dam  can  be  built  is  usually  limited  by  the  extent  of  the  flowage 
permiasiole  (Par.  097).  This  necemunly  applies  to  the  high- water  stages 
whieh  may  be  expected  every  year,  and  settlements  for  the  necessary  rights 
are  uau^y  made  once  for  all.  During  most  of  the  months  in  each  year 
increased  pondage  or  head,  or  both,  can  advantageously  be  procured  by 
raising  the  dam  without  creating  greater  flowage  than  occurs  during  hign 
water  from  the  dam  at  its  permanent  elevation.  This  is  acoomplisbed  in  a 
number  of  wajrs,  but  most  commonly  on  power  dams  by  the  use  of  flashboards 
which  are  designed  to  bend  over  or  go  off  during  floods.  In  this  way  pro- 
-viaion  is  made  for  handling  floods  at  the  moderate  cost  of  replacing  the 
flashboards. 

In  order  te  provide  for  the  occasional  summer  freshet  and  to  give  greater 
discharging  capacity  in  cases  of  great  freshets  flood  gates  are  incorporated 
in  many  modern  dams.  When  warned  of  a  freshet,  probably  of  short 
duration,  it  is  frequently  possible  by  opening  the  gates  in  the  dam  to  pass 
the  extra  water  without  straining  or  losing  the  flashboards.  Flashboards 
are  ordinarily  held  in  place  by  either  wrought-iron  pins  which  will  bend  over, 
or  light  wooden  figure-fours  which  will  break  when  the  water  rises  too 
high.  The  development  of  water  power  on  navigable  streams  also  leads 
to  the  use  of  Tainter  ^atee,  Chanoine  wickets,  Bear  traps  and  oUier  forms  of 
movable  dame  ordinarily  suited  to  their  puri>oae,  but  whioh  in  northern  riv«ra 
carrying  much  ice  must  be  designed  with  great  care. 

70S.  Log  sluices  and  fish  ladders  are  necessarv  appendages  to  most 
power  dams.  A  log  sluice  is  an  inclined  chute  on  the  aownstream  side  of 
the  dam  with  a  gate  at  the  crest  which  is  opened  whenever  a  log  drive  must  be 
run  past  the  dam.  These  are  usually  required  by  law  where  Tog  driving  has 
ever  existed  on  the  river.  Fishwaya  are  required  by  federal  Taw  on  meet 
rivers  and  must  be  kept  open  during  certein  portions  of  the  year.  There 
are  various  forms,  two  of  which  are  mentioned.  One  is  constructed  to  form  a 
flight  of  pools,  the  water  spilling  into  each  successively.  The  other  jm  a 
chute  set  at  a  moderately  flat  elope  with  baffles  built  alternately  from  the 
right  and  left  sides,  about  three-quarters  of  the  way  across. 

704.  Buildings  and  foundations.  The  conditions  controlling  plant 
deeign  are  discussed  in  detail  in  Par.  M?,  700  and  701.  Foundations  are 
usually  subject  to  water  {H-essures  due  to  head  or  backwater  or  variations 
from  drought  to  flood  conditions.  These  conditions  usually  require  founda- 
tions much  in  excess  of  ordinary  building  requirements. 

The  siie,  height  and  arrangement  of  buildings  usually  follow  these  hy- 
draulic coiulitioiui  and  the  type  of  unit  selected. 

700.  Summary  of  unit  eoste.  Unit  ooste  common  to  most  water- 
power  developmente  with  some  idea  of  the  range  of  prices  whioh  depends 
upon  the  amount  of  each  contract^  distance  from  markete*  difficulties  of 
handling,  eto.,  are: 
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Rook  excavation  under  water S5.00  to  $10.00  per  ou.  yd. 

Barth  excavation  under  water 0.50  to  2.00  per  ou.  yd. 

Rook  excavation  in  the  open  or  behind  tight 

coffer  damB 1 .  25  to  2 .  00  per  cu.  yd. 

Earth  excavation  behind  tight  coffer  dame. ...  0 .  25  to  0 .  50  per  ou.  yd. 

Coffer  dams 6.00  to  10.00  per  lin.  ft. 

Reinf<Mreed  concrete S.OO  to  12.00  per  eu.  yd. 

Ordinar>r  concrete 6.00  to  8.00  pw  cu.  yd. 

Roioforcingmaterial 0.03  to  0.05  per  lb. 

Penstockanddraft  tubes  of  steel  plate,  erected.  0.03  to  0.05  per  lb. 

TBSTnra 

706.  Water-wheel  testing  haa  played  ^  vital  part  in  the  improvemcnte 

which  have  been  accompliahBd  in  tlie  desijin  and  construction  of  turbines. 
Every  water-wheel  ahouTd  be  tested  if  posBible  before  it  is  installed.  That 
a  similar  wheel  of  the  same  make,  diameter  and  pattern  has  been  tested  and 
shown  satisfactory  resxilts  is  no  guarantee  that  a  wheel  which  has  not  been 
tested  will  give  similar  results.  The  expense  of  the  test  should  never  be 
aU6wed  to  militate  against  it,  for  a  gain  of  only  1  per  cent,  in  efficiency 
will  pay  for  the  test  in  a  relatively  short  time.  Speoincations  and  guarantee 
req^uLrements  should  be  drawn  with  oare  and  inolude  where  feasible  pro- 
vision for  final  acceptance  teats  in  place,  in  addition  to  the  preliminary  tests 
at  the  Holyoke  Testing  Flume.  In  addition  to  finding  out  whether  the  wheel 
has  met  the  specification  requirements,  the  teats  furnish  data  by  means  of 
which  the  use  of  the  wheel  as  a  water  meter  is  possible  (Par.  %U). 

707.  The  Holyoke  Testing  Flume  furnishes  the  onl  v  place  in  this  country 
where  systematic  testing  is  carried  on.  The  maximum  bead  is  17  ft.  and  the 
maxiraam  discharge  possible  is  between  250  and  300  cu.  ft.  per  sec,  at  which 
discharge  the  head  is  reduced  nearly  one-third.  In  spite  of  these  limitations 
the  teats  are  invaluable  to  the  watci^power  engineer  and  form  a  common 
basis  of  comparison  for  designees. 

706.  The  quantities  to  be  measured  in  a  watei^wbeel  test  are  speed, 
head,  d{scbarp;e  and  power  output.  At  the  Holyoke  flume  these  are  obserred 
by  k  fevolution  counter,  head  and  tail  water  gagts,  weir  and  Prony  brake* 
rerfpectivoly.  Various  gate  openings  are  selected  and  for  each  opening  the 
wheel  is  run  at  many  speeds  in  order  to  determine  the  most  efficient  speed 
for  each  gate. 

709.  For  making  the  final  acceptance  test  of  water  wheels  a  test  in 
place  is  becoming  more  frequent.  Such  a  test  furnishes  direct  evidence  of 
the  performance  of  the  wheels  under  service  conditions. 

710.  The  general  problem  is  that  of  any  test  of  power  machinery; 
namely,  to  measure  the  input  and  the  output.  To  measure  the  input  requires 
the  measurement  of  the  head  and  the  quantity  of  water  used  by  the  unit 
under  teat. 

711.  The  i>oints  of  measurement  of  the  head  should  be  selected 
to  show  the  net  head  actually  acting  on  the  wheel.  Friction  losses  in  canal 
or  penstock  and  tailraoe  are  not  properly  charged  against  the  ^rformance 
of  the  turbines,^  however  much  they  may  affect  the  overall  efficiency  of  the 
plant.  The  point  therefore  at  which  to  measure  the  headwater  is  just  before 
the  water  is  drawn  to  the  guide  chutes,  and  the  tail-water  should  be  obserrod 
at  the  nearest  feasible  point  to  the  discharge  of  the  draft  tube.  In  open 
flume  settings  the  head  water  is  observed  in  the  flume.  In  the  ordinarv 
preMure-case  setting  a  gage  should  be  tapped  into  the  side  of  the  penstocx 
(Par.  640,  piezometers)  just  clear  of  the  case  in  order  to  avoid  disturbances 
due  to  eddies  and  uneven  flow  in  the  case.  In  a  scroll-^ase  setting,  the  scroll, 
like  the  draft  tube,  must  be  considered  an  integral  part  of  the  wheel  and  the 
head  should  be  measured  between  the  entrance  to  one  and  the  discharge  of 
the  other. 

71S.  MsMurement  of  the  quantity  of  water  nied  presents  some 
diflicultieB  unless  special  provision  was  made  in  the  design  of  the  plant.  It 
has  been  usual  practice  to  install  a  weir  in  the  tailrace.  Unless  the  conditions 
are  exceptional  the  results  are  subject  to  serious  but  undeterminable  error 
due  to  the  relatively  high  velocity  of  approach  to  the  weir  (Par.  606  H  teq.). 
The  attempt  ia  made  by  building  the  crest  high  enough  from  the  bottom  to 
out  down  the  velocity,  the  head  acting  on  the  wheel  is  thereby  reduced  and 
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mt  once  the  actixal  service  conditionB  Me  only  approximated  and  the  peeuliar 
Tftlue  of  the  teat  in  place  is  partially  vitiated.  It  ie  difficult  to  make  the 
conditions  of  the  channel  of  approach  to  the  weir  eui table  for  good  meae- 
uremeQta  and  the  expenae  of  ioetallation  is  relatively  great.  ^  Whatever 
method  of  meaaurement  la  uaed,  there  should  be  an  agreement  in  advance 
by  the  buyer  and  seller  of  the  wheels  to  accept  the  resulta.  Where  con- 
ditions for  their  uae  are  right,  rod  floats  (Par.  641)  afford  an  excellent  means 
for  measuring  the  flow  either  in  the  headrace  or  tailrace. 

The  easiest  measurements  to  make  properly  are  probably  those  with  a 
current  meter  (Par.  661).  The  exiKnse  is  allgnt  and  in  the  hands  of  careful 
and  experienced  operators  simuttaneouB  measurements  in  head  race  and  tail- 
race  will  give  excellent  results  without  interfering  in  any  way  with  the  normal 
service  conditions  of  operation.  Suitable  measuring  stations  may  be 
easily  included  in  the  original  design  of  the  plant  at  little  or  no  extra  expense. 

For  relatively  small  units  fed  by  penstocks,  the  most  accurate  measure- 
ment without  question  can  be  made  by  a  venturi  meterCPar.  6S6)  incorporated 
in  the  penstock  when  the  plant  is  installed.  When  properly  rated  it  nas  the 
great  advantage  of  giving  a  continuous  record  of  flow. 

Tit.  Tot  meaiurln^  the  output  two  general  methods  are  available 
for  a  hydroelectric  station.  They  are  (I)  to  measure  the  energy  generated 
electrically,  or  (2)  with  some  form  of  absorption  dynamometer.  The 
electrical  measurement  requires  that  the  driven  dynamo  shall  have  be^n 
carefully  tested  and  the  efficiency  determined  for  all  loads.  El^tncal 
measurements  can  be  made  with  great  accuracy  but  the  determination  of 
the  turbine  output  by  this  means  is  somewhat  indirect.  With  the  develop* 
ment  of  the  Alden  dynamometer  direct  and  accurate  measurement  is 
possible.     This  apparatus  is  described  as  follows  by   Prof.  C.  M.  Allen: 

"  It  is  a  form  of  Prony  brake,  and  usuallv  consi.its  of  several  smooth  circular 
revolvable  cast-iron  discs  keyed  to  the  shaft  which  transmits  the  power;  a 
non-re  vol  v  able  housing  having  its  bearings  upon  the  hubs  of  the  revolving 
discs;  and  a  ^air  of  thin  copper  plates  in  contact  with  each  cast-iron  disc,  the 
plates  being  inte^al  with  the  hobsing.  Through  a  system  of  piping,  water 
under  pressure  is  circulated  through  chambers  between  the  units,  each 
conaiatmg  of  a  disc  and  its  copper  plates,  and  between  the  outer  plate  at 
either  end  and  the  wall  of  the  housing.  The  water  pressure  is  xegulated  by 
hand  or  by  an  automatic  valve.  Another  system  of  piping  eiroulatea  oil  for 
lubricating  the  surface  of  the  copper  plates  next  to  the  revolving  dieoe." 

714.  Adruataget  of  the  teat  In  place.  The  test  in  plaee,  if  made  com- 
plete chough  to  cover  alt  gate  openings  under  normM  conditions  of  head  at 
the  plant,  wilt  serve  two  purposes:  it  will  tell  whether  the  wheels  tested  are 
up  to  specification;  and  it  will  provide  a  means  of  measuring  the  daily  or 
hourly  amount  of  water  drawn  oy  the  plant  so  long  as  the  wheels  are  kept 
clean  and  in  j^ood  repair,  and  the  operating  conditions  are  essentially  those 
obtaining  during  the  test.  These  records  if  carefully  kept  become  of  great 
Talue  to  the  owner  and  operator  of  the  plant. 

SLECTRICAL  SQT7IPM£NT  OF  POWER  PLANTS 

BT   QBOROE  I.  KHODBS 

Conti^ing  Engineert  White,  Weld  and  Co.,  Member,  American  InHUuU 
of  Blectrical  Engine^rt 

BLBCTBXO  OXNUATOB8 
719.  Tfpt  of  ffttnofmton  arc  covered  in  See.  7  and  See.  8. 

716.  Generator  charaeteriatSci  required  for  a  given  power  plant  are 
largely  determined  by  the  size,  overload  capacity,  speed,  speed  varia- 
tions, and  possibilities  of  over  speed  of  the  pnme  mover:  the  sise  of  the 
plant,  the  nuniber  of  units,  the  load  factor,  fluctuations  and  power-factor  of 
the  load;  the  voltage  and  type  of  the  distribution  system. 

717.  Slaai  of  generatora.  The  ratio  between  the  adjaoent  sixes  of  gen- 
arators  varies  from  1.25  to  1.60.  The  sise  limitations  seem  to  have  been 
reached  only  for  direct-current  generation,  where  2,700  kw.  is  the  larf^est  ol>- 
tained  commercially.  Engine-driven  alternators  are  in  operation  which  wilt 
carry  from  8,000  to  10,000  K^-a.  contiDuoualy  without  overheating.  Water- 
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wheel  alternators  are  built  up  to  20,000  kv-ft.  and  there  is  little  doubt  thai 
larger  bims  can  be  built  if  required.  Steam-turbo-driven  alternators  are 
being  bulH  up  to  30,000  kv-a. 

T18.  Overload  eapaoi^  in  generators  is  necessary  only  when  tbe  prime 
mover  has  abilitjr  to  deliver  loads  greater  than  rating,  or  in  special  cases  whom 
it  is  desirable  to  install  a  generator  smaller  than  the  maximum  output  of  the 
prime  mover.  Gas  engines  which  will  stop  when  their  rated  capacity  \m 
much  exceeded,  require  generators  which  will  reach  their  maximum  safe 
temperature  when  continuously  operated  at  rated  load.  This  same  condition 
is  required  of  steam  turbines  when  rated  at  the  maximum  capacity,  and  by 
water-wheels  except  in  very  unusual  circumstances.  Steam  engines  whiw 
are  rated  at  their  most  economical  load,  or  steam  turbines  having  overload 
valves,  require  generators  with  considerable  overload  canaritv.  Generator* 
of  the  first  class  are  usually  designed  to  carry  their  rated  load  continuously 
with  a  temperature  rise  ot  about  fiO  deg.  Cent.  Generators  of  the  seoondi 
class  are  designed  to  carry  rated  loads  continuously  with  40  d».  Cent, 
temperature  rise,  and  25  per  cent,  overload  with  a  55  deg.  rise.  It  is  doubtful 
if  this  latter  temperature  is  safe  except  for  temporary  operation. 

Tit.  Sp««ds  of  standard  designs  range  from  75  r.p.m.  upward,  th« 
ratios  between  adjacent  speeds  being  from  1.1  to  1.2.  Low  speeds  are  con- 
fined to  large  machines.  Several  speeds  for  the  same  siie  are  usuidly  avail- 
able, particularly  an  small  and  moderate  slses.  The  speed  of  direct-current 
machinery  is  limited  by  commutation.  High-speed  direct-current  genera- 
tors, even  of  relatively  small  sise,  are  not  reconunended.  The  speed  of 
alternating-current  generators  is  controlled  by  frequency  and  by  .number  of 
poles.  At  the  high  speeds,  ventilation  becomes  one  of  the  principal 
problems,  but  the  manufacturers  have  solved  it  to  such  an  extent  that 
machines  are  offered  in  sixes  up  to  5,000  kv-a.  at  3,000  r.p.m.  and  up  to 
30,000  kv-a.  at  1.500  r.p.m. 

High-speed  generators  deliver  short-circuit  currents  of  enormous  in- 
stantaneous Ttuue,  even  though  the  sustained  short-circuit  currents  ar« 
limited.  This  characteristic  is  of  greatest  importance  in  large  systems, 
particularly  in  reference  to  switching  methods  (Far.  T99). 

TSO.  Spead  TarUtions  or  fluetuations  In  the  drivlnc  torqna  have  a 
tendency  to  accentuate  the  difficulties  of  commutation.  In  alternating- 
current  machines  the  speed  variations  are  of  great  importance  to  parallel 
operation,  particularly  when^  the  speed  is  low  ana  the  number  tA 
poles  is  large.  The  driving  impulse  in  gas  engines  and  low-speed  steam 
engines  being  non-uniform,  flywheels  of  large  moment  of  inertia  are 
required  to  keep  down  the  speed  fluctuations  so  that  satisfactory  paralldi 
operation  may  be  obtained.  It  is  usually  necessary  to  have  alternators  for 
this  service  designed  with  large  armature  reaction  and  reactance,  so  that  Uie 
angular  variations  will  produce  a  minimum  of  surging  in  the  electrical 
circuits.  With  gas  engmes  it  is  necessary  to  use  ahort*circuited  pole-face 
windings. 

Til.  BtUMWay  fpeodg.  In  engines  and  turbines  it  is  eanl/  possible  to 
provide  emergency  governors  so  that  generators  need  be  specifiea  to  stand 
only  about  30  per  cent,  overspeed.  In  water-wheel  units,  however,  the  diffi- 
culty in  caring  for  the  inertia  of  the  water  in  long  pipe  lines  makes  it  necessary 
to  have  generators  sate  at  90  per  cent,  to  100  per  cent,  over-speed. 

.  TS2.  Inherent  regulation.  In  very  small  plants  good  regulation  is  to 
be  sought  for,  particularly  on  account  of  the  lack  of  skilled  attendance,  and 
also  on  account  of  the  large  number  of  other  uncontrollable  influences 
affecting  the  uniformity  of  voltage.  In  the  larger  plants  the  Question  of 
r«ulation  is  of  less  importance  because  of  better  attendance  and  the  feasi- 
bility of  automatic  regulating  devices. 

In  very  large  plants  the  importance  of  keeping  down  short-circuit  currents, 
both  instantaneous  and  sustained,  looms  up  in  such  large  proportions  that 
regulation  is  completely  neglected  except  as  may  be  necessary  to  secure 
proper  conditions  of  parallel  oi>eratlon.  In  these  large  plants  it  is  tuual  to 
go  to  considerable  expense  to  secure  automatic  regulation  of  voltage  allow- 
■ng  generators  of  exceedingly  low  inherent  regulation.  Induction  generat<Mn 
and  current-limiting  reactances  (Bee.  6),  are  also  used  in  some  large  plants 
to  limit  short-circuit  currents. 
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TSS.  Tha  namb«r  of  units  hu  relatively  small  influenee  except  u 
affeoiing  parallel  operation,  the  conditions  of  which  are  more  exactins  in  a 
plaDt  oiSnany  units.     (Also  see  Par.  T14.) 

TM.  Th*  load  (actor,  or  the  form  of  the  load  curve  has  particular 
iafloenoe  in  determininc  the  number  of  units  to  be  installed  and  the  overload 
cmpasities  of  the  same.  With  a  steady  load  for  10  hr,  per  day,  generators 
should  be  installed  to  carry  the  load  with  one  unit  sDut-down,  without 
•seeadiiu!  the  overload  caMusity.  With  large  short  peaks  for  a  few  months 
in  the  yeae,  and  much  smaller  load*  during  the  ether  months,  the  peaks  can 
safely  be  carried  at  overloads  even  in  ezoesa  of  26  per  cent,  for  which 
generators  are  frequently  specified.  , 

n>.  Load  flaetuationa.  If  the  load  is  widely  fluctuating,  such  as  on 
daetrie  railways  of  few  cars,  the  commutation  limit  of'  oirect-current 
nmehinee  determines  the  sise  to  be  installed.  Interpole  generator*  with 
ability  to  commutate  loads  far  above  the  usual  rating  are  frequently  used 
•o  that  tbe  average  load  may  approach  the  heating  limit.  In  alternating- 
eurreut  machine*  this  queetion  is  of  lees  importance,  as  they  are  stable  at 
very  considerable  momentary  overloads.  In  single-phase  railway  systems 
where  violent  short-oircuita  are  frequent  the  windings  need  to  be  specially 
braced.  Fluctuating  load*  will  cause  considerable  voltage  variation  and 
mav  determine  the  requirements  of  regulation,  ^particularly  in  small 
ana  medium  aiie  plants.  Compounding  is  almost  invariably  resorted  to 
in  dir«ct-current  plants  and  sometimes  in  small  alternatin^urrent  plants; 
even  then  there  is  considerable  variation  in  voltage,  especially  on  rapidly 
varying  loads. 

TM.  The  power-factor  determines  not  only  the  kilovolt-ampere  rating 
of  tbe  generators  to  be  installed,  but  also  the  sise  and  resistanoe  of  the  field 
windings.  Machines  required  to  carry  lagging  loads  need  larger  fields  than 
maehinea  to  carry  leading  loads  of  the  same  magnitude.  Generators  are 
usnally  supplied  with  field  windings  suitable  to  care  for  full  inductive  load* 
at  80  per  cent,  power-factor.  This  is  usually  sufficient  to  take  care  of  any 
condition  which  may  be  expected. 

TST.  The  voltage.  Direct-current  machines  are  available  at  126  volts, 
2S0  volts,  two-wire  and  three-wire,  and  600  volta,  with  1,200  volts  as  a  possi- 
bility, alternating-current  machines  at  the  above  voltages  and  in  addition 
2,300  volts,  2,300/4,000  volts,  four-wire,  three-phase,  6,600  volts,.ll,000  volts 
and  13,200  volts.  Higher  than  2,300  volts,  without  the  use  of  compensators 
or  transformers,  is  not  recommended  in  small  high-speed  machines.  1 1,000 
volts  and  above  in  turbo-generators,  except  of  largest  sise,  should  be  avoided, 
but  is  entirely  safe  in  slow-speed  machines.  Other  voltages  are  used  at 
times  but  the  machines  are  special.  Occasionally  it  is  desirable  to  use 
generators  connected  in  delta  at  2,300  or  6,600  volts  but  insulated  for  4,000 
or  1 1,000  volta,  making  it  possible  later  to  increase  the  voltage  of  the  system. 
High-voltage  machines  are  usually  star  connected,  because  m  the  possibility 
of  larger  conductors  and  more  rigid  windings. 

TU.  foundation*  for  electric  generators  are  usually  parts  of  those 
of  the  prime  movers.  The  type  ana  form  is  largely  dictated  oy  the  require- 
ments of  the  prime  mover.  It  is  becoming  the  practice  to  support  turbo- 
generators  on  skeleton  foundations  and  even  directly  on  the  floor  with  a 
aaement    underneath.    For  the  cost  and    detailed  design  see    Sec.   10. 

Tlf .  The  eroGtion  of  gancraton  covers  a  considerable  range  of  work 
depending  upon  the  method  of  shipment.  Small  machines  are  shipped 
eompletely  assembled  and  the  erection  consists  merely  of  placing  in  position 
and  leveling.  With  larger  tmits  the  facilities  for  transportation  and  hauling 
limit  the  mses  for  separate  parts  and  in  extreme  cases  the  machines  are 
^pped  almost  completely  dismantled,  re<juiring  the  most  careful  work  in 
erecting  them  and  preparing  them  for  preliminary  operation  by  drying  and 
voltage  tests. 

TM.  PrcUmlnary  operation  require*  a  determination  of  the  polarity  or 
phases,  before  actual  connection  to  the  lines,  ss  well  as  careful  watching  and 
testing  during  operation  neceseary  to  determine  whether  or  not  the  machine 
is  perfect  ana  ready  for  regular  and  continuous  service.  Phases  ss  marked 
io  the  factory  should  not  be  depended  upon  unle**  testing  it  impossible. 
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Phases  and  sytfobroaiiina  equipment  may  be  cheeked  by  oonneoting  to  s 
spare  machine  and  bus,  BriDgiDg  up  to  speed  with  the  spare  machine  and 
synchronising  by  the  use  of  the  apparatus  on  the  spare  machine.  If  no 
spares  are  available,  lamps,  alone  or  with  shunt  tranaformers,  connected 

across  the  opeo  switch  may 
be  used.  ^  Simultaneous  dark 
lamps  indicate  correct 
phases ;  when  lamps  do 
not  darken  and  brighiea 
together  crossed  phases  «re 
Indicated. 

TSl.  The  Toluzne  of  air 
required  for  cooUnj:  is 
generally  about  5  cu.  ft.  per 
min.  per  kv-a.  of  generator 
capacity. 

TSS,  Cleaning  tlie  air  is 
a  matter  of  great  importance 
but  frequently  ne^ected. 
Dirt  which  dogs  up  the  air 
passages  and  coats  the  cool- 
ing surfaces  prevents  proper 
cooUnc  and  shortens  tne  lile 
of  the  machine.  Reasonable 
cleanness  may  be  secured  by 
having  the  intake  above  tlie 
roof,  tnus  keeping  out  all  but 
the  finest  dust.  If  the  air 
must  be  taken  from  near  the 

ground,  it  should  be  filtered 
y  passing  at  low  velocity 
through  one  or  more  thick- 
nesses of  cheese  cloth  or 
Canton  flannel.  Complete 
cleaning  requires  large  areas, 
amounting  to  about  1  sq.  ft. 
per  kw.  of  generator  capac- 
ity. Means  must  be  pro- 
vided for  the  ready  cleaning 
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Mid  replacement  of  screens.  Water  wjreeiis  or  humidifiers  are  coming  into 
fmvor.tbeairbeiaK  passed  through  falling  water  which  takes  out  the  dust,  and 
the  nf  reed  from  miat  by  baffles  (Fig.  86).  Thismethod  has  the  added  aJvant- 
Age  of  cooling  the  air  several  degrees.    The  value  of  this  may  be  seen  in  Fig.  87. 

TSS.  The  oott  of  •rectfo'n  and  preliminarv  operation  of  generators 
ranees  between  wide  Umile  depeodins  upon  local  cooditionB.  Smaller 
maoDines  which  are  nhipped  assembled  ma/  coet  for  erection  and  prepara- 
tion for  regular  aerrioe,  in  reasonably  equipped  aiatioDS,  from  4  per  cent. 
to  5  per  cent,  of  the  cost  of  the  machine  at  the  factory.  If  the  machine 
is  shipped  dismantled,  the  cost  of  erection  will  be  about  1  p«r  cent,  to  2 
per  cent,  higher.  The  cost  of  erecting  lar^  machines  is  from  4  per  cent, 
to  5  per  cent.,  and  in  a  few  cases  where  ooDditions  allow  shipment  assembled, 
about  1  per  cent,  can  be  saved.  An  average  cost,  for  machines  from  500 
kw.  to  6,000  kw.,  can  be  obtained  from  the  formula  C-it400  +  S0.32  kw., 
where  C  is  expressed  in  dollars.  Freight  and  haulage  is  dependent  absolutely 
on  location  and  local  coDditions,  and  may  vary  from  1  per  cent,  to  15  per 
cent,  of  the  cost  of  the  machine. 

TS4.  Ventilation.  The  continued  auoceea  of  ventilation  methods  has 
a  moBt  important  influence  in  determining  the  life  of  the  insulation.  The 
requirements  call  for  a  plentiful  supply  of  cool  air  free  from  dust,  oil  and  ex- 
cessive moisture.  Except  in  turbo-generators,  no  speeial  means  are  taken 
to  fulfill  these  conditions  other  than  those  provided  in  the  machine.  In 
high-speed  turbo-generators,  how- 
ever, large  volumes  of  air  at  enor- 
mous speeds  are  passed  through  the 
windiDgs,  and  the  utmost  pains  should 
betaken  to  maintain  the  best  possi- 
ble conditions.  In  most  stations  it  is 
customary  to  take  the  ooolinp  air  di- 
rectly from,  aod  discharge  it  into  the 
turbine  room,  but  in  cases  where  the 
room  cannot  be  well  ventilated,  this 
aurangement  may  overheat  the  room 
and  the  machines.  In  some  stationn 
it  has  been  found  possible  greatly  to 
increase  the  capacity  of  the  generators 
by  installing  BpcciaUy  designed  vanes 
on  the  rotors,  tnuspassing  much  larger 
volumes  of  air.      with  a  machine  thus 

ventilated,    the  coils  quickly    become  **      -ao-io    0    10   90  30  40  '90  c 

dirty  and  much  care  has  to  be  excr-  ia  -n  rM   hm  m  ttu  io9V 

cised  to  keep  out  the  oil  that   per-  "  3a  60   08  so  lOi  mF 

rneates  the  atmosphere.     In  the  larger       Fio.  87. — Safe  load  and  tem'pefa- 
Btations  it  has  beeo  found  important    ture    of    cooling    air     (G.    B.  Rev., 
to  install  ventilating  ducts  taking  cool    Bept.,  1013,  p.  633). 
air  directly  from  outside  the  bunding. 

The  ducts  should  be  of  liberal  size  to  keep  down  air  velocities  to  about  1,000 
ft.  per  min.  Dampers  should  be  provided  to  enable  shutting  off  the  air 
supply  in  case  of  burn-outs.  Ventilation  by  separately  driven  blowers  is 
being  used  and  is  strongly  recommended  by  some  engineers. 

7SB.  Tho  oott  of  Tontllfttlnf  duett  arranged  for  cleaning  the  air' should 
not  be  more  than  25  cents  per  kw.  of  generator  capacity.. 

7SC.  The  operating  temperature,  combined  with  tbe  kind  of  insulation, 
determines  absolutely  whether  or  not  the  machine  is  overloaded.  Tem- 
peratures are  difficult  of  measurement,  particularly  in  respect  to  finding  the 
hottest  parts.  It  is  the  maximum  temperatures  which  are  of  importance, 
and  it  is  probable  that  these  are  never  found  in  teats.  Resistance  temperature 
4est8  are  difficult  to  make,  and  in  large  machines  take  considernole  time 
after  shut-down;  such  testa  give  only  average  copper  temperfttures,  which 
are  certainly  less  than  the  maximum.  Ordinary  thonnonirtcr  tests  give 
the  temperature  of  the  outside  of  the  innulAtion,  and  by  means  of  refinements 
it  is  possible  that  maximum  temperaturps  ran  \ie  measurod  to  within  10  deg. 
to  20  deg.  Cent.,  but  thi«  method  is  not  recommended.  Resistance  ther- 
mometers and  thermo-couples,  inserted  between  the  coils  and  the  iron, 
have  been  used  with  considerable  success.     The  actual  indicator  may  bs 
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located  anywhere  convenient,  even  on  the  awitefaboard,  where  contanuoia 
record  of  the  temperature  may  be  kept.  Thia  method  givee  more  con- 
aatent  and  preciae  reeulta  than  the  others  and  probably  ahows  more  nearly 
the  maximum  temperaturee.*  Indicatins  electric  thermometera,  aeTetml 
for  each  maohine,  can  be  inataUed  for  SlOO  to  t200  per  machine. 

TST.  Saf*  tamparatorw  ot  Iniulation  are  given  by  C.  P.  9teinmeta 
and  B.  O.  Lamme  in  the  February,  1913,  Pncfdingi  of  the  A.  I.  E.  E.  a«  00 
deg.  Cent,  for  fibroua  inaulaUon  auch  aaia commonly  uied,  and  125  deg.  Cent, 
for  mica  and  other  fire-resisting  materials.  These  temperatures  are  the 
measurable  temperatures  rather  than  the  absolute  maximum  that  may  be 
expected  in  local  spote.  H.  Q.  Stott  recommends  20  deg.  lower  temperaturest 
eaiMcially  on  high  voltage  work. 

IXCITATIOH 

TM.  Bzcitatlan  •quipmont  should  be  designed  with  a  view  to  the  maxi- 
mum possible  oontuiuitr  of  MCrloa.  Simplicity,  niggedness,  "fool- 
proofness  "  and  reserve  apparatus  are  important  requirements.  The  methods 
in  use  for  securing  these  resulte  are  greatly  varied  and  much  difTereooe  of 
opinion  existe  as  to  the  best  method.  Each  plant  must  be  considered  aa  a, 
aeiHkrate  problem. 

'  rat.  Izcitora  UneOr  oonnaetad  to  the  main  ffanaraton  were  the 
earliest  form  in  use.  Tney  are  now  aeldom  used  in  steam  or  na  engine 
plants,  but  are  used  in  some  of  the  largest  and  most  reoent  hydroelectric 
stetions  with  satisfactory  results.  Each  exciter  ia  frequently  made  lar^ 
enough  to  handle  two  generators,  in  emergencies.  The  chief  argumente  in 
favor  of  this  method  are  simplicity,  high  effioienoy  and  the  absence  of  large 
field  rheostats.  The  most  important  objections  are  the  possible  crippKng 
of  a  Isr^e  unit  due  to  trouble  with  ite  exciter,  and  the  tact  that  voltage 
fluctuations  in  per  cent,  are  twice  as  great  as  the  speed  fluctuations. 

TM.  beltan  driTsn  by  aaparkte  prime  moron  Mr*  noeoiaarr  in  all 
stations  except  those  above  mentioned  (Par.  TM).  They  may  be  obtained 
for  service  with  any  kind  of  prime  mover.  On  account  of  their  small  siie 
the  efficiency  of  the  unit  is  very  poor,  this  constituting  the  chief 
objection  to  their  use.  Where  steam  at  atmoepherio  pressure  is  necessaj^ 
for  feed-water  heating,  the  inefficiency  is  of  no  importance.  Their  use  is 
determined  principally  by  questions  at  convenience  and  economy,  it  being 
abeolutely  necessary  to  install  them  for  starting  purposes. 

T41.  Ifotor-drlTan  ezeltan  are  in  use  in  almost  all  stations.  They  an 
cheap,  economical,  efficient  and  reliable,  but  cannot  be  used  for  the  complete 
equipment.  They  should  not  be  driven  by  synchronous  motors,  because 
short-circuite  on  the  outside  system  not  in  themselves  sufficient  to  cause  a 
shut-down  of  the  station,  are  likely  to  throw  the  motors  out  of  step,  thus 
shutting  down  the  plant.  Induction  motors  are  almost  invariably  used. 
A  well-balanced  exciter  plant  consiste  of  unite  driven  both  by  motors  and 
by  prime  movers.  In  some  cases,  motoiMiriven  unite  are  considered  as 
auxiliary  to  the  prime-mover  unite,  and  in  other  cases  the  motor-driven 
plant  ia  considered  of  first  importance;  the  first  plan  is  probably  most  in 
favor. 

T4S.  Tho  Importuioo  ot  contiauoui  ezeltatioii  poiote  strongly  to 
■tof ao  bftttoIMl  which  are  frequently  installed  of  sufficient  capacity  to 
excite  the  entire  plant  for  an  hour.  Danger  of  a  shut-down  of  the  entire 
plant  by  failure  of  the  exciters  is  not  considered  great  enough  in  all  eaaes 
to  warrant  the  great  expense  of  a  battery.  When  used,  it  may  either  be 
floated  OD  the  excitation  busses,  or  allowed  to  stand  by  fully  charged. 

T«t.  A  new  method  of  (aeurinjr  continuout  larrioa  Is  being  intro- 
duced with  great  promise.  The  exciter  generator  is  arranged  to  be  driven 
both  by  motor  and  prime  mover.  The  motor  is  provided  with  a  relay, 
which  snute  it  down  if  the  voltage  becomes  low.  The  governor  is  arranged 
practically  to  shut  off  the  steam  at  normal  speed,  but  after  cutting  off  the 
motor,  the  prime  mover  continues  to  drive  the  unit  at  but  slightly  reduced 
speed. 

*  Reist,  H.  G.  and  Eden,  T.  S.  "  Method  of  Determining  Temperature  of 
Alternating-current  Generators  and  Motors,  and  Boom  Temperature;" 
Tronj.  A.  I.  E.  E.,  1913. 
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TM.  Th«  flil«  of  th«  exciter  pUnt  depends  upon  the  rise  of  the  povrer 
plant  and  the  types  of  generators  used.  Small,  low-epeed  generators 
require  up  to  3  per  cent,  of  their  capacity  for  excitation.  Large,  high- 
speed turbo- alternators  may  require  as  little  as  0.75  per  cent.  The  exact 
requirements  may  be  obtained  from  the  manufacturer.  The  total  capacity 
should  be  am|)le  to  carry  the  whole  excitation  load  with  the  spare  apparatus 
out  of  commission.  The  amount  of  spare  apparatus  required  is  not  very 
definite;  practice  ranges  all  the  way  from  depenaing  on  the  overload  capacity 
to  having  two  to  three  times  the  total  capacity  required. 

Ttf.  The  nvmber  Mid  r«latlT9  lU*  of  the  eielter  anlte  should  be 
chosen  for  the  greatest  simpUeity  and  the  required  flexibility.  The  minimum 
warn  of  any  unit  is  in  general  dictated  by  the  reauirements  of  the  largest 
generator.  It  is  doubtful  if  the  largest  exciter  should  be  large  enough  to  ex- 
ate  the  entire  plant.  Except  in  very  large  plants  a  siae  suflScient  for  half 
the  equipment,  with  a  total  of  three  units,  will  gjve  very  satisfactory 
results. 

TM.  The  exciter  T<dt»ge*  in  common  use  are  125  volts  for  all  except  the 
very  largest  plants  where  260  volts  are  used.  The  generators  are  usually 
flat  compounded.  With  standard  exciters  it  is  possible  to  run  at  not  more 
than  15  per  cent,  over  standard  voltage,  which  is  quite  sufficient  to  take 
eare  of  the  excitation  of  ordinary  alternators  at  full-load.  Where  overload 
capacities  are  to  be  used,  it  is  frequently  desirable  to  raise  the  exaltation 
voltage  as  much  as  25  per  cent,  during  the  peaks.  Exdters  can  iisually 
be  arranged  for  this  voltage  with  very  little  deviation  from  standard  design. 

T4T.  The  eott  of  exoiter  sete  Installed,  ready  to  run,  exclusive  of  wiring, 
piping,  etc.,  correct  to  plus  or  minus  10  per  cent.,  (covering  ordinary  differ- 
ences in  speed  and  other  commercial  differences  in  design),  may  be  expressed 
as  follows:  . 

High-speed  compound-engine  drive,  $1,000  plus  $35  per  kw. 

Hi8h-^>eed  rimple-engine  drive,  $750  plus  $26  per  kw. 

Steam-turbine  drive.  $425  plus  $31  per  kw. 

Induction-motor  drive,  $625  plus  $15  per  kw. 

The  cost  of  exciters  attached  to  the  shafts  of  the  main  jceoerators  ean 
best  be  expressed  as  a  percentage  of  the  cost  of  these  generators;  this  will 
vary  from  3  per  cent,  to  5  per  cent.,  depending  somewhat  on  the  speed. 

748.  Xxciter  wiring  ijvtemB  are  in  use  covering  practically  all  the 
direct-current  types  of  switchboards.  On  account  of  the  low  voltage  no 
oomplications  iMed  be  entered  into  except  as  majr  be  necessarv  to  make 
available  the  various  sources  of  excitation.  Occasionally  a  double  exciter 
bus  is  derirable.  but  in  most  oases  it  adds  complications  without  any  adequate 
gain  to  the  service.  Alternating-current  wiring  for  motor-driven  exciten 
should  be  worked  out  on  the  basis  of  the  exciters  being  most  important 
feeders,  unless,  however,  the  presence  of  a  storage  battery  makes  this 
treatment  unnecessary.  In  stations  above  2,300  volts,  it  is  recommended  to 
use  transformer^  in  connection  with  the  exciter  motors,  as  small  machines 
wound  for  high  voltage  are  not  of  sufficient  reliability. 

T4t.  Bzeltatlon  nritchlng  appliancet.  ^  The  current  must  not  be 
Ix^ken  without  at  the  same  time  short-circuiting  the  field  windings,  other- 
wise punctured  insulation  will  result.  This  requirement  calls  for  special 
field-'<uscharge  switches.  It  also  limits  the  use  of  circuit-breakers  to  those 
operating  on  reverse  current,  thus  serving  to  cut  out  damaged  exciters. 
Fuses  of  very  large  overload  capacity,  which  will  blow  only  during  most 
sewe  trouble,  are  used  for  the  protection  of  the  exciters. 

T50.  Field  rheostats  for  small  generators  are  usually  mounted  on  the 
back  of  the  switchboard,  but  for  large  machines  some  more  conveneint 
location  involving  remote  control  is  necessary.  Electrically  controlled  rheo- 
stats are  frequently  necessary  in  large  stations  and  are  operated  either  by 
solenoid  and  ratchets  or  by  motor;  the  latter  is  necessary  where  the  field 
current  exceeds  300  amp. 

▼OLTAOB  OOMTBOL 
791.  Hand  regulation.     Voltage  is  controjled  in  all  systems  by  hand 
regulation,  whether  or  not  there  are  automatic  means.     Hand  regulation 
alone  is  suitable  only  where  the  load  is  steady  and  the  generators  inherently 
regulate  w^ 

837  Digilized  by  V.^iOO*^  IC 


Sec.  10-752 


POWER  PLANTS 


75S.  Automatio  reculfttion  ma^  be  secured  by  two  methoda;  first,  the 
automatic  adjuatment  of  the  field  resistaoce  by  motors  or  solenoids  controlled 
by  a  relay;  second,  the  alternate  Bhort-oircuiting  and  insertion  of  resistaoee 
in  the  field  circuits.  The  first  method  ia  used  in  the  Thury  r«culator 
the  second  method  in  the  TlrrlU  regulator.  The  first  method  makea  ib« 
adjuatment  more  or  less  gradually;  the  second  changes  the  resistanee  much 
more  than  necessary,  alternately  one  way  and  then  the  other,  while  the 
time  laf  of  the  field  windings  produces  a  practically  steady  voltage  of  a  value 
depending  upon  the  proportionate  time  the  resistance  is  in  and  out  of  circuit. 
The  latter  method  is  inherently  more  sensitive  than  the  first  and  is  prae- 
tically  the  only  one  in  use  in  America. 

TM.  TIm  TliriU  r«jpilator  for  small  dlrset-current  nwthlni 
operates  as  follows  (see  Fig.  88).  The  regulation  depends  on  Uie  rapid  male* 
and  break  of  contacts  A  which  short-circuit  the  resistance  in  the  shunt 
field  oirouit  of  the  generator.  The  closure  of  these  contacts  depends  upon 
the  machine  Toltagn  across  the  relay  B.  The  contacts  closed  by  this  relay 
serve  only  to  close  or  open  one  of  the  two  differential  windings  on  the  magnet 
C,  which  in  turn  operates  contacts  A  cutting  in  or  out  the  field  resistance. 
When  the  voltage  ie  high,  relay  B  opens  one  winding  in  C  which  in  turn  causes 
the  latter  to  open  contact  A,  inserting  the  resistance,  and  nee  mtmI.  The 
final  result  of  operatiouis  that  the  contacts  vibrate  continuously  and  remain 
open  or  closed  a  longer  or  shorter  portion  of  the  time  as  may  be  required 
to  keep  the  voltage  steady.  A  regulator  of  this  type  with  multiple  contacts 
at  A  can  control  machines  up  to  126  kw. 


o< 


Fig.  88. — Tirrill    regulator  for 
small  direct-current  machines. 
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Fial  89. — Tirrill    reftulator  for 
large  machines. 


784.  Tirrill  regulator!  for  large  direct- cuzrent  machlnM  and 
ait^nators  operate  as  follows  (Fig.  80) :  The  solenoid  A  is  connected  across 
the  bus  bars,  usually  through  a  potential  transformer.  The  core,  which  is 
lifted  by  the  solenoid,  is  attached  to  the  lever  C  on  the  other  end  of  which  ia 
a  contact  D  and  a  balancing  weight  E.  Acrosa  the  exciter  terminals  is 
connected  a  solenoid  F  whose  core  is  attached  to  the  lever  O  with  contact 
D  on  the  other  end.  This  lever  is  pulled  in  a  direction  to  close  the  contacts 
by  a.si>ring  so  designed  that  the  plunger  F  is  pulled  downward  in  direct 
proportion  to  the  voltage.  This  arrangement  gives  greater  sensitiveneas 
than  the  simple  arrangement  at  B,  Fig.  88. 

When  the  alternating  voltage  is  low  the  weight  of  the  plunger  A  overcomes 
that  of  the  balancing  weight  JB  and  closes  Contact  D,  causing  relay  H  to  close 
contact  /,  thus  short-circuiting  the  field  resistance  and  raising  the  exciter 
voltage  and  the  alternating  voltage.  As  the  exciter  voltage  nses,  solenoid 
F  DulTs  down  its  plunger  and  lifta  contact  D,  but  as  long  as  the  alternating 
voltage  is  low,  the  lower  contact   follows.     When  the  alternating  voltage 
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riaes  above  the  eorreot  value  the  eontaet  D  is  ojienad,  which  oaoMS  the  ra- 
■istanoe  to  be  inasrted  again  in  the  field  dnnut.  The  winding  K  on  the 
eolenoid  A  allows  oompoundins  with  the  load,  which  may  oompeneate  for 
the  average  line  drop.  In  stations  where  there  are  several  eicitere,  the  relay 
H  operates  a  number  of  contacts  /|  one  or  more  for  each  exciter.  In  very 
large  stations  a  separate  regulator  is  used  for  each  exciter, 

TM.  BajTuUton  with  •zeitw  batteriel  arn  possible  by  the  use  of 
boosters  in  the  exoiter  bus  under  control  of  the  regulator,  bucking  or  boost- 
ing the  voltage  supplied  to  the  field  wiodiogs. 

TM,  Mannal  regruUtion  with  ranilaton  is  secnred  by  varying  the 
resistaoee  in  the  circuit  of  solenoid  X,  Fig.  01. 

TST.  Protection  acaliist  regulator  (ailorM  or  abnormal  conditioDs 
sbotdd  be  provided  whereby  excessively  high  or  low  voltage  reeults  in  the 
operation  of  a  relay,  thereby  making  the  regulator  qon-pperative.      | 

TiS,  Ezeiten  for  Tirrlll  regutetors  raqoira  oartful  •djottment  tor 
parallel  operation.  Field  circuits  should  permit  voltages  from  40  per 
cent,  to  140  per  cent,  normal.  They  must  respond  rapidly  and  equally  to 
change  of  resL>tanee.  C  neqnal  response  causes  the  quicker  machine  to  take 
all  the  load  and  it  may  flash  over, 

TM,  The  cost  of  Tirrill  regnlators  installed  is  from  tfiOO  to  Sl.OOO 
each,  exclusive  of  instrument  transformers, 

TtO.  Feeder  regulators  for  alternating-current  circuits  consist  essentially 
of  compenaatoiSitbe  secondary  winding  of  which  is  in  series  with  the  outgoing 
circuit.  They  are  tviijf  described  in  Sec.  6.  There  are  two  types,  the 
contact  type  and  the  induction  type,  the  latter  being  preferable.  Theee 
regulators  may  be  either  single  phase  or  polyphase  as  necessary.  They  are 
usually  wound  for  ±  10  per  cent,  regulation.  They  may  either  be  hand  op- 
erated, or  automatically  operated  through  a  relay  and  motor  to  compensate 
for  line  dr<»>  thus  maintaining  constant  voltage  at  a  distant  point.  The 
eost  of  2,200  volt  automatic  feeder  regulators  for  ±  10  per  cent,  regulation 
is  about  as  follows:  Single  phase,  t300+S350  per  100  amp.  Three  phase, 
S600+t600per  100  amp.  If  motor-operated  but  non-automatic,  about  ISO 
is  saved.     Hand-operated  regulators  coat  about  $150  leas  than  automatic. 

low-TumoH  DmcT-ornuuniT  swircHna 

T(l.  Dlreot-Otursnt  iwttohlng  may  conveniently  be  grouped  in  the 
following  general  olasMs:  (a)  Single  polarity;  (M  Double  polarity  with 
equaliser  on  pedestal :  (c)  Double  polarity  with  equaliser  on  panel;  (</}  Three 
wire;  (e)  Multiple  voltage. 

Obviously  a  great  number  of  subdivisions  could  be  made,  the  number 
of  busses  being  the  most  important.  Fi^.  00  shows  the  elementary  wiring 
of  these  various  classes,  leaving  out  all  auxiliary  wiring  and  all  instruments. 

TM.  Parallol  operation  of  eomiraund  gsneraton  is  secured  by  the 
equaliser  connections  which  are  usually  of  one-half  to  one-third  the  rated 
capacity.  They  parallel  both  terminals  of  all  series  fields,  making  the  diree- 
tion  of  current  in  all  of  them  necessarily  the  same.  Parallel  operation  is 
fully  discussed  in  Sec.  8. 

TW.  Single-polarity  switchboards  find  their  greatest  use  in  railway 
work  where  the  negative  bus  is  at  approximately  ground  potential,  and  u 
usually  located  in  the  basement  beneath  the  maohuiea;  it  should  "be  insulated, 
however.  The  circuit  breakers  and  instruments  are  in  the  positive  side  of 
the  board  and  the  equaliser  and  negative  switches  are  on  small  panels  or 
pedestals  near  the  machines.  The  feeders  are  frequently  without  negative 
switches. 

TM.  Three-wire  switchboards  are  used  for  combined  lighting  nnd  power 
systems.  The  generators  require  an  equalizer  on  each  side.  If  both  these 
equalisers  are  thrown  in,  the  machines  are  paralleled  as  shunt  machines, 
so  that  some  means  must  be  taken  to  make  it  imssible  to  dose  the  equaliser 
switches  only  at  the  same  time  as  the  main  switches.  This  usually  calls  for 
four-pole  switches  on  small  boards  and  two  double-pole  switches  on^  the 
larn,  each  double-pole  switch  consisting  of  one  line  and  one  equaliser  switch. 
It  IS  obvious  that  a  circuit  breaker  and  instruments  are  needed  in  each  side. 
In  the  ease  of  two-wire  full  voltage  feeders,  a  double-pole  circuit  breaker 
is  necessary  when  the  neutral  is  grounded. 
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TW.  TiM  InitnunMita  raqulrcd  to  meuure  oompletoly  the  output  of 
the  macfainee  or  of  a  feeder,  coniprue  an  ammeter  or  a  wattmeter,  or  both, 
for  each  circuit-breaker  shown  in  the  diagram  (Fig.  90),  together  with  a 
▼oltmetcr  on  the  main  bus.     For  puipoaes  of  conneoting  incoming  generators 
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Fig.  90. — Elements  of  direct-current  wiring. 

provision  must  be  made  for  a  voltmeter  on  each  machine,  or  a  soolcet  and  plug 
which  will  enable  itS'  voltage  to  be  measured  by  a  common  machine  volt- 
meter.    (Fig.  93.) 
TM.  DoQbl«-poUllt3r  fwttehboardl  find  their  greatest  use  in  power 
work,  particularly  at  250  volts.     They 
■...i.  v,_  are  desirable  where  both  bus  bars  must 

be  insulated.  Except  for  large  stations 
there  is  no  disadvantage  in  havlzig  both 
polarities  on  the  same  board.  Except 
on  small  boards,  it  is  desirable  to  have 
the  equaliser  switches  on  pedestals  near 
the  machines  (Fig.  91). 
"  Ttt.  Multipl9-volt»ge  twitch- 
botfdl  are  in  use  where  ihree-wire 
distribution  is  extensive.  The  extra 
busses  are  oi>erated  at  a  voltage  higher 
than  the  main  busses  to  take  care  of 
the  drop  in  long  feeders.  Their  volt- 
age is  usually  maintained  hy  boosters, 
although  in  some  cases  provision  is  made 
for  connecting  the  generators  to  either 
set  of  busses. 

TM.  Double  but  ban  are  seldom 
warranted  except  for  operating  at  two 
voltages.  ^  However,  when  there  are 
two  distinct  classes  of  service  which 
should    be    kept    independent,   double 
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Fig.  91. — Detail  wiring  diagram 
of  generator  panel. 


bus  bars  are  desirable  (Fig.  92). 

199.  Spare  circuit  breakers  are  almost  necessary  in  heavy  railway 
work  and  provision  should  be  made  for  inserting  them  in  a  simple  manner 
(Fig.  93). 

TTO.  AuxiUary  drcultt  are  frequently  installed  to  accomplish  many 
different  purposes.     Some  of  the  more  commonly  used  are  as  follows: 
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(a)  Voltmeter  bus  and  receptacles  to  enable  the  uie  of  one  inatrument  for 
■11  machinefl;  (6)  Current  supply  for  inatrument  excitation  and  the  opera- 
tion of  circuit  breakera;  (c)  oignala  indicating  open  breakers;  {d)  Remote 
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Fioa.  92  AND  93. — Wiring  for  spare  busses  and  for  spare  circuit  breakera. 
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Fio.  94. — Two-pole  generator  panel  2500A,  250  v. 

control  of  circuit  breakers  and  switches;  (<)  Interlocking  circuits  between 
circuit  breakers;  (f)  ReverB«^-current  relay  wring  (Fig.  91). 

TTl.  Typei  of  rwltchboard  panels.     The  accompanying  illustrations, 
Fics.  94  and  95,  serve  to  indicate  general  types  of  panels.    In  very  small  in* 
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BtBllatioms,  the  generator  and  feeder  switches  may  be  located  on  the  same 
panel.  In  moderate  aiaed  plants  there  may  bo  several  feeders  per 'panel, 
although  generally  each  generator  has  its  own.  In  lar^  systems  there  is 
sometimes  a  separate  panel  for  each  feeder,  but  this  is  necessary  only  in 
very  special  cases,  usually  two  being  grouped  on  each  panel.     The  require- 


FiG.  95. — Two-wire  feeder  panels;  three  small  feeders. 

menta  of  ammeters  and  circuit  breakers  are  the  same  both  for  generator 
and  feeder  panels  except  that  occasionally  two  feeders  rumiing  to  the  same 
point  are  protected  with  a  single  set  of  circuit  breakers. 

7TS.  Station  puiels  are  usually  provided  containing  a  totalising  am- 
meter and  watt-hour  meter,  bus  voltmeter  (or  voltoaetera  if  .  a  three-wire 
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Fia.  98. — Switchboard  supports;    angle  iron  and  pipe  (E{< 
1913,  p.  168). 


lee.  Jour.,  Feb., 


syatem),  machine  voltmeter  and  switches  tor  auxiliary  circuits  and  powet^ 
elation  lighting. 

in.  Switchboard  supports  are  usually  in  the  form  of  an^Ie-iron 
framework  although  lately  iron  pipe  is  coming  largely  into  u?e  (Fig.  96^. 
An  inverted  channel  iron,  or  aill  of  nard  wood  is  sunk  into  the  floor  to  which 
the  upright  supports  are  bolted.    There  is  an  upright  for  each  joint  between 
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panda  oonalflting  of  two  angles  back  to  back,  or  of  a  siDcle  iron  pipe.  Along 
the  top  ia  another  angle  or  pipe.  The  entire  board  ia  braced  in  an  upright 
position  by  numerous  wall  braces.  The  iron  used  varies  in  siie  from  2 
10.  X  1.5  io.x0.25  in,  to  3  ip.X2  in.  X 0.25  in.  One  and  one-fourth  inch  pipe 
is  generally  used.  At  least  3  ft.  of  clearance  should  be  left  between  the 
board  and  the  wall  to  allow  for  clearing  and  repairs.  In  direct -current 
practice  it  is  customary  to  insulate  the  iron  frainew«k  from  ground. 

TT4.  Completa  lines  of 
dataUod  fltUnfft  are  on  the 
market,  facilitating  almost 
any  conceivable  arrangement 
of  framework  for  supporting 
the  panels  and  bus  bars. 
(Pig.  07.)  Brackets  with 
special  insulators  are  used 
for  the  bus  bars  and  longi- 
tudioal  wires.  Vertical 
small  wiring  is  fastened  to 
the  back  of  the  board  with 
small  straps.  Vertical  con- 
ductors made  of  copper  bars 
or  heavy  wires  are  usually 
supported  by  the  studs  of  the 
switches  and  the  main  bus 
bars  to  which  they  are  con- 
nected. 

7T5.  In  larlnff  out  th« 
wliinf  for  the  switchboard 
IWLnels  care  should  be  exer- 
cised to  have  sufficient  claar- 
&nca  around  all  live  parts 
(1  in.  or  more)  and  to  avoid 
all  unnecessary  complica- 
tions. It  is  important  that 
all  panels  be  as  nearly  alike 
as  possible. 

TTS.  The  mftterials  for 
panell.  Marble  is  used  in 
the  more  important  switch- 
boards on  account  of  its  bet- 
ter insulating  qualities  and 
better  appearance  if  un- 
palnted;  it  is  advisable  if  the 
voltage  exceeds  600.  Slata 
is  likely  to  contain  conduct- 
ing veins,  but  when  clear  is 

perfectly  satisfactory  ma- 


Qui  J 
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Fio.  97. — Standard  switchboard  details 
(Elec.  Jour.,  May,  1913,  p.  82). 


terial,  ooraiderably_  cheaper  than  marble  and  somewhat  stronger.  Panel 
from  1.5  ip.  to  2.5  in.  thick  are  used,  dependiD^  on  the  size  of  the  awitohea 
and  circuit  breakers.  Id  some  cases  even  thicker  reioforced  panels  are 
neoesaary.  Marble  panels  complete  with  framework  oost  from  (2.50  to 
$3  per  aq.  ft. ;  slate  panels  from  il.75  to  S2.50. 

T7T.  Bni-lwr  eonneottoni.  Bolted  joints  are  preferable  in  light  work, 
largely  on  account  of  the  awkwardnees  of  the  clamps,  but  on  heavy  work, 
clamps  have  many  advantages.  Lap  joints  or  butt  joints  with  covers 
should  be  used  with  a  uniform  pressure  of  from  100  to  200  lb.  per  sq.  in. 
The  copper  surfaces  should  be  well  cleaned.  The  currant  asniltT  in 
these  connections  should  be  from  100  to  200  amp.  per  sq.  in.  Under  tneae 
conditions,  the  drop  in  the  joint  will  but  slightly  eiceea  that  in  an  equal 
length  of  bar. 

TT8.  Boa  ban  are  usually  made  of  0.25-in.  or  0.126-in.  copper  of  various 
widths,  seldom  more  than  10  in.  The  bars  are  grouped  together  with  0.2j^in. 
spacee  between  them  when  using  0.25-in.  copper  and  0.375-in.  when  using 
0.375-in.  copper.  Alumivium  bars  0.25  in.  and  0.375  in.  thick  are  some- 
timea  used.    Fig.  98  Bhom  approximately  the  relatioD  between  the  number 
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of  bam,  the  width  of  the  ban,  and  the  enrrant-eaiXTiiir  eM>meltir  baaed 
on  a  temperature  rise  of  26  dec.  to  30  deg.  Cent.  Free  circulation  of  air  ii 
important  and  the  bars  ehouTd  be  aupported  on  edge.  Smaller  spaoea 
between  the  bars  would  greatly  reduce  their  oarrying  capacity.  In  general, 
ounent  deniltlai  of  from  800  to  1,000  amp.  per  sq.  in.  are  not  ezceaaive. 
Where  aluminium  is  used,  densities  25  per  cent,  less  should  be  figured. 
The  eost  of  copper  bus  bars  installed  will  be  covered  in  ganeral  by  adding 
10  centa  per  lb.  to  the  cost  of  the  copper. 
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Fio.  98. — Current-carrying  capacity  of  bus  bars  taken  from  manufacturer's 

bulletins. 

Tn.  Gonneetions  to  switch  ituda  between  nuts  should  be  figured  on 
the  basis  of  a  current  density  of  from  100  to  200  amp.  per  sq.  in.  Connections 
abould  be  carefully  fitted  and  the  burr  carefully  removed  from  the  edges  of 
holee.  The  cost  of  making  heavy  conoeotioos  between  switch  studs  and 
bus  ba|a  can  be  covered  approximately  by  adding  the  cost  of  1  ft.  of  bar  for 
each  connection  and  0  in.  for  each  joint.  For  usual  panels  this  work  will 
coat  about  $10  per  panel  plus  SI. 50  per  100  amp. 

T80.  Bwltehci  should  carry  the  maximum  overload  at  a  temperature 
rise  of  not  greater  than  25  deg.  Cent.  Current  density  in  the  blade*  and 
studs  ranges  from  700  to  1,000  amp.  per  sq.  in.  and  in  the  jsws  and  hiogea 
from  40  amp.  to  50  amp.  per  sq.  in.  The  switches  must  be  car^ully  made 
and  lined  up  so  that  the  full  contact  area  is  available.  If  the  switch  over- 
heats, the  contact  resistance  will  be  greatly  increased  by  oxidation.  A 
flhOOO-amp.  single-pole  switch  is  about  the  limit  o{  huMl  opwatien. 
Very  large  switcbes  with  laminated  brush  contacts  closed  by  tog^C  jointa 
are  sometimes  used. 

Tn.  Ooit  per  pole  of  ilngle-throw  switehai  complete  with  nuts, 
etc.,  ready  for  mounting  on  switobboards  is  SI. 80  i>er  100  amp.  of  capacity; 
40  per  cent,  should  be  added  if  the  switches  are  double-throw;  10  per  cent, 
■bould  be  added  if  they  are  CMX>-volt  switches,  to  cover  added  length  of  blade 
and  quick-break  feature,  which  should  always  be  used. 

Til.  TlUM  are  the  simplest  means  of  automatically  opening  a  circuit 
under  short-circuit  or  overload  conditions.  Enclosed  fuses  are  on  the  market 
and  are  approved  by  the  fire  underwriters,  having  capacity  up  to  600  amp.  at 
250  volts,  or  400  amp.  at  600  volt*.  Up  to  30  amp.,  the  contacts  are 
simply  ferrules  on  the  end  of  the  tube.    On  the  larger  fuses,  coDtMt  ia 
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mada  by  bladea  Siting  into  jaws  rimiliir  to  those  on  knife  switches.     The 
tube  is  filled  with  heat-reaistin<  powder  wbioh  oonfines  the  arc  and  puts 
it  out  quickly.      All  fuses  are  supplied  with 
indicators    to   show    when   they   are   blown.  S 

They  will  usually  carry  fuU  rated  load  con- 
tinuously, but  will  blow  in  from  one  to  five 
minutes  if  the  current  exceeds  16  per  cent, 
overload. 

T8S.  Til*  ooit  of  fuMS  complete  with  the 
dips  is  about  tl  per  100  amp.  capacity. 
The  cost  of  the  fuses  alone  is  about  50  cents 
per  100  amp.  capacity,  and  the  cost  of  raflll- 
iac  the  fuses  is  about  20  oents  per  100  amp. 
eapadty. 

m.  Antomatie  oireult  breakers  are  re- 
quired on  all  circuits  larger  than  400  to  600 
amp.  and  even  on  the  lighter  circuits  where 
overloads  and  short-circuits  are  likdy  to  be 
frequent.  There  are  two  methods  in  use  for 
preventing  burning  of  the  contacts,  namely 
— the  oarbon  break  and  the  magnetic 
blowout.  In  the  oarbon-break  method, 
three  oontaots  are  successively  broken  on  the 
opening  of  a  circuit.  First  the  main  current- 
carrying  contacts  open;  then  an  auxiliary 
copper  contact  opens,  and  lastly  a  contact 
opens  between  the  carbon  plates  and  breaks 
the  entire  current,  thus  protecting  the  current' 
carrying  contacts.  In  the  magnetie  blow-out 
breakers  (Fig.  100)  the  carbon  contact  is  re- 
placed by  a  contact  located  between  the  poles 
of  an  electric  magnet  energised  by  the  passage 
of  current  through  these  contacts.  The  direo- 
tions  of  magnetic  flux  and  current  are  ar- 
ranged to  blow  the  arc  upward.  Magnetic 
blow-out  breakers  are  used  in  cases  of  extremely  difficult  service.  In  both 
types  provision  is  made  for  the  easy  replacement  of  the  auxiliary  contacts.^ 
The  main  contacts  in  circuit  breakers  consiat  almost  invariably  of  lami- 

I  nat«d  copper  brush 
bearing  on  flat  copper 
blocks,  and  pressed 
[down  by  a  toggle  joint 
exerting  considerable 
pressure.  Several 
tvpcs  of  breakers  are 
shown  in  Figs.  89  to 
102.  The  current  den- 
jsittes  used  in  the  lami- 
I  nat^d  contacts  are  from 
400  to  .500  amp.  per  sq. 
in.  The  entire  breaker 
is  designed  for  a  tem- 
perature rise  not  to  ez- 
,  cced  25  deg.  to  30  deg. 
Cent,  in  any  part. 

TBS.  Circuit  brekk- 
ers are  ordinarily 
hand  operated  by  a 
lever,  which  is  of  suffi- 
cient powT  even  for 
the  largest  sisee  (Fig. 
09).  Fiequently,  how- 
ever, remote  control 
is  desirable  and  electric  or  compressed-air  operation  is  used.  The  breakers 
are  usually  arranged  to  reopen  immediately  without  damage  when  closed  on 
a  I 


Fia. 


90. — Carbon-break  cir- 
cuit breaker. 


Fio.  100. — Magnetic  blowout  circuit  breaker. 


xe  usually  arranged  to  reopen  immediately  without  damage  when  closed  on 
p  short  drcuit.    Motor-operated  breakers  are  usually  in  pain,  one  dodng 
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before  the  other,  so  that  the  second  is  praotically  a  switch.  All  breaken 
are  supplied  with  aa  overload  trtpplnff  mechanism  which  is  adjustable  to 
open  the  circuit  at  currents 
from  60  per  cent,  to  250  per 
cent,  of  rating.  Other  trip- 
ping arrangements  may  be 
operated  by  low  voltage,  ex- 
cess voltage,  reverse  current 
of  a  tripping  switch  located 
at  any  convenient  point. 

TM.  MultlpU-pola  eir- 
euit  breaker*  are  commonly 
used  in  the  smaller  capacities. 
For  many  purposes  they  are 
specially  arranged  so  that  if 
olosed  on  overload  or  short- 
circuit,  the  tripling  coil  will 
release  the  closing  mechan- 
ism and  the  breaker  will  open 
before  the  main  contacts  are 
olosed.  >Such  breakers  may 
be  used  on  feeder  panels, 
avoiding  entirely  the  use  of 
knife  switches. 

in.  The  coat  of  carbon- 
break  drotilt  braakari 


fl 


Fia.  101. — Solenoid-operated  drouit  breaker. 
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about  $6.00  per  100  amp.  of  rated  capacity  per  pale;  magnetde  blow-out 

circuit-breakers  cost  about 
(7.G0  per  100  amp.  of  ca- 
pacity. 

T88.  Switchboard  In- 
strtimenti  in  direct-current 
work  should  be  carefully 
protected  from  stray  fields. 
Wherever  the  bus-bar  cur- 
rents exceed  2,000  amp.,  eJI 
except  the  very  best  pro- 
tected instruments  will  be 
affected,  and  to  secure  ac- 
curate reading  they  should 
be  calibrated  in  place.  It  is 
customary  to  provide  instru- 
ments with  scales  such  that 
at  the  rated  load  of  the  ma- 
chines, the  needles  will  be  at 
approximately  mid-point. 

719.  The  ooit  of  nrltch- 
board  initruments  varies 
between  wide  limits.  Am- 
meters may  cost  all  the  way 
from  tl5  plus  SI  per  100 
amp.  of  capacity,  to  S75 
plus  $1.20  per  100  amp.  of 
capacity.  Voltmeters  may 
cost  from  $20  to  $80  de- 
pending largely  on  the  type. 
Watt-hour  meters  will  vary 
in  cost  from  $35  plus  $1.50 
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+  per  100  amg.   to  $100  plus 
^  $7.50 


r.50  per  10b  amp. 
790.  Standard 


^'''■^■-^^:^tLof0^n^E\f^Scifc\«,>M.  bo«d  "p'SSr"cmbSt!ing 
operated  switcTies  and  circuit  breakers.  j^e  various  devices  dcscnbed 

above  and  suitable  for  all 
classes  of  work  haye^  been  developed  and  catalogued  by  the  various  manu- 
facturers, so  that  it  is  now  possible  to  buy  complete,  almost  out  of  stock. 
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panels  suitable  f<x  almost  any  kind  of  work;  Fig.  96,  is  taken  from  one  of 
these  catalogues.  These  paaels  can  be  purehased  for  a  lower  price  than  it 
is  possible  to  make  up  special  panels  ana  should  be  used  whenever  possible. 
The  particular  panels  snown  in  this  figure  would  cost  approximately  SlOO 
plus  •12  per  100  amp.  without  watt-hour  meter,  and  1220  plus  S16  per  100 
amp.  with  watt-hour  meter,  equipped  for  250  volts. 

GONBTAHT-CimEKNT  BIRZX8  SWITCHINO 

Tf  1.  Series  systems  are  now  used  in  America  solely  for  street  lighting. 
It  is  probable  that  they  will  continue  in  use  for  this  purpose  indefinitely. 
The  earlier  installations  used  series-wound  generator!  operating  on 
the  drooping  part  of  the  oharaoterietio  (Sec.  8).  When  the  total  pree- 
Bure  exceeded  2,500  volts,  multiple  independent  armature  wintUngs  and 
commutators  were  used,  connected  in  series  externally  to  the  machine. 
The  regulation  of  these  machines  is  accomplished  in  two  ways,  by  shunting 
the  series  fields  or  by  moving  the  brushes,  or  both.  Since  these  machines 
operate  on  the  drooping  part  of  the  characteristic  curve,  they  have  con- 
siderable inherent  regulation  in  themselvee.  The  adjustments  are  made 
automatically  by  a  series-connected  relay  or  operating  magnet  whioh  actuates 
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Fxo.  103. — Series  lighting  circuits  with  constant-current  transformers   and 
mercury  rectifiers. 

the  field  rheostat  or  rocks  the  brushes.     OonstantHmrrent  transformers 

are  employed  very  extensively  for  this  class  of  service  (Sec.  6)  and  regulate 
themselves  almost  perfectly.  Each  transformer  is  supplied  with  a  terminal 
panel,  etc.  which  forms  part  of  the  unit.  Series-wound  generators  are 
installed,  however,  to  a  limited  extent. 

TM.  ICercury-arc  rectifiers  are  also  employed  in  this  class  of  service,  in 
connection  with  constant-current  transformers,  for  series  direot-curent 
lighting.  The  equipment  itself  is  described  in  Sec.  6.  The  connections  are 
ilTustrated  in  Fig.  103. 

T9S.  Switching  practice  is  practically  the  same  whether  generators  or 
tranitformers  are  used.  Since  the  opening  of  a  series  clrcmt  causes  full 
voltage  aoroes  the  break,  and  ahor^-circuiting  causes  only  a  relatively  small 
increase  in  current,  all  transfers  of  circuits  are  accomplished  after  short- 
drouiting  the  same.  Apparatus  will  run  on  short-circuit  for  a  short  time 
without  damage.  The  switching  Is  accomplished  very  simply  by  means  of 
a  transfer  or  carrier-bus  panel  as  shown  in  Fig.  104.  This  arrangement  is 
relatively  inexpensive  and  will  allow  almost  any  conceivable  switching. 
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TM.  AnuiMtart  may  be  eonneotad  into  any  oireuit  by  inaertins  the  proper 
pluc  in  the  aoeketa  in  rows  1  or  11.  When  tbe  plus  i*  inaerted  the  drouit  ia 
opened  and  aimoltaneously  completed  througn  the  ammeter.     In  direet- 


Fia.  104. — Transfer  panel-eeriee  switehing, 
on  Switch  Out  IB 


ToGotremori  P  |  Control 


>r 


Motor-Qenerator 
Fio.  106. — Elements  of  Thury  system  of  transmission. 

current  work  it  is  necessary  to  have  the  instruments  in  the  line  cirouit. 
They  must  be  insulated  for  high  voltage  and  the  oases  protected  -with  the 
grounded  covers  to  protect   the  operator.     In  alternating-ouirent  work  a 
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current  (Beriea)  tranaformer  may  be  used  in  connection  with  a  standard 
i  nstrument. 

T9S.  The  ThUi7  i^frtam  of  direct-current  series  transmission  (Fig.  105) 
ia  not  unlike  the  series  lighting  systems  in  use  in  this  country.  Series- 
wound  ^nerators  are  employed,  developing  up  to  4,000  and  6,000  volts  each, 
a  sufficient  number  being  connected  in  series  to  secure  the  desired  trans- 
mismon  voltage.  Currents  of  various  magnitudes  are  used,  approaching 
200  amp.  maximum.  The  Thury  system,  like  our  lighting  systems,  is 
essentiaUy  constant-current  and  is  regulated  to  produce  this  condition,  the 
voltage  varying  directly  with  the  load.  The  system  is  not  planned  for  the 
general  distribution  of  energy  in  small  quantities,  but  rather  for  transmission 
to  substations  where  it  is  transformed  to  constant-potential  energy.  These 
subetationa  are  in  series  and  each  has  one  or  more  motor^nerators  with 
series-wound  motors.  This  system  has  not  been  received  with  favor  in  this 
country. 

T9ft.  The  Izuulation  of  the  ni»chlne  wlndinn*  (Thury  system) 
need  not  be  for  the  full  voltage.  If  a  small  number  of  maohinea  is  contem- 
plated, this  insulation  could  probably  be  advantageously  used,  but  in  large 
systems  of  high  voltage  and  numerous  machines,  the  most  economical 
results  may  be  expected  by  insulating  each  machine  from  the  ground  and 
from  other  maohinea.  The  difficulty  lies  largely  in  securing  an  insulating 
coupling  combiiung  mechanical  with  dielectric  strength.  The  machines 
must  each  be  surrounded  by  a  highly  insulated  i^atform  so  constructed  as 
to  allow  easy  access  without  danger  to  the  operators. 

T97.  Tbe  switching  (Thury  system)  may  be  exceedingly  simple,  as  no 
automatic  circuit-interrupting  devices  are  required  or  even  desired.  Since 
the  characteristics  of  series  generators  permit  short-circuit  currents  but 
slightly  in  excess  of  the  operating  currents,  no  devices  for  protecting  against 
excessive  currents  tu^  necessary.  It  is  probable  that  satisfactory  switching 
can  be  secured  by  hand-operated  non-automatic  siDgle-pole  switches,  one  to 
short-circuit  the  terminals  of  the  machines  and  two  otners  to  disconnect  it 
from  the  line  (Rg.  105).  None  of  the  complications  usual  in  constant- 
potential  systems  ne«d  be  considered.  The  snort-circuiting  switch  should 
nave  a  ruj^turini^  capacity  equal  tb  the  rating  of  a  single  generator.  The 
disconnectins  switches  may  be  of  the  ordinary  air-break  type,  but  insulated 
for  the  total  voltage  of  the  system.  This  insulation  is  necessary  so  that 
the  machines  may  be  disconnected  from  the  lines  and  grounded  for  repairs. 

T98.  The  regulation  (Thury  system)  consists  in  maint^ning  constant 
current  and  can  be  secured  in  three  ways,  any  combination  of  which  may 
be  used:  (a)  shunting  the  series  fields  by  an  adjustable  rheostat;  (b)  rock- 
ing the  brushes  from  the  neutral  point;  (c)  controlling  the  speed.  The 
dimculties  of  commutation  prevent  any  very  considerable  adjustment  by 
the  first  two  methods,  but  the  generators  themselves  are  self-regulating 
in  a  large  degree.  The  automatic  regulation  is  secured  by  a  series  relay 
which  operates  the  field  rheostat  or  other  controlling  means  through  direct 
eonnection  or  by  electric  control.  Large  adjustments  are  taken  care  of 
b^  the  starting  up  or  shutting  down  of  machines.  Motors  are  regulated  to 
give  constant  speed  by  centrifugal  governors  which  actuate  the  field  rheostat 
and  rook  the  brushes.  Protective  devices  are  required  for  short-circuiting 
the  terminals  when  the  voltage  exceeds  rating. 

ALTKKNATXHO-CITK&SKT  SWITCBINa 
79t.  The  mineiplM    of    altem*tiiig-ourrent    iwitehliur    are    not 

necessarily  different  from  those  of  direct-current  (Par.  761  to  790).  The 
same  equipment  and  apparatus  may  be  used  for  low-voltage  work,  except 
for  slight  modificaUons  to  avoid  eddy  currents.  The  elements  of  alternating- 
current  switching  arrangements  are  shown  somewhat  progressively  in  Fig. 
106.  The  symbols  indicate  oU  twitches,  (0)  capable  of  being  opened 
under  load  and  disconnecting  switches  (a)  incapable  of  interrupting 
any  except  the  smallest  currents. 

The  simplest  arrangement  is  that  shown  In  sketch  A  (Fig.  106),  where 
the  generators  and  feeders  are  grouped  at  either  end  of  a  single  bus. 
Sketches  B  to  ^  indicate  arrangements  for  sectlonailBing  the  bus  by  dis- 
connecting switches,  which  permit  the  division  of  the  plant  at  any  desired 
p<rint;  some  seotionalisation  by  oil  switches  is  frequently  desirable.     The 
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tint  biu  shown  at  B  probably  has  the  greatest  advantage.  Double 
buiui  are  shown  at  F,  O  and  /f ,  which  have  the  added  advantage  that  any 
group  of  feeders  may  be  supphed  from  any  groui>  of  machines;  double- 
throw  disoooneotins  switches,  and  double-throw  oil  switchea  are  shown, 
but  the  Utter  are  not  recommended.  The  relky  bus  system  shown  at  L 
and  M  gives  some  control  of  the  sectionalising  under  load. 

The  need  for  increased  reliability  of  switching,  as  well  as  increased  flexi- 
bility has  led  to  the  arrangements  shown  at  /  to  A  inclusive;  sketch  I  shows 
spare  oil  switches  arranged  to  replace  any  of  the  others,  through  discon- 
necting switches.  In  the  other  layouts,  there  is  usually  a  spare  switch  for 
each  generator  or  feeder  group,  so  that  no  equipment  need  oe  kept  out  of 
service  on  account  of  switch  trouble  alone.  Obviously,  switching  arrange- 
ments without  limit  can  be  devised  to  allow  almost  any  coaoeivable  switch- 
ing  operation. 
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Fio.  106. — ^Elements  of  alternating-current  switcfaing. 

800.  Oroup  iwitchlnr  is  usually  resorted  to  (Figs.  lOOAT  and  lo6A} 
in  very  large  stations  of  moderate  voltage,  where  the  number  of  feedera  is 
relatively  large.  It  facilitates  starting  after  a  shut-down,  and  simplifiea  the 
sectionaUsation  of  the  toads  for  any  purpose.  It  also  provides  the  maximum 
of  flezibiUty  with  a  minimum  of  expensive  oil  switches. 

001.  Biffh-tdnston  power  ttatloiis  using  transformers  require  both  hif  h- 
tennoD  and  low-tension  bus  systems.  The  great  expense  of  high-tennon 
switches  and  the  large  space  necessary  for  their  enclosure  has  led  to  very 
rimple  high-tension  layouts.  For  example,  the  Ontario  Power  Company 
employs  the  complicated  low-tension  layout  M  and  the  simple  high-tension 
layout  I?  (T  Fig.  106). 

80t.  The  grounded  n«utr«l  has  proved  advantageous  |>rincip«Uy 
in  systems  having  extensive  underground  distribution,  the  object  beinc 
to  open  the  circuit  breaker  of  a  pounded  feeder  before  a  ahort-drcuit 
between  phases  can'  occur.  A  resiBtance  is  usually  inserted  between  the 
neutral  bus  and  the  ground,  of  such  magnitude  that  the  current  flowins 
to  a  grounded  feeder  will  comfortably  operate  its  overload  relays.    When 
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thr«e-ph«fle  star-oonnected  ceneraton  have  a  third  harmonic  io  the  e.m.f. 
wave,  It  will  appear  as  a  voltage  between  neutral  and  ground.  Where  diadmi- 
lar  machines  are  operated  in  parallel,  a  considerable  voltage  may  develop  be- 
tween their  neutrals  which  will  make  their  interconnection  dangerous. 
In  such  cases  it  is  necessary  to  introduce  resistance  in  these  connections. 
It  is  common  practice,  however,  to  operate  with  but  a  single  machine 
grounded,  which  prevents  interchange  of  neutral  current  and  still  protects 
the  system. 

Wn.  CumnV-llmltlng  reaeteneas  are  coming  into  use  on  large  systems 
to  limit  short-circuit  currents,  thus  protecting  generators  and  hmiting 
the  duty  of  the  oil  switches.  These  reactances  are  of  the  air-oore 
type  (ft).  They  ai«  used  in  two  ways:  those  permanently  inserted  in 
the  circuits,  and  those  inserted  onl^  during  switching  operations.  The 
ordinary  turbo-generator  will  deliver  instantaneously  on  shoYt-circuit,  from 
30  to  SO  times  rated  full-load  current;  a  reactance  sufficient  to  reduce  thia 
to  15  time*  full-load  is  apparently  all  that  is  neceaaary  in  present  instilla- 
tions. This  reactance  may  M  introduced  in  the  machine  leads,  in  the  bus  ban, 
or  in  the  feeders.  The  firat  method  is  commonly  used  for  permanent  Inser- 
tion in  very  large  stations;  these  reactances  are  quite  larpe  and  expensive. 
The  second  method  is  recommended  for  use  between  sections  of  the  bus  in 
stations  where  the  switches  would  otherwise  be  inadequate.  The  third 
method  is  used  for  insertion  of  reactance  only  during  the  opening  of  a  short- 
circuit;  there  are  two  switches  in  series,  the  first  inserting  the  reactance 
(normally  short-circuited),  thus  limiting  the  current  to  be  broken  by  the 
second  which  is  mechanically  interlocked  to  open  immediately  afterward. 
These  reactances  are  small  and  may  even  be  included  in  the  oil  pots  of  large 
switches. 


Fio.  107. — Disconnecting  switches. 

•M.  DiaconiMetlnf  iwltehei  (Fi^.  107}  are  ordinarily  used  for  seotion- 
aliiing  bus  bars  or  dreuitSj  or  for  laolatiAg  apparatus  for  grounding  or 
repair,  but  not  (or  switching  under  load.  They  are  uaea  sometimes, 
however,  in  place  of  oil  switches  on  one  side  of  parallel  transformer  banks. 
Disconnecting  switches  should  not  be  located  to  open  downward  unless 
locks  are  provided  to  keep  them  from  jarring  out.  In  very  heavy  work 
care  should  be  used  to  avoid  loops  in  the  wiring  which  on  short-circuits 
will  produce  magnetic  forces  sufficient  to  open  the  switch.  The  cost 
of  300-amp.  disconnecting  switches  is  about  $5-|-t0.50  per  1,000  volts. 
The  cost  of  600-amp.  disconnecting  switches  is  about  $10  +  t0.60  per  1,000 
volts. 

US.  ■xptUdon  fOMS  (Fig.  108)  are  used  for  connecting  potential  or  small 
auxiliary  transformera  to  the  ous.  They  are  usually  art'anged  also  as  discon- 
necting swit4^e0.  They  consist  essentially  of  fine  fuse  wire  confined  in 
strong  insulating  tubes  closed  at  the  lower  ends.  The  blowing  of  the  fuse 
and  the  rcralting  eonfined  arc  suffice  to  blow  the  conducting  vapors  out  of 
the  open  end,  thus  putting  out  the  arc.    The  tubes  are  arranged  for  con- 
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Fio.  108. — Eipulnon  fuae.  Fia.  100. — WestinghouM  type  E 

oil  Bwitch. 
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Flo.  110.— Oenenl  Electric  type  H-3  oil  ■witch. 
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T«nient  ramoval  and  nfiUinc  They  ate  recomnMiuled  only  in  email  ospaci- 
(iee  and  moderate  voltacea,  aitlioiigh  they  are  oSeted  up  to  60,000  volte, 
30  amp.     They  ooet  abont  t30  plua  (0.30  per  1,000  volte. 

MM.  Oil  etnSult  braaken  are  lued  lor  intemiptinc  current  at  all  volta«ee 
above  000.  Three  ol  the  numerous  typee  ol  oil  switchee  are  shown  in  Figs.  100 
to  111.  The  contacts \>pen  under  (Ul  and  the  are  is  put  out  by  the  cooling 
action,  and  the  preeeure  of  the  oil.     When  a  etrouit  i*  opened  the  reeulting 


Fio.  111. — Westinghouse  type  OA  oil  switch. 

are  tends  to  impart  a  more  or  leae  violent  motion  to  the  oil,  away  from  the 
eoDtaete,  but  its  inertia  and  pressure  due  to  depth  reeiat  the  action  and 

aniekljr  quench  the  arc.  This  pressure  becomes  very  great  in  violent 
tort-oircuit  intemiptions,  and  has  been  observed  as  high  as  150  )b.  per  aq. 
in.  a  few  in.  away  trom  the  arc.  Contacts  of  various  types  are  used  and 
all  have  certain  advantagee;  many  are  arranged  with  auxiliary  contact  for 
the  final  breaking  of  the  circuit.  Meet  of  toe  breakers  ate  arranged  to 
open  by  gravity. 
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A  Rpeeial  eiraoit-braakar  oil  ia  used  which  ii  fluid  at  low  tampwaturas 
and  is  frae  from  moiatura.  The  oil  level  must  be  oarefully  maintained  in 
operation,  and  the  oil  must  be  changed  when  burned  by  short  cirettits. 

SOT.  Th«  temparatura  riaa  should  never  exesed  2S  deg.  to  SO  day. 
Cent,  in  the  hottest  part  at  oontinuoua  full-load.  The  voltafa  raUnc  is 
determined  by  the  insulation  distance  to  the  ^ouhded  parts  and  by  the 
breaking  distance  of  the  contacts.  The  Westinghouse  Company  designs 
its  high-capacity  high-voltage  breakers,  with  a  ground  distance  of  about  5 
in.  plus  0.26  in.  per  1,000  volts,  and  with  a  total  breaking  distance  per  pole 
of  about  10  in.  plus  0.33  in.  per  1,000  volts.  Breakers  are  available  up  to 
ISO.OOO  volts. 

The  ourrant  ratine  is  determined  largely  by  the  siiaof  the  eurrent-earry- 
ing  parts  and  may  even  be  in  excess  of  the  safe  rupturing  capacity.  Breakers 
for  very  high  voltage  are  usually  from  100  to  300  amp.  capacity,  while  for 
2,lS0O-volt  or  even  11,000-volt  work  they  are  available  up  to  2,000  amp. 
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Switch  00  Pipe  Frsmswork  Switch  In  Cell  Bemot«  From  Psnel 

Fio.  112. — Mountings  for  small  oil  switches. 

SOS.  Oil  awltehas  tor  panal  mountinc  (Fig.  112)  usually  have  their 
poles  enclosed  in  a  common  grounded  rectangular  steel  oil-filled  tank  whieh 
is  removable  by  dropping  it  away  from  the  contacts.  This  type,  when 
mounted  on  panels,  is  not  desirable  above  2,600  volts  and  3,000  kw.  station 
capacity. 

sot.  Wall  and  framework  mounting  (Fig.  112)  with  remote  control, 
using  this  same  type  of  switch  (Par.  SIO),  extends  its  capacity  to  about 
12,000  kw.  at  2.S0O  volts,  or  to  6,000  kw.  at  16,000  votU. 
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Sll.  Kamot*  eentrol-  In  moat  easea  •toetrtoal  control  is  uaed  when 
h»nd  control  is  undeairsblc.  The  operation  in  most  types  is  secured  by 
solenoids,  s  powerful  one  closing  the  switch,  and  a  lighter  one  releasins 
a  latch  which  permits  the  switch  to  open  by  gravity.  In  the  General 
Electric  type  H  switch  (Fig.  110)  a  motor  is  employed  for  the  purpose  of 
winding  a  spring  which  on  the  release  of  a  stop  by  a  solenoid  closes  or  opens 
the  switch,  depending  on  its  position.  Following  the  operation  of  the  switch 
the  motor  again  winds  up  the  spri  ~ 

oases  in  very  high-voltage  worK, 


I  up  the  spring.     Pnsttmatlc  control  is  used  in  some 
For  wiring  see  Figs.  102  and  113. 


Lever  OoDtrol-Swltch 


Pall  Batlea  Costral-lwitch 


awlteh 


Fio.  113. — Wiring  of  General  Electric  type  H  oil  switch. 

Sll.  Tbo  ultimate  braaUng  oapaelty  of  oil  cireuit-braakan  is  de- 
termined by  a  great  number  of  variables  and  the  term  itself  is  not  very 
definite.  The  manufacturers  use  for  this  term  the  maximum  sise  of  station 
in  which  they  recommend  the  breaker.  Obviously  this  is  not  the  ultimate 
breaking  capacity.  A  breaker  would  be  safe  in  a  station  of  low  speed  units 
pving  low  instantaneous  short-cirouit  current,  while  it  might  be  destroyed 
in  a  turbo-generator  station  of  the  same  sise.  Important  factors  deter- 
mining this  rating  are  voltage,  length  of  break,  sise  and  strength  of  <dl  tank. 
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control  of  the  oil.  ete.  Generally  braakera  with  a  Mparste  tank  per  poU, 
or  with  a  uparate  tank  for  each  contact  have  larger  breaking  capadtT 
than  those  where  all  the  polea  and  contaeto  are  grouiied  in  one  tank.  A 
breaker  operated  at  len  than  atandard  voltage  will  have  its  ultimate  breaking 
capaeity  somewhat  inereaaed. 

Sit.  Buid  control  of  oil  iwitohas  is  used  for  panel-mounted  switches 
and  for  remotely  mounted  switches,  in  the  smaller  stations.  The  remote 
eontrol  is  secured  through  bell  cranks  and  rods  (Fig.  112).  Where  the 
switches  become  numerous  and  are  too  far  away,  or  toe  station  is  of  too 
large  capacity,  hand  oi>eration  is  undesirable. 

S14.  OUiwltolMaforlloor  tnoiiTitlng  (.Fif.  Ill)  have  each  pole  enclosed 
in  a  heavy  grounded  tank  and  may  be  supphed  with  weather-proof  entrance 
bushings  and  cast-iron  covers  for  tne  operating  mechanism,  ailowing  use  out 
of  doors.  They  are  available  for  voltages  from  25,000  to  160,000  and  are 
suitable  for  stations  of  almost  any  sise. 

S15.  Hathodi  of  Operattat  OU  SwitohM* 
On  panel 


MoDual 


On  wall 
Remote 


(On  flat  surface 
In  cell 
On  pipe  framework 


Baettleol 


D.  c,  motor 


'  Std.  Bw.  op.  mechanisms 
H  3  forma 

D.  c.  standard  mechanisms 
A.  c.  special  switches 


Mechanical 


Without 
series 
trans- 
formers 


Without  electric 
trip  or  with  elec- 
tric trip 


Solenoid 
[  Pneumatic 
I  Float 

[  Pressure  reg.  {  ^^^^ 

Aotomatic  Control 

Series  /  Direct  relay  \  With  or  f  Constant  1 
trip      \  D.  c.  trip       I  without  {  >  Overload 

J  time         I  Inverse      J 
(  With  or  without 
Auxiliary  f  Push  button 
trip  I  Low  voltage 

Depend-  \ 

With-  f  Direct 
out      \  trip 
relay    (  a.c. 


With 
series 
trana- 
formen 


ingon 
load  in 


secon- 
daries 


1 

I  On 
1  On 


shunt  transformers 
or  series  resistance 

Short-cir-1  A 


panel 
shaft 


With 
relay 


With- 
out 
time 
element 


Instan- 
taneous 


With 
time 
element 


Depend- 
ing on 
time 
element 
Attachments: 

Auxiliary  switches  (Circuit  opening). 
Indicating  switches  (Circuit  closing). 
I  Electrical 
I  Mechanical 


]  Con- 

)  stant 

inveri 


trip 
cult  > 

Overload, )  D.  c.  trip 


Reverse  power, 

D.  c.  trip 
I  A.  c.  trip 


Reverse 
phase 
DiffereO' 
tial  low 
voltage 
under 
load 
Over- 
load 

Reverse  power, 
D, 


D.  c.  trip 


D.  c.  trip 


A.  0.  trip 
D.  0.  trip 


0.  trip 


Interlocks 


*  Rttshmore,  D.  B.     "Electrical  Connections  for  Power  Stations,' 
A.  I.  E.  E.,  May  28,  1906. 
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•It.  Switohas  for  mU  moiintlng  oover:  (a)  the  above  type  where  such 
mounting  increases  the  safe  rupturina  capacity  about  15  per  cent.  (6)  a  modi- 
fication of  this  type  with  individual  and  stronger  tanlu  for  each  pole, 
ftometimee  with  separate  cells  for  each  pole,  which  is  suitable  to  40,000 
kw.  and  2.500  volts,  or  even  higher  with  special  design;  (c)  switches  having 
two  separate  round  potA  per  pole  each  containing  a  separate  contact, 
and  each  pole  in  a  separate  cell,  which  are  suitable  for  all  capacities,  particu- 
larly up  to  25,000  volts. 

SIT.  The  aourca  of  enervy  for  op«r»tizkc  iwitehai  should  be  of  utmost 
rdiability.  Storage  batteries  are  almost  invariably  used  except  in  small 
stations  where  the  exciter  system  is  used.  All  switching  mechanisms  should 
be  deaigoed  to  operate  satisfactorily  on  a  range  of  voltage  from  40  per  cent, 
below  to  20  per  cent,  above  normal. 


]l«ion     LifbdK 


lUUfa  Hwkcd.  f  w«  0«Mnllr 
laftaatKMaui  Md  »n  M  ib«wB 

*  Tbart  Two  or  tnan  S4*/i  m 
■bow«  In  DIM  LoiMlcB.  It 
ladleaui  ttiat  ohbn-  Tmrn  BBf 
b«  luvd,  whicli  arv  ii  bort  Sitltod 
to  tb*  Opentluff  Cottdltbu. 

Fia.  114.— Use  of  relays  (Hewlett,  rrons.  A.  I.  E.  E.,  Mar..  1912). 

SIS.  Kolim  are  used  operating  under  all  of  the  conditions  outlined  in. 
Par.  816.  The  most  common  arrangements  are  tihown  in  Fig.  114  (E.  M. 
Hewlett,  TroM.  A.  I.  £.  E.,  March,  1012).  The  most  (common  types  are:  the 
solenoid  with  plunger  and  the  meter  type  very  uimilar  to  the  induetion  meter. 
Adjustment  for  current  is  made  by  position  of  plun^fer  in  first  type  and  by 
strength  of  spring  in  second.  Adjustment  for  time  is  made  by  bellows  or 
<»1  pot  resisting  motion  of  plunger  or  disc  and  magnets  reeistiog  turning  of 
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arnuktura  of  motor  typo.  Definito  time  limit  is  seoiired  by  olooltwork. 
Usual  sdjiutments  by  bellows  or  macnst  give  »  time  in  inversely  as  the 
aetuating  force. 

It  is  important  that  under  short  circuit  coDditions  relative  settlnm  remain 
unohansed.  The  eoit  ot  tbreo  pole  relays  varies  from  $2S  for  plain 
overload  instantaneous  to  S60  for  reverse  current  inverse  time  limit.  Some 
types  cost  this  amount  per  pole  and  special  types  are  considerably  more 
expensive. 

nt.  The  ooit  of  oil  iwitehai  varies  between  exceedingly  wide  limits, 
deiiending  largely  on  rupturing  capacity  and  voltage.  Some  idea  of  the 
costs  may  be  obtained  from  the  following  three-phase  non-automatio 
switches:  For  small  systems  up  to  about  6,000  kw.  and  2,600  volts,  about 
$20  plus  S4  per  100  amp.  capacity;  for  larger  systems  of  say,  12,000  kw. 
and  2,600  volts,  or  6,000  kw.  and  15,000  volts,  about  S70  plus  tlO  per 
100  amp.;  for  very  large  systems  of  25,000  volts  or  lower,  roughljr  (600  plus 
S20  per  100  amp.  hand  operation  being  unavailable.  For  very  mgh  voltage 
systems  there  is  usually  only  one  current  rating  for  each  voltage;  such 
switches  for  44,000  volts  will  cost  from  (400  for  a  15,000-kw.  rating,  to 
tl.200  for  a  S0,000-kw.  rating;  for 

11«,000   volts,    from    $1,500    for    a      lUtostHi*         M^tnm.  ■■toSrt* 

15,000-kw.  rating  to  (2,500  for  a 
SO,000-kw.  rating.  The  cost  of  elec- 
tric operation  is  about  (60  adcUtional, 
exclusive  of  control  wiring. 

810.  Marti-Prlce  System  ot 
relay  protection  depends  on  un- 
equal currents  at  two  ends  of  con- 
ductor in  trouble.  The  series  trans- 
formers at  the  two  ends  are  inter- 
connected so  that,  normally,  no 
current  flows  through  the  relay. 
Unbalance  due  to  trouble  outs  out 
the  apparatus  (Fig.  115). 

(11.  Instrument  •qulpmant 
tor  gansrator  panels  includes: 

(a)  One  alternating-current  am- 
meter (where  phases  are  likely  to  be 
unbalanced  an  ammeter  is  often  sup- 
plied for  each  independent  phase,  or 
current  transformers  and  transfer 
switches  for  connecting  the  single 
ammeter  to  any  phase;  (b)  one  alter- 
nating-current voltraenter  (or  volt- 
meter receptacle  and  plug  to  connect 
to  common  voltmeter);  (c)  one 
direct-current  field  ammeter  (op- 
tional) ;  (d)  one  indicating  wattmeter 
(needed  for  parallel  operation);   (e) 

one  power-factor  meter  (or  wattless  kv-a.  indicator,  optional);  (/)  one  fre- 
quency meter  (optional);  (g)  one  ground  detector  (not  common) ;  {h)  one 
watt-hour  meter  (optional  but  desirable);  (0  one  synchronising  outfit; 
<J)  current  (series)  and  potential  (shunt)  transformers;  (t)  one  automatic 
relay  (optional). 

ttl.  Initramant  aqulpmant  for  feadar  panels  includes: 

(a)  One  alternating-current  ammeter  (ammeter  transfer  switches  may  be 

used  if  phases  are  unbalanced);  (b)  one  indicating  watt  meter  (optiontU); 

(c)  one  automatic  relay;  (d)  current  (series)  transformers. 

ttl.  Instrument  aqulpmant  tor  ctation  panel  includes: 

(a)  Synchroniser  (extra  one  optional);  (&)  voltmeters  for  each  phase  of 

each  bus  (optional);  (<■)  frequency  meter;  (d)  voltage  regulator   (optional); 

(e)  totalising  wattmeter  (optional) ;  (/)  totalising  watt-hour  meter  (optional). 

M4.  Tba  elMt  of  Uxh-irada  switebboard  laatrumanta  mounted 
with  panel  wiring,  but  exclusive  of  instrument  transformers,  is  about  as 
tollowi:  ammeters  (40,  voltmeter  (45,  single-phase   wattmeters  (60,  poly- 
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Fig.  115. — Merts-Price  systems  of  pro- 
tecting transformers  and  cables. 
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phase  wattmeters  $70,  angle-phase  watt-hour  meters  $70,  polyphase  wati> 

hour  meters  $126.     Large  Tariations  in  price  however  exist  oetween  various 

types  and  grades. 
819.  The  tsmcbronising  equipment  in  a  station  muat  be  ample  enough 

to  prevent  any  possibility  of  failure,  and  should  be  in  dupUoate  in  all  except 
small  stations;  there  should  also  be  syn- 
chronising lamps  in  case  of  failure  of  the 
instruments.  There  should  be  more  than 
one  set  of  instrument  transformers  avaU- 
able  for  the  bus  voltage.  Synchroniser 
wiring  should  preferably  be  as  simple  as 
possible  (Fig.  116). 

8S§.  Instrumant  trutsfonnen  (Sec. 
6,  and  Sec.  3)  are  generally  used  whenever 
the  currents  exceed  100  amp.  or  the  voltage 
600.  They  are  designed  for  5  amp.  and 
110-volt  secondary.  Separate  transformers 
of  ample  capacity^  should  be  provided  for 
relays  and  for  instruments.  Potential 
(shunt)  transformers  are  usually  oil  insu- 
lated for  all  voltages  above  4,000  and  cur- 
rent (aeries)  transformers  for  voltages 
above  15,000.  Instrument  transformer 
wiring  must  be  grounded  thoroughly,  both 
at  the  transformer  and  at  the  Dwd,  to 

-prevent  high  potential  on  the  panda  in  case  of  burnouts. 
•ST.  The  cost  of  hiffh-gr»de  initmment  truuformers  Is  about  as 

follows: 

Series  type,  2,500  volts.  $10+  $0.60  per  100  amp.;  11.000  volta,  $30+  S3 

per  100  amp.;  33.000  volts.  $60+  $18.00  per  100 amp.;  66.000  volte, $175  + 

135  per  100  amp.;  shunt  type,  200-watt  sise,  $20+  $8  per  1.000  volts. 


Aiamtan 

FkUAi 
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Fig.  116. — Synchroniser    wirmg 
using  shunt  transformers. 
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Fia.  117. — ^Three-phase  generator  panel. 

818.  Typei  of  iwltohboards  using  the  apparatus  above  described  may  be 

divided  into  three  classes: 

1.  Self-contained  panel  type. 

2.  Kemote  mechanically  operated:     (a)  panel  boards;  (b)  bench  boards. 

3.  Electrically  operated:   (a)  panel  boards;  (b)  bench  boards. 

The  capacity  and  voltage  of  the  station  largely  determine  the  type 
as  discussed  under  oil  switches,  type  1  being  suitable  for  the  smahest 
and  type  3  for  the  largest  systems.     Space  requirements  for  the  different 
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types  are  not  materially  different.     Typical  paaels  are  ahown  in  Figa,  117 
to  120. 

SSI.  BaUttra  eostt  of  switobboarda  are  approvimately  100  per 
cent,  for  type  I,  120  per  cent,  for  type  2  and  140  per  cent,  for  type  3  (Far. 
SS8).  These  fi^pirea  are  approximate,  only  for  the  same  electrical  layout, 
whereas  different  layouts  would  undoubtedly  be  used  for  the  stations  for 
which  each  type  vould  be  suitable.  The  fbllowins  table  gives  the  costs  of 
typical  panels  shown  in  Figs.  121  to  123. 


OoaaMlloM  for  XaflM 

Cmtnl 
Hbm  snd  Bwltok 


Fio.  lis. — Quarter-phase  generator  panel. 

8S0.    Approximate  Coat  of  Switchboard  Putob 

C.  H.  Sanderson,  Eltc.  Jour.,  1913. 


Kind  of  panel 


Qenerator. 

Feeder 

Qenerator, 

Feeder 

Qenerator. 
Feeder 


Volts 


2,200 
6,600 
2,200 
6,600 
3,200 
6,600 
2,200 
6,600 

11,000 
6,600 

11,000 
6,000 


Amps. 


Fig. 


121 
121 
122 
122 
123 
123 


Cost 


U.B.C.* 


440 

8,200 

386 

7,800 

846 

9,200 

360 

7,800 

360 

9,200 

810 

7,800 

260 

9,200 

266 

7,800 

1,240 

12,500 

1.130 

15,500 

1,046 

12,500 

040 

16,500 

BSl.  Ooit  of  iwltehboarda.  Switchboards  generally  cost  from  12  to 
I8per  kw.  of  capacity  including  all  wiring  and  apparatus  installed. 

US.  Mimic  or  miniature  bui  bari  are  invariably  installed  on  the  faces 
of  the  control  .boards  in  large  stations.  They  represent  by  single  bars 
exactly  the  electrical  relation  of  the  main  switch  oontri^led  by  each  control 
■witch  and  thus  greatly  simplify  the  operation. 

SSI.  Orouplnc  of  panels.  It  is  customary  to  arrange  the  panels  as 
follows,  beginning  at  one  end;  voltage  regulator,  exciters,  station  auxiliaries, 
generators,  feeders,  with  blank  panels  sufflcient  to  care  for  any  reasonable 
extension  of  the  plant.     With  remote  control,  particularly  electrical,  this 

*  U.  B.  C.  M  Ultimate  breaking  capacity  of  circuit  breakers  set  for  in- 
stantaneous trip.  Costa  include  all  apparatus  necessary  and  all  structures 
ihown  but  no  wirins.    Add  10  to  30  per  cent,  to  cover  installation. 
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arrancement  of  tho  switohea  themaelvee  may  be  impoaaible  on  account  of 
denred  ^eoirical  layout,  but  the  panels  may  be  so  arranged  to  advantase* 
Remote-control  bus  atruotures  and  awitehes  should  be  located  where  there 
ia  room  for  considerable  extension. 


Fio.  119. — Three-phase  feeder  panel. 

I  ToBtttfiaxa 


Trip  Coll 

Carrent 
Xruiilorin«r, 


II     AO  Ol 


O.P.  ou 
BvUchw 


Oonipaoiatlnf 
VoHmtter 


D.P.8.T. 

Automatie 
on  Switch 


Iv' 


Potential 
jnj  Trftutform«r 


-OraondBot 


BegQlator 


. Lifbtalnc  Arreiteri 

oTb.!,  ■>.    \  Hot  ranilihed  with 

Piaal 


Fio,  120. — Single-phaae  feeder  panel. 

CM,  The  operatton  and  ear*  of  iwitehboarila.  Small  atetiona  up  to 
•ay  6,000  kw.  do  not  need  anj[  apeoial  operators  for  the  imtchboard.  The 
en^neer  on  watch  has  ample  time  to  take  care  of  any  awitchinK  operation!. 
With  larger  stations  special  operators  become  neoewary;  up  to  10,000  kw.  ODtt 
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operator  on  a  watch  ia  enough  and,  durins  the  light  load  periods,  if  the 
lUTa&sement  of  the  board  with  reapect  to  the  turbine  room  is  suitable,  this 
operator  may  be  unnecessary.  Above  10,000  kw.  an  operator  continuously 
oa  watch  is  necessary  and  frequently  an  additional  man  to  take  care  of 
disconnecting  switches  and  the  cleaning  and  repair  of  oil  switches.  Above 
20.000  kw.  it  is  customary  to  have  additional  men  until  in  the  very  large 
■tatioiis,  there  are  never  leas  than  two  men  on  the  board  at  oil  times. 
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Fio.  121. 


Fio.  122.  Pio.  123. 


SSC.  Bench  boardi  are  used  only  in  large  atationa  where  the  number  of 
eircuita  ia  very  large.  A  great  saving  in  space  is  possible  because  the  instru- 
ments do  not  crowd  the  control  switches,  thus  allowing  two  or  more  generatora 
to  be  handled  on  a  single  panel.     Some  of  the  tyoes  are  shown  in  Fig.  124. 


124. — Types  of  benoh  boards. 


SS9.  Loftd  dispfttohlniF  in  some  form  is  neoessuy  on  complicated  systems. 
The  load  dispatcher  has  full  control  over  and  koowledce  at  all  times  of  the 
condition  of  the  system.  Ue  usually  has  a  map  of  the  system  indicating 
the  condition  of  all  electrical  apparatus  and  issues  all  orders  by  telephone 
for  the  putting  on  or  taking  off  of  any  machine  or  cable.  Emergency  con- 
ditions require  a  certain  suspension  of  the  direct  control  of  the  dispatcher, 
but  in  such  cases  a  carefully  worked  out  routine  must  be  followed.  Some 
very  large  systems  have  no  man  formally  called  a  dispatcher  but  in  such 
cases  the  senior  operator  in  the  largest  station  is  given  final  authority  and 
his  orders  must  be  obeyed. 
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MT.  Tranifonnan  of  prftotioaUy  all  typtt  are  used  for  hish-tennon 
powei^tatioQ  work.  On  account  of  the  siie  and  volta^  of  moat  itationa 
of  this  kind,  the  main  power  transformers  are  usually  oil  insulated,  with  or 
without  water  cooling,  and  of  the  shell  type  of  construction.     See  Sec.  0. 

8M.  Alr-blMt  transtonnen  are  rarely  used  above  15,000  volts  and 
in  sises  above  1000  kv-a.  They  are  available,  however,  up  to  33,000  volta 
and  2,500  kv-a.  These  extremes  should  be  avoided  on  account  of  i  laulation 
and  cooling  difficulty. 

•It.  ■•U-eoolad  traniformara  are  built  in  sises  up  to  about  2,000  ky-a. 
but  the  space  required  is  large  on  account  of  the  necessity  of  outside  cooling 
tubes.     Up  to  l,QCl0  kv-a.  corrugated  tanks  give  satisfactory  results. 

MO.  Tha  quaatlon  of  lingle-phwa  t*  thraa-phaia  transtoniMra 
is  not  definitely  settled.  First  ooet,  efficiency,  simplicity  of  wiring  and  floor 
space,  all  point  to  the  latter,  but  in  installations  of  few  units  the  desirability 
of  flexibility  frequently  dictates  nngle  phase.  When  operated  in  delta, 
two  units  connected  in  open  delta  will  safely  carry  about  60  per  cent,  of  the 
load  that  a  full  bank  will  carry.  This  same  ability  also  exists  in  shell  type, 
three-phase  transformers  operated  in  delta,  both  primary  and  secondiary, 
provided  the  damaged  coils  are  disconnected  and  short-circuited.  The 
relative  floor  space  occupied  is  shown  in  Fig.  125. 


^•"•/        T»"*/        "T*"*/        X»*J 

■ln(U  Fhsse  Wit»-Cooled  Truilormm  Total  Capacity  0000  Er-A 


ThzM  f  haia  Wat«r-Cooled  Ttanalormeza  Total  CapacOy  8D00  Xt-A 


'  Slnflal'luiaeAlr-BlaitTiaiiaforDuri  Total  Capaolty  (000  Kt-A 


Three  Phsae  Alj-  Blaat  Tranafnrmwra  Total  Capacity  4000  Ev-A 

FiQ.  125. — Relative  floor  space  of  single-phase  and  of  three-phase  trans- 
formers (G.£.  Bulletins). 

Ml.  Watar  cooling  is  most  generally  used  in  large  installations.  Tha 
water  supply  must  be  continuous  and  pure.  Where  cooling  water  must  be 
purehascKi  cooling  towers  can  be  used  to  advantage.  It  is  desirable  to  have 
negative  pressure  in  the  cooling  pipes  to  prevent  leakage  into  the  oil. 

■41.  Tha  amount  of  water  required  is  approximately  4  gal.  par 
min.  per  1,000  kv-a.  capacity.^  This  amount  is  not  rigid.  In  winter  con- 
siderably less  is  necessary,  and  in  summer  fully  twice  as  much  can  be  used  to 
advantage. 

S4S.  Tha  cost  of  watar-cooUnt  ayitama  is  from  10  cents  to  S5  cents 
per  kv-a.,  depending  on  the  source  of  supply. 
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t44.  Atr-eooUiif  raqnlres  blowon  takinc  about  0.25  per  cent,  of  the 
output.  They  are  uaually  eleetrically  driven  and  require  from  3  cu.  ft.  per 
mxn.  to  6  cu.  ft.  x>or  niin.  por  kv-a.  at  pressures  from  I  os.  per  sq.  in.  to  0.5  os. 
per  sq.  In.,  depending  on  sise.  The  first  figures  are  for  100  Icv-a.  use  and 
the  latt«r  for  1.000  kv-a.  sise. 

Mf.  011-lnial*t«d  tra&sfonn«n  are  in  reliable  service  up  to  110,000 
volu  and  14,000,  kv-a.  and  down  to  very  small  sins  at  35,000  volte.  They 
are  the  roost  satisfactory  in  the  average  oentnd  station. 

SM.  Vorecd  oil  cooling  can  be  used  for  all  sises  and  nves  satisfactory 
resulta.  The  transformers  usually  have  plain  boiler  iron  shells.  The  oil  is 
pumped  in  at  the  bottom  and  overflows  at  the  top,  passing  through  a  glass 
sight  tubes  to  cooling  coils  located  where  good  air  circulation  or  cooling  water 
is  available.  This  method  avoids  the  possibility  of  water  leaking  into  the 
oil  throujcb  defective  tubes,  as  the  oil  may  be  kept  under  slight  preesure. 
It  also  allows  the  convenient  drawing  of  the  shells  without  special  piping. 
The  chief  objection  is  that  a  fire  may  put  the  entire  equipment  out  of  service. 
The  coat  is  from  25  cents  to  50  cents  per  kv-a.  of  capacity,  which  is  con- 
siderably higher  than  water  oooling,  but  there  is  a  considerable  saving 
in  the  cost  of  the  transformers  due  to  abeenoe  of  cooling  coils. 

MT.  Fire  daoyer  from  transformers,  while  not  negligible,  has  been 
greatly  exaggerated  in  the  past.  In  some  installations  each  bank  has  been 
placed  in  a  well-drained  fire-proof  chamber,  in  addition  to  being  equipped 
wiib  a  piping  system  to  enable  the  rapid  emptying  of  the  shells  into  a  buried 
tank.  Some  of  the  latest  and  very  important  installations  have  been  con- 
structed with  simple  barriers  between  banks  opening  into  a  common  passage. 
The  drainage  system  is  still  important  but,  is  used  principally  to  facilitate 
repairs,  inspection  and  the  treating  of  the  oil. 

848.  Gonvanient  handllzig  of  the  transformers  should  be  provided  for 
cither  by  an  overhead  travelling  crane,  or  by  mounting  on  trucks  on  which 
they  may  be  moved  to  an  inspection  pit. 

849.  Tranaformsr  oil  must  be  kept  partieularlr  free  from  mois- 
ture; one  part  in  10,000  will  reduce  the  dielectric  strength  50  per  cent. 
Dnring  outfits,  which  dry  the  oil  by  forcing  it  through  successive  sheets 
of  blotting  paper,  are  available  at  a  cost  of  from  f500  to  $1,000  with  capacities 
of  from  5  to  20  gal.  per  min. 

uoHTMnra  akkkstsks 

880.  Liffhtning  proteetlve  apparatus  is  used  in  power  stations  to 
protect  the  apparatus  therein  from  abnormal  potentials  on  the  system, 
whether   caused    by    Hshtniog    disturbances    or   by  switching  operations.  , 
The  ideal  apparatus  will   immediately    relieve  the 

system  of  excess  voltages,  allowing  no  flow  of  the  -"   *  • 

dynamic   current  of  the  system,  and  be  ready  for 
immediate  service  again. 

881.  The  magnetic  blow-out  principle  is  fre- 
quently employed,  particularly  in  low-voltage  ar- 
resters. The  spark  gap  is  placed  between  the  poles 
of  an  electromagnet  (Fig.  126)  excited  by  the  flow  of 
current  which  immediately  bows  out  the  arc.  Series 
resistances  are  usually  employed  with  this  arrange- 
ment. —      .- . 

888.  Choke  colls  are  simple  open  air  core  reao- 
tors  inserted  between  the  arresters  and  the  appa- 
ratus to  be  protected  to  choke  back  the  lightning 
disturbances,  which  are  of  very  high  frequency,  thus 
allowing  the  arrester  to  discharge  with  a  minimum 
strain  on  the  station  apparatus.  To  secure  the  full 
benefit  of  the  choke  coils,  the  connections  to  the  Fio.  126. — Magnetic 
arresters  should  be  as  straight  as  possible.  blowout  lightning    ar- 

888.  Spark  ff»pl  are  used  in  practically  all  tjrpes  rester  for  low  voltage. 
of  arresters,    set    at  sufficient  distance  to  prevent 

sparking  over  at  ordinary  voltages.  Obviously  something  additional  is 
needed  to  limit  the  flow  of  dynamic  current  after  relieving  the  excess  poten- 
tial. Their  most  common  use  without  considerable  modification  is  to  protect 
transformer  secondaries,  a  single  gap  per  bank  of  transformers  being  used. 


Spark  G«p 


Mngtietic 
Blow  out  Coll 


To  Grouud 
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8SA.  Serial  riUtancei  are  usually  mserted  between  simple  spark 
gajie  and  ground  for  the  purpose  of  arresting  the  current.     This  u  accom- 

Shahed,  however,  at  a  sacrifice  in  efficiency  of  the  arrester  in  removingthe 
isturbanoea  which  frequently  have  considerable  current  volume.  This 
method  is  used,  however,  in  many  types  from  the  lowest  to  the  highest 
voltage. 

U5.  FuMi  iUMTted  in  MriM  with  *  r»p  (Fig.  127)  are  not  uncommon. 

They  serve  to  relieve  the 
system  and  interrupt  the 
current,  but  •  they  have  Ihe 
serious  disadvantage  of 
being  able  to  handle  only 
a  single  discharge.  A  sim- 
ple circuit  breaker  is  some- 
times similarly  used  on  low- 
voltage  systems. 

All  of  the  above  arrange- 
ments have  their  simi^icity 
to  recommend  them  but 
they  are  inadequate  on  all 
but  very  small  or  low-volt- 
age systems. 

•U.  Born  ffapi  are 
modified  spark  gaps  wbich 
consist  of  conductors  ar- 
ranged in  a  "V "  with  a 
suitable  gap  at  the  bottom.  The  flaring  sides  are  shaped  so  that  the  arc 
in  rising  by  the  heated  air  is  lengthened  and  finally  blown  out.  Careful 
proportioning  is  necessary,  but  even  then  the  horns  will  fail  to  put  out  the 
arc  from  a  heavy  current. 

U7.  Multigftps,  which  consist  of  a  large  number  of  gaps  in  series,  between 
relatively  larM  cylinders  of  non-arcing  (composition)  metal,  have  many 
advantages,     when  placed  between  line  and  ground  tne  potential  drop  be- 

1^ K— ^ 


Fia.  127. — Air  gap  lightning  arrester  witli  {use. 


TTTTTTTTTTTTT1 


X^ 

^ 

T"! 

"< 

Hjo 

&»s 

'xi 

\ 

2& 

\fit. 

Ug 

\ 

•s 

£C, 

'Ti 

^ 

s. 

. 

^ 

p4 

i"'-. 

•>«. 

"^^ 

!^ 

u. 

3a 

__. 

— * 

&!. 

0    G.p.  a 

Fio.  128. — Voltage  gradient  across  multigap  arrester  with  and  without 
dynamic  current. 

tween  gaps  is  much  greater  near  the  line  than  near  the  ground,  due  to  the 
electrostatic  capacity  of  the  cylindera  (Fig.  128).  This  makes  poeaible 
a  much  greater  aggregate  gap  distance  than  with  a  single  gap,  which  greatly 
aids  the  quenching  of  the  dynamic  arc.  Lightning  disturbances,  being  of 
high  frequency,  cause  a  still  greater  potential  gradient,  which  will  allow  the 
diaturbanccs  to  pass  at  a  relatively  low  excess  voltage.  As  soon  as  the 
gaps  break  down  the  flow  of  current  causes   an  equal  drop  in  all  gaps. 
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Th«  non-aroing  meUl  has  a  low  boiling  point  and  acts  a«  a  rectifier,  not 
aUowinc  the  dynamic  arc  to  be  resumed  on  reversal  of  current,  if  tbe 
voltage  is  kept  low  enough.  The  greater  the  number  of  gaps  in  series  the 
more  definite  this  action. 

•M.  XuIUpath  arreiteri  allow  hi^h  voltages  to  discharge  along  the 
surface  of  a  very  high  resistance  rod  in  oumerous  very  fine  sparks,  the 
normal  voltage  being  unable  to  continue  the  arc.  This  type  is  limited  to 
small  discharges. 

•M.  Graded  ahunt  reaUtance  combined  with  multlgapi,  allows  a 
greatly  increased  effective  number.  Referring  to  Fig.  129,  which  shows 
the  arrangement  used  by  the  General  Electric  Co.,  the  full  line  voltage  is 
normally  across  the 
lower  group  of  '**' 
g^w,  the  resistance 
beinc  low  enough 
to  accomplish  this 
res  ul  t.  W  hen  _ 
breaking  down,  ^ 
the  flow  of  current  o  «M) 
tbroagh  the  high  S 
resistance  causes  a  ^  aw 


o 
o 
o 
o 


wRcitltSDC 

o 
o 
o 

X  Medium 
O  BuUUBCB 

o 
o 

\J  ReallUaCV 

O 

o 


2 


•       100    2M    300    400 

IM  MO    7M  aM    WW  WW  UN  UW 
Amparet 

J--i-^-4       -X 

MO  - 

'  —^4---  + 

£^^^   --■"_i"'i==i 

ic----ti 

^::^j^^"::^::i-^^"r 

:  =  =  ,-I-I 

300 

t;:T5::±|T±|::ii± 

»3ao 

L "^i 

^300 

i£ioo 

Alumin 

im  Lightning  Arrester 

0 

LL_     III    1    1     XI 

.01      .02       .03      .04 


.07      .08 


.05       .06 
Ainpet«i 

Fio.   130. — Characteristics  of  aluminum  lightning 
arrester. 


Fio.  129.— Ele- 
ments of  graded 
shunt  multigap 
arrester. 

voltage  across  the  second  lower  group  of  g&ps  which;  if  the  lightning  dis- 
charge is  heavy  enough,  are  broken  down,  tnus  inserting  additional  gaps 
to  quench  the  arc.  Similarly  if  the  arc  continues  due  to  the  discharge  being 
too  heavy,  additional  gaps  are  inserted  until  the  entire  group  is  in  series. 
If  this  number  will  not  rupture  the  arc  the  arrester  may  be  destroyed,  this 
being  the  limitation  of  the  apparatus. 

8fO.  Bariai-reiUtance  multigap  arreitera  are  built  by  the  Westing- 
house  Company  in  recognition  of  this  condition,  called  "Low-eauivalent 
arresters."  The  series  resistance  is  expected  to  limit  the  rate  of  discharge 
within  safe  limits.  This  type  ordinarily  uses  but  a  single  shunt  resistance. 
There  is  considerable  difference  of  opinion  as  to  whether  or  not  this  series 
resistance  is  desirable.  It  sometimes  saves  the  arrester,  but  at  the  expense 
of  tbe  apparatus  by  increasing  the  time  necessary  to  relieve  the  system. 
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Ml.  Owe  of  multlfAp  UT«ft«n  requires  the  frequent  removal  of  dust, 
beat  ftccoraplUhed  by  blowing  with  compressed  air.  Tho  arresters  should 
be  discoiinected  duriag  thia  process. 

8U.  Aluminum-oell  llf  htnlnc  arreitan  depend  for  their  action  on  the 
properties  of  aluminum  when  inserted  in  a  suitable  electrolyte,  shown  by 
Fig.  130.  When  an  e.m.f.  is  applied  between  two  electrodes,  insulntinc 
films  are  formed  which  break  down  if  the  forming  voltage  is  exceeded 
and  reform  immediately  when  the  voltage  becomes  normal.  This  cell 
more  nearly  conforms  to  the  ideal  than  any  other  arrester;  it  may  be  set 
for  a  very  small  increase  in  e.m.f.;  its  discharge  rate  is  enormous  and  it 
immediately  resumes  normal  condition  after  the  discharge.  Since  the  cells 
can  be  formed  to  withstand  permanently  only  about  300  volts,  a  great 
number  in  series  is  required  for  high  potential  systems.  Conical  shaped 
aluminum  electrodes  are  mounted  on  rods 
with  spacers  allowi)ig  a  uniform  space  be- 
tween (Fig.  131).  Electrolyte  is  inserted  in 
these  spaces,  great  care  being  required  to  ^t 
uniform  depth.  The  whole  stack  is  then  in- 
serted in  a  tank  of  oil. 

SM.  Charglnr  aluminum  UT«it«n. 
ContlDuous  connection  to  the  line  is  not 
possible  on  account  of  the  loss  of  energy,  and 
therefore  horn  gaps  are  usuidly  connected  in 
series.  This  reauires  frequent  charging  of  the 
cells,  at  least  aaily,  because  the  film  gradu> 
ally  dissolves,  more  rapidly  in  warm  weather. 
Care  of  aluminum  arresters  requires  not 
only  this  frequent  charging,  but  also  watching 
the  charging  current  which  is  a  guide  to  the 
condition  of  the  electrolyte.  Care  should  be 
exercised  to  prevent  freesingof  the  electrolyte 
at  very  low  temperatures,  as  it  might  destroy 
the  arrester. 

SM.  Arranramsnt  of  arrestors  on  poly- 
phase oircuiU  may  consist  either  of  an  ar> 
rester  between  each  line  and  ground,  or  aires- 
ten  for  each  line  connected  together  on  the 
ground  side  and  then  to  ground  through  an  ad- 
ditional arrester.  The  first  method  is  used 
where  the  neutral  of  the  system  is  grounded 
and  the  second  where  ungrounded. 

I.  Oroundi    for    llffhtlnr    arresteri 

should  be  most  carefully  made.  Numerous 
iron  pipes  driven  several  feet  in  ihe  i^round  and  interconnected  by  a  copper 
strip  are  good.  Copper  plates  buned  deep  in  coke  with  earth  filling  are 
also  used.  In  addition  the  arrester  ground  snould  be  connected  to  the  steel 
frame,  piping,  and  other  grounded  materi^s  in  the  building, 

SM.  Summary  of  uaai  of  TUious  typei  of  arreitera. 

(1)  Spark  gap — 

(a)  Series  resistance  1    f  D.C.  systems,  all  voltages. 

(b)  Fuse  [  i  A.C.  trolleys,  along  the  line. 

(c)  Magnetic  blowout  )    [ 

id)  Plain — Single  point  on  transformer  secondaries. 

(2)  Horn  gap — 

(a)  Senes  resistance 

(b)  Fuse 

J    (  D.C.  and  A.C.  series  systems. 

(3)  Multipath — Frequent  location  along  D.C.  lines. 

(4)  Multigap — A.C.  systems. 

(a)  Plam — Frequent  location  along  small  distribution  syNtems. 

(b)  Series  resistance — Frequent  location  along  systems  up  1 5.000  volts. 

(c)  Shunt  resistance  ]   f  Station  use  on  systems  of  moderate 

(d)  Shunt    and    series    re-  \  i      site  and  length  of  line. 
•iitanoe,  j   I 


Fio.  131. — Construction  of 
aluminum  arrester. 
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(5)  Aluminum  eell— 


(b)  luBmaUianor  tanka,  i  D.G.    lystema    along    the   Un«   and 

t      D.C.  stations. 

(b)  All  Btacks  in  one  tank,  A.C.  systems  up  to  7,500  volts. 

(c)  Separate  tanks,  A.C.  system  up  to  150,000  volts. 

MT.  Tha  coat  of  Uffhtnlng  arreiter  equipment  is  about  as  follows. 
Three-phase  grounded-neutral  systems:  Aluminum  cell,  t70  +  S10  per 
l.DOD  volts;  multigap  type,  S13  per  1,000  volts.  Tbree-pnase  ungrounded: 
Aluminum  oell,  $100+Si5  per  1,000  volts;  multigap  type,  $16  per  1,000  volts 

MS.  The  cost  of  tOO-unp.  choke  coils  of  the  "hour  glass"  type,  is 
about:  S20  +  t0.50  per  1.000  volts,  up  to  70.000  volts;  S30+S0.80  per 
1,000  volts,  above  70,000  volts;  the  increased  cost  per  100  amp.  is  about  S7. 
I^ancake-tjrpe  choke  ooils  cost  about  S12+S2Q  per  100  amp.  for  2,500-volt 
•ervioe  and  S40+f40  per  100  amp.  for  25,000-vott  servioe.  The^  cost  of 
installalion  of  the  above  can  usually  be  covered  by  a  15  per  cent,  inorease* 
in  addition  to  freight. 

POWim  BTATION  WISING 

Mt.  Bui  b«n  are  made  either  of  eopper  as  discussed  elsewhere  io 
tli^  section,  or,  in  the  case  of  high-poteDtial  stations  or  moderate  potential 
in  email  sises.  of  copper  tubing,  copper  rods,  and  sometimes  brass  or  iron 
pipe.  Special  bends  and  fittings  are  available  for  this  pi]^  work.  Where 
the  current  eapaoity  is  small,  the  physical  stiffness  required  dictates  the 
aiae  of  conductor.  Bus  ban  are  seldom  continuouBljr  insulated.  They  are 
usually  supported  in  the  open  in  small  low-voltage  stations,  and  in  all  stationa 
of  very  high  voltage.  Cell  structures  are  used  in  stations  of  moderate 
voltage  in  all  except  ndativdy  small  stations. 

8T0.  Switch  wirixu  on  the  board,  or  on  the  switch  structure,  should  be 
stiff  and  well  insulatea  for  the  full  voltage,  because  the  wires  are  particularly 
near  together  at  this  point.  Stranded  wires  are  seldom  used  except  for 
simple  layouts  where  accurate  alignment  is  not  necessary. 

STl.  Main  generator  and  exciter  wiring  should  be  run  by  the  shortest 
poaeible  route  and  provided  with  ample  insulation,  even  above  ordinary 
requirements.  This  wiring  is  not  protected  by  automatic  switches.  Multa- 
eonductor  cables  are  not  recommended  and  uternating-current  and  direct- 
current  wiring  must  not  occupy  the  same  duct. 

sn.  Inatrument  and  control  wiring  form  practically  the  nervous 
system  of  the  power  plant.  Great  care  must  be  used  to  avoid  trouble  and 
only  the  highest  graae  of  insulation  should  be  used.  Iron  conduit  should 
be  used  for  all  of  the  wires,  terminating  as  closely  as  possible  to  the  instru- 
ment panels  and  to  the  transformers.  Terminals  at  oil  switches  and  instru- 
ment transformers  should  be  most  oarefulljr  protected  to  prevent  high- 
tenaon  current  from  reaching  them  during  switch  troubles.  All  instrument 
wiring  except  that  in  main  circuit  must  be  thoroughly  grounded  both  at  the 
instrument  transformer  and  at  the  panel.  Terminal  boards  on  the  panels  are 
of  great  assistance  in  calibrating  instruments.  Alternating-current  and 
direct-current  wires  should  not  be  run  together  any  more  than  can  be  avoided. 

8TS.  Lightning-arrester  connection!  should  be  as  simple  and  direct  as 
possible  in  order  to  secure  maximum  protection.  Disconnecting  switches 
should  always  be  used. 

8T4.  The  prevention  of  corona  on  wiring  of  very  high  tension  requires 
special  care.  All  sharp  corners  on  the  wiring  and  the  switching  apparatus 
must  be  avoided.     Also  see  Sec.  11. 

STS.  Bui  and  switch  compartmenti  (fig.  132)  are  made  of  brick, 
Boapstone  and  concrete,  either  plain  or  reinforced.  Openings  for  switch 
inspection,  etc.,  are  usually  covered  with  asbestos  doors  conveniently  hung. 
Wlien  brick  is  used  for  the  main  walls,  sospstone  is  used  for  horisontal  walls 
and  lesser  barriers.  Concrete  is  frequently  used  throughout.  Whatever 
the  materials  of  construction,  their  insulating  qualities  are  not  depended 
upon,  and  the  conductors  should  be  supported  on  insulators  designed  for 
full  voltage  with  a  wide  margin  of  safety.  Wide  differences  in  design  are 
possible,  as  is  indicated  in  the  cuts,  and  it  is  seldom  that  the  same  arraage- 
meat  is  ever  used  in  two  stations. 
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sn.  The  ooft  of  bus  uid  nritoh  ■trueturw  rarin  widely,  Irom 
tfiO  per  switch  in  Bimdl  siieB  to  t300  per  switch  in  large  capacity  switches  for 
15,000  volte. 


^W\" 


tn.  Duota  and  Iron  eonduita  are  largely  used  in  power  station  wiring 
but  the  latter  should  be  avoided  for  alternating-current  work  of  more  Ikan 
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Taiy  modersto  otinvnt  oapaeity.  Cl»y  or  ftbra  dneta  laid  in  eonorete  in  the 
floor,  or  built  into  the  ceiling  coat,  from  20  to  SO  oenta  pet  duct  ft.  Iron 
eonduit  supported  by  elampi  coats,  in  plsoe,  from  12  oentcper  ft.  for  the 
i-in.,  to  $1  per  ft.  for  the  4-in.  siie.  Braae  pipe  is  sometimes  used  where 
lATge  altematinK  currents  must  be  carried  m  open  conduit.  The  oost  is 
about  five  times  that  of  iron. 

ITS.  Bni-bar  Oompartmant  Dlmaniions 


Max. 

e.m.f. 

kv. 


15 
15 
15 

15 
22 
33 

45 
.66 
100 


Bus 

sise 

inches 


1-2  X 
2-2  X 
1-3  X 

2-3  X  1 

wire 
wire 

wire 
wire 
wire 


Dimensi6ns,  inches 


13 
13 
13 

13 
15 
18 

25 
36 
56 


B 


26 
37 
56 


5; 

5 

4J 

II 

13 
18 


•n.  Spacing  of  Hlch-tanilon  Statloii  Wiilnc 


Num- 
ber 
ref. 

to  cut 

E.m.f., 

ToltS 

^fA 

Ground 

distance, 

inches 

Num- 
ber 
ref. 

to  cut 

E.m.f., 
volts 

Spseing, 
inches 

Ground 

distance, 

inches 

1 

2 
3 

4 

6,600 
15.000 
22.000 

33,000 

8 
10 
12 

18 

6 

7 

StolO 

10 

5 
6 
7 

8 

33,000 
45,000 
60,000 

100,000 

18 
26 
3« 

56 

10  to  12 
13 
19 

30 

NoTK. — Ground  diatauce  (usually) 


Wire  spacing 


+  1  in. 


Spacing  of  »erie«  traDBformens  (R«lf-cooled) : 

600  volte 1       in.  clear       6.600  volta 3  riear 

2,300  voHs 1 . 5  in.  clear     13,200  volta 5  clear 

800.  Tenninala  and  entraneei,  particularly  on  high-tennon  overhead 
outlets,  require  the  most  careful  design  to  prevent  leakage  during  bad  weather. 
Stancbird  designa  are  on  the  market  supplied  by  the  various  insulator 
companies.  Wall  outlets  are  usually  relatively  simple  and  cheap,  but 
satisfactory  roof  bushing^s  are  available  only  at  considerable  expense.  The 
latter  are  nmilar  to  the  oil  switch  and  transformer  tennioala  lued  for  outdoor 
work.    Seveial  types  are  shown  in  Figs.  130-13d. 
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Ml.  The  eott  of  poww-ltetlon  wlrlnc  varies  grsstly  and  is  ezceed- 

insly  difficult  to  estimate.  The  cost  of  wire,  supports,  insulators,  etc., 
can  be  obtained  from  manufacturers'  lists,  and  usu^^  an  addition  of  from* 
26  per  cent,  to  50  per  cent,  will  cover  the  coat  of  labor,  the  lar^ter  peroentace 
bein|[  for  the  smaUer  wire*.  The  cost  of  drawing  into  conduits  varies  from 
1  cent  to  6  cents  per  duct  ft.    The  cost  of  joints  and  terminals  varies 


Fio.  136. — Wall  outlet  with 
slab  and  tuba  of  insulatinc 
material. 


Fio.  135. — Cross  section  of  transformer 
and  switch  gallenCs  of  high  tension  power 
station  (G.£.  Rev.,  1912,  p.  598). 


Fio.  137. — Thomas  wall  bush- 
ing for  66,000  volts. 


between  that  of  5  ft.  and  10  ft.  of  wire.  The  total  cost  of  wiring  varies 
from  SO. 50  to  S3  per  kw.  of  station  capacity,  in  addition  to  the  cost  of 
switch  gear,  panels  and  compartments. 

MI8CKLLAHBOUS 
MS.  Plant  location.     Electrical   considerations  seldom   have   prepon- 
derating influence  on  the  location  or  general  arrangement  of  a  power  station. 
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The  location  affects  the  coat  of  the  diatributioo  system,  for  moderste  and 
low  voltagett  directly  as  the  square  of  the  average  distance  of  the  load;  od 
bagh-poteatial  systems,  the  variatioa  is  more  nearly  proportional  to  the 
distance.  Other  conditions  being  equal,  however,  it  is  obvious  that  the  beat 
location  is  as  near  as  possible  to  the  loaid'oentre. 

SSI.  Parallel  operation.  Large  systems  frequently  require  the  parallel 
operation  of  power  stations,  and  little  dif&culty  is  ordinarily  ezperienoed. 
In  some  cases  where  plants  in  close  proximity  are  thus  operated,  the  service 
oonditions  require  that  the  stations  shall  not  be  automatically  disconnected 
from  each  other  except  in  case  of  trouble  in 
the  tie  lines.  In  other  cases  provision  is  ooppet^Kitoj  ^^^.^ 
made  for  the  immediate  disconnection  of  the  3,^,  j^^  ^?^p  Vv  ml  /' ; 
stations  in  case  of  trouble  in  either.  The  flrmnR-o«s?(ut'*"^^^' ^''"^  ^ 
latter  arrangement  is  used  where  there  is  no  RaLUrOuiLct 
connection  between  the  systems  supplied  by 
the  stations,  other  than  directly  between  the 
station  bus  bars.  Where  stations  are  widely 
separated,  Darallel  operation  is  not  satisfac- 
tory when  the  resistance  drop  in  the  connect- 
ing lines  exceeds  15  per  cent,  on  alternating- 
eurrent  systems  and  50  per  cent,  on  direct- 
current  systems.  The  operation  of  such  in- 
tsrconnected  lyitoma  requires  careful  ar- 
rangement, frequently  making  it  necessary 
to  have  a  load  dispatcher  in  full  control  of 
all  switching  operations. 

POWER-PLANT  ECONOMICS 

BT  GBORGB  I.  RHODES 

554.  XK>ad  flactnatloni  largely  deter- 
mine the  desired  overload  capacity  of  units. 
lighting  systems  have  steady  loads  except 
for  peaks  shown  by  the  usual  load  curve. 
Industrial  loads  are  ver^  steady  except  for 
certain  kinds  of  applications  to  intermittent 
work  using  targe  umts.  Railway  loads  have 
considerable  fluctuation  even  in  the  largest 
systems.  Swings  of  five  times  the  average 
are  exx>eriencecr  when  but  a  single  car  is 
running,  twice,  when  about  ten  are  running, 
and  to  120  per  cent,  when  a  very  large  num- 
ber are  running. 

555.  Sudden  pcakl  are  always  a  possi- 
bility on  a  lighting  system,  and  occur  when- 
ever a  sudden  storm  appears.  An  increase 
in  load  of  as  much  as  100  i>er  cent,  within  a 
very  few  minutes  is  not  uncommon. 

SSS.  The  load  factor  of  a  machine,  plant 
or  system  is  the  ratio  of  the  average  power 
to  the  maximum  power  during  a  certain 
period  of  time.  The  average  power  Is  taken 
over  a  period  such  as  a  day,  or  a  year,  and 
the  maximum  is  taken  over  a  short  interval 
of  the  maximum  load  within  that  ^riod.  In 
each  case  the  interval  of  the  maximum  load 
should  be  definitely  specified.  The  proper  interval  is  usually  dependent  upon 
local  conditions  and  upon  the  purpose  for  which  the  load  factor  is  to  be 
determined.  The  yearly  average  of  dally  load  factors  is  frequently  used. 
(See  Sec.  25.) 

SST.  DlTanlty'faetMr  is  the  ratio  of  the  sum  of  the  maximum  power 
demands  of  the  subdivisions  of  any  system  or  part  of  a  system,  to  the 
maximum  demand  of  the  whole  system  or  of  the  part  of  the  system  under 
consideration,  measured  at  the  point  of  supply. 

SSS.  The  load  to  be  carried  is  probably  the  most  important  factor  to  be 
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Fig.  138.— Thomas  roof  insu- 
lator for  66,000  volts. 
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coQiidered  in  power-pluit  deaisn.  It  determines  the  aiie  of  plaat,  the  kind 
of  plant,  and  tne  aiie  and  number  of  unite.  Trpioal  toad  currai  are  shown 
in  Fin.  139  and  140.  Tbeae  ourrei  are  auoh  aa  would  be'obtained  from 
IS-min.  readings  of  watt-bour  meters  but  do  not  show  the  exact  load  on 
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Fio.  139. — Typical  load  curves. 


any  speoifie  plant.     For  typical  load  curves  in  very  large  central  stations 
see  TVa/ia.  A.  I.  E.  E.,  Vol.  XXXI,  p.  1473,  1012. 

88t.  Demand  factor  is  the  ratio  of  the  maximum  power  demand  of  any 
system  or  part  of  a  system  to  the  total  connected  load  of  the  system,  or  of 
the  part  of  the  system  under  consideration. 
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Sec.  10-890 


•to.  Okpaolty  factor  ia  the  ratio  of  the  average  load  to  the  total  rated 
capacity  of  the  equipment  eupplying  that  load.  This  factor  is  not  very 
definite  on  account  of  variations  in  methods  of  rating  apparatus. 

891.  Tizad  chargea  as  ordinarily  defined  with  reference  to  power  plants, 
are  the  charges  necessary  to  cany  the  investment  and  to  replace  the  equip- 

Ughtlns  and 
Indoatrtal 

D&lly  Loid  Factor 
WliUr  t>% 

Snaer  11% 

Itanp  («]( 

Weakly  Losd  Factor 

WIMCT  «]( 

Susan  uf 

ABniMl  UP.  »% 

nnnlt;.  Wla.  J"! 
Dli«lt>.  Sttm,,lM^ 

LUhtlna.IndostrisI. 
Inter,  B7 

Daily  Load  Factor 
Wlaui  Ht 

SUHBM  11% 

'■"•^  .»« 

WooUy  Load  Factor 
Wkui  Wf 

Saaan  u% 

li«fa  to* 

AanalLr.  tt% 

Sinni;,  Biia,.t«jC 

Llghtlncladasttlal, 
later,  and  (Xty  Rj. 

Daily  Load  Factor 
WlaM  Mil 

*»»w  *1% 

Weekly  Load  Factor 

Wlaw  u% 

Araan  n( 

AuaU  Ut.  »t 

DlTflnk*.  WlB..  UlC 
Dlrmi^,  Sua.44lj( 

Lightlag,  and 
Olty  Ry. 
Dally  Load  Factor 
WlaM  nt 

Weekly  Load  Factor 
-* 
»* 
«•* 

— uF.     ««r 

DInallj,  Wla..l« 
UmaKr,  »ia..lF 
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MO. — Typical  load  curves. 


ment  when  it  is  worn  out  or  destroyed.  Interest  and  taxes  carry  the  in- 
vestment, while  insurance  and  accumulated  depreciatioa  funds  cover 
leplaeement. 
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8M.  Intanit  ■•  used  in  engineerioc  eomputstiona  it  the  annual  oott 
of  the  mooey  required  for  the  worlc  It  is  affected  by^  the  credit  of  the 
company  and  the  condition  of  general  biuineae  at  the  time  money  is  bor- 
rowed. If  money  is  rained  by  bonds  sold  below  par.  as  is  frequently  the 
case,  tlie  cost  of  money  is  not  only  the  only  interest  rate  on  the  bond,  but 
this  amount  is  increased  in  proportion  to  the  amount  the  bond  is  sold  below 
par  and,  also,  by  an  amount  which  set  aside  annually  will  make  up  this 
deficit  below  par  when  the  bond  is  retired  or  paid.  Six  per  cent,  should  be 
used  as  an  average  cost  of  money,  but  it  vanes  between  4  per  cent,  and  8 
per  cent.,  the  lower  figure  for  municipalities  and  the  higher  for  industrial 
corporations. 

IM.  Profit  on  the  Invaf tmeat,  namely,  income  above  the  total  of  all 
required  expanses,  interest,  etc.,  should  not  ordinarily  be  considered  in 
engineering  work. 

•M.  Tazei  are  proportionately  more  variable  than  interest,  ranging  from 
leas  than  0.6  per  cent,  to  as  high  as  2.0  per  cent.  It  is  generally  the  case, 
however,  that  high  taxes  and  low  interest  eoinoide,  so  that  the  probable  varia- 
tion of  the  total  of  interest  and  taxes  is  from  8  per  cent,  to  8  per  cent. ;  7.5 
per  cent,  is  the  figure  frequently  used. 

(M,  Insurance  of  power  plants  against  fire  varies  from  leas  than  0.1 
per  cent,  for  fire-proof  modern  plants,  to  as  high  as  1  per  cent,  for  the  old 
type  of  plant  with  oil-soaked  wooden  floors,  etc.  Insurance  in  a  mcxlem 
plant  may  seem  unnecessary,  but  the  regular  visits  of  insurance  inapectoia 
nave  a  Iseneficial  influence  on  the  operation  of  the  plant  which  is  frequently 
worth  more  than  the  cost  of  the  insurance.  The  figure  commonly  used  for 
the  cost  of  insurance  is  0.6  per  cent. 

SM.  Tha  oa*t  of  dapreoiktion  is  one  of  the  most  commonly  neglected 
and  one  of  the  most  important  elements  of  the  total  cost  of  power.  The 
esistenoe  of  depreoiation  in  some  form  is  generally  recognised,  out  it  is  fre- 
quently neglected  in  actual  operation  of  companies,  either  because  of  lack 
of  income  or  desire  for  immediate  profit. 

StT.  Fh^oal  depreoiation  is  the  result  of  deterioration  due  to  wear 
and  tear  caused  by  regular  use,  decay  and  the  action  of  the  elements. 

S*8.  Lagallr  Approrad  DeprvcistiOD  B»tM 
Compiled  by  Henry  Floy.  Maintenance  not  included. 

A.  Arbitrators,  Atlanta,  Qa.,  Street  Lighting  Controversy. 

B.  New  York  Public  Service  Commission,  1st  District. 

C.  St.  Louis  Public  Service  Commission,  St.  Louis,  Mo. 

D.  Chicago  Traction  Valuation  Commission,  Con.  Traction  Co. 

E.  Wisoonsin  Railroad  Commission. 


Property 


Depreciation,    per 

cent,    per    year 

(straight  line) 


Aerial  lines 

Air  brakes 

Air  compressors 

Are  lamps 

An:  lamps 

Belting 

Boilers 

Boileis. 

Boilers,  water-tube 

Boilers,  fire-tube 

Boilers,  water-tube 

Boilers,  fire-tube 

Bonds 

Bonds 

Bonds 

Breeching  and  connections. 

Buildings 

Buildings,  brick 


5 

6 

4to6 

6.67 

8 

6 

3.6  to4 

6.67 

6 

6.67 

5 
10 

6 
60  wearing  value 

3.5tolO 

1.6 

2 


Key  to 
authority 


C 
E 
D 
E 
C 
E 
D 
C 
B 
E 
E 
A 
D 
B 
E 
D 
D 
B 
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SM.  LacsUr  Approred  D«pr«eI»tlon  Ratoi. — (Continued) 


Property 


Depreciation    per 
cent,  per  year 
(straight  line) 


Key  to 
authority 


Buildings 

Buildings,  vood 

Bmldings 

Cables,  underground,  high-tension. 
Cables,  underground,  low-tension. 

Cables,  aerial,  lead-corered. 

Cables,  underground,  lead-covered 
Cables,  underground,  lead-covered 
Coal  and  aah  handling  machinery. 
Coal  and  ash  handling  machinery. 
Coal  and  ash  handling  machinery. 

Condensere. 

Condensers. 

Condensers 

Condensers 

Conduits 

Conduits 

Conduits. 

Cross-arms. 

Engines,  steam 

Engines,  steam 

Engines,  gas 

Engines,  steam,  slow-speed 

Engines,  steam,  high-q>eed 

Engines 

Engines 

Feeder^,  weather-proof  insulation. , 

Feeders,  weather-proof  insulation. . 
Foundations,  machinery 

Foundations,  machinery 

Fuel-oil  handling  machinery 

Generators 

Generators 

Generators,  modern  type 

Generators,  obsolete 

Generators,  steam  turbo 

Generators,  steam  turbo 

Generators 

Heaters. 

Heaters,  feed-water,  closed 

Heaters,  feed- water,  open 

Metera,  electric  switchboard 

Meters,  electric  service. 

Meters,  electric 

Motors,  railway 

Motors,  railway 

Motors,  railway 

Motors,  railway 

Paving 

Piping  and  covering 

Piping  and  covering 

Piping  and  covering 

Piping  and'covering 

Piping  and  covering 

PcHes,  steel 

Poles,  wood  in  concrete 

Poles,  wood  in  earth 


ob- 


2to4 

2 

2 

5 
SO  maintenance  cost 

8.87 

4 

5 

7 

5 
10 

4 

5 

5 

8.67 

1 

2 

2 

8.33tol2.B 

3  to5 

Sto7.5 

6.67 

5 

6.67 

B 

6.67 
Dependent    on 
served  wear 

6.25 
Same  as  life  of  appa- 
ratus supported 
Same  as  Uie  of  appa- 
ratus supported 

4 

3  to8 
6 

5 

6.67 

6 
10 

8.67 

4to6 

3.33 

3.5 

5 

6.67 

8 

3.33 
By  inspection 

5 

5 
50  wearing  value 

4  to  4.5 

5  to  6 
5 

5 
6.87 


5.5to8.33 


E 
C 
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D 
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E 
E 
E 
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C 
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E 
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D 
D 
B 
E 
E 
E 
A 
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E 
E 
E 
E 
C 
D 
B 
B 
E 
B 
D 
B 
E 
A 
C 
B 
E 
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Property 


Depreciation,  per 
cent,  per  year 
(■traiiht  tine) 


Poles,  iron 

Polea,  wood 

Pumpa 

Pumpa 

Pumpa,  amall  ateam 

Pumpa 

Pumpa 

RoUing  atock,  open  car  bodies 

RoIUng  stock,  open  trailer  bodies 

Rolling  stock,  closed  car  bodies 

Rolling  stock,  trucks 

Rolling  stock,  closed  ft  open  oars. . . , 

RoUing  stock,  trucks 

RoUing  stock,  car  bodies  and  equip.. 

Stack 

Stack,  steel 

Stokers,  fixed  parts 

Stokers,  moving  parta 

Storage  batteries 

Storage  batteries 

Storage  batteriea 

Swltonboard  and  wiring 

Switchboard  and  wiring 

Switchboard  and  wiring 

Switchboard  and  wiring 

Telephones 

Track,  rail  joints. 

Track,  ties,., 

Track,  rails 


Track,  special  work 

Track,  straight  and  apecial  work. 

Track,  straight  track 

Transformers,  station  service. . . . 
Transformers,  station  service. . . . 

Turbines,  steam 

Turbines,  water 

Turbines,  steam 

Wire,  trolley 


Wire,  trolley 

Wire,  trolley  No.    0,    under    I    min, 

headway 
Wire,  trolley   No.  00,    under    1    min. 

headway 
Wire,   trolley.  No.  000,  under   1  min. 

headway 

Wire,  weather  proof 

Wire,  weather  proof 

Wire,  weather  proof 


2.5 
10 

5 

6 

8.67 

5 

6.67 

4 

4 

S 

3.33 

3.33 

3.33 

6.67 

3 
10 

5 
20 

5 

6.67 

5 

3 

6 

5 

8 
10 

S 

5 
Dependent    on     ob- 
served wear 

8.33 
SO  %  wealing  value 

S.6 

5 

6.67 

b 

3.33 

6.67 
Allowance  of  80.S  lb. 
per  1,000  ft.  for  wear- 
wearing  value  of  No. 
0  wire 

Allowance  of  106.8 
lb.  for  No.  00  wire. 
50 

40 

33.3 

H.2S 
7.5 
50%  maintenance  cost 


Key  to 
authority 


•n.  FuneUonal  dapreetatlon  is  the  result  of  lack  of  adaptation  to 
function,  caused  by  obioleseano*  and  inadaqakejr.  Obsoleseenoe  is  due 
to  changes  or  advances  in  the  art  which  renders  a  piece  of  apparatus,  or  a 
whole  class  of  it,  obsolete  and  uneconomical  of  use,  as  compared  with  new 
types  which  have  been  developed  at  a  later  date  and  which  are  much  more 
efficient  (H.  G.  Stott,  Tran*.  A.  I.  E.  E.,  p.  1619,  1913). 
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Sec.  10-900 


•00.  Ufa  •zpeetenoy  of  aquipmant.    The  life  ezpeetaney  of  powei^ 
plant  equipment,  tskinc  functional  depreciation  into  account,  ia  aa  followi; ' 


Projwrty 


Total  life 
(yean) 


Scrap  value, 
per  cent,  of 
original  coat 


Buildinga 

Boilera,  atokera  and  fumacea 

Conveyers,  elevators  and  hoists 

Turbines,  complete 

Gnipnes  and  condensers 

Piping,  values  and  traps 

Pumps. . . '. 

Synenronoua  converters,  transformers,  and 

eitciters,  etc 

Switching  apparatua  and  inatrumenta 

Alternators 

Motors 

Tools  and  sundries 

St<vage  batteriea 


7« 
20 
30 
12 
12 
13 
12 

20 
13 
12 
30 
10 
10 


5 
5 
1 
10 
10 
3 
5 

10 
5 

10 

10 
3 

10 


001.  Berap  valua.  It  ia  obvious  that  in  computing  the  net  annual  amount 
of  depreciation  toe  scrap  value  of  the  apparatus  must  l>e  deducted  from  the 
ori^nal  or  first  cost. 

•Ot.  Method*  of  eaiinr  for  <lapreoiatlon.  Oharfioc  to  rapain  all 
raplaoemant  of  apparatus,  either  in  part  or  as  a  whole,  la  expected  in  many 
companies  to  care  for  depreciation.  Ordinary  repairs  will  not  prevent  a 
mscoine  from  finally  reaching  a  point,  due  to  wear  and  tear,  where  it  will 
have  to  be  replaced  and  in  small  companies  this  replacement  would  coat 
such  a  large  proportion  of  the  total  investment  that  it  is  desirable  to  accumu- 
late a  funa  for  the  purpnoae.  If  replacements  are  charged  to  repairs  this  item 
will  become  irregular  in  amount,  which  is  a  very  undesirable  condition. 
In  very  large  companies  the  irregularity  becomes  less  and  consequently  the 
method  can  be  used  with  success. 

•Of.  Tha  itndcht-Una  method  of  oomputinx  dapradation  is  based  on 
the  assumption  of  a  uniform  reduction  in  value.  It  is  commonly  asaumed 
that  the  accumulated  depreciation  fund,  under  this  method,  bears  no  interest, 
but  such  is  not  neceesarily  the  case.  The  method  has  the  great  advantage  of 
being  very  simple  in  application. 

MM.  Tha  amorUzation  or  «i»»vi»if  fund  method  of  computing  da- 
praeiation  assumes  that  the  accumulated  depreciation  fund  is  invested 
and  bears  interest.  The  effect  is  to  malce  the  annual  rate  less,  of  course,  than 
it  would  be  if  the  fund  bore  no  interest.  This  method  is  not  easy  of  appli- 
cation to  actual  conditions.  Some  authorities  consider  that  it  represents, 
more  nearly  than  the  straight-line  method,  the  depreciation  in  actual  value 
of  the  property  as  determined  by  what  a  purchaser  could  afford  to  pay  for  it. 

•Of.  Caloulatloni  of  dapradation,  by  whatever  method,  should  be 
made  sei>arately  for  each  type  of  equipment,  taking  |nto  account  its  expected 
life  and  its  scrap  value.  There  is  much  chance  Tor  error  in  deciding  on  a 
percentage  to  apply  to  an  entire  property,  and  if  uaed  it  should  be  determined 
from  a  detailed  calculation.  It  is  evidently  subject  to  some  variation  from 
time  to  time  as  new  equipment  is  added. 

•00.  Obiolaicanca  ia  commonly  regarded  aa  a  type  of  depreciation  to  be 
charged  to  the  cost  of  power.  This  is  not  necessarily  the  case.  Obso- 
lesoenoe  does  not  accrue  from  day  to  day,  like  physical  depreciation,  but 
accrues  coincidently  with  advances  in  the  art  resulting  in  new  and  more 
efficient  machinery  or  methods.  The  full  physical  life  of  equipment  is  poesi- 
ble  in  any  event,  whether  or  not  obsolescence  occurs,  and  the  question 
whether  a  piece  of  equipment  should  be  replaced  before  it  wears  out  is  de- 
terminable by  equating  the  saving  in  operating  expenses  against  increased 

•  Stott,  H.  G., 
1112. 


"Power  Costs";  Trant.  A.  I.  E.  E.,  1913.  Vol.  XXXII.  p. 
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fixed  charce*.     In  oompuing  different  types  of  plant*  it  !i  mideading  to 
conaider  obsoleaoenoe  as  different  for  the  various  tyiies. 

Physical  and  functional  dspreoiatiou  costs  must  not  be  added.  If  funo- 
tional  depreciation  will  shorten  the  expected  life  the  proper  rate  to  care  foe 
this  shortened  life  should  be  used,  wtiich  includes  physical  depreciation. 
Eminent  engineers  have  incorrectly  allowed  a  percentsge  for  physical 
depreciation  and  an  additional  percentage  for  functional  depreciation. 

•OT.  Bammary  of  B.  O.  Btott'l  OlaMUeation  of  OpwattiMt  aod 
Maintenuiee  Coati 

(Material  and  labor  separated  for  each  item) 


Production  costs 

Production  repairs,  oosts 

Management  and  oare 

Boiler  room 

Engine  room 

Electrical 

Fuel  for  steam 

Water  for  steam 

Lubricants 

Supplies 

Station  expense 

Qeneral 

Furnaces  and  boilers 

Boiler  accessories 

Enginee 

Engine  aeceasories 

Piping 

Electno  generators 

Electrical  accessories 

TooU 

Buildins 

OeneraT 

M>.  Power  eoit  dftta  given  in  this  section  of  the  handbook  represent  as 
nearly  as  possible  the  Dreiant  state  of  the  art  rather  than  old  imformation. 
For  instance,  a  gr«at  deal  of  data  are  available  in  reports  tothevarious  public 
service  commissions  which  gives  oosts  far  in  excess  of  these  indicated  here. 
In  almost  every  instance  the  reporting  companies  operated  plants  which 
eontain  a  great  deal  of  inefficient  apparatus  maintained  at  great  expense, 
but  for  less  cost  than  the  fixed  charges  of  new  apparatus.  Companies 
operating  modem  plants  also  frequently  operate  old  plants,  but  do  not  report 
them  lepsratelv.  While  these  reports  give  valuable  data  as  to  what  is  being 
done  under  old  designs,  they  are  of  little  use  for  the  pnrpoae  of  estimatlog 
sosts  in  truly  modern  plants. 

•M.  BolI«r  Room  Bquipmaat  Costa  par  Rated  Boilar  Hono-powor 
using  Coal  for  Fuel* 


DoUan  per  h.p. 


High 

Low 

•11.00 

ts.oo 

3.00 

0 

5. SO 

3.00 

3. SO 

2.00 

1.60 

0.76 

4.00 

2.00 

4.00 

0 

3.00 

0 

1.50 

0.80 

1.00 

0.40 

10.00 

S.OO 

1.36 

0 

1.00 

0.60 

Boilers  exclusive  of  masonry  setting 

Superheaters 

Stokers 

Masonry  settings  for  boilers 

Flues 

Stacks 

Economisets 

Mechanical  draft 

Feed  pumps 

Feed  heaters 

All  piping  and  pipe  covering 

Coal  chutes  and  ash  hoppers 

Various,  such  as  indicating  and  recor(Ung  devices, 
damper  regulator,  ladders  and  runways,  painting, 
etc.,  etc 

Totals 


180.25 


«23.15 


•Lyford  *  Stovel,  Proo.  E.  S.  of    W.  P.,  Jan.,  1912. 
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no.  OlMilfloatlon  of  op*i»tiit(  KpenMS.  A  vary  oomplete  form  of 
coat  Mialyau  has  been  ciTen  by  Mr.  H.  G.  Stott,  whoaa  paper*  should  be 
consulted  for  details.     Bis  summary  is  presented  in  Par.  908. 


Coftl  into  Blootrloityt 

B.t.u. 

Percent. 

B.t.a. 

Percent. 

1.  B.t.u.  per  pound  of  ooal  supplied 

2.  TiOflH  in  TUinttfi , 

14,150 

100. 

340 
3,212 

1,131 

2.4 

22.7 

8.0 

4.  Low  in  boiler  radifttion  and  leak* 
age," , 

firReturned  by  feed-water  heater. 
6.  Returned  by  Qcsonomiaer 

441 
960 

3.1 
6.8 

28 
223 
203 

162 
51 
31 

111 

36 

28 

8.524 

29 

0.2 
1.6 
1.4 

1.1 
0.4 
0.2 
0.8 
0.3 
0.2 
60.1 
0.2 

8.  Delivered  to  circulator 



10.  Loos  in  leakage  and  higb-preflsure 
dnpa 

11.  I>riivered  to  smRll  auz^iuries. . . 

15*.  H*ttt«T»ir 

13.  Leas  in'ensine  friction 

16.  Rejected  to  condenser 

15.551 
14,000 

109.9 
09.6 

14,099 

99.6 

1.452 

10.3 

•It.  Analyiis  of  Thurmal  Loua*  In  Power  Plknta  t 

Range  of  Common  Practice 


British  thermal  units  per  pound  of  fuel 

Average    yearly    overall   boiler   and    furnace 

efficiency 

Effective  British  thermal  units  per  pound  of 

fuel 


Boiler  pressure,  pounds  per  a<ciuare  inch,  gage 

Superheat,  degrees  Fahrenheit 

Average  feed-water  temperature,  degrees 
Fahrenheit 

British  thermal  units  per  pound  of  steam 
(approx.) 

Pounds  of  water  evaporated  per  pound  of  fuel, 
actual 

Pounds  of  fuel  per  standard  boiler  h.p.  (33,305 
b.  t.  u.  s) 

Average  overall  station  water  rate  kw 

Pounds  of  coal  per  k.w.  generated 

British  thermal  units  in  ooal  per  kw.  gen- 
erated  

Thermal  efficiency  of  station 


50 


14,000 
to 


70 


7,000 

125 

0 

to  9,800 
to      190 
to     125 

120 

to     200 

1,100 

to  1,100 

6.36 

to         8.91 

4.76 
30 
4.72 

to         3.40 
to       20 
to         3.35 

66,000  to  31,500 

6.2%  to         10.8% 


*  Stott,  H.  O.  and  Gorsuch,  W.  S.,  "Standardisation  of  Method  for  Deter- 
mining and  Comparing  Power  Costs  in  Steam  Plants;"  Trans.  A.  I.  E.  E., 
1913,  p.  1099. 

t  H.  G.  Stott,  "Powoplant  Economics,"  Trans.  A.  I.  E.  E.,  1906,  p.  3. 

}  Lyf  ord  A  Stovel,  Proc.  E.  S.  of  W.  P.,  Jan.,  1912. 
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•M.  Power  Plant  Coitt  per  Kilowatt 
(H.  G.  Stott) 


Min. 


Mu. 


Real  utste 

Excavation 

FouDdatioiw,  reciprocating  engines 

Foundatione.  turbine* 

Iron  and  steel  structure 

Building  (roof  and  main   floor) 

Qalleries,  floors,  and  platforms 

Tunnels,  intake  and  discharge 

Ash  storage  pocket 

Coal  hoisting  tower. 

Cranes  

Coal  and  ash  conveyors 

Ash  cars,  locomotives,  and  tracks 

Coal  and  ash  chutes 

Water  meters,  storage  tanks,  and  mains 

Stacks  

Boilers 

Boiler  setting 

Stokers 

Economisera 

Flues,  dampers,  and  repilators 

Forced  draft  blowers,  air  ducts 

Boiler,  feed,  and  other  pumps 

Feed-water  heaters 

Piping,  traps,  and  separators 

Pipe  covering 

Vdves 

Main  engines,  reciprocating 

Exciter  engines,  reciprocating 

Condensers,  barometric  or  jet 

Condensers,  surface 

Electric  generators 

Exciters 

Steam-turbine  units,  complete* 

Converters,  transformers  Diowets 

Switchboards,  complete 

Wiring  for  lights,  motors,  etc 

Oiling  system. 

Compressed  air  system  and  other  small  auxil.. 

Painting,  labor,  etc 

Extras 

Engineering  expenses  and  iiist>ection 


«3.00 

$7.00 

0.75 

1.26 

2.00 

3.00 

O.fiO 

0.76 

8.00 

10.00 

8.00 

10.00 

1.60 

2.60 

1.40 

2.80 

0.70 

1.60 

1.20 

2.00 

•0.40 

0.60 

2.00 

2.76 

0.15 

0.30 

0.40 

1.00 

0.60 

1.00 

1.26 

2.00 

9.60 

11.60 

1.25 

1.75 

1.30 

2.20 

1.30 

2.25 

0.80 

0.90 

1.25 

l.«6 

0.40 

0.79 

0.20 

0.36 

3.00 

5.00 

0.80 

1.00 

0.60 

1.00 

22.00 

30.00 

0.40 

0.70 

1.00 

2.60 

«.00 

7.60 

16.00 

22.00 

0.60 

0.80 

tio.oo 

tis.oo 

0.60 

1.00 

3.00 

3.00 

0.20 

0.30 

0.16 

0.36 

0.20 

0.30 

1.26 

1.7S 

2.00 

2.00 

4.00 

6.00 

•14.  Analyiii  ot  the  Average  LouM  in  the  Convenion  of  1  lb.  ot  Ooal 

Containing   12,500  B.t.u.  into  llactricttr. 

Producer  Qaa  Ingine  Pluitt 


B.t.u.             Per  cent.      1 

1.  Loss  in  gas  producer  and  auxiliaries 

2.  Loss  in  cooling  water  in  jackets 

2,500 

2,376 

3,750 

813 

62 

20.0 

19.0 

30.0 

6.5 

0.5 

4.  Loss  in  engine  fnction 

6.  Total  losses 

9,500 
3,000 

7«.0 
24.0 

12,600 

100.0 

*  Edited  by  Author. 

t  H.  O.  Stott,  "Power  Plant  Economica,"  Traru.  A.  I.  E.  E.,  1906,  p.  3. 
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Sec.  10-91  .<> 


•M.  Colt  of  1  H.  t.  P«r  Tair,  Compound  Condanalni  BncliMf , 
le-br.  bull.  SOS  Da]r«iMrT«W 

(Wm.  O.  Webber,  Eocineer  U.  S.,  Feb.  2,  1903,  p.  114) 


Siie  of  plant 

Horse-power 

200            600 

1,000 

2,000 

Cost  of  pIsDt  per  horae-power 

Fixed  chargee  at  14  per  cent 

Coal  per  horse-power  hour,  pounds 

Cost  of  fuel  at  S4.00  per  ton     

Attendance,  10-hr.  basis 

(146.00 
24.40 

6.5 
35.70 
10.00 
2.00 
68.10 
77.10 
68.10 
59.20 
50.25 

(85.00 

11.90 

4.5 

24.70 

5.40 

1.08 

43.08 

49.28 

43.08 

36.88 

30.73 

(80.00 

8.40 

2.5 

13.75 

3.50 

0.70 

26.35 

29.80 

26.36 

22.90 

19.47 

(56.00 

7.86 

1.5 

8.25 

3.00 

0.60 

19.70 

21.76 

19.70 

17.66 

15.57 

Oil,  waste,  supplies 

Total    

With  coal  at  »S.00  per  ton 

With  coal  at  S4.00  per  ton 

With  coal  at  13.00  per  ton 

With  coal  at  (2.00  per  ton 

IM.  bftinple  of  oparstlnc  azpanM.  Operating  cost  in  station  con- 
taining: one,  4,000  kw.  turbo-generator,  new;  two,  1,000  kw.  turbo-genera- 
toTS,  old;  one,  500  kw.  turbo-generator,  old;  six,  350  h.p.  hand-fired 
boilers.  Peak  load  4,455  kw.  Kw-hr.  generated,  11,970,000  kw-hr.  Year 
ending  June  30, 1913. 


Total 

Milb  per  kw-hr. 

1.  Fuel  delivered  in  boiler  room  average 
cost  S4  07  per  ton 

(56,728 

830 

1,601 

16,108 

810 

2,089 

3,088 

1,853 

4.742 
0.052 
0.134 
1.345 
0.068 
0.175 
0.258 
0.155 

2    Oil  ftiid  waste 

3.  Water 

4.  Wasea  in  station  incl.  superintendence 

8.  Tools  and  applianceSi  etc 

82,898 

6.929 

•IT.  Mfttlonkl  Beotrie  Light  Auodation,  Vorm  for  Powar  Oott 
B«eord.    (.Cotvkntd) 

7.  Steam     Kquipment:     mainte- 
nance, including  labor: 

(a)  Boilers  and  furnaces. 

(b)  Boiler  auxiliaries. 

(c)  Piping. 

(d)  Prime  movers. 

(e)  Mechanical  apparatus. 
(i)   Tools  and  instruments. 

8.  filectrical    Equipment:    main- 
tenance, including  labor: 

.  9.  Hydraulic^  Equipment:    main- 
tenance, including  labor .^ 

(a)  Dam  and  pipe  lines,  etc. 

(b)  Turbine  ana  gates. 

10.  Qas      Equipment:     mainte- 
nance, including  labor: 

(a)  Qas  engines  and  auxiliaries. 

(b)  Other  apparatus. 

11.  Purchased  Power. 


1.  Station  Wages:  . 

(a)  Superintendence  and  office 
force: 

(b)  Boiler  labor. 
(c1  Engine  labor. 

(d)  Electrical  labor. 

(e)  Miscellaneous  labor. 

2.  Fuel. 

3.  Water: 

(a)  Feed  water. 

(b)  Condensing  water. 

(c)  House  water. 

4.  Lubricants. 

5.  Station  supplies  and  expense: 

(a)  Supplies. 

(b)  Expense. 
0.  Station  Buildings:  maintenance, 

including  labor: 

(a)  Structure. 

(b)  Fittings. 


*  Gebbardt,  "Steam  Power  Plant  Engineering,"  p.  711. 
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8000       12000       1600O      »000      S4000      S8000 

E,W.  Total  Plant  Oapadtr  InataUed 

Fio.  141. — FUnt  installment  costs  (K.  D.  Dreyfus,  BUe.  /our.,  1912). 

•1(.  Cost  of  Produear  Ghu  Initall»ttoiu,  Itlt 
(Bureau  of  Mines  Bulletin  No.  55,  p.  29) 


Horse- 
power 

Cost  of 
■as  pro- 
ducer and 
engine 
erected, 
including 
founda- 
tions 

Cost  of 
complete 

plant, 
exclusive 
of  build- 
ings (a) 

Cost  of 

complete 

including 

buildings 

la) 

Cost  per  borse-power             | 

Gas  pro- 
ducer and 
engine 
erected, 
including 
founda- 
tions 

Complete 

plant, 
exclusive 
of  build- 
ings (a) 

Complete 

plant, 
including 
build- 
ings is) 

50 

100 

200 

200 

250 

300 

500 

600 

1,000 

1,000 

3,000 

$4,300 
6,250 
12,400 
13,200 
14,800 
17,000 
25,000 
32,500 
48,500 
56,000 
145,500 

»5.300 
7,800 
15,800 
16,200 
18,200 
22.000 
29,600 
47,600 
57,500 
84,000 
202,000 

$86.00 
62.50 
62.00 
66.00 
58.20 
56.85 
50.00 
65.00 
48.50 
56.00 
48.60 

S106.00 

78.00 
79.00 
81.00 
72.80 
73.35 
59.00 
95.00 
57.60 
84.00 
67.35 

•0,100 
17,500 

SOI.  00 
87.50 

■  M.SOO' 

79.36 

(a)  Includes  producer,  engine,  electric  generator,  piping,  switchboard  and 
auxiliaries,  all  erected  with  suitable  foundations. 

no.  Influence  of  load  taotor  on  ooit  of  power. 

(a)  Vized  charcei.  It  is  obvious  that  this  cost  varies  inversely  as  the 
load  factor.  It  is  important,  however,  that  the  proper  factor  be  used, 
namely  the  annual  capacity  factor  of  the  total  equipment  installed. 

(b)  OiMratinff  labor.  It  is  obvious  that  in  small  plants,  or  plants  of 
▼cry  few  units,  a  large  amount  of  labor  ii  unaSeeted  by  the  load  on  the 
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plBnt.  Aa  the  number  of  unite  incnaeea,  thia  portion  beeomee  relatively 
amaller.  It  ia  probable  that  the  ratio  of  full-load  labor  ooata  i>er  hour  to 
oo-load  coata  variea  from  2  to  I  in  planta  of  a  aingle  unit,  to  5  to  1  in  planta 
of  a  lanm  number  of  unita. 

(c)  The  <^oal  required  to  maintain  a  plant  read^  for  inatant  aerrice  with 
one  unit  running  at  no-load.  consiBta  of  that  required  for  iia  no-load  ateam, 
that  of  the  auxiliaries  and  that  for  banked  firea  under  sufficient  boiler  capa- 
city to  carry  the  peak  load.  Thia  tota>  no-load  coal  rangea  from  26  per 
cent,  of  full-load  ooal  in  a  plant  of  one  unit  to  8  per  cent,  in  a  plant  of  many 
unita. 

(d)  Operating  repairs  and  other  expenses  are  very  indefinite  and  un- 
certain except  over  a  long  period  of  time,  but  probably  vary  in  direct  pro- 
portion to  the  load,  thus  being  independent  of  the  load  factor. 
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1»       to        M        40       W 
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FiQ.    143. — Variation    in  ooal  con- 
sumption with  load  factor. 


(a)  Total  produetioii  ooat  at  no-load  varies  from  30  per  cent,  of 
that  at  full  load  in  plants  of  a  single  unit,  to  10  per  cent,  in  plants  having 
many  units.  Mr.  H.  G.  Stott  has  found  that  experience  shows  a  variation 
in  cost  per  kw.-hr.  inversely  as  the  fourth  root  of  the  load  faotoxs.  Curves 
showing  these  costs  are  given  in  Fi^.  142  and  143. 

(f)  Period  of  load  factor.  Since  the  no-load  ooets  in  a  station  are 
determined  largely  by  the  peak  load  expected  during  the  month  or  week, 
it  is  evident  that  load  factors  for  a  shorter  period  than  a  year  are  advisable. 
Possibly  the  average  daily  or  weekly  load  factor  will  give  the  beat  method  of 
oompanng  these  costs. 

Ml.  Comparison  of  power  cost*  In  dlffarant  plants  will  lead  to 
unreliable  results  unless  certain  fundamental  oonditiona  are  taken  into 
account.     The  chief  of  these  are: 

(»)  Oartklntr  thftt  costs  Induds  the  suns  Items  for  each  plant. 
Management,  general  expenses  and  building  repairs  are  frequently  omitted 
and  care  must  be  exercised  to  ascertain  just  what  makes_  up  the  total  coat. 
Hence  the  necessity  of  standard  methods  of  coat  accounting. 

(b)  Loftd  factors  if  different  require  reductions  of  costs  to  the  same 
basis.  Fixed  charges  are  inversely  as  the  first  ppwer,  and  operating  costs 
inversely  as  the  fourth  root  of  the  load  factors.  Variations  from  20  per 
cent,  to  60  per  cent,  can  be  compared  closely  by  this  method. 

(c)  Coal  costs  must  be  compared  on  some  common  basis  such  as  the 
cost  per  1,000,000  B.t.u.  available   after  deducting  the  B.t.u.  in  the   ash. 

(d)  Labor  costs  must  be  treated  similarly  on  the  basis  of  the  average 
wage  per  hour  per  man.  ... 

(a)  Fizsd  onarges  must  be  on  the  same  basis,  not  necessonly  with  the 
same  life  of  equipment,  but  with  the  same  method  of  figuring  depreciation 
costs.  It  is  fuso  important  to  know  how  much  spare  apparatus  is  being 
maintained  and  whether  or  not  the  plant  ia  complete,  or  one  in  which  there 
ia  room  for  considerable  additional  apparatus. 
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10       40       go       go      100 
Per  0«Dt  Load-  Fftctor 

Fia.  144.— Co<a  eoet  f  1 .  SO  per 
ton;  11,000  B.t.u.  per  lb.* 
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Sec.  10-D22  power  plasts 

Mt,  buaple  of  eomparUon  of  powar  ooita.  * 

Let  Ci,  C9»  total  cost  per  kw-hr.  in  pl&nta  1  and  2, 
/i,  Jt  — fizod  charges  per  kw-hr.  in  planta  1  and  2, 
Fu  Fffixel  oosta  per  Kw-hr.  in  planta  1  and  2, 
Lit  Id  ^  labor  coata  per  kw-hr.  in  plants  1  and  2, 
Oi,  Os  — total  other  costs  per  kw-hr.  in  planta  1  and  2, 
/i,  /i-co*t  per  1,000,000  B.t.u.  in  plants  I  and  2, 
iu  <!■■  average  hourly  wage  in  planta  1  and  2, 
Ru  At* average  daily  load  factors  in  planta  1  and  2. 

Ci'  —  total  cost  in  plant  2  reduced  to  plant  1  conditions. 
Example: 

Ci  —  6.6  mOIa  per  kw-hr.  C>  —  7.5  mills  per  kw-hr. 

7i  —  2.0  mills  per  kw-hr.  7>  —  2.S  mills  per  kw-hr. 

Ft  ••3.0  mills  per  kw-hr.  Fs-3.0  mills  per  kw-hr. 

Li  *  1.0  mills  per  kw-hr.  Li  ■■  1.5  mills  per  kw-hr. 

Oi* 0.5  mills  per  kw-hr.  Oi""0.5  mills  per  kw-hr. 

/i  - 10  cents  per  1,000,000  B.t.u.         /t  -  8  cents  per  1,000,000  B.t.a. 

ti "  30  cents  per  hour  ii  *  40  cents  per  hour 

A —  60  per  cent.  A— 40  per  cent. 

C.t-4;  +  [,,.^^H-^H-O.][«|l»-2.6X^-H[3.0xi« 

.M.6X^+0.5][«)» 

-2.0+I3.76  +  1.125+0.51  [0.0451-7.08  millfl  per  kw-hr. 

That  IB,  if  the  second  plant  were  operated  under  the  same  labor  and 
fuel  cost  and  the  same  load  factor  as  the  first  plant,  it  would  cost  7.08  mills 
per  kw-hr.,  as  against  0.5  mills;  this  is  less  efficient  operation,  but  not  as  bad 
as  indicated  by  the  uncorrected  figures.  The  correction  for  fixed  charges 
should  more  properly  have  been  made  on  the  basis  of  annual  load  factors. 

MS.  Suitability  of  different  types  of  power  pUntt.  Steam - 
electric  plants  are  moat  suitable  under  conditions  of  moderate  or  low  load 
factor  and  fuel  costs.  Gas-driven  and  hydraulic-c^eotrio  plants  are  siut- 
able  only  with  high  load  factors  and  file!  costs. 

The  •teftm-enrlna-driTen  pl&nt  is  suitable  only  in  small  siseB  or  where 
it  is  necessary  to  run  non- condensing,  under  which  conditions  it  is  more 
economical  than  the  turbine.     It  is  more  expensive  in  first  cost  in  all  sixes. 

The  stoaxn-turbine-driYen  ^lant  is  of  general  adaptatnlity  to  all  sisea 
and  loads  with  the  above  exceptions. 

Thelow-preHure  turbine  offers  a  very  satisfactory  and  moat  economical 
method  of  extending  existing  engine-driven  plants  with  economy  equal  to 
best  modern  practice.     It  has  little  advantage  for  new  plants,  however. 

das-engine  driven-plants  are  most  suitable  in  small  sixes  where  first 
cost  is  not  greatly  in  excess  of  that  of  steam  plants,  and  where  the  differ- 
ence in  economy  is  much  greater.  Larger  sixes  have  excessive  investment 
costs  and  expensive  maintenance  which  are  balanced  by  fuel  saving  only 
with  high  load  factors  and  steady  load. 

Hydraulic  planti  are  suitable  when  there  is  a  use  or  market  for  a  seasonal 
delivery  of  power  at  high  load  factor.  Very  few  plants,  except  at  Niagara, 
have  a  summer  output  in  excess  of  25  per  cent,  oi  rating. 

914.  Modem  tendencies  in  power-plant  design  point  to  inexpensive 
plants  of  high  operating  economy.  Expense  of  construction  is  reduced  by 
simplicity  in  design,  using  few  large  units;  reliability  is  secured  by  the  use  of 
the  highest  quality  of  materials  and  apparatus  rattier  than  by  duplication, 
with  its  attendant  complication.  Operating  econocp^  is  secured  through 
better  control  of  combustion,  the  use  of  highly  efficient  apparatus  whose 
efficiency  adds  relatively  little  to  the  coat  of  the  entire  plant,  and  the  attend- 
ant reduction  in  labor  cost  through  the  simplicity  of  the  plant  and  the 
small  number  of  operating  units.  The  development  of  stokers  allowing  very 
high  rates  of  evaporation  in  the  boilers  with  high  economy,  has  reduced  the 
investment  costs  in  boiler  equipment  and  building  and  also  improved  operat- 
ing economy  by  reducing  the  amount  of  coal  consumed  in  banked  firas. 
There  is  a  strong  tendency  toward  compactness  of  layout,  allowing  only 

*  Adapted  from  Stott,  H.  O.,  Gorauch,  W.  S.,  Tratu.  A.  I.  I.  £. 
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■offioiMkt  floor  apaoe  for  tlie  diim«ntliii«  of  apparstu*  dnring  npur.  The 
perfection  of  the  meohanioal  deaign  of  tuibo-generstois  permita  the  um  of 
skeleton  fonndationi  in  which  the  condMiaer  <Mn  be  placed  with  great  tpace 
economy.  The  electrical  awitchins  e<|uipnwnt  still  has  a  tendency  toward 
expensive  complication,  whieh  the  writer  beliares  will  gradually  give  way  to 
simplicity  and  ruggedneaa,  except  ill  tlM  largest  idants. 

tU.  Iinpr«iTem«nt«t«eonomy «t  oxlttlnK  plants  reqniiea,  firstof all,  an 
•oourate  knowledge  of  all  the  elements  entering  into  the  cost  in  that  particular 
plant,  and  then  a  gradual  elimination  of  the  elementa  producing  inefficiency. 

M(.  Boiler-room  praetiee  affords  probably  the  most  fraitfnl  6eld  for 
hnprovement,  as  it  has  hitherto  been  the  most  neglected.  Numerous  instru- 
ments,  meters  and  devices  are  on  the  market  which  make  possible  a  continual 
check  on  the  efficiency  of  the  boiler  room.  It  is  not  only  possible  to  know  the 
overall  efficiency,  but  to  determine  readily  Just  what  are  the  causes  of  in- 
efficiency; there  are  automatic  devices,  alsOi  which  remove  some  of  these 
causes.  A  careful  study  should  be  made  as  to  the  variation  in  efficiency 
with  peak  load  and  load  factor,  so  that  the  inherent  improvement  in  economy 
with  good  load  factor  shall  not  be  mist^en  for  the  results  of  better  operation. 
Determinations  should  be  made  as  to  the  proper  number  of  boilen  to  use, 
the  relation  between  active  fire  hours  and  banked  fire  hours,  and  just  when  it 
is  profitable  to  let  the  fires  go  out.  It  is  highly  impftrtant  that  the  boilers 
themselves  be  kept  clean  both  inside  and  out;  means  are  available  to  facili- 
tate this  work,  both  chemical  and  mechanical.  The  firemen  should  be  care- 
fully instructed  in  proper  methods  of  firing  and  closely  watched  to  see  that 
they  follow  instructions. 

MT.  Ingine  or  tnrbin*  room  op«r«tlon  offers  a  leas  fruitful  field  for 
improvement  since  the  inherent  economy  of  the  units,  more  pvticularly  of 
the  turbines,  is  less  under  the  control  of  the  operators,  with  en^ea, 
however,  it  is  highly  imjiortant  that  v<dve  settings  lie  maintained  properly. 
The  proper  loading  of  units  has  some  influence  on  economy.  The  balance  of 
exhaust  steam  produced  and  that  needed  for  feed-water  heating  is  par- 
ticularly important  at  light  loads,  when  ordinarily  there  is  an  excess  of  steam 
which  is  wholly  wasted.  Electric  drive  of  some  of  the  auxiliaries  frequently 
serves  as  a  coneotive.  Air  leakage  into  the  condenser  is  an  important 
source  of  loss. 

ns.  Ilsetrle«l  OMratton  offan  »  relstivsly  limited  field  for  improve- 
ment in  economy.  It  is  frequently  possible,  however,  by  rearranging  the 
ventilation  of  windings  and  keeping  them  properly  clean,  to  carry  a  batter 
average  load  on  the  prime  movers,  which  adds  to  the  economy  and  also  to 
the  effectiva  aiae  of  tne  station. 

M>.  Labor  Shifts.  Labor  costs  ean  frscjusntly  be  reduced  by  arrsnt^ng 
overlapping  shifts,  thus  providing  the  neeassary  men  during  peak  loadS| 
without  unneceaaa^  men  before  and  after.  The  efficiency  of  labor  should 
be  measured  not  alone  by  its  cost  per  kw-hr.,  but  by  the  eost  per  unit  of 
work  performed. 

'  ttO.  Bapairt  should  be  made  as  soon  as  their  tiaeearity  is  diaeovaied.  A 
high  grade  of  maintenance  is  usually  cheaper  than  lax  maintenance,  and 
increases  ths  effective  life  of  the  apparatus. 

Ml.  leonomr  In  rallies  does  not  mean  cheap  matsrials,  but  tb« 
choice  of  those  best  adapted  to  the  work  and  whieh  give  the  lowest  total 
cost  for  the  object  accomplished. 
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SECTION  11 


POWER  TRANSMISSION 

TRAN8MI8BION  BT8TXX8 

1.  87ft«ms  In  eonunon  UM.  There  are  three  systems  in  common  use 
to-day:  the  direot-curreot  (Tbury)  system,  abroad  only;  the  sinffle-phase 
system,  in  railway  work;  and  the  three-phase  system,  for  general  tranamission. 
These  systems  may  be  compared  as  follows,  in  terms  of  effeotive  eurrent 
and  voltage.  


Dircet-eorrant : 

Current  per  wire  —J 

Voltage  between  wires  —  B 
Voltage  to  neutral        -£/2 
Power  -EI 


Bingle-phaae : 

Current  per  wire  —  J 

Voltage  between  wires  -  B 
Voltage  to  neutral         -B/i 
Power  —EI  COS  a 


Tbrae-pbsM : 

Current  per  wire  —J 

Voltage  between  wiree  —  E 
Voltage  to  neutral        -E/V3 
Power  -  V3SI  cos  ( 


(£> 


?f- 


-(£) 


t.  Copper  afflGianey  of  the  varloui  (Tttaou 

(Comparisons  based  on  effective  values) 

• 

Relative 
current 
per  wire 

Relative 

e.m.f. 
between 

RelaUve 

loss  per 

wire 

Total 

relative 

oonduotor 

weight 

Direct-euirant : 

Same  max.  pressure.. 
Same  effective  pros- 

70.7 
100 

141 

too 

£0 
100 

SO 
100 

Single-phase 

100 

100 

100 

100 

Three-phase 

57.7 

100 

68.7 

75 

» 


S.  Dlraet-eurrent  (Thurr)  lyatein.t  Direct-current  transmission  is 
at  present  limited  by  the  dimoulty  of  obtaining  a  voltape  sufficiently  high 
for  economical  transmission,  but  Thury  has  developed  in  Europe  a  higo- 
voltage,  direct-eurrent  system,  and  a  number  of  such  plants  are  at  present 

*  Voltage  between  wires,  transmission  distance,  power  transmitted  and 
power  loss  are  fixed;  unity  power-factor  assumed.  With  the  same  effective 
voltage  to  ntuInU,  all  systems  have  the  same  copper  efficiency. 

tSee  Bibliography,  Far.  Ml,  No.'s  11,  12  and  13. 
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(iTins  aatiflfactory  aerriee  (Pis.  1).  The  requii«d  line  voltace  is  obtained  by 
coimeoting  Miieft-wouixd  gezMraton,  ia  aenes.  ^  voltage  per  oonunvtator 
ranipns  from  1,300  to  4,000  volta.  Each  geDerstor  ia  mounted  on  an  inau- 
lated  ^atform  and  connected  to  ita  prime  mover  by  an  inaulated  coupling. 
When  not  in  use,  the  generator  ia  ahort-circuited.  In  tUa  ayatem  the  current 
ia  maintained  conatant  by  automatio  devices  which  control  the  prime-mover 
ai>eed,  shift  the  bruahea,  and  ahunt  the  field,  and  the  voltage  ia  made  to  vary 
with  the  load.  The  power  ia  delivered  to  motMV  aimilar  in  conatnietion  to 
the  generatora.  The  motor  speed  ia  contr(^led  by  ahifting  the  bruahea,  and 
BimaJtanaously  ahuntin^  the  field.  Line  volta^a  wproximating  70,000  volta 
'nuae,  and  a  tranamiaaiondiataneeirf  112i  "         -     ••     > 


t  milea  (Mou tier-Lyons)  ha«  been 

-PqopoooI 


iHMoti   IMai  f«M<>l   TiiVMn 

m  Tala  t        W°  Valli  U  Tilu  J—XU  TillaJ*^ 

Flo.  1.— Typical  Thury  system. 

4.  AdraatefM  olalmed  for  Thury  ■ntsm:  (a)  pomi-taxtoi  always 
unity;  (b)  hisher  effective  pressuree  for  the  same  Una  insulation  (testa  by 
Thury  indicate  that  with  given  line  insulation,  direct  current  may  be  twice 
the  altematinE  current  voltage).  The  maximum  pressure  occurs  only  during 
maximum  loads;  (c)  no  dielectric  losses;  (d)  two  wires  only  to  be  insulated; 

(e)  underground  single-conductor  cable  can  be  obtained  for  60,000  rolta,  and 
with  grounded  neutral,  the  line  pressure  would  be  120,000  volts;  (f)  no 
inductance  or  oapadty  trouble*  such  as  surges  and  abnormal  voltam  rises; 
Oe)  a  number  of  stations  can  be  operated  in  series  and  a  station  can  De  con- 
nected to  the  line  at  any 'point;  (h)  switching  arrangements  very  simple; 
(i)  in  hydraulic  stations  under  variable  head,  greater  efficiency  can  be 
obtaineasince  constant  speed  ia  unnecessary;  (j)  adapted  for  industrial  work 
requiring  constant  torque;  (k)  line  npain  can  be  easily  and  safely  made  while 
the  line  la  in  operation  after  grounding  the  conductor  at  the  point  in  question 
(not  applicable  to  systems  with  grounded  neutral). 

i.  DiMtdraatacai  of  Thury  i^itam:  (a)  insulated  floors  and  couplings; 
(b)  generating  units  must  necessarily  be  of  moderate  capacity,  though  several 
generators  may  be  connected  to  one  prime  mover;  (c)  the  line  loss  is  constant 
and  independent  of  the  load,  although  the  current  may  be  somewhat  de- 
creased on  light  loads;  (d)  constant-head  water-wheel  not  ideal  for  constant 
current  (variable  speed);  (e)  special  regulating  devices  required  on  motors; 

(f)  impossibility  of  securing  overload  torque  on  the  motors,  even  for  a  short 
period;  (g)  greater  liability  of  dama^  to  generators,  due  to  lightning,  and 
nenoe  more  expensive  protective  devices  are  required 

t.  Sin^s-phmse  lyitanu,  except  in  occasional  railway  installations, 
are  little  used  in  transmitting  lar^e  amounts  of  ener^  for  jgreat  distances, 
since  for  a  given  voltage  between  hues,  the  copper  effideno^  is  76  per  cent,  of 
that  of  the  three-phase  system.  For  power  purposes  the  smgle-pnase  motor 
is  leas  satisfactory  than  the  polyphase  motor.  The  output  of  a  given  single- 
phase  generator  is  leas  than  when  pdyphase  wound. 

T.  Thre«-phan  aystemi.  Three-phase  transmission  and  distribution 
are  superseding  the  other  systems,  due  to  greater  copper  efficiency,  the 
balanced  condition  of  voltaj^  (even  under  unbalanced  loads)  and  the  smaller 
number  of  conductors  required  in  comparison  with  the  two-phase  system. 
The  great  flexibility  of  the  three-phase  system,  and  ita  advantages  with 
respect  to  the  use  of  both  induction  and  syaofaroiious  machinery,  are  also 
important  conaideratioii*  in  its  favor. 
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Sec.  11-8  POWBR  TgANSUiaSlON 

SUOTBZOAL  OALOVLAnOMS 
S.  Th«  raquirgd  ilia  of  conductor  (or  «  direct-current  line  may  be 

readily  eatimated.  With  a  riven  power,  P,  to  be  delivered  at  voltage, 
B,  the  value  of  current,  I,  is  aetcrmined  from  the  relation: 

I  -^  (amp.)  (1) 

One  mil-foot  of  cooper  has  a  reniatanoe  of  about  10  ohms  at  15  dec.  cent. 
(63  deg.  fahr.)'  If  tne  conductor  is  operated  at  a  normal  current  density  at 
0.001  amp.  per  cir.  mil,  the  drop  per  ft.  will  be  0.01  volt,  regardless  of  the 
aise  of  conductor. 

9.  The  total  Toltage  drop  may  be  expressed: 

«-0.01Xf  (volta)  (2) 

where  I  is  the  total  length  of  conductor  in  ft.  If  the  current  density  is 
different  from  this  normal  value,  <  will  be  in  direct  proportion  to  the  current 
density.  Thus,  if  the  density  ia  1  amp,  per  1,200  cir.  mita,  and  l«  100,000  ft., 
then  e -0.01X100,000  (1,000/1,200)  -833  volts. 

10.  Ifllcleney  of  trMumission  may  be  expressed: 

1-^100  (percent.)  (3) 

If  the  receiver  voltage  in  the  above  case  were  10,fi00,  then  « — 
10^/(10,500+833)  or  02.6  per  cent. 

Power  lost  per  mil-foot  of  copper  at  the  normal  density  is  represented  by 
the  expression: 

/V-(10r»)t  10-10r»  (watta)  (4) 

Total  power  lost  at  the  normal  density  is 

r«fi-10-«Xc.m.Xf  (watte)  (5) 

where  e.m.  is  the  conductor  cross-section  in  cir.  mils,  and  I  is  the  total  length 
of  conductor  in  ft.  If  the  current  density  differs  from  the  normal,  the 
right-hand  side  of  Eq.  5  must  be  multiplied  Dy  the  square  of  the  ratio  of  the 
densities.  Constant  current  high-voltage  systems  are  usually  so  designed 
that  the  line  losses  are  kept  within  prescribed  limits. 

11.  Bumipla  of  deiign.  Required  to  transmit  2,000  kw.  15  miles,  with 
10  per  cent,  fine  loss. 

It  is  customary  to  allow  1,000  volts  per  transmission  mile,  but  this  may  Ise 
modified  somewhat  by  considerations  of  line  cost.  Assuming  a  pressure  at 
the  receiver  of  15,000  volte.  J -2,000,000/15,000-  133  amp.  TheDermis- 
sible  voltage  drop  — 1,500.  Let  e'  —  voltage  drop  at  normal  current  oenaity; 
then  «'-0.01X30X5,280- 1,684  volts  at  normal  density.     Actual  density 

1  500 
must  be  .'--^  amperes  per  1,000  cir.  mils.     Hence  the  cir.  mils  required  are 

1  RM 
133  X  r^  X  1,000 -140,000. 
1,500 

U.  TherecuUtionaadeflleicnoyof  »ilnfI«-i>haMor»grininstrie»l 
polyphase  system  may  be  calculated  b^  considering  one  eonduotor  only, 
assuming  a  neutral  which  has  sero  resistance  and  sero  reactance,  aa  tne 
return  wire.  A  three-phase  svstem  may  also  be  treated  as  a  single-phase 
system  transmitting  one-half  tiie  power. 

U.  Altamatinf-ourrent  truumiaalon-llna  ealeuUtlons.  A  single- 
phase  or  symmetrical  polyphase  system  having  resistance  per  wire  B  ohms 
and  reactance  per  wire  X  ohms  and  a  load  current  to  neutral  of  /  (amp.) 
at  power-factor,  cos  8,  is  represented  in  Fig.  2  and  the  voltage  relations  are 
shown  vectorially  in  Fig.  3.     The  electrostatic  capacity  is  assumed  negligible. 

Knowing  the  receiver  voltage,  £r,  the  generator  vdtage,  £t>  may  be  readily 

calculated. 

S,-  V(«r  cos  »+/H)«  +  (J,  sin  »+IX)'  (6) 

Per  cent,  regulation--?-- '100  (7) 

ISr 
TTitt    •  BrT  COS  $  /„ 

Em«.n.y-^j--^—j,j^  (8) 
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II  Bf  it  fixed  and  it  16  desired  to  detenmne  Br  (B)  may  1m  uaed,  but  a 
cumbereome  quadratic  equation  aa  a  rule  reeults.  For  practical  work,  the 
regulation  may  be  aasumed,  the  value  of  Er  determined  from  (7)  and  eubeti- 
tuted  in  (0).  If  the  calculated  regulation  then  differs  materially  from  that 
assumed,  another  trial  may  be  necessary.  If  the  receiver  rather  than  the 
generator  voltage  be  6xed,  the 
problem  is  muen  simplified. 

14.  Sxunpla  of  ilnfle- 
phaae  oalculatlon.  Trans- 
mission distance.  20  miles; 
generating      voltage,      33,000 

volts;  frequency,  60  cycles  per  £^11^  /  ,p 

sec.,  full-load  power-factor,  88  ^^  '  ■'" 

per  cent.,  spacing  of  wires,  48 
in. ;  permissible  line  loas,  ID 
per  cent,  of  power  generated. 


»  /  _£_ 


7~n- 


>.r.-o«0 


Fu.  2. — ^EqoiTalent  trans- 
mission line  to  neutral. 


Flo.  3. — Vec^r  diagram  of  transmission 
line. 


Assumed  power  at  receiver -■  5,000  kw.  Assuming  16  per  cent,  regula- 
tion, the  e.m.f.  at  the  receiver  equals  28,700  volts,  and  the  voltage  from 
wire  to  neutral  at  the  receiver  is  14,360  volts.  Current  per  wire». 
fi,000,000/(28,700  X0.86)  »  206  amp.  Loss  per  wire  -  (0. 10/0.90)  X  (6.000/2) 
-278  kw.  Resistance  per  wire -278,000/(206)  >- 6.61  ohms.  Resiatanoa 
per  mile-6.61/20-0.331-  ohms. 

From  the  table  of  Par.  U  the  nearest  sise  of  wire  is  No.  000  A.W.O.  copper 
having  0.338  ohms  per  mile  or  a  total  resistance  (20  miles)  of  6.72  ohms.  ' 

Reactance  per  mile  (Par.  40)  of  single  conduetor,  0.692  ohms.  Total 
reactance,  13.84  ohms.     Substituting  in  (6) 

S,  -  v1(14,350X0.85) +  (206X8. 72)  ]«-(-[(14,350X0.627)-Ka06Xl3.»4))« 
-17,070  TOhs. 

Regulation- i^:5Z^=^^l00-18.«6  per  cent. 
i4,30U 

The  calculation  shows  material  error.     Assume  19  per  cent,  regulation,  and 

'>-V«13,870X0.86)-)-(212X6.72)l'-|-[(lS,870X0.627)  +  (212X13.84)l< 
-16,690  volts. 

18  800 13  870 

The  calculated  regulation  is  then  — '   i^  syn' 100—20.3  per  cent.    As 

this  cheeks  closely  wltli  the  19  per  cent,  regulation  assumed,  another  trial 
is  unnecessary,  umeas  greater  rennement  is  desired. 
.  The  elBeienoy  then  beeomes  1  -  2,500/[2,500  -)-  (205)  <6.72]  or  00  per  cent. 

With  aluminum  as  the  oooductor,  the  reactance  drop  would  be  slightly 
leas. 

1(.  bunple  of  thrM-pluM  oletilatfam  of  a  line  having  the  same  con- 
stants as  are  given  in  Par.  14.  Transmission  distance,  20  miles;  generating 
station  line  voltage,  83,000  volts;  frequency,  60  cycles;  load  power-factor, 
85  per  cent.;  spsoinc  of  wires,  48  in.;  permissible  une  loss,  10  per  cent,  of 
power  generated;  power  at  receiver,  6,0u(>  kw. ;  voltage  to  neutral,  generating 
station  33,000/ V3- 19,060  volts.  Assuming  16  per  cent,  regulation, 
voltage  at  receiving  station  — 10,060/1.15  - 16,670  volts.  Current  per  wire  - 
6,000,000/(3X16,670X0.860) -118.4  amp.      Loss  per  wire,   to   neutral- 

^^~  X  ^  - 186  kw.      R«»istance  per  wire  - 185,000/(1 18.4)'  - 18.20  ohms. 

Resistance  per  mile -13.20/20 -0.660  ohms. 
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IVom  Par.  SB  the  nearest  win  use  is  No.  1  A.W.a.  which  has  a  leaiat 
anoe  of  0.672  ohnu  per  mils. 

Total   rasistsQce-  30X0.079-13.44    ohms. 

Reactance  per  mile  (Table  40) 0.734  ohms. 

Total  reactance 14.68    ohms. 

Substitutinji  in  (6) 

«t-Vt(16,570X0.85)+(U8.4X13.44)]«+|(16,570X0.827)  +  (118.4X14.68)l 
- 18,840  volts. 

Regulation  -  ^^'**^~'°'°^°100  or  13.70  per  cent. 

This  checks  well  enough  with  the  15  i>er  cent,  reffulfttion  assumed. 

Efficiency 

'  -  i««.rn,^l°MT.wi:...  -  1.667.000/1.8M.OOO  or  90  per  cent. 


U. 


1,667,000+ (118.4)'13.44 
Vm    of    oomplex   quantitr. 


Analytical  sotutiona  of  problenu 
involving  vector,  quantitiei 
jj^glaf  may  be  made  by  resolvinf 
escn  vector  into  two  oompo- 
nents,  one  along  a  horisonta! 
or  X  axis,  called  the  axis  oi 
reals,  and  the  other  alons 
the  vertical,  or  Y  axis,  called 
the  axia  of  imaginaries.  The 
vQt  latter  component  is  preceded 
■laf  by  i-CV-l)  with  +  or  - 
sign  according  to  whether  it 
leads  or  lags  with  respect  tc 
the  positive  real  component, 
lag  being  measured  in  a 
clockwise  airection, 

Fw.  4.-Vector  diagram  of  transmission  line  „.^  "Ifil^^'S?  ^.'''i' 
using  co.i:S?x,uanUtie..  ."^SL£t'X°*U  «ofv^ 

along  £r. 


B,-e+}t'-Sr+I  (cos  t-j  m  »)  <fi+  jX) 


(0) 


Each  quantity  represented  in  Tig.  4  is  obtained  by  performing  the  mul- 
tiplication in  (9).  (The  effect  of  each  component  of  current  is  treated  as 
if  the  other  did  not  exist.) 

IT.  bampla  of  analytioal  lolntion  of  three-phase  lime  uainc  eom- 
pUz  quantl^.     Consider  the  problem  <rf  Par.  II. 

Hero  E,- 16,570  + 118.4(0.860 -iO.S27)(13.44+J14.68)- 16.570 -H,354  + 

yi479-i840.0  +  917-  18,840+y639.     Hence  F,-\/l8,840«+639»- 18,840 

Regulation-^^'^":'°'"°100- 13.70  per  cent.,  as  before. 
Io,o70 

r»  r  g  r  a  r  0- 


Heatrsl 
Fia.  5. — ^Equivalent  transmission  line  showing  capacity  and  leakage. 

IS.  Line  eapaclty  has  negligible  effect  on  short  or  low-voltage  linea,  and, 
for  such  UoQs,  may  be  neglected.  On  the  longer  lines  of  higher  voltage  the 
line  charging  current  has  a  marked  influence  on  the  line  regulation,  and 
I  must  be  considered  in  the  design  of  the  Una. 
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If.  A  trMlimtllton  line  may  be  repreBentad  by  a  single  conductor 
havinc  a  nmJorm  linear  resistance  (R^r  +  r-irr)  and  reactance  iX-x  + 
ttalJ!^^  '"5^'°?"i'?  aumber  of  leaks  (,,  ,,  ,,)  and  condenser,  or  capacity 
tC  JiJ?.^  ^rJ'  'i'*""  P.*™"?  between  the  line  and  neutral  (see  r1«.  S). 
Zi  „SSHi.?  *'^"'*'  *«»t»>™t  of  ■""••  a  line  is  rather  oompUcated"  ami 
for  praotical  porpoee.  the  bne  capacity  may  be  considered  as  wncentl-ated 
BA     X/i       Bfi    X/2  „  r 


Flo.  B. — Nominal  "T"  line.  Fio.  7. — Xominal  "r"  line, 

at  the  centre  of  the  line  (Fig.  6),  or  in  two  condensers,  each  of  one-half  this 
oapaeity  and  placed  at  opposite  ends  of  the  line  (Fig.  7).  The  former  is 
termed  a  nominal  T'  and  the  latter  a  nominal  ir,  *  or  a  split  condenser. 
In  the  former  case  the  entire  charging  current  flows  over  half  the  line  and 
in  the  latter  case  one-half  the  charging  current  flows  over  the  entire  line. 
The  leakage  current  can  usually  be  negleeted.  Where  the  oorona  and 
insulator  losses  are  not  negligible 
their  effect  may  be  inclu^dT  If 
the  transformers  are  to  be  in- 
cluded with  the  line,  their  equiv- 
alent single-phase  re^stance  and 
leakage  reactance  must  be  added 
to  the  line  reeistance  and  reac- 
tance respectively;  the  energy 
component  of  the  no-load  cur- 
rent must  be  added  to  the  line- 
leakage  current  and  the  quadra- 
ture component  or  magnetising 
current  must  be  subtracted  from 
the  line-charging  current. 

M.   Voltaga     distribution. 
The    true    voltage   distribution 
and    the    approximate    voltage 
distribution  for  a  ISO-mile,  lSO,(XX>-volt  line  are  shown  in  Fig.  8.     It  will  be 
noticed  that  the  difference  is  very  alight,  especially  near  the  ends. 

SI.  Th«eliarginc  ouirent  for  a  given  voltage,  £i^  is    ' 

I.-'2x/SjC  (amp.)  (10) 

where  /  is  the  frequency  in  cycles  per  sec.  Be  the  pressure  across  the  con- 
denser terminals  in  volts,  and  (7  the  condenser  capacity  in  farads.  The  values 
of  /•  for  different  spacing  and  sises  of  conductor  are  given  in  Par.  4S,  4S. 

,IK 

iy,  J54    R/,  x/. 


Mlhii 
8.— Voltage  drop  in  line. 


Flo.  0.— Nominal  "T"  Une.  Fio.  10.— Vector  diagram  of  nominal 

"T"line.  Power-factor  -  1.0. 
M.  A  nominal  "T"  Una  is  shown  in  Fig.  9,  and  Fig.  10  shows  the  vector 
relations  in  the  oiroait  for  unity  power-factor  load.  Fig.  11  gives  the 
vector  diagram  when  the  load  current  lags  by  an  angle  9  with  respect  to  the 
load  voltage.  It  wiU  be  observed  that  the  condenser  charging  current  is 
in  quadrature  with  and  leading  the  voltage  E.,  consequently  the  IR  drop 
leads  Be  by  90  deft,  and  iX  leads  B,  180  deg.  It  will  also  be  noted  that  B. 
i»  at  some  potential  between  B,  and  Br,  but  for  practical  considerations,  B, 
IS  assumed  equal  to  Br,  and  no  appreciable  error  results.     In  fact,  the  cal- 


*  See  BibUosraphy  16. 
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culated  obarciiis  current  may  be  in  error  many  time*  thia  amount,  due  to 

the  fact  that  the  e.m.f.  wave  of  the  alt^- 
nator  may  differ  appreciably  fromasinfr- 
wave.  This  lait  faotor  should  be  care- 
fully inveetigated  if  a  bish  decree  of 
accuracy  ia  deaired.  It  ia  evident,  from 
inapectioiL  that  Figa.  10  and  11  are  not 
capable  of  umple  geometrical  lolution. 

Loid 


Flo.    11. — ^Vector  diagram     of  Fio.  12. — Nominal  "ir"  line, 

nominal  "T"  line.     Fower-factor 
-  coa*. 

tt.  A  l^^^^^^nf^l  w  Uiie  ia  shown  in  Fig.  12,  and  the  vector  diagram  is  shown 
in  Fig.  13.  The  condenser  current  /•/2  leads  B,  by  an  angle  of  90  deg., 
and  is  readily  combined  with  the  current  /  to  form  the  total  current  /«. 

/.-•v/W  cos  »)'+(!  sin  »-/./2)'  (11) 

oos«.-/ COS*//.  (12) 

where  cos  t  and  cos  tt  are  the  load  and  resultant  power-factors,  reepectivnly. 

Sin  9  becomes  negative,  when  /  leads  £ „  but  the  square  of  the  second  term 

under  the  radicalstill  remains  positive. 

The  problem  is  then  treated  Dy  the  method  employed  in  Par.  IS  to  IT. 


loX 


tx. 


Er  * 


lb) 
Flo.  13. — Vector  Hiagf«nn  showing  effect  of  line  charging  current. 

14.  bample  of  calculation  of  a  thrM-phaaa  ■yitain  with  capacity 
oonsldend.  Power  to  be  transmitted,  S0,000  kw.  Substation  e.m.f., 
140,000  volts.  Distance,  120  miles.  Freqneney,  60  oydee.  Full-load 
power-factor,  90  per  cent.  Spacing  of  wires,  108  in.  Allowable  power  loss  in 
line,  10  per  cent,  of  power  at  receiver.  Power  loet  in  each  wire — 5,000,(XIO/3 
-1,967,000  watts.  Voltage  to  neutral  (receiver) -140,000/V3- 80,830. 
T      J  ^  80.000,000  ,„„  _    ^ 

Load  current  per  '"W-3x8o,830X0.90"''^'  •"•*•  »~»*""  P* 
wire-l,667,000/(229.2)<-31.7S  ohms.  Resistance  per  mile -31.76/120 - 
0.2648  ohms. 

From  Table  M,  0000  copper  or  336,420  cir.  mil.  aluminum  have  the 
nearest  resistance,  0.2667  onm  per  mile.  The  total  resistance  ia  0.2667 
X 120  — 32  ohms.  From  Table  41,  by  interpolation,  the  reactance  per  mile 
of  wire-0.795  ohm.  Total  reactance-0.79SX  120-95.40  ohms.  From 
Table  43  the  charging  current  per  mile  per  100,000  volts  is  found  to  be 
oci  T<  .  I  1.  ■  *  80,830X0.641X120  ,„  ., 
0.541    amp.    Total     charging    cuiTent= inn  nnn —82.47    amp. 

Charging  current  at  the  end  of  the  line  Jc/2  -52.47/2-26.24  amp.     From 

Eq.  11  and  12,  Par.  IS,  /.- ■s/(2'29.2X0.9()j«-K229.2X0.4358-26.24y>- 
219.0  amp. 

cos  t.  -  (229.2  X0.90)/219  -0.9420 

E,  -  V'[(80,830  X0.9420)  +  (2 19 .0  X  32.00)  I'TRw^aO  X0.3366)  +  (210^ 

X  96.40)1' -96,020  volts 
When  the  receiver  load  ia  removed,  the  substation  voltage  will  ilae.  due 
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to  the  line  eiuuvQC  currant  Sowing  throush  the  induotanee  of  the  line.    From 
..  .  _      ._   _      .j|-^ 


(b)  Fig.  13.  Bf  will  be,  on  open  cirouit; 

g,^\lEf-(Ij.R)'+^^X  (13) 

-  96,020  +  (28.24  X9S.40)  -  86,020  +  3,500 - 
98,620  volte. 


The  -xR  term  ii  negligible.    B, 


ReguIfttioD  — 


98.520-80,830 


80,830 
+  (3  X3f9;o>X  32.00)1  or  91.5fi  per  cent. 


or  21.90  per  cent.  Efficiency  -  SO,000/[fiO,000 


ok  -  +  ilcR/2 
be  -  -  JcX/2 
ed  -  +IR<m$ 
dt  -  +}IX  eo«  * 
€/  —  —  SIR  sin  # 
fh  -  +  IX  an  > 


Fia.  14. — Vector  diagram  of  lino  using  complex  quantities. 

M.The  aiialTtiesl  Mlntion  of  a  n«<mt»»»l  r  Una  having  appreciable 
capacity  may  he  obtained  by  adding  the  voltage  drops  due  to  the  load 
current  and  that  due  to  one-half  the  total  line  charging  current  (passing 
tlirough  the  Hne  impedance)  to  the  receiver  voltage. 

«^-J,-|-/(coe#-;sin»)  («+yZ)+'^'(«+yX)  (14) 

where  B,  —  the  generator  voltage  from  phase  wire  to  neutral ;  St  —  the  receiver 
voltue  from  wire  to  neutral;  /  ">  the  load  current;  S  » the  phase  angle  of 
the  load;  A  — the  resistance  per  wire;  X*the  reactance  per  wire;  and 
/a~the  total  charging  current.  The  geometrical  position  of  each  quantity 
ia  shown  in  Hg.  14. 

This  diagram  determines  tlw  effect  upon  the  generator  voltage  of  different 
load  conditions  at  the  receiver,  the  receiver  voltage  being  kept  constant. 


"r*!^- 


Fio. 


St 

Ifi. — Constant  load, 
able  power-factor. 


Fio. 


16. — Variable  load,  constant 
power-factor. 


n.  Conttaat  IomI  and  vtrUbla  powar-faetor.  Since  the  receiver 
voltage  is  assumed  constant,  triangle  abc  (Fig.  Ifi)  will  not  change.  Triangiss 
ed*.  and  ifh,  an  similar.  Triangle  cd«  will  not  change,  since  i  cos  t  is  fixed. 
«A/cs-/A/<^-(iXsin«)/(/.Xoos»)-tan«.  I  =•  W  /  (B,  eot  »)  or  /  sin  *- 
W  tan  t/Br.  ee,  W  and  Br  are  fixed,  hence  /  sin  «  varies  aa  tan  9.  Therefore 
the  point  k  must  move  along  sA,  toward  h'  if  the  lag  of  the  current  increases 
and  toward  s"  if  the  lead  of  the  eanent  increases,  and  M  must  be  proportional 
to  tan  >. 

tt.  ▼ariabls  lo«d  and  oongtaat  powar-taetor.  (Fig.  1(1).  ef/M  - 
ilR  sin  »/lIR  cos  «)  -tan  ». 

Since  ede  and  efk  are  similar  triangles,  tf/cd  —  thfcftAn  t. 

Therefore,  angle  tch  —  I,  which  is  constant,  and  A  must  always  lie  on  ch. 

&uot  ed,  and  d*,  are  both  proportional  to  J,  <  will  move  along  c<  and  eS 
will  always  be  parpeodioulM  to  m.  f  shows  the  ooDstouction  for  a  leading 
ounant. 
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M.  OoiutMit  Toltags  nudntaliud  at  rteairar  hf  lua  of  lyiuihroneas 
apparatui.  The  senerator  voltage,  asauzned  oozutant,  will  more  along 
are  lajki  (Fig.  17).  The  length  ea  is  equal  to  /  ooe  a  (R+jTC)  at  no4oad.  It 
ia  then  proportional  to  the  power  taken  by  the  aynchronoue  apparatus,  and 
«i  will  move  along  cm  with  increase  of  load.  t\\\  is  equal  to  I  sin  9  (R+jX)^ 
henoe  is  proportional  to  the  quadrature  oomponent  of  the  current.  In  order 
to  maintain  oonstant  voltagis  conditions,  with  increase  of  load,  eiAi  must 

decrease  until  at  «■  it  is  equal  to  sero 
and  this  point  must  correspond  to 
unity  jiower-factor.  With  further 
increase  of  load  eiAi  reverses  and  the 
current  leads  as  at  stAs.  This  condi- 
tion may  be  obtained  by  compound- 
ing, or  Dv  changing  the  excitation  of 
the  synchronous  apparatus,  either 
automatically,  or  by  nand. 

M.  bMnpte  of  uulytloal  solu- 

tion  of  nominal  r  line  uains  oom- 

plax  quanti^.    Consider  problem  of 

Par.  H,  see  Par.  IS,  B,  -  80,S30  + 

239.2(0.80-/0.4358)    (32.0O-t-;95.40) 

+  (j52.47/2)(32.00  -I-  ;95.40)  -  80,830+6.600  +jl9,680-  )3,200-jV,SaO+ 

i840  -I-  ;>2,500  -  94,460  +  ;17,320  -  96,020  volU. 

At  no-load  96,020-£r-)-OS2.47/2)(32.00+y9S.40). 

The    quadrature    resistance    drop    is     negligible.     Henoe  Sr*>  06,020+ 

i 26.24X95.40) i98.S20   volts,   which   checks   with  the  result  obtained  in 
>ar.  >«. 

10.  baet  nutbods  of  oaleulatlnc  rarulatlon  may  be  necessary  if  the 
line  is  long^  the  line  voltage  high  or  if  harmonics  need  be  taken  into  considera- 
tion. A  simple  method  of  making  the  necessary  corrections  in  such  cases 
has  been  developed  by  A.  £.  Kennelly.* 

Fig.  18  shows  a  nominal  r  line  oi  linear  impedance  Z^R+jX,  and  a 
capacity  admittance,  Y/2  at  each  end  of  the  line.  If  R+jX  be  multiplied 
by  (sinh  «)/«,  and  Y/2  by  (tanh  9/2)/(«/2),  where  a-VZF,  the  line  ss 
far  as  the  ends  (and  beyond) 


Fio.  17.— Constant  voltage  at 
receiver. 


Z-Z 


Hlnh 


Z-R+JX 


ni 


Y-Y 


Tsnb   fi/t 


nf 


Fra.  18.— Nominal  and  equivalent  "r"  line. 


are  concerned  will  behave  ex- 
actly as  if  the  line  constants 
were  uniformly  distributed. 
The  new  line  is  then  consid- 
ered an  «^tea^ni  v  and  its 
charactenstica  are  then  cal- 
culated by  the  method  of 
either  Par.  t4  or  11. 

tl.  The  ffenaral  aqua- 
tions of  the  transminion 
lino  in  hyporboUe  fttno- 
tion*  are: 

ft  -  Bt  cosh  VZY  ±  IiVzTY  sinh  VZY  _  (15) 

Ii-Tt  coeh  VZY  ±  (Si  /y/tj?)  sinh  VzY  (16) 

where  Ei  and  Et  are  the  respective  voltages  from  phase  wire  to  neutral  at  the 
sending  and  receiving  ends  of  the  line  if  the  sign  is  assumed  positive.  If  the 
sign  is  taken  negative  Ei  and  Bt  are  the  respective  voltagea  at  the  receiving 
and  sending  ends  of  the  line.  The  same  relation  holds  true  for  the  currents, 
/i  and  />.  Ordinarily  the  positive  sign  is  used,  as  the  receiver  voltage  and 
load  current  are  generally  known. 

Z  is  the  impedance  per  wire  — K+yX',  and  Y  is  the  admittance  from  phase 
wire  to  neutral -O+ZB,  though  the  leakage  O  is  usually  negligible  in  an 
actual  line. 

Expanding  the  cosh  and  sinh  terms  in  a  converging  series  by  Maelaurin*a 
Theorem,  and  neglecting  the  terms  after  the  second,  the  following  expressions 
are  obtained. 

Bi~Bt  (l+ZY/2)  iZUa+ZYm 
-      .... SiYE,(l+ZY/e 


Ii-I,  a+ZY/2}  iYE,(l+ZY/«) 


as 
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M.  example  of  ealonlation  xuing  f  natal  •quation  Par.  tt.  Cod- 
sider  again  tne  problem  of  Par.  14. 

£i  _£,  — generator  voltage,  Si  — ^r  —  receiver  voltage  —  80,830  volta. 
Z-R  + jX-3a.00+i95.4O,  Y-  G  +  jB-O  +  j6.40  X  lO"*,  /i  -  generator 
current,  to  be  determined.  /t-I(cos  »— inn  t)-  229.2(0.900 -j0.43S8)- 
206.3  -)99.88. 

£,-80.830[l  +  <^'°°+^'°'^''°^'^'^*°^'°"'^]+(32.00+,-95.«0)(206.3-j99.88) 
r        (32.00+j95.«0)0-6.49X10^«)1 

-94,260+yi7,230-96,820  volte 
The  no-load  receiver  voltage  and  the  regulation  may  be  found  a«  in  Par. 
14.  Eq.  13. 

Lilcewise  /•  is  readily  determined. 

/.-(200.3-,^.88)[l+<^''°°+^-^^"°>^°-*'>>^^°-^] 
+  0a.49X  10-.)(80.830)[l  +  (iH:«°±^-^«:*»^^-*»] 

-  200.8  -J  12.74  -  205.2  amp. 
U.  Charta  and  diacrams,  when  drawn  to  a  soffleienUy  large  ecale,  are 
convenient  for  determining  the  electrical  charaoteristics  of  tranamiflaion 
lines.  It  is  essential,  however,  that  the  precision  and  limitations  of  tho 
curves  be  known.  Even  if  great  refinement  of  calculation  be  desired,  such 
diagrams  are  useful  for  checking  computed  results.  In  a  handbook  it  is 
not  possible  to  present  the  diagrams  on  a  sufficiently  large  scale.  It  has 
seemed  wise  to  explain  their  construction  with  data,  their  methods  of  use, 
and  also  to  refer  to  the  original  articles  in  which  they  are  desoribed. 


FiQ.  19.  Fia.  SO. 

Figs,  19  and  20. — ^Perrine-Baum  diagram. 

M.  The  Perrine-Baum*  regulatioa  diagram,  originally  proposed  by 
F.  A.  C.  Perrineand  F.  Q.  Bsam  and  based  on  the  cUagrsm  shown  in  Fig.  13, 
forms  a  convenient  method  of  studying  transmission  line  regulation.  To 
facilitate  use  of  the  dia^am,  the  effect  of  phase  displacement  is  taken  into 
account  by  rotating  the  impedance  triangle  BDC. 

The  load  current  is  proportional  to  1/cos  tf  —  sectf.  and  the  impedance 
drop,  being  directly  proportional  to  the  load  current,  is  obtained  by  laying  off 
the  phase  angle  as  shown  in  Fig.  19.  If  BD  is  the  impedance  drop  for  unity 
power-factor,  then  31/ ^BD  sea  D*  is  the  impedance  drop  for  the  power- 
laotOT  eoe  V,  and  Biy'^BD  see  *"  is  the  drop  for  the  power-factor  cos  V, 
etc.;  that  is,  the  impedance-drop  vector  always  terminates  on  a  straight  line, 
drawn  at  right  angles  to  the  drop  BD  for  uuty  power-faetor. 

The  diagram  is  shown  in  f^g.  20,  in  which  the  line  capacity  is  neglected. 
Ite  use  will  be  clear  from  the  following  example: 
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bunpU    of    ealeulktion    nalnc    PwiiiM-BaiUB    ratulktien 
«in.     Anume  1,000  kw.  to  be  transmitted  to  a  sulMtation  at  90  per 


eent.  power*factor,  lagging,  the  voltage  at  the  eubstation  to  be  maintained 
ronatant  at  10,000  volte.  The  line  haa  a  reaiatanoe  of  8  ohma  and  an  in- 
dnctive  reactance  of  15  ohma.  The  line  capacity  is  neglecte<L  With  unity 
powei^f actor  the  line  current  ia  1.000,000/10,000-100  amp.  Referring  to 
fig. !»,  lay  of!OA-10,000  volte,  AC- 100X8 -800  volts,  and  Ci) - 100 X 15 
—1,500  volts.  If  the  power-factor  were  unity,  OD  would  be  the  voltage 
at  the  generating  station.  To  determine  the  aanerator  voltage  for  BO  per 
cent,  power-factor,  lagging,  draw  O//  perpendicular  to  BD  and  lay  off  to  the 
.  n^t  of  BD    an    angle, 

''  DBF,     whose    cosine    is 

equal  to  O.gO.  The  line 
impedanoe  drop  will  be 
represented  by  fiF,  hence 
Or  ahowa  the  voltage  at 
the  generating  station  for 
this  power^factor.  For 
any  other  power-factor, 
COS  t,  lay  on  the  angle  ( 
to  the  right  of  BD  for  lag- 


le 
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Fio.  21. — Effect  of  charging  current. 


cing  cunents,  and  to  the 
left  <A  BD   for   leading 


currents.  The  voltage  at  the  generating  station  will  be  determiiwd  by  the 
line  joining  O  with  the  terminal  of  the  line  impedance  drop  for  the  pven  coa  t. 
For  other  loada,  hence  other  valuea  of  line  current,  BD  is  divided  into 
proportional  parts,  and  lines  parallel  toGH  are  drawn  as  shown.  For  example, 
the  voltage  at  the  generating  station  at  one  half-load  and  with  a  power-factor 
of  0.9  (lagging),  is  represented  in  the  diagram  by  the  line  OF'. 

Line  capacity  is  taken  into  account  by  assuming  a  conatant  load  voltage; 
from  this  assumption  the  charging  current  is  calculated,  taking  this  current  as 
in  quadrature,  leading,  with  respect  to  the  receiving  voltage,  if  the  power- 
factor  is  unity.  The  drop  due  to  the  charging  current  in  one-half  the  line 
impedance  is  laid  off  from  the 
receivinjc  voltage  vector  aa 
shown  m  triangle  BEB',  Fig. 
21,  and  the  usual  impedance 
triangle  B'CD  constructed  at 
the  end  of  the  capacity  vector. 
The  usual  diagram,  such  as  is 
shown  in  Fig.  20,  is  then  con- 
structed upon  the  impedance 
triangle.  It  will  be  noted  that 
this  method  assumes  constant 
position  of  the  capacity  vector, 
which,  though  not  strictly  ac- 
curate, is  sufficiently  bo  for 
most  purposes  in  overhead  line 
calculation,  except  for  lines  of 
great  length.  Compared  to  the 
errors  due  to  non-sinusoidal 
voltage  wave  the  error  due  to 
this  capacity  effect  is  negligible.  Q 

U.  The  Kanbon*  dU- 
frun.  If  the  e.m.f.  diagram 
Wown  in  Fig.  3  is  rotated 
about  O  aa  a  centre  through  an  angle  a, 


FiQ.  22.— Mershon  diagram. 


> 


_  .  where  cos  0  is  the  power-factor, 
and  all  «.m.fs.  are  expressed  in  per  cent,  of  the  voltage  generated  at  unity 
power-factor,  the  line  drop,  neglecting  capacity  effect,  being  measured  along 
a  radius  with  centre  O,  then  a  simple  diagram  for  determining  regula- 
tion may  be  developed.  Such  a  diagram  ia  constructed  by  drawing  a  seriea 
of  eoncentrio  circles  ah,  cd,  etc.  (Fig.  22)  upon  a  c<x>rdinate  system  of  equal 
squares;  a  side  of  one  of  these  squares  is  equal  to  the  difference  in  radii 
between  any  two  consecutive  cirolea.  The  radius  Ob  is  taken  as  1(X)  per  cent., 
and  the  coordinate  spaces  may  conveniently  represent  intervals  of  5  per  cent. 


*  Bibliography  22. 
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Th«  power-factor  i«  cm  «  and  ia  numericalljr  equal  to  the  projaotion  of  OB' 
upon  th«  horiiontal  axis.     Having  definite  line  conatants,  and  with  a  load  of 

Even  power-f aotor,  the  reeiatance  and  the  reactance  voltage  drops  ttn  oalou* 
tedin  per  cant,  of  the  receiver  voltage.  Starting  at  the  foot  of  the  ordinate 
npresenting  the  load  power-factor,  follow  this  ormnato  up  to  its  interseetion 
with  the  Brat  oirole,  which  ia  the  locua  of  the  point  B  of  the  impedance  triauile. 
From  this  last  point  lay  off  on  the  coordinates  the  impedance  triangle.  The 
circle  upon  which  the  apex  D  lies  will  give  the  per  cent.drop  directly.  The 
diamun  constructed  to  scale  ia  given  in  Sec.  12,  Fig.  11,  and  the  table  of  See. 
12,  Par.  tl  ia  calculated  for  use  with  it. 

ST.  Sxampla  ihowing  use  of  the  Mershon  diagram.  A  ttsnsmission 
of  2S0  kw.  at  80  per  cent,  power-factor,  lagging,  is  to  be  made  at  3,000  volts  to 
a  receiver  10,000  ft.  distant  from  the  generator.  The  frequency  of  the  system 
ia  60  cycles  per  sec.;  the  siie  of  wire  No.  0;  the  spacing  of  the  line  wires  18  in. 
Find  the  line  loss  and  the  line  drop.  250,000/0.8-312,500  apparent  watts. 
312,500/2.000  >  156.25  amp. 

From  Par.  tl,  See.  12  for  18  in.  spacing  and  No.  0  wire  the  reactance 
eonatant  is  0.228. 

0.328X  10 X  156.25-356.3  volts.     356.3/2,000-0.178  or  17.8  per  cent. 

From  Sec.  12,  Par.  II,  the  resistance  constant  for  No.  0  wire  ia  0.196. 
0.106X10X156.25-306.3  volts.     306.3/2,000-0.153  or  15.3  per  cent. 

Now  referring  to  the  diagram.  Fig.  11,  Sec.  12,  starting  at  0.8  power- 
factor,  follow  the  vertical  ordinate  to  its  intersection  vrith  the  curve,  0. 
From  this  point  lay  off  the  resistance  drop^  15.3  per  cent.,  parallel  to  the 
base  of  the  diagram,  remembering  that  a  aide  of  each  aquare  represents  5 
per  cent.  Then  from  the  extremity  of  the  resistance  drop  lay  off  the  react- 
ance drop,  17.8  per  cent.,  parallel  to  the  altitude,  again  usiDg  the  squares. 
The  end  of  this  line  will  be  found  on  circular  arc  23.  This  then  is  the  total 
drop  given  in  per  cent,  of  the  receiver  voltage.     The  generator  voltage  is: 

23/(100-(-23)  -0.187  or  18.7  per  cent. 
neater  than  the  receiver  voltage.     The  total  line-drop  then  ia  18.7  per  cent. 
The  PR  loss  is 

306.3X  156.25-47.9  kw., 
and,  in  per  cent.,  is 

47.9/(250-1-47.9)  -0.161  or  16.1  |)er  cent. 

In  order  to  find  the  siie  of  wire  necessary  for  a  given  drop  one  must  solve 
by  trial  and  error.  Assume  a  siie  of  wire  and  solve  for  the  drop.  This  first 
error  will  indicate  the  proper  choice  for  a  second  trial,  etc.,  as  in  Par.  14* 

U.  Kadstanoe    of    eopper    and    alomioum.    Ohm*    per    mile 
(Soiid  o/uminum,  61  per  cent.   eondveHnty) 


Aluminum,   aise   in 

Ohms  at  68  deg.  fahr. 

Sise  eqtiivalent  copper 
97  per  cent, 
conductivity 

Cir.  Mila 

20  deg.  cent. 

795,500 

0.1127 

500,000  Cir.  Mils 

716,500 

0.1254 

450,000  Cir.  Mils 

636,000 

0.1400 

400,000  Cir.  Mils 

556.500 

0.1611 

350,000  Cir.  Mils 

477,000 

0.1879 

300,000  Cir.  MiU 

397,500 

0.2253 

250,000  Cir.  Mils 

336,420 

0.2687 

No.    OO0OA.W.G. 

266,800 

0.3360 

No.      000  A.W.G. 

211,950 

0.4229 

No.        00  A.W.G. 

167,800 

0.6342 

No.          OA.W.G. 

133,220 

0.6720 

No.          1  A.W.G. 

105,530 

0.8486 

No.          2  A.W.G. 

83,640 

1.071 

No.          3  A.W.O. 

66,370 

1.350 

No.          4  A.W.G. 

.^2,630 

1.703 

No.          5  A.W.G. 

41.740 

2.147 

No.           6  A.W.G. 

TABLIB  or  IITDnCTITK  BXACTARCK  AlTD  CHARaiMO  CVMINT 
tt.  The  Induetane*  and  eapaetty  of  trangmlaaion  Unei  may  be  cal- 
culated from  the  formulas  ^ven  inSec.  2.  The  valuea  of  inductive  reactance 
and  charging  current  for  wires  of  standard  aise,  with  usual  spacings,  at  both 
25  cycles  and  60  cycles,  are  given  in  the  tablea  in  Par.  40-4t. 
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Sec  11-44 


POWER  TRANSMISSION 


OIRSBAL  RATXIBI8  OF  DUiaH 
i4,  Th*  eondaotor  for  a  given  truumiarion  Bvitein  is  influenced  by  such 
factors  as  climate,  topography,  length  of  apan,  reliability,  amount  of  power, 
transmission  distance  ana  the  economics  of  the  problem.  Copper  and 
aluminum  (see  Sec.  4),  except  in  special  cases,  are  used  ezelusivebr  for  the 
conductors.  Copper  has  high  conductivity ,  is  very  duetile,  is  not  easily 
abraded,  has  bign  tensile  strength,  a  high  melting  point,  and  can  be  readily 
soldered.  Aluminum  has  a  oonduotivity  about  60  per  cent,  that  of  copper. 
For  the  same  conductance,  it  has  only  one-half  the  weight  of  copper.  It 
is  ductile  and  easily  abraded;  has  1.4  times  the  linear  coefficient  of  expan- 
sion of  copper,  giving  greater  sag,  and  would  therefore  require  higher  towers 
for  the  same  length  of  span.  The  tensile  strength  is  much  less  than  that 
of  copper,  though  the  ratio  of  tensile  stren^h  to-wdght  is  greater  for  alu- 
minum. The  melting  point  of  aluminum  u  lower  than  that  of  oopper,  so 
that  aluminum  will  be  more  easily  burned  by  arcs  and  short-oircuits.  For  the 
same  conductance,  iduminum  offers  a  greater  surface  to  wind-pressure,  so 
towers  must  be  designed  with  greater  transverse  strength.  Neither  coi>per 
nor  aluminum  is  attacked  by  the  atmosphere  to  any  extent.  In  the  United 
States,  the  price  of  aluminum  is  alwajrs  held  slightly  below  that  of  copper 
of  the  same  conductance.  In  view  of  increased  cost  of  pole  line  necessary  to 
its  emiiloyment^  there  is  comparatively  little  inoentive  to  use  aluminum  in 
small  sises  of  wire.  In  Canada  and  on  the  Continent  of  Europe,  aluminum 
has  found  favor. 

41.  For  extra  lone  ipana,  it  may  be  found  economical  to  use  either  iron 
or  steel  as  conductors,  because  of  their  much  greater  tenaile  strength.  Aa 
these  metals  are  subject  to  corrosion,  they  must  either  be  galvanised  or 
"copper-clad."  Fhosphor-bronse  has  been  proposed,  but  its  much  higher 
cost  for  the  same  conductance  practically  in'ohibita  its  use.  The  table  in 
Par.  46  shows  a  comparison  oi  various  conductor  materials,  and  mora 
comidete  tables  may  be  found  in  Sec.  4. 
46.  Oompariaon  of  eondaetor  matariali  on  bwii  of  •qual 
oonduetanca 


Metal 

Diameter 

Weight 

Strength 

•Cost 
relation 

1.00 
1.27 
2.72 
3.41 
1.52 

1.00 
0.485 
6.36 
10.00 
2.12 

1.00 
0.65 
5.30 
41.fi 
4.46 

1.00 

2.06 

0.157 

0.100 

0.47 

Aluminum 

lion 

Stad 

Copper-clad  steel 

NoTB. — Skin  effeot  has  been  neglected.  Skin  effect  tables  are  given  in 
See.  4.  The  relative  reeistaacee  have  been  taken  as  foUowa:  copper  — 1; 
alumiDum  —  l.Bl;  iron— 7.4;  steel  =  11.6;  copper-clad  steel  — 2.3.  The 
specifio  gravities  are:  copper  — 8.89;  aluminum  — 2.68;  iron  and  steel— 7.64; 
and  oopper-olad  steel  — 8.20,  The  elastic  limits  are:  copper —35,000 
lb.  pw  sq.  in.;  aluminum  (stranded)  — 14^000  lb.  per  sq.  in.;  iron  — 35,000 
lb.  per  sq.  in.;  steel  *  125,000  lb.  per  sq.  in.;  and  copper-dad  steel**68,000 
lb.  per  sq.  in. 

47.  B6QiiIr«d  tUe  of  conductor  U  deterxnlned  by  (a)  meohanloal 
strength:  (b)  permissible  energy  loss;  (c)  required  voltage  regulation;  (d) 
corona:  (e)  cost;  (f)  current-carrying  capacity. 

(a)  M^ohaniciu  itrengtli  is  a  primary  consideration  in  any  transmission 
liltke.     It  becomes  especially  important  where  long  spans  are  necessBury. 

(b)  PwmiMibto  energy  lou  is  determined  by  such  faetors  as  the  cost  of 
generating  power,  sdliog  price,  load-factor,  and  other  economic  considera- 
tions. Where  power  is  produced  cheaply,  it  may  be  more  economidd  to 
lose  power  in  the  line  tnan  to  pay  the  fixed  charges  incident  to  heavier 
conductors  and  poles.     (See  Economics.) 

(o)  Bequired  voltage  regulation  is.  in  general,  not  difficult  to  secure, 
as  automatic  regulators  ana  synchronous  apparatus  may  take  care  of  any 

*  The  Isat  column  in  the  table  shows  what  thoiUd  be  the  relation  in  cost 
per  lb.  of  the  various  materiaU  to  result  in  the  same  total  cost  of  con- 
ductor where  the  conductance  of  the  Line  is  fixed. 
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POWER  TRANSMISSION  Sec.  11-48 

Toltaffa  fluetuatioDfl  at  the  aubstationa.  If,  however,  the  inductive  line  drop 
for  a  given  eriwe-eeotion  of  conductor  is  too  great,  two  separate  lines  of  hmu 
the  croaa-eection  may  be  used.  The  additional  cost  of  insulators,  poles  and 
eonstruetion  seldom  justifies  duplicate  lines,  where  better  regulation  alone  is 
the  requirement. 

(d)  Oorona  may  make  the  energy  loss  in  excess  of  the  permissible  value, 
in  which  ease,  it  vnll  be  necessary  to  increase  the  conductor  diameter  or  the 
effective  sise  of  conductor.     See  Par.  4S  to  83. 

(e)  Oost,  such  as  the  relative  cost  of  line,  of  plant,  and  of  line  midntenalnoe 
may  determine  the  sise  of  line  conductors.  Since  the  salvage  value  of  the  line 
is  in  general  low,  whereas  the  engines  and  dynamos  of  the  central  station  mav 
be  transferred  without  excessive  loss  to  another  plant  and  again  used, 
it  is  advantageous  to  put  more  mone:^  into  the  generating  station  and  to 
build  the  linejks  cheaply  as  possible  if  the  system  is  a  temporary  affair. 
The  amount  of  money  available  may  make  it  necessary  to  build  the  system  at 
a  minimum  eost,  in  which  case  tha  line  conductors  must  be  so  chosen  that 
the  cost  ot  the  line  i^ub  the  coat  of  the  station,  to  supply  both  the  net  load 
and  the  line  loae.  shall  be  a  minimum.  The  larger  the  une  conductors,  the 
smaller  will  be  the  energy  loss,  but  the  fixed  charges  for  the  line  will  be  in- 
ereased.  The  conductors  may  be  so  chosen  that  the  sum  of  these  last  two 
quantities  is  a  minimum.     See  Par.  SIS. 

(f)  Ourr«nt-««n7lnir  capacity  of  the  oonduetors  under  continuous 
operating  conditions,  is  usually  ample  when  the  sise  of  wire  is  determined  by 
toe  permissible  energjr  loss.  An  emergency  demand,  however,  may  overload 
the  line  for  a  short  time,  and  where  this  is  likely  to  occur,  the  conductor 
should  be  of  such  sise  as  to  operate  within  safe  temperature  limita.  Tables 
of  safe  carrying  capacity  are  given  in  Sec.  13. 

COftOHA 
4S.  Oorona.  or  the  luminous  diseharge  into  the  attnoaphere  from  con- 
ductwv  at  high  voltage,  mayresult  in  a  considerable  loss  of  power.  H.  J. 
Ryan,  R.  D.Merahon,  J.  B.  Whitehead*  and  F.  W.  Peek  have  made  studies 
of  this  phenomenon.  'Peek's  results  are  the  latest  obtained  under  actual 
operating  conditions,  and  their  accuracy  is  unquestioned.  The  relatiotw 
may  be  expressed  by  the  following  formuln: 
The  visual  critical  voltage  is: 

Sn  -  JIf.  ff.«r(l  +^— )  log«  -  kv.  to  neutral  (19) 

p.—  /  •>/~(e-e»)nOr*  (per  kilometer  of  single  conductor)        (20) 
5  S 

a 

where  co  —  amM»ri  log.  — 

€»  is  the  dianrotiw  critical  vdtfige  to  neutral  and  b  always  lower  than  Sv. 
The  tables  in  Par.  49  and  80  give  values  of  e«. 

(To  obtain  kw.  per  mile,  multiply  by  1.61) 
Where  £v*  effective  kilovolte  from  phase  wire  to  neutral  at  which  corona 
becomes  visible.  Mt "  Ms  «  1  to  0.93  for  wires,  the  higher  vslue  applying  to 
a  polished  wire.  Mw  «  0.72,  local  corona  all  along  conductor  and  0.82,  aecided 
oorona  all  ^ong  conductor  for  seven-strand  cables;  00  « 21. Ikv.  per  cm.,  belog 
the  dielectric  strength  of  air  at  25  deg.  cent,  and  76  cm.  pressure;  Jt»air 
density  factor-3.926/(273+0;  <*1  at  76  cm.  pressure  and  25  deg.  cent. 
b  « barometric  pressure,  in  cm. ;  t « temperature  deg.  cent. ;  r  =  radius  of 
conductor,  cm.;  S^distance  between  centres  of  conductors,  cm.;  loga» 
2.303  logio;  P  — power  per  kilometer  wire,  kilowatts;  ^^"344;  /^frequonpy 
cycles  per  sec.;e«6ffeotlvekilovoltato  neutral  of  conductor;  Af«  •» irregularity 
factor  of  conductor;  Mo"!  for  polished  wires:  0.98  to  0.93  for  roughened  or 
weathered  wires;  0.87  to  0.83  for  seven-strand  cable. 

For  three  wirea  equallj/  spaced  in  a  plane,  an  exact  calculation  is  too  com- 
plicated for  practical  work.  If  the  average  spacinga  are  assumed  in  calculat- 
ing the  critical  voltage,  corona  will  start  on  the  centre  conductor  at  a  voltage 
alraut  5  per  cent,  lower  than  the  calculated  value,  and  on  the  two  outside 
conductors  at  a  voltage  about  5  per  cent,  higher  than  the  calculated  value. 
For  practical  work  it  is  sufficiently  accurate  to  neglect  this  correction  unless 
the  spacing  18  quite  uneven. 


*  Bibliography  25-30  in. 
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Sec.  11-49 


POWER  TRANSMISSION 


Smoke,  fog,  sleet,  rain  and  snow  all  lower  the  critical  and  TiBual  Toltagee, 
and  inoreaae  the  losses.    Fig.  23  shows  the  increased  loss  due  to  snow. 

In  calculating  corona  loss* 

lor  ■  '  '  •  --     - 


it  must  be  remembered  that 
the  entire  line  is  not  at  the 
same '  potential,  and  that  a 
small  change  in  e.m.f.  above 
the  critical  value,  e«,  makes 
a  large  percentage  change  in 
the  Ices.     It  has  been  sug- 

fcested  to  make  use  of  this 
astfact  in  dissipaUng  energy 
associated  with  an  abnormal 
rise  of  voltagQ  due  either  to 
a  line  surge  or  to  hghtning. 

The  part  of  the  loss  curve 
between  £•  and  eo  is  affected 
to  a  considerable  degree  by 
the  conditions  of  the  wire  sur- 
face as  to  dirt,  weather,  etc., 
and  hence  varies  from  day  to 
day.  In  practice  it  is  gen- 
erally not  advisable  to  oper- 
ate at  a  higher  voltage  tnaa 
that  oorresponding  to  e«« 
otherwise  the  loss  would  be- 
come very  high  during  wet 
weather  or  when  the  (wnduc- 
tor  surface  became  rough- 
ened. Local  brushes  slso 
occur  which  may  cause  deteri- 
oration of  the  conductor  by 
nitric  acid  formation,  espe- 
cially at  the  points  of  sup> 
port.  The  voltages  in  the  tables  (Par.  49)  correspond  to  e«  voltages  reduced 
to  kilovolts  between  conductors  at  25  deg.  cent,  and  76  cm,  barometer. 
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KlloTolti  between  Llset 
23. — Corona  Iobb  during  snowstorm 
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M.    Corona  limits  of  TOltav*.     KlloTolti  between  linei  (three- 
phaae)  at  lea  lerel 

(Cables) 

From  formula  e„—  a/s  »«Jlf«r J  log.  —    where  Jlf,  — 0.87 


A.W.G. 

Diam., 
in. 

Spac 

ing — feet 

1 

3  1  4  1  5  1  6  1  8 

10  1  12 

14 

16  1  20  1 

4 
3 

0.230 
0.261 

111 

56 
62 

58 
65 

71 
79 

60 
67 

73 
81 
90 

62 
70 

76 
85 
9S 

64 
72 

79 
88 
98 

66 

74 

81 
91 
102 

68 
76 

83 

93 

104 

69 
77 

85 
95 
106 

71 
80 

87 
97 
109 

2 

1 
0 

0.290 
0.330 
0.374 

00 

000 

0,000 

0.420 
0.470 
0.530 

98  104 

108 
118 
130 

111 
121 
135 

114 
124 
138 

117 
127 
141 

156 

165 
175 

121 
132 
146 

161 
171 
180 

192 
200 
210 

114 
125 

250,000 
300,000 
350,000 

0.590 
0.020 
0.679 

138 

144 
151 
161 

i7r 

178 
188 

149 
156 
166 

176 
184 
194 

152 

161 
170 

180 
190 
199 

400.000 
450,000 
500,000 

0.728 
0.770 
0.818 

185 
194 
205 

800,000 
1,000,000 

1.034 
1.152 

234 
256 

241 
264 

244 
270 

256 
281 

::::  :::: 
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POWER  TRANSMISSrOK 


Sec.  11-50 


(Solid  vine)  U.' 

-0193 

A.W.G. 

Diam, 
in. 

Spacins— feet 

3 

4 

5 

6 

8 

10 

12 

14 

16 

20 

4 
3 

0.204 
0.229 

SI 

54 
59 

66 
62 

58 
64 

60 
66 

62 
68 

64 
70 

66 
72 

66 

74 

68 
76 

2 

1 
0 

0.258 
0.289 
0.325 

69 
75 

70 
77 
85 

74 
81 
89 

76 
83 
92 

78 
86 
95 

80 
88 
97 

82 
90 
99 

84 
92 
102 

00 

000 

0000 

0.366 
0.410 
0.460 

94 

98 
109 
120 

102 
113 
125 

105 
116 
128 

107 
119 
131 

110 
121 
134 

113 
124 
138 

To  find  the  voltage  at  any  altitude,  multiply  the  voltage  found  above  by 
'■the  S  correeponding  to  the  altitude  as  given  in  Par.  60. 

For  sinve-phase  or  two-phase  circuits  find  the  value  of  volta  for  the 
corresponmng  three-phase  circuit  above,  and  multiply  by  1.16. 

BO^  Altitude  correction  factor  8 


Altitude, 
ft. 

i 

Altitude, 
ft. 

i 

Altitude, 
ft. 

i 

Altitude, 
ft. 

t 

0 

500 

1,000 

1,500 

1.00 
0.98 
0.96 
0.94 

2,000 
2,500 
3,000 
4,000 

0.92 
0.91 
0.89 
0.86 

5.000 
6.000 
7.000 
8.000 

0.82 
0.79 
0.77 
0.74 

9.000 
10,000 
12.000 
14.000 

0.71 
0.68 
0.63 
0.58 

51.  To  decreaae  corona  lou,  either  the  frequency  or  the  voltage  must  be 
reduced.  These,  however,  are  usually  fixed.  The  spacing  may  be  increased, 
but  this  decreases  the  lose  but  slightly,  and  the  increased  conductor  spacing 
would  increase  the  line  cost  considerably.  As  the  meteorological  conoitiona 
cannot  be  controlled,  the  diameter  of  conductor  must  be  increased.  This 
may  be  done  without  increasing  the  conductor  weight  by  usin^  aluminum, 
hemi>-  or  steel-cored   cable,  or   hollow   conductors.     The   first  is   the  .moet 

firacticable  method  and  in  future,  it  may  become  necessary  to  use  ^uminum 
or  very  high  voltage  lines.  Hemp-cored  cable  has  been  tried,  but  the  core 
soon  rots  and  the  conductor  strands  become  disarranged.  Hollow  conductors 
reduce  the  skin-effect,  but  the  cost  of  manufacture  makes  their  use  pro- 
hibitive. 

8S.  Kzample  of  calculation  of  corona  loss.  Line,  3-pbase;  length  of 
line,  120  miles;  sise  conductor.  00  copper;  e.m.f.,  110  kv.;  freiiuenoy,  60 
cycles;  spacing.  10  ft.  Assume  20  deg.  cent.,  76  cm.  barometric  pressure, 
and  a  coefficient  of  roughness,  Mo''0.95.  d-(3.92X76)/(3.73-|-a0)- 
1.01;  diameter  of  00  wire-SOd  mils;  r-0.4d3cm.;  jS- 10X12X2.64-305 

cm.;  «-n0/V3i-63.6kv..  to  neutral;  e«-21.1  kv.;  loffi9  s^7So-2-82;P- 
344 
1.01 

10-»-7fl7(63.5-60.0)*  X  1.61  X  10-»-0.0864  kw.  per  wire  per  mile;    total 
corona  1OSS-0.0864X3X  120  >31.1  kw. 

Lim  DrSTTLATOBB 
5S.  BsQuirements.  The  successful  operation  of  a  transmission  system 
depends  to  a  large  extent  upon  the  degree  of  insulation  attained,  and  the 
.  moet  iniportant  factor  is  the  insulator.  Up  to  a  few  thousand  volts,  there 
is  no  dimeolty  whatever  in  maintaining  good  insulation,  but  as  the  voltage 
reaches  higher  values,  the  difficulties  increase  and  factors  such  as  leakage 
and  capacity  effects,  which  are  entirely  negligible  in  low-tension  systems, 
become  of  major  importance. 


X60X0.039  [63.5-(21.lX0,95X0.463X1.01X2.303X2.82)l«  X1.61X 
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M.  Iniulaton  hAT6  appreeUbla  e&paoity,  and  &et  like  condensen  of 
oomplicsted  construction.  The  dieleotrio  ia  made  up  of  alternate  layen  of 
ur  and  porcelain  or  glaes  of  varying  thicknesses.  Some  of  the  charging  cur- 
rent to  the  pin  must  pass  over  the  surface  of  the  insulator,  which  has  a  very 
high  resistance,  bo  the  insulator  may  be  represented  by  a  resistance,  shunted 
by  a  number  of  small  condensers  as  shown  in  Fig.  24,  where  E  is  the  voltage 
from  the  line  to  the  pin,  /  the  total  current  t^^en  by  the  insulator,  i«  the 
charging  current,  ana  ir  the  leakage  current.  The  vector  diagram  simply 
illustrates  the  theory,  and  no  attempt  has  been  made  to  give  the  proper 
relative  valuoe  to  the  various  quantities.     'Measurements  by  C.  E.  Skinner 


Fxa.  24. — Insulator,  equivalent  circuits. 

indicate  that  the  ohmic  resistance  of  porcelain  insulators  is  iKraotioally 
infinite,  and  that  whatever  leakage  takes  place  passes  over  the  surface. 
The  effect  of  capacity  tends  to  increase  this  surface  leakage,  which  ionises 
the  air,  and  thereby  decreases  the  leakage  resistance.  Insulators  should, 
therefore,  be  designed  with  small  petticoat  areas;  the  material  should  have  a 
low  dielectric  flux  constant,  and  the  capacity  should  be  so  distributed  that 
there  will  be  no  local  stresses  tending  to  cause  a  breakdown.  Flaring  the 
petticoats  increases  the  thickness  of  the  dielectric  and  decreases  its  dielec- 
tHc  flux  constant,  since  that  of  air  is  only  about  one-fifth  that  of  i>orce1ain; 
Ukerefore,  by  flaring  the  petticoats  the  electrostatic  capacity  of  the  insulator 
is  greaUy  decreased. 

55.  Insulator  adapted  to  w«t-weather  eondttlont.  A  German  firm 
has  substituted  a  metal  top  for  the  topmost  petticoat  and  found  that  the 
ability  to  stand  up  under  high  tension  is  increased,  other  thinm  being  equal. 
The  substitution  of  metal  for  porcelain  does  away  with  the  surface  reaistanoe 
to  the  charging  current  on  the  top  petticoat,  and  equalises  the  static  strains 
when  the  insulator  is  wet.  The  tendency  is  to  drive  the  water  to  the  edge 
and  repel  it.  This  fact  is  borne  out  by  test.  When  perfectly  dry  this  type 
will  break  down  at  a  slightly  lower  voltage  than  a  similar  on^  with  a  porcelaia 
top;  due  to  the  extreme  hghtness  of  the  top,  it  may  be  made  very  broad 
and  its  action  in  rain  is  to  shield  the  porcelain  part  of  the  insulator.  In 
this  way  the  breakdown  voltage  is  considerably  increased  over  that  of  the 
ordinary  all-porcelain  insulator  of  the  same  weight. 

55.  The  minimum  arcinff  dlatance  and  leaka^  path  are  shown  in 
Fig.  25,  as  A-\-B-{-C.  and  ab  respectively.  The  resistance  is  directly  pro- 
portional to  the  length  and  inversely  proportional  to  the  area  of  the  path,  so 
increasing  the  diameter  of  the  petticoats  does  not  intreaae^  the  leakage 
resistance  appreciably.  Increasing  the  number  of  petticoats  increases  the 
len^h  of  i>ath  without  necessarily  increasing  the  area, sothat a bi^  leakage 
reBistance  is  best  secured  by  increasing  the  number  of  petticoats,  insulators 
are  usually  made  of  glass,  porcelain,  or  patented  compounds. 

57.  Glass  is  cheaper  than  porcelain  and  when;properly  annealed,  has  high 
dielectric  strength  and  specific  resistance.  As  it  is  transparent,  flaws  can 
•readily  be  detected.  On  the  other  hand,  moisture  condenses  on  its  surface; 
the  action  of  rain  destroys  the  smoothness  of  the  surface  and  allows  particles 
of  dirt  to  accumulate  diminishing  the  resistance  of  the  leakage  path. 

*  Measurements  made   for  Ralph  D.  Mershon,   Trana.  A.  I.  K.  E.,  V(^. 

XXVII  (1908),  p.  928. 
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tS.  Porealaln  gives  leoa  leakage  trouble,  is  stronger  meohanically  than 
glfus,  and  is  leas  affected  by  changes  of  temperature.  On  the  other  hand,  it  is 
more  expensive,  and  slight  imperfections  in  the  glase  are  common.  As 
flaws,  such  as  blow-holes^  strata,  or  cracks  cannot  be  readily  detected  by  sim- 
ple inspeotion,  each  seotion  should  be  subjected  to  a  voltage  test  before  and 
after  aaaembling. 


Fio.  SS.^Arcing  and  leakage  paths. 


P W i 

Fro.  26. — Fin-type  insuIatOT. 


M.  Patanted  oomponnda  are  on  the  market,  possessing  better  meohas- 
ioal  characteristics  than  either  porcelain  or  glass.  It  is  somewhat  doubtful, 
however,  if  these  oompounds  can  aucoeaaf  ully  withstand  the  effects  of  weather 
and  the  high  electrostatic  stresses  incident  to  high-tension  power  transmission. 

M.  Pfn-^jM  Izuulatoxm  are  made  of  either  glass  or  porcelain.  Glass 
insulators  of  this  type  are  now  being  manufactured  to  operate  at  80,000 
Toits  pressure.  Porcelain  pin-type  insulators  can  be  used  for  pressures  as 
high  as  S0,000  volts.     (See  F^.  26.) 


Fro.  27.— Hewlett  suspension 
insulator. 


28. — One-piece  cemented  insu- 
lator, suspension  type. 


•1.  BiuiMiidon  lasnlkton  can  be  ai>erated  at  about  20,000  volts  per  unit, 
and  are  tised  for  voltages  in  excess  of  70,000,  as  the  pin-type  insulator  then 
becomes  too  large,  heavy,  expensive,  and  meohanically  weak.  When  sus- 
pension insulators  are  used,  the  cost  and  weight  are  practically  proportional' 
to  the  line  voltage,  but  beyond  a  certain  point  it  is  difficult,  even  with  ad- 
ditional units,  to  secure  increased  insulation.  There  are  two  common  types, 
the  Hewlett,  or  interlinking  type  of  insulator,  sh<nra  in  Fig.  27,  where  the 
two  •uqxnston  oables  loop  through  each  other  and  are  separftteo  by  a  layer 
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Fio.  20. — Two-piece  cemented 
insulator,  Buspeosion  type. 


of  porcelain;  and  the  cemented  type,  in  which  the  porcelain  or  kUss  is  o»- 

mented  into  a  metal  cap,  and  the  pin  is  cemented  into  the  inaulator.  Fig.  28 
shows  a  one-piece  cemented  unit  and  Fig. 
20  shows  a  two-pieoe  cemented  unit.  The 
Hewlett  type  has  not  as  yet  met  the 
.meohanical  requirements  of  very  heavy 
power  work.  It  is  probably  more  difficult 
to  replace  than  the  cemented  type,  and  the 
electric  stresses  arc  not  so  well  distributed. 
The  cemented  type  has  given  trouble  due 
to  failures  at  the  base  of  the  cap,  and  in 
design  this  factor  should  be  carefully 
considered.  The  present  tendency  in  in- 
sulator design  is  toward  smaller  discs 
and  closer  spacing.  This  results  in 
higher  puncture  strength  for  a  given  flash- 
over  voltage. 

•S.  The  itrlnff  afflciency*  of  n  sus- 
pension insulator  units  is  the  ratio  of  their 
total  fissh-over  voltage,   to  n  times  the 

flash-over  voltage  of  one  insulator.     Although  certain  unpublished  500,000- 

volt  tests  have  shown  this  ratio  to  be  practically  unity,  the    majority  of 

experiments  show  that  the  string  efficiency  decQeases  when  the  number 

of     insulators    is   increased. 

Fig.  30  shows  the  results  of 

the   tests    made   by    F.    W. 

Peek,  Jr.     This  lowering  of 

flash-over  voltage  is  due  to 

the  fact  that  each  insulator 

has    a  certain    caps^ty    to 

B-Qund,  the  insulator  nearest 

the  line  carrying  the  charging 

current  of  the  whole  strins 

of  n  insulators.     The  second 

insulator  carries  the  charging 

current   of  n  — 1    insulators, 

etc.,  so  the  unit  next  the  line 

is  subjected  to  the  greatest 

stress,   the  second  unit  to  a 

lesser  stress,  etc.    The  string 

efficieocv     is    nearer    unity 

under  the  wet  test,  as    the 

leakage  current  is  then  so  in- 
creased that  the  effect  of  the 

capacity  current  is  negligible. 

The   string  efficiency  is  in- 
creased by  making  the  ratio 

of  mutual  capacity  to  ground 

capacity   largje;   that   is    by 

hanging  the  insulator   units 

near  together  but  having  each 

string  at  some  distance  from 

the  pole  or  tower.    (Par.  C7.) 
«S.  The   WfttU  IniuU- 

tor,  shown  in  Fig.  31,  pro- 

gMed  by  •A.  S.  Watts,  of 
ermany,  is  1  ft.  long  and 
has  withstood  100,000  voIU. 
It  is  claimed  that  in  so  far 
as  cost  and  weight  go,  this 
insulator  is  similar  to  the 
suspension  type,  in  that  the 
cost  and  weight  are  about  prop'ortional  to  the  voltage.  The  small  grooves 
are  not  so  deep  that  they  will  collect  dirt  and  foreign  material  which  can* 
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not  b«  removed  by  the  action  of  the  elements.  If  etraok  by  lightmng  the 
charge  can  pass  to  fcrouad  by  jumping  from  one  ridge  to  another,  and  the 
inaulator  will  remain  unharmed. 

M.  Strain  Insulaton  are  used  when  the  line  is  dead-ended;  at  intermedi- 
ate anchor  towers;  on  sharp  curves  where  the  line  would  tend  to  overturn  the 
insulator,  brtjak  the  pin,  or  pull  a  string  of  suspension  insulators  out  of  align- 
ment; and  on  extra  long  spans,  as  at  river  croseings.     For  voltages  up  to 


Fio.  31. — ^The  Watts  insulator. 


1/1/1/ 
Fra.  32. — Strain  insulator  with  yoke. 


OlOWaOWfiOMWWMlM) 

Waikiii(  PiMurs-KUoTSlU 

Fio.  33. — ^Weights  and  sizes  of  insulators. 

30,000,  a  pin-type  may  be  used.  For  voltages  in  excess  of  30,000,  either  the 
link-type  or  the  cemented  type  (Fig.  32)  is  used.  Fig.  33  gives  the  approxi- 
mate  siies  and  weights  of  the  various  typee  of  insulators. 

U.  Insulators  are  usually  designed  to  Sash  over,  r»tll«r  thut  to 
puncture.  To  assist  in  seeunngthis  result,  partieularly  on  high  frequency 
impulses,  arcing  rods  are  used  (rig.  36).    These  have  the  further  effect  of 
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holding  the  power  are  sway  from  the  innilator.    Another  tsrpe  ia  the  *Niebol- 
•on  arcing  ring.    (Fig.  34.) 


0 


(o)  (6) 

Fio.  35. — Arcing  roda. 

6<.  The  Un*  oonduetor  abould  alio  b«  iiroteeted  from  bvuninc  oS, 

due  to  the  heat  of  the  arc.     ThearcingrodaBhowninFig.  35,  andtheThomaa 
Line  Protector  shown  in  Fig.  36  may  be  used. 


•  Bibliography  36. 
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•T.  *lfl*et  o(  hlfh  fr*qu«noj  on  insaUtori.  Insulators  that  only 
flwh  over  at  eommorowl  frequendeB  may  punetura  at  the  same  voltage  if  the 
frequency  be  high.  This  is  probably  due  in 
X>art  to  the  iJtering  of  atreea  distribution 
caused  by  the  change  in  the  ratio  of  bus- 
oeptance  to  leakage  conductance  brought 
about  by  high  frequency.  It  is^  also  due  in 
part  to  the  corona  not  having  time  to  form 
jind  relieve  the  stress  by  rupture  of  the  air. 
To  prevent  puncture  due  to  high  frequency 
disturbances,  the  ratio  of  flash-over  voltage 
to  puncture  voltage  should  be  low. 

M.  Insulator  t«ittnf  f  is  of  two  kinds, 
design  tests  and  routine  tests.  Design  tests 
cover  those  features  that  are  important  to  the 
purohaser,  auoh  as  dry  and  wet  flash-over. 
puncture  voltage,  teoBile  strength,  and  are 
usually  made  on  the  assembled  unit  or  string. 
The  insulator  should  be  tested  under  coniu- 
tions  approximating  those  attained  in  servioe, 
such  as  mounting  or  suspending  from  a 
grounded  pin  and  cross  arm,  well  away  from 
other  objects.  The  potential  should  be  ap* 
plied  between  the  pin,  and  »  short  len^h  of 
cable,  representing  the  line  oonducto^  tied  or 
clammed  to  the  insulator.  The  standard  wet 
test  18  to  spray  water  over  the  insulator  at 
an  angle  of  45  aeg.  and  at  a  precipitation  rate 
of  0.2  in  (O.SOS  cm.)  of  water  per  min.  As  results  are  largely  dependent  on 
the  electrolytic  nature  of  the  water*  distilled  water  is  to  be  preferred,  as 
more  uniform  results  are  obtained  hy  its  use.  Insulators,  under  ordinary 
conditions,  flash  over  before  puncturing,  so  in  order  to  obtwn  the  puncture 
Yoltage,  the  insulators  must  be  immersed  in  oil. 

Routme  tests  should  be  made  on  each  part  of  ever^  insulator  before  as- 
sembling, and  also  on  the  complete  unit,  xhe  object  is  not  to  flash  over  the 
insulator  but  rather  to  detect  existing  faults  before  the  insulator  is  put  in 
•errice.  The  parts  of  pin  and  suspension  type  insulators  are  inverted  in  water 
thus  forming    one   terminal.     Water    is    also   placed  inside  the  insulator 


Fio.  36. — Thomas  line 
protector. 


b  d  e 

FiQ.  37. — Insulator  testing. 


eovering  the  threads  in  the  threaded  parts,  and  from  0.5  to  0.75  in.  (1.27  to 
1.9  cm.)  deep  in  the  other  parts,  thus  forming  the  other  terminal  as  shown  in 
a,  F^g.  37.  Dry  tests  are  often  made  on  the  assembled  unit,  b,  c,  d,  e  (Fig. 
37)  and  are  necessary  on  strain  insulators  and  bushings.  The  breakdown 
9oUaqe  of  intulatora  is  a  function  of  the  time  during  which  the  voltage  is 
a^pbed,  as  has  been  shown  by  A.  O.^  Austin.  {  A  higher  potential  for  a  short 
time  will  eliminate  poor  insiuators  in  the  same  manner  as  a  lower  potential 
for  a  longer  time.     Such  curves  for  100  kv.  and  85  kv.  are  shown  in  Fig. 


*  See  Bibliography  40. 

t  See  Bibliography  34,  37-41  incl. 

t  See  Bibliography  37. 
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38.    Thus  100  lev.  for  one-half  minute  vill  eliniiaate  2.2  per  cent.,  wheren 
8S  kr.  must  be  applied  4.7  minntea  to  produce  the  lame  result. 
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Flo.  38. — Insulator,  time-punoture  curves. 


8TSTXH  DISTUBBAHOIS 

•t.  Surgw*  and  disturbances  oocur  io  a  transmission  circuit,  when 
circuit  conditions  are  in  any  way  altered.  An  oscillation  is  a  recurring 
disturbance  due  usually  to  the  oecillation  of  energy  between  the  electrostatic 
and  electromagnetic  fields.  An  oscillation  of  low  frequency,  or  one  that  is 
rapidly  damped,  is  called  a  iurge.  Disturbances  may  De  produced  by 
causes  within  the  system  itself,  such  ss  switching,  grounds,  changes  of 
load,  or  they  may  be  produced  by  external  causes,  such  as  lightning. 

In  an  oscillation,  the  energy  passes  from  one  form  to  the  other,  so  that 
assuming  no  loss, 

or  _ 

«A-Vi/C  (21) 

The  term  a/L/C  is  the  noitmit  impedance  of  the  tine. 

From  Eq.  21,  the  maximum  voltage  possible  to  occur  on  interruption  of 

the  euirent  /  is:  

t-lVL/0  (22) 

This  rise  of  voltage  limits  the  current  that  may  safely  be  interrupted  and 
renders  a  short  circuit  dangerous. 

Any  change  in  load  will  alter  either  e  or  t  and  as  the  energy  of  the 
electrostatic  and  electromagnetic  fields  cannot  change  in  sero  time,  e  and  t 
must  pass  through  some  transient  values  before  the  steady  state  is  again 
reached. 

If  r,  the  resistance,  is  equal  to  or  greater  than  y/L/C,  the  transient  is  non- 
oscillatory,  and  quickly  dies  out.  If  r  is  lees  than  ■^L/C,  the  transient  is 
oscillstory.  The  energy  is  dissipated  ss  heat  in  the  resistance,  in  hysteresis 
losses  in  the  fields  themselves,  or  the  insulation  of  the  system  may  break 
down  allowing  the  energy  to  manifeet  itself  in  an  arc. 

TO.  The  fraqaeney  at  whlcb  the  tranalent  oaeiUataf  is 

/-l/(4-v/LC)  (83) 

when  the  circuit  constants  are  distributed,  as  in  the  ease  of  a  transmission 
line.  /  is  the  natural  frequency  of  the  circuit.  The  transmission  frequency 
shoula  be  bo  chosen  that  the  natural  frequency  is  not  exactly  an  odd  multiple 
thereof. 

Tl.  Forced  oiclUatlons  are  produced  by  a  source  of  energy  external  to 
the  circuit,  such  as  lightning,  whose  frequency  has  no  relation  to  the  circuit 
constants. 
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71.  Sffeet  of  franslenta.  When  a  traveling  wave  paasea  from  one  i>art 
of  a  circuit  into  another  of  different  oonstanta,  the  voltage  wave,  011  will 
change  ita  magnitude  to  ei,  aa  follows. 

and  the  eurrent 

•■•"•■•  ^ 

where  Zi  and  Zt  are  the  natural  impedancea  Vii/Ci  and  x/Li/Ci  of  the  two 
parts  of  the  oircuit,  reapeatively.  (See  Par.  69.)  Thus  a  wave  paaBing 
zrom  one  part  of  a  circuit  to  another  having  a  greater  ratio  of  Induotanoe  to 
capacity  will  develop  ftn  increased  voltage  and  a  decreased  current.  This 
explains  the  breaking  down  of  transformer  windings,  due  to  surges  enter- 
ing them.  On  the  other  hand,  if  a  wave  passes  from  an  overhead  system 
into  a  cable,  the  voltage  will  be  reduced,  and  the  current  inoreased.  This 
explains  the  self-protecting  quality  of  cables  to  surges. 

19.  A  line  whole  length  is  a  quarter  wave  is  determined  by 

l-'-^^  (26) 

where  L  is  the  length  in  miles*  /  the  frequency  In  cycles  per  sec.,  and 
183,000  the  velocity  of  an  electric  wave  in  miles  per  sec.  It  can  be  shown 
that  such  a  line,  with  constant  generator  voltage,  tends  to  regulate  for  con- 
stant current  at  the  receiving  end,  and  the  maintenance  of  constant  voltage 
at  the  load  therefore  becomes  difficult.  The  voltage  may  rise  to  dangerous 
values  when  the  circuit  is  opened,  though  a  transformer  at  the  receiviiig  end 
will  practically  neutralize  this  abnormal  potential.  The  frequency  correepond- 
ing  to  a  quarter  wave  length  of  line  is  the  lowest  frequency  at  which  the  line 
can  freely  oscillate.  It  cannot  oscillate  at  a  frequency  eorresponding  to 
either  a  half  or  a  whole  wave  length  when  the  circuit  is  open  at  one  end. 

74.  OsciUatloni  originating  in  the  transformer.  High  voltage 
transformers  have  an  appreciable  electrostatic  capacity  between  turns,  and 
lUso  to  ground,  together  with  a  large  equivalent  reactance.  This  not  only 
tends  to  create  very  high  frequency  oscillations  in  the  transformer  itself  but 
also  to  produce  voltage  rises  that  may  puncture  the  insulation.  Protective 
apparatus  must  therefore  be  so  designed  that  these  oscillations  may 
readily  pass  from  the  transformer  to  the linCj  and,  at  the  same  time,  outdde 
distxirbances  will  be.  prevented  from  passing  in  the  reverse  direction. 

78.  XJghtnlng  dliturb»neei*  may  be  due  to  a  chaige  induced  on  the 
line  by  a  nearby  cloud  which  discharges,  thus  allowing  tbeline  charge  to  flow 
suddenly  to  ground;  toinductive  action  of  a  nearby  discharge;  todirectstroke. 
Such  disturbances  may  be  of  high  frequency  and  may  either  start  a  destruc- 
tive arc  to  ground  or  shatter  the  insulators  near  the  sxx>t  of  original  disturb- 
ance. Waves  may  be  propagated  in  both  directions,  causing  damage  at 
some  remote  point. 

7g.  Lightning  dlsturbaneoi  mAj  be  minimlsod  by  the  use  of  one  or 
more  overhead  ground  wires,  jErounded  at  rerv  frequent  intervals.  Damage 
to  apparstas  may^  be  ivaotically  prevented  by  installing  arresters,  pref- 
erably of  the^ aluminum  cell  type,  near  the  apparatus,  for  example,  across 
the  lugh-tension  bus  bars  at  the  generating  station,  at  substation  entries, 
and  near  outdoor  transformers  and  substations.  Lines  have  been  protected 
by  <^>mting  them  just  below  the  critical  corona  voltage  (see  Par.  4S  to  11). 
Any  disturlwnce  that  tends  to  raise  the  voltage,  immediately  increases  the 
corona  loss  to  such  an  extent  that  the  energy  of  the  disturbance  is  thereby 
dissipated. 

77.  The  selection  of  proteotiTO  squlpmant  is  governed  somewhat  by 
local  conditions.  The  degree  of  {>rotection  necessary  depends  largely  upon 
the  value  of  the  power  that  is  b«ng  transmitted,  and  the  financial  loss  in- 
volved by  a  8hut-<iown  or  by  an  interruption  of  the  service. 

•Bibliography  50. 
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Fio.  39. — ^Ardnc-ground  auppresaor. 


Tt.  Loeal  ihort-eireulti  may  be  iaolat«d  from  the  ie*t  of  the  ■jrttem  by 
properly  selected  automatic  oil  awitchee  equipped  with  relays  which  are  of 
either  the  instantaneous,  reverse-enerKyi  or  invene-time-limit  types. 
Lightninfi  arresters  shotUd  be  able  to  carelor  any  abnormal  voltage  rise  due 
to  switching.  (See  Par,  6f  and  M.)  That  the  current  flowing  into  a 
short  ciromt  in  one  portion  of  the  system  may  not  rise  to  dangerous 
ralues,  power-limiting  reactances  are  interposed  between  the  different  sections 
of  the  system 

.  Tt.  Dstaetion  and  clearlnf  of  groundi.  Grounds  may  be  detected  by 
some  form  of  electrostatic  detector,  placed  on  the  switchboard.  An  areing- 
ground  on  an  ungrounded  system  may  be  cleared  by  the  ttxeing  ground 
■uppreHOT,  *  shown  in  Fig.  39.  The  selective  relay  mav  operate  electro- 
statically, or  electromagnetically 
by  the  nse  of  potential  trans- 
formers. When  a  ground  occurs 
on  anv  phase,  that  phase  is  tem- 
porarily grounded  by  the  proper 
oil  switch,  selectively  operated  by 
the  relay.  This  lowers  the  volt- 
age across  the  are,  whieh  therefore 
ceases,  and  the  switoh  then  opens 
(through  a  resistance  to  prevent 
oscillations)  and  the  ground  is  thus 
cleared.  In  a  cable  system  the 
grounded  phase  is  permanently 
connected  to  ground,  as  otherwise 
the  are  would  immediately  re-form 
when  the  switch  opened,  due  to 
the  short  distance  between  core  and  sheath.  Interlocking  devices  prevent 
the  simultaneous  operation  of  more  than  one  switch  at  a  time,  thus  avoiding 
a  short  oirouit  on  the  system. 

A  thort-eireult  fuppraiaor  throws  a  fuse  directly  between  phases, 
■hunting  out  a  short-oirouit  arc.  Subsequently  the  fuse  automatically 
interrupts  its  own  current.  When  these  are  used,  power-limiting  reactances 
are  desirable  in  order  to  protect  apparatus  from  mechanical  injury. 

50.  Overhud  ground  wiref  unquestionably  reduce  the  interruptions 
to  service  doe  to  lightning,  although  there  are  no  available  data  stating  Just 
bow  great  the  advantage  is.  It  is  estimated  that  one  wire  will  reduce  theaa 
interruptions  about  60  per  cent.,  and  that  two  wires  will  make  a  still  greater 
reduction.  Galvanisea  iron  and  steel,  because  of  their  low  cost  and  high 
tensile  strength,  have  been  commonly  used  for  this  purpose.  Copper-clad 
conductors  may  have  a  lower  impedance  to  the  high-frequency  discharget 
of  lightning  than  have  galvanised  iron  or  steel. 

8TBTIM  OONiraOTIONS  AlTD  SWITOBIHa 

51.  Syitam  oonneotlons  should  be  made  in  such  a  manner  that 
continuity  of  service,  flexibility,  and  safety  are  secured  without  undue  oom- 
pUoations  of  wiring  and  switching. 

SS.  Duplicate  lines  are  usually  necessary,  where  continuity  of  serrioe  b 
Important.  It  is  customary  to  run  the  two  lines  on  the  same  poles  or 
towers,  especially  if  these  are  of  steel  or  concrete,  as  the  total  cost  of  lino 
supports  is  then  much  less  than  it  would  be  for  two  individual  pole  lines. 
Where  the  power  is  especially  valuable,  the  two  lines  may  be  run  over  two 
different  routes,  removed  from  each  other.  This  lessens  tne  chaneo  of  both 
lines  being  disabled  at  the  same  time  by  lightning  or  by  other  natural  causes. 
The  cost  of  two  such  lines  is  frequently  prohibitive.  When  it  is  neeessary 
to  shut  down  a  line  for  repairs,  the  semes  is  interrupted  if  two  lines  are 
not  available.  Where  the  regulation  would  be  impaired,  or  the  overload 
capacity  of  one  line  is  not  sumoient  to  carry  the  entire  load  during  such  a 
shutHlown,  sectionalising  switches  may  be  provided.  The  section  requiring 
repairs^  may  be  isolated^ and  grounded,  the  two  lines  being  in  parallel!  or  the 
remaining  distance.  This  insures  better  and  more  continuous  service,  though 
frequently  the  advantage  gained  is  more  than  offset  by  the  added  expense  and 

*  See  Bibliography  56. 
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awitching  complication,     ^g.  40  ahowB  the  oonnections  for  a  typioal  power 
Byetem. 

88.  Subitatlon  cozmcotloni  are  made  as  shown  in  Fig.  40  and  Fi^s.  73 
and  74.     See  also  Seo.  10  and  Sec.  12. 
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Ganerators 
Fio.  40.— Typical  system  connaotions. 

S4.  *AdTanta(M  ot  crounded  mtoma  are  u  foUowi:  (a)  Except 
nndar  unaeual  trantient  conditions,  the  Toltage  from  line  wire  to  pound 
nerer  exceeds  the  Y  voltase.  so  the  line  insulation  need  not  have  so  large  a 
factor  of  safety,  as  with  isolated  systems;  Oi)  a  around  on  one  wire  opens  the 
breakers  and  wbtbs  the  operator  of  trouble;  (c)  the  dynamio  arc  to  ground  has 
but  little  tendency  to  create  high  frequency  oscilfations;  (d)  disturbances 
to  the  telephone  system  due  to  dectrostatic  unbalancing  are  a  minimum. 

M.  DUadTimtacei  of  (rounded  aystama  are:  (a)  The  line  is  in- 
operative if  a  jground  ooours;  (b)  the  short-circuit  current  may  produce 
strong  meehanical  forces  in  generator  and  transformer  windings,  causing 


*  See  Bibliography  87,  88. 
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serious  damage;  (o)  the  dynamic  arc  may  shatter  the  isaulaton  or  burn  off 

the  conduotors,  because  of  the  large  amount  of  energy  available;  (d)  induc- 
tive effects  of  the  earth  circuit  may  affect  the  telephone  and  telegraph 
circuits,  though  the  earth  oiurrent  is  practically  negligible  except  in  case  of  an 
accidental  ground. 

86.  Oondltloni  of  adT&ntageoui  groundlnff.  A  system  in  ezoeas  of 
60,000  volts  may  well  be  grounded,  uraess  absolute  continuity  of  sa*vioe  is 
essential.  A  line  connected  as  a  part  of  a  large  system  should  oe  grounded. 
It  will  then  be  automatically  disconnected  and  cannot  subject  the  entire 
system  to  the  delta  voltage  betweea  line  wire  and  ground.  A  cable  system* 
utould  be  grounded,  as  oscillations  and  transients  are  of  common  occurrenee, 
and  a  ground  in  one  part  of  the  system  may  otherwise  cause  a  breakdown  in 
the  insulation  at  some  other  point.  To  locate  and  repair  a  ground  in  a  cable 
system  is  e^Mnsive,  requiring  considerable  time. 

ST.  The  groundf  connection  may  lie  made  by  connecting  the  neutral 
to  a  copper  plate  buried  in  charcoal;  by  connecting  to  a  metal  plate  immersed 
in  a  nearby  Dody  of  water;  by  connecting  to  metal  work  in  contact  with  the 
.  earth  or  water;  by  driving  iron  pipes  of  about  lin.  (2.54  cm.)  or  so  in  diamet^* 
and  6  ft.  (2  m.)  length  into  the  earth  6  ft.  (2  m.)  apart,  and  pouring  salt 
water  around  them.  To  limit  the  short-circuit  current,  a  resistance  may  be 
inserted  in  the  neutral  connection,  though  to  secure  one  having  the  neoeasary 
resistance  and  carrying  capacity  is  expensive.  A  reactance  should  not  be 
used  in  the  neutral  as  it  may  increase  the  probability  of  oscillations.  The 
ground  should  be  made  at  only  one  point  of  the  system,  at  the  power-house, 
as  otherwise  earth  currents  tend  to  flow  and  to  disturb  telephone  and  tele- 
graph circuits  in  the  vicinity  of  the  line. 

88.  TTnirrounded    lyitemst    have   the   foUowinr  advantagea:    (a) 

an  accidental  ground  does  not  shut  down  the  system;  (b)  the  e^th  may  serve 
as  a  third  conductor  until  the  damage  can  be  repaired;  (c)  an  arcing  STOund 
may  be  cleared  by  the  arcing  ground  suppressor;  (d)  under  normal  conditions, 
there  is  little  effect  on  telephone  and  telegraph  lines. 

89.  DltAdvantaffes    of    ungrounded    lyitema    are    as    foUowi:  (a) 

Though  the  neutral  of  the  system  should  be  at  ground  potential,  experiment 
has  shown  that  excessive  voltage  may  exist  between  neutral  and  ground; 
(b)  the  insulation  of  the  system  must  be  designed  to  withstand  the  delta 
voltage,  and  therefore  must  have  1.7 , times  the  insulation  for  the  same  factor 
of  safety;  (c)  an  arc  to  ground  is  in  series  with  the  line  capacity,  and  ther^ 
fore  tends  to  set  up  destructive  high-frequency  oscillations;  (d)  any  electro- 
static unbalancing  affects  neighboring  telephone  and  telegraph  systema. 

•0.  Ungrounded  syitenis  should  be  uaed  where  the  voltage  is  mod- 
erate; where  a  shut-down  would  be  a  serious  matter;  where  the  apparatus  may 
well  withstand  the  full-line  potential. 

•1,  Tranuonner  connections  $  may  be  either  delta  or  star.  Trana- 
formers  connected  in  delta  must  be  able  to  withstand  the  total  voltage  be- 
tween lines,  hence  their  cost  is  greater  than  for  star-connected  transformers. 
They  are  more  reliable  than  the  star-connected,  for  if  one  transformer  la 
disabled  the  system  will  continue  to  operate  connected  open  delta.  Tran»- 
formers  connected  in  delta  may  be  heated  by  the  third  harmonic  droulat<»7 
current.  The  star  connection  affords  an  accessible  neutral,  and  the.trana- 
formers  need  be  designed  to  withstand  only  58  per  cent,  of  the  line  voltage. 
There  is  no  third-harmonic  circulatory  current  possible,  and  any  third-har- 
monic voltage  does  not  appear  on  the  Ime.  If  one  transformer  goes  out,  the 
system  must  either  be  operated  single-phase,  or  be  shut  down,  unless  a  spare 
unit  is  available.  Voltage  taps  are  easily  brought  out  from  the  transformer 
winding  in  the  star  connection.     See  Sec.  6. 

92.  Switching]]   a  transmission  line  may  give  rise  to  transients  causing 

*  See  Bibliography  46. 
t  See  Bibliography  63. 
\  Bibliography  67,  68. 
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oerloua  damage  to  line  and  apparatiu.  The  matter  is  further  complicated 
by  the  oharacteriatice  of  tlie  oil  switches  themselvee.  When  the  switch 
contacts  approach  each  other  oa  cloeinsthe  circuit,  small  arcs  of  decreasing 
magnitude  are  set  up  between  them.  These  may  result  in  high  frequency 
oeculations  corresponding  In  period  to  the  natural  frequency  of  the  trans- 
former windings,  in  a  three-pnase  switch  the  three  contacts  may  not  close  at 
the  same  instant  whichf  urther  complicates  the  problem.  Similar  phenomena 
occur  when  the  switch  opens  the  circuit,  the  arcs  between  contacts  increasing 
in  magnitude.     The  maximum  passible  voltage  rise  as  the  switch  opens  is 

given  by  , 

t-iVL/C  (27) 

where  i  is  the  current  at  the  moment  of  break  and  L  and  C  pie  the  circuit 
induetance  and  capacity  reapectively.  The  voltage  doea  not  usually  ap- 
proach this  limiting  value  as  the  arcs  formed  between  the  contacts  introduce 
resistance  which  diminishes  the  voltage  rise.  The  switch  also  absorbs  some 
of  the  energy  stored  in  the  line.  The  voltage  rise,  under  ordinary  switching 
conditions,  may  not  exceed  the  normal  operating  value  more  than  from  60 
to  75  per  cent.  The  excessive  rises  in  potential  occur  under  short-circuit 
conditions,  when  the  current  may  reach  many  times  full-load  value. 
Aluminum  arresters  and  power-limiting  reactances  offer  the  best  solution 
of  the  problem. 

n.  High-taiuioii  and  low-tanaion  nrltehlnc  are  both  extensively 
employed,  there  being  no  consensus  of  opinion  as  to  which  is  more  desirable. 
The  following  methods  are  used  in  switcning  on  a  substation. 

(a)  Connect  the  line  to  the  high-tension  bus  at  the  generating  station,  and 
then  switch  the  substation  transformers. 

(b)  Connect  subetation  transformers  to  the  dead  line,  and  then  switch 
the  line  to  the  high-tension  bus  at  the  generating  station. 

(c)  Connect  the  open  line  to  the  transformers  at  the  generating  station,  . 
switch  these  on  the  low  aide,  and  then  connect  the  substation  transformers  at 
the  end  of  the  live  line. 

(d)  Connect  the  subetation  transformers  to  the  dead  line  and  step  up 
traneformers  and  switch  these  latter  on  the  low  tension  side. 

(a)  and  (b)  come  under  the  classification  of  high  tension  switching  and  (c) 
and  (d)  low-tension  switching.  The  reverse  order  may  be  followed,  when 
switching  off. 

Transformer  switching  may  result  in  abnormal  current  rushes,  if  the  drcuit 
is  oloeed  on  a  i>oint  of  the  crn.f.  wave,  which  does  not  correspond  to  the 
residual  magnetic  state  of  the  transformer. 

POWXB-rACTOft  COBKBCTIOH 

M.  Powar-faotor  correction*  may  often  be  made  on  transmission  lines, 
whereby  the  voltage  regulation  may  be  materially  improved,  the  generating 
oapacity  increased  and  the  copK>er  loeaee  reduced.  This  correction  may  be 
m^de  by  the  over  and  the  under  excitation  of  synehronous  apparatus  at  the 
receiving  end  of  the  line.  When  used  for  this  purpose  exclusively,  such 
apparatus  is  called  a  synchronous  condenser.  This  synchronous  apparatus 
may  be  a  part  of  the  receiver  and  used  for  further  distribution  of  power,  or 
it  may  merely  float  on  the  end  of  the  line,  its  sole  function  being  to  regulate 
the  power-factor,  or  the  voltage.  As  synchronous  motors  are  not  wound 
for  voltagee  much  in  excess  of  13,000  volts,  they  must  be  connected  to  the 
low  sides  of  transformers  if  the  line  voltage  exceeds  this  value.  When  the 
motor  is  installed  solely  to  improve  trsnsmiseion  efficiency,  the  cost  of  the 
power  required  by  the  motor  plus  its  maintenance  and  fixed  charges,  must 
not  exceed  the  cost  of  the  power  saved,  and  must  be  less  than  the  interest  on 
th^  cost  of  installing  more  copper.  As  the  synchronous  apparatus  may  fall 
out  of  step,  or  be  damaged  by  surges  or  short-circuits,  it  is  generally  desirable 
to  install  copper,  which  will  give  greater  reliability,  and  has  a  better  scrap 
value. 

When  improved  regulation  is  the  result  desired,  the  installation  of  syn- 
chronous apparatus  may  be  justified  regardless  of  the  energy  saving.  Where 
large  amounts  of  power  are  concerned,  it  is  impracticable  to  install  synchronous 
condensers  to  taae  care  of  the  entire  quadrature  current,  although  they  may 
be  used  for  purposes  of  improved  regulation. 

•  Bibliography  71-77  incl. 
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M.  0«l«ul»tloni  tor  powar-faetor  eoirraotion.  The  per  cent,  quadra- 
ture current  required  for  unity  power-factor  at  the  receiver  may  be  deter- 
mined from  Fis.  4 1,  or  may  be  calculated  for  a  three-phaae  ayiitem  aa  f ollowi: 


T        ^ 


3E 


tan  « 


(28) 

(29) 

where  It  and  It  are  the  energy  and  quadrature  oomponenta  of  onrrent  reapeot- 
ively,  W  ia  the  power,  in  watts,  at  the  receiver,  6  ia  the  voltage,  from  fine 
wire  to  n«tt<ni2,  at  the  receiver,  and  0  ia  the  an^  between  the  current  and 
voltage   vectors.      It    will    be    noted,   from    Viz.   41    that  it  requiies  a 

much  larger  aynehronou*  mo- 
tor to  bring  the  power-factor 
from  95  per  cent,  to  100  per 
cent.,  than  it  would  require  to 
bring  it  from  90  per  cent,  to 
95  per  cent.  Aa  a  rule,  it  ia 
not  economy  to  install  appa- 
ratus large  enough  to  obtain 
the  last  6  per  cent. 

•I.  0«iwUmt  raoalTar 
TOltaca*  Buv  b«  obtainad 
by  varying  the  excitation  of 
the  synchronous  apparatus, 
either  by  use  of  an  automatic 
regulator  which  acts  on  the  ex- 
citer or  by  compounding,  if 
the  synchronous  apparatus  ia 
a  motor-generator  or  a  rotary 
converter.  When  the  varia- 
tions in  voltage  are  not 
severe,  hand  regulation  may 
be  employed.  Machines  can- 
not always  be  compoiinded 
to  give  constant  voltage  at 
all  Toads,  though  the  condi- 
tion of  constant  voltage  may 
be  approximated.  As  tiie 
voltage  of  a  line  may  rise  on 
open  circuit  to  a  value  in  ex- 
cess of  the  generator  vcdtage, 
due  to  the  hne  charging  cur- 
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rent,  the  synchronous  apparatus  must  be  able  to  shift  its  phase  from  leading 
to  lagging  current.  The  power-factor  being  known,  the  quadrature  eurreiit 
and  the  required  capacity  of  synchronous  apparatus  may  be  determined 
by  plotting  Fig.  17  (Par.  S8)  to  a  large  scale.  For  more  complete  diseuadon 
consult  the  bibliography  references. 

STBB8SCS  IH  STAKS 

(T.  Heehanleal  Itrauef  in  a  span  are  produced  by:  (a)  the  dead  weight  of 
the  conductor,  which  acta  vertically;  (b)  the  weight  of  any  ice,  sleet,  or  snow 
that  may  cling  to  the  wire;  and  (c)  the  wind  pressure,  which  is  assumed  to  act 
horixontally,  at  right  angles  to  the  lino,  and  on  the  projected  area  of  the  con- 
ductor, and  its  sleet  loads. 

The  weights  of  copper  and  aluminum  conductors  are  given  in  Par.  99- 
The  weight  of  ice  is  57  lb.  per  cu.  ft.,  or  0.033  lb.  per  cu.  in.  and  the  weight  of 
aleet  and  snow  is  somewhat  leas  than  this.  For  the  average  climate  of  the 
United  States,  a  layer  of  ice  0.5  in.  (1.27om.)  thick  isassumedtobe  thewoiBt 
condition  of  loading,  though  in  the  mountainous  regions,  sleet  may  form  to  a 
greater  thickness  than  this.  The  table  in  Par.  99  gives  the  ice  ana  conductor 
loads  with  0.5-in.  and  0.76-in.  layers  <A  ioe,  for  both  copper  and  alaminum 
conductors. 


'  Bibliography  73,  75,  77. 
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The  wind  pmture  ia  »  function  of  the  wind  velocity  and  may  be  ei- 
preawd  by  Buck's*  formula 

J.-0.0025V*  (lb.  per  iq.  ft.)  (30) 

Where  p  ia  the  pressure  in  lb.  i>er  sq.  ft.  and  V  is  the  actual  velocity  of  the  wind 
in  miles  per  Br.  Fig.  42  shows  the  relation  between  velocity  and  wind 
pressure.  Buck  gives  the  following  as  the  relation  between  actual  velocity 
and  that  indicated  at  the  Qoverxunent  observation  stations. 
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Fig.  43  shows  the  wind  pressure  at  different  heights  above  ground,  and 
Par.  ••  gives  the  pressure  for  the  various  conductors  and  ioe  loads. 

The  resultant  force  acting  on  the  conductor,  is  the  vector  sum  of  the 
horisontal  and  vertical  forces  shown  in  Fig.  44.  The  resultant  loading  for 
various  conditions  of  component  loading  on  line  conductors  is  given  in  Sec.  4. 

M.   Th*    c«B«ral     ipui         » 
formula,  assuming  that  the  a 
span    has  the  form   of  a  pa-  ^      _, 
rabola,  and  that  the  weight  is  ^ '-« ^ 
uniformly   distributed,  are  as  &  < 


follows: 
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'--85- 

''—sT 


Ob.) 
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(ft.)     (32) ' 
(ft.)     (33) 
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pioLb.p«rtq.Ft. 
Fia.  42. — Wind  velocity  and  pressure. 
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where  (  is  the  horisontal  tension  in  lb.,  S  is  ths  span  length  in  ft.,  d  is 
the  sag  in  ft.,  is  is  the  weight  in  lb.  per  ft.  of  the  conductor  plus  the  sleet  or 
snow,  and  I  is  the  length  of  the  conductor  in  ft.  The  total  tension  T  in 
the  conductor  at  the  support,  is  the  sum  of  the  horisontal  component 
I,  and  the  vertical  component  due  to  the  dead  load. 

r-«+Hxf  (IbV 


^'s  ao 


(34) 
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\ 
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^^ 

-''^ 
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Betf  ht  sbon  Oroand  la  Ft, 
Fhi.  43. — Wind  velocity  and  height. 


MO 


Flo.  44. — Resultant  force  on 
the  wire. 


The  second  term  is  usually  very  small,  and  for  ordinary  sags  is  negligible. 
If  in  Eq.  32  the  conductor  is  considered  by  itself,  ignoring  sleet  and  wind 
loads,  then 


i~ 


■  8f 


(ft.) 


(3.1) 


where  W  is  the  weight  of  the  conductor  per  ft.  of  length  and  for  1  sq.  in. 
cross-seciioa,  and  F  is  the  tension  in  lb.  per  sq.  in.  The  required  deflecUon 
may  then  be  determined  for  the  allowable  unit  stress. 


*  See  Bibliography  82. 
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IM.  OUoulfttton  of  horisontel  itrais.  *  The  foracoing  tables  ^ye  the 
factors  by  which  the  weight  per  ft.  of  conductor  may  be  multipued,  in 
order  to  determine  the  boniontal  atren  in  the  span.  Valuoe  are  given  up  to 
200  ft.  (61  m.>  spans,  and  to  20  per  cent,  deflections.  For  any  span  greater 
than  200  ft.  (61  m.)  the  table  may  still  be  used,  if  it  be  remembered  that  for 
a  given  percentage  deflection,  the  stress  is  proportional  to  the  span.  Thus  for 
a  1,500-f  t.  (4.67  m.)  span  having  2.0  per  cent,  deflection,  and  a  totcj  wei^t  of 
0.5  lb.  per  ft.  (1.641b.  per  m.^  the  horiiontal  stress  will  be  (from  150-ft.  span) 
(-938X10X0.5-4690  lb. 
In  the  same  way,  the  length  of  this  span  wire  (Par.  101)  will  be  (with  ISO-ft. 
span) 

I-1S0.16X10-1501.6  ft 
The  tables  were  computed  from  formuUe  given  In  Weisbach's  "  Mechanics 
of  Engineering,"  page  297  (seventh  American  edition,  translated  by  Eekley 
B.  Cox.  A.M  J 

iS  X  H'  —  horisontal  stress  in  wire  at  centre  of  span  (lb.)  (30) 

S-j/t/2i+i/6(ft.)  (37) 

i-»(l  +  (2/8)  (t/»)'1  (ft.)  (38) 

»-3S-V'»S'-3»«'(ft.)  (39) 

»-V(3»J-3B«)/2  (ft.)  (40) 

where  »•  one-naif  the  span. 

1»  one-half  the  length  of  the  span  wire. 

ge  — deflection  at  centre  in  same  unite  as  y. 

10  —  dead  weight  per  ft.  of  wire. 
lot.  Tempermture  variatloiu  will  change  the  length  of  the  span,  and  as 
the  sag  and  tension  are  very  sensitive  to  changes  in  the  length  of  span,  the 
effect  of  change  of  temperature  must  be  considered.  With  a^  change  of 
tension,  the  length  of  the  wire  will  be  changed,  due  to  stretching  or  con- 
tracting. As  stretch  and  temperature  change  are  inter-related  and  oeoor 
simultaneously,  their  combined  effect  must  be  determined.  As  an  analytical 
calculation  is  difficult  to  make,  the  solution  is  better  determined  by  graphical 
methods.  For  every  degree  fahr.  change  in  temperature,  the  length  of 
unstressed  copper  will  change  0.00096  per  cent.,  and  of  aluminum  0.00128 
per  cent.  The  following  table  gives  stress  and  temperature  data  for  both 
copper  and  aluminum  conductors. 

101.  t  Properties  of  conduotormatsrUla 


Copper 

Ultimate 

strength  per 

sq.  in. 

Elastic 
limit 

Mod. 

elasticity, 

B 

Coef. 
eipansion. 

Solid,  soft-drawn. 

Solid,  hard- 
drawn. 

Stranded,  soft- 
drawn. 

Stranded,  hard- 
drawn. 

32-34,000 
50-55-67-60,000 

34,000 

60,000 

28,000 
30-32-34-36,000 

28.000 

35,000 

12,000,000 
16,000,000 

12,000,000 

16,000,000 

0.0000096 
0.0000096 

0.0000096 

0.0000096 

Aluminum 
Stranded 

23-24,000 

14,000 

9,000,000 

0.0000138 

10(,  Th«  maziinum  itreH  in  a  span  occurs  when  it  has  its  greatest  load- 
ing of  ice  or  sleet,  minimum  temperature,  and  maximum  wind  velocity 
blowing  at  right  angles  to  the  line.  The  loading  usually  assumed  is  0.6-in. 
layer  of  ice  at  —20  deg.  fahr.  ( -  29  deg.  cent.)  and  a  wind  preesure  of  8  lb. 
per  sq.  ft.  (at  a  velocity  of  about  57  miles  per  hr.)  The  load  under  these 
conditions  may  then  be  determined  from  Par.  99,  and  the  stress  from  Par. 
100,  or  calculated  from  Eq.  31,  Par.  98. 

IM.  liMlipl*  of  ttr«w-ug  oaleulation.  Problem:  Required  to 
find  the  proper  sag  for  a  600-ft.  span  of  No.  0(XK)  hard-drawn  solid  copper,  at 

*  From  "Wire  in  Electrical  Construction"  by  John  A.  Roebling's  Sons  Co. 
t  Report  of  the  Joint  Committee  on  Overhead  Construotion,  N.  E.  L.  A. 
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mkiimum  (summw),  minimnm  (winteF-loaded),  utd  (trioijiis  (unloaded) 
tempcnturea. 

From  Par.  M  for  0.5-in.  ice,  and  8  lb.  per  aq.  ft.  wind  piesaura,  the 
total  load  per  lin.  ft.,  tr,  ia  1.576  lb.  The  allowable  tension,  I,  ia  4, ISO  lb. 
(correaponoing  to  25,0001b.  per  iq.in.>.  TbeaagmaybacalouiatedfromEq. 
32,  Par.  M.  d-[(600)>X1.5751/(8X4,150)  - 17.08  ft.  at  the  aasumed  miiu- 
mum  temperature. 

This  is  the  sac  under  ice  load  at  —  20  dee.  f  ahr. 

The  maximum  sag  will  occur  at  + 120  deR.  fahr.,  the  assumed  manmum  tem- 
perature, with  no  load  other  than  the  conductor  itself  and  no  wind. 

To  determine  this  sag  first  consider  that  all  the  streaa  is  removed  from 
the  conductor,  and  determine  its' length  under  this  oonciitioD. 

The  change  of  length  due  to  removing  the  load,  Af  —  j^  (41) 

In  this  expression,  <  is  the  tension  in  lb.,  (,  the  length,  in  ft.,  B, 
the  modulus  of  elasticity,  in-lb..  A,  the  croaa^eetion  of  the  conductor,  in 
■q.  in.     Values  of  EA  are  given  in  Par.  M. 

Theoriginal  length,  from  Eq.  33,  Par.  M,  iafi  — flOO+I8Xll7.08)V(3XaOO)l 
-601.297  ft.  Al-4,160X601.297/2,6Se,000>Q.839ft.  liie  span,  then, if 
•II  stress  were  removed,  would  have  the  hypothetical  length  at  —  20  deg. 
fahr.,  601.297-0.930-800.358  ft.  This  often  results  in  a  value  less  than 
the  span  length.     At  aero  deg.  fahr.,  the  length  would  be  given  by 

J -?.(!  + of)  (42) 

Where  U  is  the  length  at  sero  deg.  fahr.  a  is  the  coefficient  of  expansion,  <' 
is  the  temperature  deg.  fahr.  h-<>00.358/[l  +0.0000096  X  (  -  20)]  -  600.473  ft. 
«.'•  -  V'(3XeOO(600.473  -  800)1/8  =  10.31    ft.     (Eq.    33,    Par.  M.) 

lOT.  To  obtain  th*  lag  at  aero  dag.  fahr.,  no  ice  and  no  wind  load,  the 
aag-atreas  curve  oi  ahould  first  be  plotted  (fig.  45),  having  w— 0.641  lb. 
per  ft,  weight  of  conductor  with 
load  removed  (Par.  M) .  The  table 
of  Par.  100  is  very  convenient  for 
this  purpose.  The  sags  for  differ- 
ent tenaiona  are  then  calculated  Jiy 
finding,  first,  the  length  from  Eq. 
41,  and  then  the  sag  from  Eq.  32, 
Par.  98.  These  values  are  now 
plotted  (curve  cd\ ;  where  this  curve 
tntaraects  the  sag-stress  curve  ab 
will  be  the  sag  at  aero  deg.  fahr., 
when  the  conductor  has  no  load 
other  than  its  own  weight. 

Thus,  at  a  tension  of  3,000  lb., 
fi-  600.473  -(-[(600.473  X  3,000)/ 
8.680,0001-600.473+0.678-601.151  ft.  (from  Eq.  411. 

<l-V'[l,800(601.161-600)l/8- 16.09  ft.  (from  Eq.  33,  Par.  98).  From  the 
loteTsections,  sag  at  sero  dec.  fahr.  —  14.4  ft.  and  tension  at  sero  deg.  fahr.  — 
2,000  lb. 

108.  The  ng  at  anothor  taini>«ratura  may  be  found  by  increaring 
the  aabciaaa  by  a  distance,  determined  from  Eq.  42  and  Eg.  33,  Par.  98. 
Thus,  to  find  the  sag  and  tension  for  120deg.  fahr.,  1-600.472(1+0.0000096 
X 120) -601.163  ft.  at  120  deg.  fahr.  and  sero  stress,  d- 16.18  ft. 

The  sag  and  stress  should  then  be  computed  as  in  Far.  107,  and  a  new 
stretch  line  &d'  plotted.  The  maximum  sag  (assumed  at  120  dec.  fahr.) 
occurs  where  c'd'  cuts  db.  It  ia  equal  to  18.5  ft.,  and  the  correaponding  ten- 
don 1,560  lb. 

109.  Data  lusd  when  rtrlnglng.  A  set  of  stretch  corves  for  several 
temperatures  should  be  furnished  the  foreman  in  charge  of  stringing  the  wire, 
in  order  that  he  may  adjust  the  sag,  or  tension  (by  means  of  a  dynamometer) 
to  their  proper  values  for  the  temperature  at  the  time  of  stringing.  It 
must  be  remembered  that  the  temperature  of  the  wire,  when  the  sun  is 
shining,  may  be  several  degrees  higher  than  that  of  the  surrounding  air. 

110.  With  the  supports  at  different  Isvell,  the  line  forms  a  catenary, 
the  lowest  point  of  which  is  no  longer  midway  between  supports.  The 
curve  can,  however,  be  prolonged  until  it  reaches  a  point  which  is  at  the  same 


45. — Stress-sag  curves. 


935 


Dy'Google 


Sec.  11-110 


POWBR  TRANSMISSION 


level  as  the  higher  aupport  (Fig.  46)  and  the  distenee  xi  to  the  loweet  poiDt 
of  the  cateziary  will  be  equal  to  half  the  aMumed  span.  5'.  and  may  ba 
computed. 


8  ,    hf 


n-5 


Vd 
Vd^h+Vd 


at.) 
(ft.) 


(43) 
(44) 


Fia.  46.— Supports  at  different 
levels. 


Flo.  47.— Condition  for  upward 
poll  at  lower  support. 


whete  B  is  the  faorisontal  distance  between  support*,  d  the  sag  meaaurad 
from  the  higher  support,  (  the  tension  in  the  wire  in  lb.  at  the  higher  sup- 
port, w  the  weight  in  lb.  per  unit  length,  h  the  difference  in  height  of  anp- 
porta,  all  distances  expiCMed  in  ft. 

Eq.  43  is  useful  when  the  span  and  the  allowable  stress  are  given:  and  Eq^ 
44  when  the  span  and  sag  are  given.  Kq.  43  is  correct  to  within  2  to  4 
per  cent,  when  neither  the  sag  nor  difference  in  height  of  supports  exceeds 
16  per  cent,  of  the  span.  Eq.  44  has  an  error  of  leaa  than  1  per  cent,  under 
these  eonditions. 

The  sag  d  may  be  computed, 


"-"'(>+ 45-0' 


(ft.) 


(46) 


where  if  is  the  sag  as  dstermined  by  Eq.  32  for  the  same  span,  8,  and  the 
loading. 


(46) 


1) 


FxQ.  48. — ^Error  introduced  by  assurains  constftut  equivalent  span. 

Having  determined  the  distance  xi,  the  span  may  then  be  treated  like  a 
apan  S\  where  8'  •*■  2zi,  From  Eq.  46  if  n/4d'  is  greater  than  unity*  the 
vertex  of  the  line  will  lie  outside  the  span,  and  there  will  be  an  upward  pull 
on  the  insulator.  This  is  shown  in  Fig.  47  and  the  span  should  be  so  designed 
that  this  condition  does  not  occur. 

Load  and  temperature  changes  may  be  computed  as  in  Par.  lOT  and  108, 
but  a  certain  error  is  introduced  in  assuming  that  the  length  of  equivalent 
span  remains  unchanged.  Except  for  accurate  work,  this  error  is  negligible. 
The  error  increases  or  decreases  with  the  difference  in  height  of  suppwts  by 
an  amount,  a.  Fig.  48.  For  accurate  work,  however,  the  length  of  line  in 
the  span  may  be  computed  from  Eq .  33  knowing  xi,  xt  and  d  (Fig.  46)  and  the 
effects  of  changes  of  load  and  of  temi>erature  may  also  be  computed.  The 
new  distance  xi  is  determined  and  the  new  equivalent  length  of  span  found. 


*  Sec  Bibliography  88. 
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111.  Ths  ThomM  chart*  for  tmt  and  itrau  daUrmliMUoiu  is  based 
on  the  f  ollowini:  Imagme  a  given  span  to  be  reduced  to  a  length  of  1  ft.  without 
changing  the  ahape  of  the  curve.  The  percentage  sag  willremain  the  same, 
but  the  sag,  streaa  and  len^h  of  wire  will  be  reduced  in  direct  proportion. 
The  atreaa  for  a  definite  aag  »  proportional  to  the  weight  per  unit  length  of  the 
wire  including  ice  and  wind  loada.     The  curves,  Fig.  49,  show  the  relation 
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between  aag,  length  of  wire  and  streaa,  for  a  1-ft.  span  loaded  uniformly  with 
1  lb.,  and  are  based  on  the  equation  of  the  catenary.  Three  seta  of  curves. 
A,  fi,  and*C,  are  given,  all  plotted  to  different  scales.  Curve,  A,  is  good  for 
sags  from  2  to  15  per  cent.;  curve  B,  for  sags  less  than  2  per  cent.;  curve  C, 
for  very  large  sags,  Deing  especially  useful  for  spans  on  steeply  inclined  slopes 


*  See  Bibliography  88. 
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The  chart  ia  Fig.  49  is  too  miall  for  aeourato  work  but  the  data  from  whiob 
the  ourvee  were  plotted  may  be  obtained  from  the  original  paper  (Biblioc- 
raphy  88). 

111.  TTu  of  the  Thomaa  ehart.  Bj'  means  of  these  curves,  the  sa«, 
stress,  and  length  of  any  span  may  be  eahil^  determined.  Divide  the  allow- 
able stress  in  Uie  wire,  by  the  span  and  weight  per  unit  length. 

'-sis-  ("»•>  ^*^ 

where  t  is  the  tendon  in  lb.  in  a  1-ft.  span;  T  the  allowable  ten- 
sion in  lb.  in, the  actual  span;  w  the  weight  in  lb.  per  ft.  (wire,  ice  and 
wind);  iS  the  distance  in  ft.  between  Bupporta. 

From  the  chart,  determine  the  length  and  sag  corresponding  to  t,  as  iii  and 
Ct  (Fig.  49).  Then  the  sag  and  length  in  tfie  actual  SDan  will  be  the  traluea 
just  obtained  multiplied  by  the  actual  span  in  ft.  If  the  sag,  or  length  be 
given,  the  other  quantities  mav  be  found  oy  reversing  the  process. 

With  supports  at  different  levels  the  span  may  be  computed  as  outlined 
in  Par.  110,  and  the  chart  then  used  for  the  total  equivalent  span. 

lis.  The  aSeot  of  tamparature  may  be  detarmiiiAil  with  th*  Thoniaa 
ohart  by  finding  the  length  of  wire,  with  all  stress  removed,  from  Eq.  41, 
Par.  106,  using  the  stress  in  the  actual  span,  and  marking  this  point  on  the 
chart  (as  Pi,  Fig.  49).  The  elongation  of  the  wire  is  proportional  to  the 
stress,  so  the  straight  line  Pi Ai  will  be  the  stress-lsngtn  or  "  stretch "  line 
for  this  load  and  temperature.  If  the  sa^  ia  small,  Pi  may  be  leas  than  unity, 
but  the  line  may  be  drawn  by  determining  some  other  point  P,  (Eq.  41), 
and  drawingP»A«.  To  determine  the  sag  and  stress  at  any  temperature,  de- 
termine the  length  of  the  unstressed  wire  at  sero  dec.  fahr.  ( — 17.8  deg.  cent.) 
by  Eq.  42,  Par.  106,  as  at  Pi.  For  the  same  loading,  the  strees-lengUi 
line  at  lero  deg.  fahr.,  PiXi,  will  be  parallel  to  PiAi,  and  At  is  the  length 
at  sero  deg.  fahr.  of  the  1-ft.  span.  Let  this  be  fi,  and  the  corrseponding 
stress  and  sag  be  h  and  di  raspeotively.  The  values  in  the  actual  span  may 
then  be  found. 

Actual  length -51i  (48) 

Actual   stress -^div'  (49) 

Actual  sag       -Sd\  (50) 

Where  8  is  the  actual  span  in  ft.,  and  u>'  the  load  in  lb.  per  ft.  of  Hne. 

The  length  axis  may  then  be  marked  off  in  divisions  proportional  to  tem- 
peratures, and  parallel  lines  drawn,  from  which  the  lengths,  BtresBes  and  sags 
may  be  determined. 

Hi.  Tha  allact  of  lee  and  wind  U  detarminad  by  IIM  of  th* 
Thomas  chart  as  follows:  Suppose  the  values  in  Par.  US  to  be 
computed  for  maximum  loading  (ice  and  wind).  When  these  loads  are 
removed,  the  weight  per  ft.  ia  reduced  to  v  (the  weight  per  ft.  of  the  wire) 
and  the  stretch  in  the  wire  will  be  u/ur'  of  what  it  was  before,  for  a  given 
stress  in  the  1-ft.  span.  Therefore,  along  the  abscissa.  At,  make  AD/AAt 
—  u/u>'  anddrawPiBt  through  D.  The  inteneetion  of  this  line  with  dielength 
curve  will  give  the  results  as  obtained  in  Par,  IIS,  substituting  u  for  v^. 
The  temperature  lines  may  be  found  as  before.  Pafii  being  drawn  at  120  deg. 
fahr.  (49  deg.  cent.)  and  parallel  to  PtBi. 

115.  Kzample  of  ealculatlon,  using  Thomas  chart.  Consider  the 
problem  of  Par.  106  where  S -600  ft.,  w'- 1.575  lb.,  7-4,150  lb. 

5  is  the  distance  between  supports;  w'  is  the  weight  (including  wire,  ice, 
and  wind)  per  unit  length;  T  is  the  allowable  tension. 

The  tension  in  a  1-ft.  span,  having  a  1-lb.  load,  will  be  ( -4,150/(1.575  X 
eOO)  -4.395. 

From  curve  B  the  sag  will  be  0.0288  ft.  (Ci)  and  the  length  1.00215  ft.  (At). 
The  true  sag  and  length  will  be  .S- 800X0.0288 -17.16  ft.     I-I.0021SX 
600-601.290  ft.     The  length  unstressed,  may  be  found  (Eq.  41,  Par.  IM). 
AJ- (1.00215  X4,150)/2,669,000- 0.00166  ft. 
21-1.00215-0.00156-1.00059  ft. 

A  linePiAi  is  drawn  from  Pi  (length  - 1.00059)  to  A\,  the  original  point  on 
the  length  curve.  The  length  at  sero  deg.  fahr.  is  found  from  Eq.  42,  Par. 
106.   {•-1.000.'i9/[l-)-0.0()00096X(-20)J- 1.00078  ft.    A  line PtAiia  drawn 
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(where  Pi  - 1.00078)  parallel  to  PtAu    At  lero  deg.  fahr.,  with  wind  and  ioe 
loads,  i 


Chart 

Actual 

Length 

1.00224  ft. 
4.2  1b. 

0.0206  ft. 

600X1.00224       -601.344  ft. 
600X4.2X1.575  =  3.965  lb. 
600X0.0296         -17.70  ft. 

Streae 

Sag 

To  find  the  length,  Btress  and  sag  when  the  loada  are  removed.  At  lero  deg. 
fahr.,  no  ice,  and  no  wind,  w  — 0.641  lb.  At  the  atreaa  aa  now  ahown  on  the 
chart  of  4.2  lb.,  the  atretch  will  be  (1.00224-1.00078)0.641/1.675-0.00069, 
and  the  length  1.00078+0.00069-1.00137.  Draw  PiBi  through  1.00137  at 
the  4.2  lb.  ordinate  (at  D).    Graphically 

AD/ilAs -0.041/1. 575 
Then,  at  lero  deg.  fahr.,  no  ice  or  wind. 


Chart 

Actual 

Length 

1.0015  ft. 
6.1  lb. 
0.0244  ft. 

600X1.0016         -600.90  ft. 
600X6.1X0.641-1,960  lb. 
600X0.0244         -14.8  ft. 

Streaa 

Sag 

The  unstreaaed  length  at  120  deg.  fahr.  ia  found  from  Eq.  42,  Par.  IOC. 
1.00078(1  +  120X0.0000096)  -1.00193   ft.     At  i>i(2  -  1.00193)   draw  Ps0a 
parallel  to  PiBi.     Then,  at  120  deg.  fahr., 

Chart 

Actual 

Length 

1.00234  ft. 

4.11b. 

0.031 

601.40  ft. 
1.577  lb. 
18.6  ft. 

strflM 

Sag 

These  results  check  very  closely  with  those  already  obtained  using  Fig.  45. 
The  differences  are  due  to  errors  in  reading  the  charts,  and  to  the  assumption 
of  a  parabola  rather  than  a  oatenar/. 

The  distance  PiPa  may  be  subdivided  proportional  to  temperatures,  and 
results  may  be  found  by  drawing  stretch  hues  parallel  to  PiBi. 

U*.  Pender  and  Thanuon  tension  and  daflaotion  chart.*  By  means 
of  this  chart,  fig.  50,  the  sag  and  deflection  may  be  found  directly.  The 
rules  for  its  use,  together  with  examples,  accompany  the  chart.  The  values 
of  K»  in  the  examples  given  are  sligntly^  different  from  the  values  in  Par.  M, 
The  problems  are  worked  in  lb.  per  sq.  in. 

IIT.  The  horlsontal  straswi  in  adjaeent  ipan*  ihould  b*  aqual 
to  minimise  the  longitudinal  pull  on  the  support.  In  level  country  and 
with  equal  spans  this  may  be  easily  accomplished  by  making  equal  sacs  at  a 
given  temperature.  Unequal  spans  can  be  equalised  onljr  at  one  tempera- 
ture which  should  be  the  average  temperature.     Suspension  insulators,  by 

deflecting,  tend  to  equalise  unbalanced 
stresses.  For  equal  horisontalstressea 
with  the  supports  at  different  leveb, 
the  wire  in  each  span  should  form 
portions  of  equal  catenaries  (parabolas 
assumed)  as  shown  in  Fig.  61.  This 
condition  holds  for  but  one  tempera- 
ture. 

lit.  Short-circuit  duo  to  oabal- 
aneed  lc«  loads,  t  Ioe  loads  on  wire* 
may  drop  from  all  but  one  span.  If  BUS|>ension  insulators  are  used  and  the 
lines  are  arranged  in  a  vertical  plane,  this  span,  aided  by  the  loncitudinal 
deflection  of  the  suspension  insulators,  will  sag  heavily  and  the  adjacent  spana 
wiU  be  drawn  up,  as  shown  in  Fig.  52.     The  phase  wires  may  readily  ap- 


Fuj.  61. — Balanced  horiaontal 
stresses. 


*  See  Bibliography  20. 


t  See  Bibliography  90. 
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proaeli  within  Msy  ardniE  distance  of  one  another  or  even  toueh  in  all  three 
■PADS,  thos  oauBinsaBhort-ciTcuit.  Also,  if  one  wire  alone  ioseaiteiee  load  it« 
^ridppioc  up  may  cauie  ahort  cirouit.  This  may  be  partially  overcome 
by  the  use  of  shorter  spans,  more  anchor  towers,  or  better,  by  offsetting 
the  middle  conductor,  thus  making  an  isosceles  triancle  arrangement  (see 
fig.  M,  isosoeles  triansle). 

BTKEKaTH  OF  SnTPOBTIHa  MIICaiBB 

119.  Inralaton  and  pins  must  be  designed  to  withstand  the  weight 
of  conductor  and  any  ice,  sleet  or  snow  load;  the  wind  pressure  acting  on  the 
conductor,  and  any  other  traasveise  force  produced  by  a  change  in  direction 
of  the  line;  the  longitudinal  force  due  to  unbalanced  horisoatal  stresses  in 
adjacent  spans;  the  longitudinal  stress  occasioned  by  the  breaking  of  a  line 
conductor.  It  is  desirable  that  they  withstand  a  stress  equal  to  the  elastio 
limit  of  the  oondijctor,  when  exerted  in  any  direction  in  a  plane  perpen* 
dicular  to  the  axis  of  the  pin. 

110.  Tha  orou  arma  must  be  desired  to  withstand  the  resultant  of 
the  forces  of  Par.  119,  and  the  dead  weight  of  insulators  and  attachment. 
In  addition,  the  cross  arms  must  be  secured  to  the  pole  so  that  they  will 
not  be  wrenched  looee  by  the  turning  moment  which  follows  the  breaking 
of  one  or  more  conductors  on  the  same  side  of  the  pole.  The  results  of 
"  Strength  Tests  of  Cross  Arms,"  made  by  T.  R.  C.  Wilson,  are  published  in 
U.  S.  Government  Forest  Service  Circular  204. 

HI.  Tha  mpporting  (tmetura  must  be  designed  to  bear  the  comprea- 
sive  stress,  due  to  its  own  weight  and  that  of  conouctors,  loads,  insulators* 
cross  arms  and  attachments;  the  trsnsverse  forces  due  to  wind  on  conductors 
and  supporting  structure  and  also  those  occasioned  by  change  in  direction 
of  the  line;  the  longitudinal  stresses  due  to  unbalanced  horitontsl  stresses 
in  adjacent  spans;  stresses  canssd  by  the  breaking  of  one  or  more  conductors. 

Wooden,  steel,  or  concrete  poles,  designed  to  witlistand  the  horisontal 
forces,  will  have  the  necessary  compressive  strength  to  bear  vertical  loads. 
With  towers  of  the  light  wind-mill  type,  this  matter  should  be  oarefully  con- 
sidered. Where  extreme  rigidity  at  smidl  expense  is  desired,  the  structure 
must  be  made  'of  many  light  members,  resulting  in  a  more  oomplioated 
tower,  and  a  shorter  Ufe,  due  to  the  areater  proportionate  corrosion.  A  Isas 
rigid  tower  made  of  fewer  but  heavier  membcis  will  frequently  answer  the 
purpose,  will  be  less  expensive  and  of  longer  life. 

111.  Tha  tnuuvara*  faro*  dua  to  the  wind  on  the  conductors  should  be 
assumed  as  8  lb.  per  sq.  ft.*  of  the  projected  conductor  and  ice  area.  A 
0.6-iii.  (1.27  cm.)  layer  of  ice  is  usually  assumed.  Values  of  the  reeulting 
pressure  may  be  found  in  Par.  99.     The  pressure  on  the  pole  or  tower  may  be 


rTM  /t^J  {t^q       a»»»<UDi^      p^ 

Fxa*  52. — Ice  loading  on  single  span. 

assumed  to  be  13  lb.  per  sq.  ft.  on  one  and  one-half  times  the  projected  area 
of  latticed  structures.  (Also  see  Bee.  12,  Par.  lU.)  The  overturning  moment 
may  be  greater  without  the  ice  load.  Both  conditions  should  be  calculated. 
The  stress  due  to  an  an^e  in  the  line  may  be  readily  computed  by  a  simple 
resolution  of  the  maximum  streeees  already  calculated  for  the  spans.  The 
longitudinal  forces  due  to  unbalanced  horisontal  stresses  in  adjacent  spans, 
should  be  small  in  a  well-designed  line,  and  may  be  determined  if  the  stresses 
in  each  span  at  different  temperatures  are  known.  There  is  some  ^question 
SB  to  how  many  conductors  may  be  assumed  to  be  broken  at  one  time.      If 
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a  line  is  oarefuUy  strung  with  no  kinks  or  abrasions  in  tlia  wires,  and  if  tiia 
ends  of  tlie  insulator  elamps  are  well  rounded,  there  is  small  ohanoe  of  a  line 
eonduotor  breaking  under  ordinary  load  oonditions.  As  an  extra  preeau- 
UoB,  however,  anchor  towen  are  used  at  frequent  intervals,  and  are  so  de- 
signed aa  to  safely  withstand  the  simultaneous  breaking  of  several  oonduc- 
tors.  Where  suspension  insulators  are  used,  the  insulator  string  is  thrown  in 
the  unbroken  side  of  the  span,  hence  the  increased  sag  decreases  the  ultimata 
pull.  The  force  due  to  tne  jerk  at  the  time  of  breaking  is  quite  severe,  and 
no  reduction  in  the  allowable  stress  should  be  made  even  if  suspension  in- 
sulators be  used.  The  line  structures  should  have  a  factor  of  safety  of 
from  2  to  4,  aceordinc  to  the  importance  of  the  line,  the  assumptions  made 
in  the  design,  and  to  the  local  conditions. 

Its.  A  wooden  pole  should  be  a  cubic  parabola,  to  use  the  material  to 
the  best  advantage.  As  this  would  be  impractical,  a  truncated  cone,  having 
the  diameter  of  the  top  two-thirds  of  that  of  the  bottom,  is  the  best  approxi- 
mation.    With  this  shape  the  pole  will  break  theoretically  at  the  ground  line. 

The  allowable  horisontal  pull,  P,  on  the  p<rfe  may  be  ealculatad 

P--    ^,  (lb.)  for  a  round  pole.  (51) 

T  rft* 
P^—  -^  (lb.)  for  a  square  pole.  (53) 

fi      DC 

assuming  that  dt,  the  ground  diameter  in  inches,  is  one  and  one-half  times  the 
top  diameter.  In  these  formuln  n  is  the  factor  of  safety.  I  the  length  of  the 
pole  in  inches,  and  T  the  tensile  strength  or  modulus  of  rupture  of  the  pole 
material,  values  of  which  are  given  in  Sec.  12,  Par.  IM.  The  factor  of  safety 
should  be  at  least  5  or  6  for  wood. 

114.  The  strauwi  In  itael  poles  cannot  readily  be  calculated  due  to  the 
oomplicatlons  introduced  by  lattice  work,  oroes  bracing,  etc.,  and  tbo  engineer 
is  more  or  leas  dependent  upon  actual  tests  and  manufacturers'  guarant«es 
for  data  relative  to  the  load  that  a  given  structure  may  be  expected  to  carry 
safely.  Steel  poles,  for  the  same  weight  and  material,  have  much  Ism 
torsional  strength  than  steel  towers.  Although  they  may  b«  satisfactory 
under  normal  oonditaons  of  balanced  load,  their  factor  of  safety  may  be  much 
reduced  if  one  or  more  wires  on  the  same  side  of  the  pole  should  breolc 

Its.  The  gtroMei  in  concrete  polei  may  be  computed  i^jprozimately, 

knowing  the  moment  of  inertia  of  the  top  and  bottom  sectiona,  the  croso- 
section  and  tensile  strength  of  the  reinforcing  steel,  and  the  oompteasive 
strength  of  the  concrete.  Up  to  the  present  time,  however,  very  httle  has 
been  done  along  this  line,  and  purchasers  and  manufacturers  nave  been 
dependent  upon  actual  tests  of  fuU-eiiod  poles.  The  usual  mixture  of 
Portland  oement  (1:2:4,  cement,  sand  and  gravel)  has  a  oompreesive  strength 
after  7  days  of  900  lb.:  after  1  month,  2^400  lb.;  after  3  months.  3,100  lb.: 
after  6  months,  4,400  lb.  all  in  lb.  per  sq.  m. 

Its.  StroMM  in  guyi  4&d  ftnehon  may  be  readily  computed  If  the 
magnitude,  direction,  and  point  of  application  of  the  resultant  fcwoe  acting 
on  the  pole  are  known,  llie  position  of  the  anchor  is  determined,  and  the 
stress  in  the  guy  and  anchor  can  be  calculated  by  the  w^-known  laws 
governing  the  composition  and  resolution  of  forces.  The  table  in  Seo.  4 
gives  the  diameters,  strengths  and  weights  of  7-fltrand  galvanised  sted  wire, 
such  as  would  be  used  for  guys. 

1ST.  The  gtreisei  in  towen  may  be  computed  by  the  well-known  laws  of 
statics.  As  steel  fails  in  compression  rather  than  in  tension  the  compressive 
streiuUi  of  the  long  unsupported  members  should  be  carefully  checked  by  the 
w^'known  column  formula.  The  ratio  of  l/r,  where  I  is  the  length  of  the 
unsupported  compression  member,  and  r  is  the  radius  of  ^ration  of  its 
section,  should  seldom  exceed  150.  R.  D.  Coomba*  shows,  tn  the  follow- 
ing table,  that  by  uain^  a  different  angle  iron  of  less  cross-sectional  area 
the  strength  of  tne  main  compression  members  is  nearly  doubled.  This 
should  not  be  carried  too  far,  however,  if  a  reasonable  life  is  expected.     It  is 
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gen«rally  oonoeded  that  \  in.  for  the  legs  and   A   u^-  for  the  secondary 
xnembera  ehould  be  the  minimum  pernuasible  thicknessee  of  metal. 


Area, 
■q.  in. 

Length, 
ft. 

l/r 

Breaking 

■trength, 

Ib./aq.  in. 

Total 

breaking 

strength, 

lb. 

4  in.  by  1  in.  by  }  in.  ancle. 

S.44 

13 

202 

12.000 

65.200 

S  in.  by  5  in.  by  A  >■>•  ansle. 

6.31 

13 

180 

16,000 

85,000 

e  in.  by  6  in.  by  A  in.  angle. 

6.06 

13 

131 

20,000 

101,200 

118.  Lo«»tion  of  polM  and  tlda  fnyi  may  be  determined  by  uae  of  the 
table  given  with  Fig.  63.  The  term  "pull"  refers  to  the  deviation  of  the 
line  and  is  equal  to  the  distance  from  the  pole  to  the  straight  line  joining 
pwnta  on  the  line  100  ft.  eaoh  side  of  the  pole. 


:^-.. 


I  tpMit  ftdjftceat 
to  the  angle  poleehellbetheatandard  laacthfUS*). 
II  tbe**poirueeedaS'aie  epane  adjacent  to  the  angle 
pole  ihall  be  redoced  to  the  dletance*^  "glTen  In  table. 


"'^ 


a 

"Pall" 

falFMt 

Span 

a 

Ko^ofO( 
OVlm 

XW  hb.SU 

ItWln. 

llWba 

loilbuf 

LiathuS' 

IK' 

Vm 

Il« 

»« 

•-ll" 

5-10' 

lU' 

am 

1 

U"-li' 

10-  IJ' 

loe' 

1 

1 

U'-B* 

13'- 10' 

05' 

1 

2 

a'-M' 

l»'-»' 

06' 

I 

3 

Ot«.30' 

0~-»l' 

7»' 

t 

J 

Fra.  63. — Location  of  side  guys. 

in.  Tlaxlbla  tonran*  ate  used  with  a  view'to^  deereasing  the  line  east; 
their  deeign  is  baaed  on  the  faot  that  with  equal  span*  and  sags  on  both  sides 
of  the  tower,  the  stresses  in  the  direction  of  the  line  are  balanced.  The  towen 
are  not  intended  to  cany  longitudinal  stroasee  but  aie  deogned  to  withstand 
any  transveiae  stresses  that  may  occur.  They  are  held  in  position  by  the 
oonduotors,  if  inn  insulators  are  used.  When  suspension  insulatoni  are 
used,  a  heavy  steel  galvanised  ground  wire  is  necessary  to  keep  the  towers  in 
position.  If  a  conductor  brealu,  the  tower  will  deflect  until  the  increased  sag 
in  the  conductors  and  ground  wire  on  the  other  side  of  the  pole  compensates 
for  the  unbalanced  forces  due  to  breaking.  The  towers  should  be  desired 
to  deflect  from  12  in.  to  24  in.  without  being  permanently  deformed.  The 
unbalanced  pull  will  not  only  be  taken  up  by  the  tower  at  which  the  break 
occurs,  but  will  be  gradually  absorbed  by  the  other  atructuree  in  the  line. 
If  a  tower  is  actually  pulled  over,  it  is  not  a  very  serious  matter  because  of 
its  low  initial  cost,  and  ease  with  which  another  may  be  erected.  _  About 
every  mile  there  should  be  an  anchor  tower.  Methods  of  computing  the 
deflections  and  stresses  in  flexible  towers  have  been  published  (see  Bibliog- 
raphy 01  and  90).     Such  towers  should  be  designed  to  cany  from  ft  to  A 
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the  load  for  rigid  towers  and  with  this  load  ehould  not  be  stresBed  beyoiul  the' 
elastio  limit. 

150.  Anchor  towen,  when  used  in  oonnection  with  flexible  towers, 
should  be  designed  to  withstand  the  stress  produced  by  the  breaking  of  all 
the  conductors  on  one  side,  even  when  the  line  is  loaded  under  the  most 
unfavorable  conditions.  Under  these  circuniBtanoee,  there  should  be  no 
yielding  of  the  foundations,  and  the  tower  should  not  be  stressed  beyond  the 
elastic  limit.  With  a  line  constructed  entirely  of  rigid  towers,  these  condi- 
tions may  be  somewhat  modified,  as  the  intermediate  towers  thems^vea  ar« 
designed  to  take  care  of  one  or  two  broken  conductors. 

rUKDAlCXNTAI.    CONSIDERATIONS    OF   UKS   CON8TEUCTIOH 

151.  The  line  location  should  in  general  be  direct.  Detours  are  often 
necessary,  to  avoid  sections  subject  to  severe  lightning,  to '  avoid  country 
that  may  be  inaccessible,  to  avoid  swamps  or  hiiui  that  will  make  the  eon- 
struotion  difficult  and  costly.  It  may  do  necessary  to  pass  near  towns  or 
villages  where  connected  load  may  be  profitable. 

The  moat  direct  right  of  way  cannot  always  be  obtained  at  a  reasonable 
figure.  County  plat  maps  or  U.  S.  Topographical  Survey  maps  should  be 
carefully  studied  with  special  reference  to  the  villages  along  the  route,  the 
proximity  of  roods,  hence  accessibility,  and  the  topography  that  will  permit 
standard  structures  and  spans.  When  the  location  is  roughly  determined,  a 
small  surveying  party  should  go  over  the  route,  make  a  prome,  locate  swamps, 
sUeams,  railroads,  other  power,  telephone  or  telegraph  lines,  and  should  note 
the  character  of  ground  and  probable  location  of  supports.  Profiles  should 
be  made  100  ft.  on  each  side  of  the  centre  line,  as  well  as  at  the  oentre  line, 
since  a  supporting  structure  might  be  advantageously  located  a  short  distance 
from  the  centre,  if  an  abrupt  change  in  profile  made  an  increased  height  of 
structure  necessary  to  secure  the  proper  clearance. 

ISS.  A  private  richt  of  way  is  necessary  for  most  high-voltage  transmis- 
sion lines,  as  the  risk  to  life  and  property  uom  high  voltages  is  too  great  to 
permit  eircuits  to  be  carried  along  highways.  The  width  should  be  so 
chosen  that  no  tree  or  other  object  located  outside  the  right  of  way  can  fall 
across  linos.  Where  very  tall  trees  do  occur,  they  should  be  bought  and 
removed.  It  is  advantageouB  to  secure  the  right  of  way  near  a  highway,  as 
the  construction  materials  can  be  easily  hauled  to  the  tower  locations.^  The 
lino  will  also  be  more  accessible  for  repairs,  and  patrolling  is  fadUtated. 
Where  the  line  must  pass  over  private  lU'operty,  if  possible  it  should  follow 
the  division  lines. 

ISS.  The  proper  form  of  contract  should  be  executed,  when  the  eon- 
sent  of  the  proper  parties  is  obtained.  In  many  cases,  as  in  sparsely  settled 
districts,  the  land  may  be  bought  outright.  Tho  best  practice,  nowever,  is  to 
acquire  perpetual  right  under  easement,  or  for  a  term  of  years,  with  the  right 
to  renew  tae  contract  at  the  expiration  of  this  time.  Legal  quesUons  of 
importance  should  be  settled  by  counsel.    (Also  see  Bibliography  1 13-1 15  incl.) 

154.  The  conductor  material  will  be  either  copper  or  aluminum  and 
the  relative  advantages  and  disadvantages  of  these  are  desoribed  in  Par.  44 
to  4T  incl. 

155.  The  spans  for  any  line  will  usually  vary  in  length.  For  level 
or  undulating  country  a  standard  span,  ranging  from  100  to  800  ft.  may  be 
used.  In  hilly  or  broken  country  the  support  must  be  erected  at  advan- 
tageous points  regardless  of  tne  varied  lengths  of  spans  that  may 
result.  With  increased  length  of  span,  the  number  of^  structures  and 
insulators  (hence  maintenance  charges)  is  decreased,  but  the  height  of 
tower  is  increased.  The  coat  of  the  tower  may  vary  as  the  cube  of  the  height. 
Other  thin^  being  equal,  the  span  should  bo  so  selected  that  the  total  line 
cost  18  a  minimum.     (See  Par.  114.) 

1S4.  Extra  lonir  ip&ns  must  be  anchored  at  each  end.  To  secure 
sufficient  tensile  strength  in  the  insulator,  it  is  often  necessary  to  connect  a 
number  of  string  of  suspeoBion  insoLators  in  parallel.  In  order  that  each 
string  may  take  its  own  share  of  the  load,  a  strain  yoke  (Fig.  32)  is  used. 

1ST.  The  conductor  ipaoinff  should  be  such  that  the  wires  cannot  swing 
within  arcing  distance  of  one  another  in  the  span.  When  suspension  in- 
fulaton  are  U9ed»  the  wires  at  the  insulaton  should  not  be  able  to  Bwinf 
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within  aresos  distanee  of  the  pole  or  tower.  Allow  a  4S-<leK.  deflection  from 
the  vertioaTlor  oopper  and  flO^eg.  deflection  for  aluminum  under  the  worst 
conditiona  of  loading.  Assuming  that  one  of  the  phase  conductors  hangs 
vertical    and   that   the    other 

IMi- 

MO 
|130- 

a  12"  ■ 
S  110- 
jiw, 


swingB  to  tbe  above  angle,  no 
two  conductors  must  come 
within  arcing  distanee  of  each 
other.  Fig.  54*  shows  tbe 
usual  spacings  employed. 

18S.    W«lffhted    conduct- 
on.    Where  small  conductors     £   90 
are  used  with  suspension  insu-     ^   BO 
latora  it  may  be  impracticable     g   70 
to  increase  the  spacing  by  an      •  CO 
amount  sufficient  to    prevent     «   50 
the  wirea  swinging  more  than     ^   40 
60  deg.     By  hanging  a  weight      ?  30 
on    the    end  of   the   insulator     "g   2O 
string,    the    maximum    swing      a  jq 
may  oe  kept  within  this  limit. 
The  table  in    Par.  1S9,   pre- 
sented by  H.  W.  Buck.t  gives 
tbe  necessary  weight  per  ft.  of 
conductor  to  bring  the  deflec- 
tion to  60  deg.     Such  weights 
also  tend  to  prevent  the  propagation  of  mechanical  waves  longitudinally. 
1S9.  Dofleottons  and    eountenrelghta   at  rarioui    wind    preuurei 
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Fro.  54. — ^Approximato  conductor  spacing. 


Auxiliary  weight 

Sise  conductor 

Wind  pressure     Angular  deflection 

per  ft.  conductor 

A.W.O. 

lb.  per  sq.  ft.          without  weight 

necessary  for  00 
deg.  deflection 

Stranded  copper                                                   | 

4 

IS  lb. 

66  deg. 

0.041  lb. 

3 

151b. 

63  deg. 

0.0281b. 

2 

15  1b. 

'    60  deg. 

0.000  lb. 

Stranded  aluminum 

2 

161b. 

81  deg. 

0.156  lb. 

1 

161b. 

79  deg. 

0.1611b. 

0 

15  1b. 

78  deg. 

0.1711b. 

00 

15  1b. 

77  deg. 

0.1821b. 

000 

15  1b. 

75  deg. 

0.1861b. 

0000 

15  1b. 

74  deg. 

0.1961b. 

250000 

15  1b. 

72  deg. 

0.1901b. 

300000 

15  1b. 

71  deg. 

0.1771b. 

400000 

15  1b. 

68dei. 

0.1581b. 

500000 

15  1b. 

66  deg. 

0.1251b. 

140.  The  type  of  line  conitructioii  Ihould  be  decided  upon  after  the 
location  of  the  line  has  been  determined.  The  choice  lies  between  wooden 
poles,  steel  poles,  concrete  poles,  rigid  steel  towers,  and  the  flexible  tower 
system. 

When  selecting  the  type  of  line,  the  locality  through  which  the  line  passes, 
the  initial  cost,  the  reliability,  the  ultimate  life,  and  tbe  maintenance  should 
all  be  carefully  considered. 

141.  The  polei  or  towan  ihould  bo  staked  out  by  the  surveying 
party;  foUo^^-ing  should  come  a  digging  party  provided  with  a  steel  or  wooden 
template  by  which  the  corner  holes  may  be  located.  ^This  party  should 
be  followed  by  another  to  install  the  concrete  foundations,  it  such  are  to 
be  used,  and  then  by  the  erecting  gang. 


*  Bibliography  3. 
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141.  Wooden  polei,  though  apparently  th«  cheapoat  form  of  ooiutruotion, 
Bhoold  seldom  be  uBod,  except  on  ^ort  or  relatively  unimportant  linea.  The 
life  of  untreated  poles  (Par.  14S)  ranges  from  6  to  15  yeani,  depending  on  the 
type  of  wood  and  the  olimatic  conditions.  When  treated,  their  life  ma^  reaeh 
!k)  years  or  more.  Though  wooden  poles  and  cross  arms  give  better  insula- 
tion (per  pole*)  to  the  system,  tbey  may  be  charred  or  badly  burned  by  lealc- 
age  currents  or  by  conductors  that  fall  from  insulators.  Although  leas  likely 
to  be  struck  by  lightning,  they  are  usually  shattered  or  badly  dama^ea 
when  struck.  The  large  number  of  poles  reqxured  per  unit  length  of  fane, 
decreases  the  (total)  insulation  of  the  system  and  inor^ises  the  number  of 
insulator  troubles  in  direct  proportion. 

Wooden  poles  are  still  used  to  a  considerable  extent  in  transmission. 
Sixty  per  cent,  of  the  wooden  poles  used  in  the  United  State*  are  cedar  and  30 
per  cent,  are  chestnut.  On  the  western  coast,  redwood  is  used  to  a  great 
extent;  other  woods,  such  as  pine,  cypress,  juniper,  Douglaas  fir.  tamarsok* 
and  oak  are  occasionally  used.  Cedar,  owing  to  its  lightness  and  to  its  lone 
life,  which  varies  from  10  to  30  years  depending  on  the  climate  and  sou* 
is  the  most  common  pole  timber,  although  the  supply  in  the  easttt'n  states 
is  practically  exhausted.  Chestnut,  though  heavy  and  not  as  long-Uved  as 
cedar,  is  used  in  the  eastern  and  middle  states.  Redwood  poles  have 
a  long  life,  and  are  usually  sawed  from  large  trees.  Pine,  though  heavy  in 
resinous  products,  rots  very  rapidly  and  does  not  last  more  than  4  or  ft 
years  unless  treated.  Cypress  stands  very  well  in  its  native  climate,  but  is 
short  lived  in  the  nortn.  The  other  woods  are  used  only  oooaBionally 
though  the  present  methods  of  pole  treatment  will  widely  inereaae  the 
timber  available  for  poles. 

145.  Average  life  of  untreated  polei. 

Cedar 15  years     Juniper 8.5  srejue 

Chestnut 12  years    Pine 6.5  yeani 

Cyprew 9  years 

144.  PreterratiTO  treatment  of  polei  is  attracting  much  attention 
among  large  users,  as  the  available  supply  of  timber  is  eonstantly  deoreaaiiig 
and  the  price  rising.  Two  preservatives  are  in  general  use:  creosote 
and  sine  chloride,  though  copi>er  sulphate  has  also  been  used  to  some  extMit. 
Creosote,  though  expensive,  is  the  most  satisfactory  preservative,  as<ii 
does  not  contain  water  nor  is  it  affected  by  water,  and  has  valuable  anti* 
septio  properties.  Zinc  chloride  is  far  cheaper,  but  as  it  is  carried  into  the 
wood  poles  in  a  water  solution,  the  water  must  be  dried  out  again,  and  the 
pole  will  readily  absorb  moisture  later . 

14B.  Brush  treatment  of  leaioned  polei  consists  of  two  applications 
of  hot  creosote  (220  deg.  fahr.)  about  24  hr.  apart.  The  treatment  should 
extend  at  least  2  ft.  above  the  ^ound  line,  and  the  pole  should  be  vei^ 
dry  at  the  time  of  application.  This  is  the  simplest  form  of  treatment;  xt 
costs  from  15  to  40  cente  per  pole,  and  increases  the  life  2  to  3  years. 

146.  In  the  open  tank  method  of  pole  treatment  the  dry  pole  butts  are 
placed  in  tanks  contaimng  hot  creosote  at  220  deg.  fahr.  (105  aeg.  cent.),  for 
from  4  to  8  hr.,  and  are  then  allowed  to  stand  in  a  "cold"  bath  oetween  100 
and  150  de^.  fahr.  (38  and  66  deg.  cent.)  from  2  to  4  hr.  Where  the  top 
of  the  pole  is  subject  to  rot,  as  in.  the  south,  the  whole  pole  may  be  treated 
by  this  proccBB.  The  penetration  is  sbout  three  times  as  great  as  with  the 
brush  treatment,  and  the  cost  per  pole  ranges  from  90.75  to  SI. 25,  depending 
on  the  absorbent  properties  ot  the  wood.  The  estimated  increase  of  life  ia 
20  to  25  years.    (See  Par.  130.) 

14T.  In  the  full-cell  (Bethel)  proceM  of  pole  treatment,  the  poles  are 
placed  in  an  iron  cylinder,  about  125  ft.  long  and  8  or  9  ft^  in  diameter.  live 
steam  at  20  lb.  pressure  is  admitted  and  maintained  f<»'  several  hours. 
The  steam  is  then  blown  out  of  the  cylinder,  and  pumps  exhaust  as  much  of 
the  air  as  p<»BibIe.  At  the  end  of  tne  vacuum  period,  the  preservative  at 
about  150  deg.  fahr.  (66  deg.  cent.)  is  admitted  and  is  forced  mto  the  wood 
under  pressure.  This  insures  a  deep  penetration  of  the  preservative  and  a 
long  life  to  the  pole.  No  data  as  to  tne  life  of  such  poles  are  available,  but 
poles  in  England  under  similar  treatment  are  still  in  service  at  the  end  of  60 
years.  The  cost  is  estimated  at  $1.10  for  a  25-ft.  pine  pole  and  S2.45  for  a 
35-ft.  pole,  depending  upon  the  amount  of  liquid  soeorbed. 
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is  limQAr  to  the  fuU-oelt  method,  ezoept  that  nno  chloride  in  alw»]r(  uaed  in  the 
tank.  The  butt,  to  a  foot  or  two  above  the  ground  line,  ia  then  impregnated 
to  a  alight  depth  with  oreosote  under  prenure.  Thli  prevents  the  sine 
chloride  from  leeching  out,  and  is  much  cheaper  than  a  complete  treatment 
of  oreosote. 

14>.  Tabulation  of  pole   ooit,  per-annum  pole  eoit,  and  eost  of 
butt  treatment — ^western  red  cedar* 


Prica  of  pole 

8in.- 
35  ft. 

8in.- 
40  ft. 

Sin.- 
45  ft. 

8in.- 
60  ft. 

Sin.- 
55  ft. 

8in.- 
60  ft. 

F.O.B.  Central  Iowa 

Cost  of  setting 

8.75 
3.89 

10.15 
4.77 

13.20 
6.05 

15.46 
6.85 

17.70 
7.61 

19.90 
9.08 

Total 

SU.M 

SU.92 

«t9.25 

$22.80 

$26.31 

«28.98 

Uainc  U.  S.  Aver.  12  yrs.  life. . 

1.06 

1.24 

1.60 

1.86 

2.11 

2.42 

Coat  of  Butt  treatment 

1.60 
1.30 

1.76 
1.35 

2.00 
1.60 

2.50 
1.86 

3.00 
2.00 

3.60 
2.60 

iSpodfication"AA" 

No.  years  added  life  to  pay 
entire  cost  of  treatment.. . . 

Specification  "A" 

1.4 
1.1 

1.4 
1.08 

1.2 
1.0 

1.3 
1.0 

1.4 
0.9 

1.4 
1.0 

Probable  increase  of  life 

10 

to  16  years. 

1 

190.  Char  and  tar  the  buttc  of  poles  before  Mtttiic  if  they  are  not 
oreoBOted.     Thia  is  done  by  placing  the  pole  upon  a  skid  over  a  alow  fire, 

Sadually  revolving  it  until  tne  butt  to  about  1  ft.  above  ground  level  Is 
oroughly  charred.     While  hot  it  ia  given  two  or  three  coate  of  tar  with  a 
stiff  brush  and  is  then  set.     This  will  increase  its  life  perhaps  a  year. 

ISl.  Woodon  pole  apedflcations.  Each  pole  should  be  of  good  quality  of 
live  growing  timber  free  from  knots  and  shakes,  and  sound  in  aU  respects;  the 
grain  ahould  be  close  and  hard  with  the  annular  rings  closely  pitched  and 
with  a  sound  heart.  Kaoh  pole  should  be  straight  and  well  proportioned, 
free  from  all  objectionable  bends:  should  have  the  natural  butt  of  the  tree 
and  should  be  squarely  sawn,  witaout  trimming.  Poles  should  vary  in  sise 
by  lengths  of  about  5ft.;  they  should  be  cut  between  the  first  of  November 
and  the  first  of  March,  and  after  bung  felled  tbey  should  be  carefully  trimmed, 
the  bark  removed  and  the  butt  squared.  The  pedes  should  be  piled  with 
open  spaoee  between,  raised  from  the  ground  and  allowed  to  season  for  at 
least  a  year  qr  more.  After  seasoning,  the  top  of  each  pole  should  be  roofed 
and  the  suitable  number  of  gains  out  for  the  cross  arms.  The  apeoifioationa 
vary  with  the  kind  of  wood. 

lU.    (Depth  of  wooden  poloi  In  tho  ground 


Length 

over  all 

(ft.) 

Depth  for 
straight 
line  (ft.) 

Depth  curves, 

comers    and 

points  of  extra 

strain  (ft.) 

Length 

over  all 

(ft.) 

Depth  for 
straight 
lineOt.) 

Depth,  eunres, 
comeis  and 

points  of  extra 
strain  (ft.) 

30 
35 
40 
45 
50 
56 

6.0 
6.5 
6.0 
6.6 
6.5 
7.0 

6.0 
6.0 
6.6 
7.0 
7.0 
7.6 

60 
66 
70 
75 

80 

7.0 
7.6 
7.6 
8.0 
8.0 

7.5 
8.0 
8.0 
8.6 
8.5 

*  Page  A  Hill,  Minneapolis,  Minn. 

t  Specifieation  A.     High  grade  of  earbolinium. 

i  Spesifioation  AA.     Highest  grade  of  creosote  oil. 
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IBS.  Woodsn-pole  lettixiffi.  All  holes  should  be  dus  large  enough  to 
admit  the  pole  without  forcing,  and  should  have  the  same  diameter  at  the  top 
as  at  the  bottom.  The  pole  may  be  "piked"  into  poeition,  but  it  is  usually 
much  cheaper  to  employ  a  gin  wagon,  and  to  use  the  team  for  raising  the 
pole.  Forty  to  fifty  polos  per  day  can  be  thus  raised,  with  only  two  linemen 
and  a  teamster.  Poles  should  be  set  to  stand  perpendicular  when  the  line 
is  completed,  but  at  terminals  and  curves  the  pole  can  bo  slightly  inclined 
against  the  pull.  When  the  pole  is  in  position,  only  one  shovel  should  be  used 
in  filling  the  hole,  while  three  tampers  pack  the  earth.  The  earth  should 
be  piled  about  a  foot  higher  than  the  ground  level. 

1B4'  Crib-bracing  can  be  used,  where  the  poles  are  set  in  Ifxise,  or  marshy 
soils.     For  further  discusaion  see  Sec.  12,  Par.  ITS. 

IBS.  The  land  barrel  is  a  useful  expedient  in  digging  holes  or  settins 
poles  in  sandy  or  loose  soils.     See  Sec.  12,  Par.  ITS. 

166.  A  concrete  foundation  may  bo  uiod  for  wooden  polei  where 
exceptional  stability  is  desired.  This  concrete  filling  should  extend  at  leaat  a 
foot  from  the  pole  on  all  sides,  should  be  oarried  above  the  ground  line  and 
bevelled  to  shed  water,  and  should  consist  of  one  part  Portland  cement,  three 

farts  sand,   and  six  parts  broken  stone  or  clean  gravel,  mixed  wet.     (See 
ig.  47,  Sec.  12.) 

1ST.  Special  pole  letting.     In  mareh^  ground,  more  elaborate  devioea, 

as  shown  in  Fig.  47,  Sec.  12,  are  often  required  for  a  satiafaotcH'y  foundation. 

IBS.  Polo  rep&in.     Wooden  poles  usually  fail  by  decay  at  the  ground 

Uoe.     If  tiiey  are  long  enough,  they  may  be  sawed  on  and  set  again.    A  very 

satisfactory  way  of  repairing  sueh  polee  without  disturbing 

them  is  to  drive  U-shaped  rode  in  the  polee  at  the  ground 

line,  as  shown  in  Fig.  55,  and  fill  the  spaoe  with  conorete- 

Polee  reinforced  in  this  way  are  said  to  be  stattnger  than 

when  new,  and  their  life  ia  greatly  i>rolonged. 

166.  Steel  poles  cost  but  little  more  than  wooden 
poles,  when  the  erection  and  labor  ooete  are  considered, 
require  no  assembling  at  the  point  of  erection,  are  not 
injured  by  fire,  birds  and  insects,  and  are  not  damag^  l>y 
lightning.  Their  field  is  the  moderate  line,  with  spans 
from  250  to  350  ft.  in  length  running  along  roadways, 
or  where  space  is  limited.  Their  life  is  from  25  to  50 
years,  depending  upon  their  upkeep. 

For  heavier  circuits,  they  lack  the  neoeseary  hori- 
Bontal  and  torsional  strength.  The  more  common  types 
are  the  tubular,  made  in  sections,  the  diamond,  the  lat- 
ticed-girder type,  and  the  patented  typee,  of  which  the 
tripartite  is  an  example.  Of  these,  the  low  weight  effi- 
ciency of  the  first  two  and  the  difficulty  with  which  the 
insida  are  protected  from  corrosion  make  them  doubtful 
for  high  Toltage  transmission.  The  last  two  are  exten- 
sively used.  Steel  poles  nave  reached  a  much  higher  state  of  development 
abroad  than  in  the  United  States. 

160.  The  tripartite  Iteel  pole,  shown  in  Fig.  78,  consists  of  three  continu- 
ous U  parts,  the  dimensions  of  which  are  given  in  Par.  tS4.  These  are  held 
together  by  "spreaders"  and  "collars"  bolted  together.  The  strength  and 
rigidity  of  the  pole  can  be  increased  by  increasing  the  number  of  these  mem- 
bers, and  the  pole  is  everywhere  accessible,  so  that  it  can  be  readily  painted 
and  inspected.  Tripartite  poles  may  be  shipped  either  assembled  or 
*' knocked  down."  They  can  be  sssembled  by  unskilled  labor.  In  ordinary 
soil,  and  with  a  concrete  foundation,  it  has  been  asserted  that  the  poles  need 
only  be  buried  for  one-tenth  their  length. 

161.  Steel  polei  ihould  inTariably  haTe  «  concrete  foundation, 
in  order  to  obtain  adequate  bearing  area.  Steel-pole  foundations  are  shown  in 
fig.  56. 

16S.  Concrete  polei  are  coming  to  be  used  for  high-voltage  transmission. 
Their  first  cost  and  maintenance  are  very  low.  they  are  not  injured  by  the 
attacks  of  insects,  fire,  etc.,  and,  apparently,  are  not  damaged  by  li^tning. 
They  can  be  used  in  the  most  aoceaaible  places  only,  as  they  must  De  con- 
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•truoted.  in  most  cases  when  erected.  Their  weight  results  in  high  transpor* 
tation  costs.  Thoush  there  are  *a  yet  no  liata  regarding  tbeir  life,  it  is 
probably  considerable.  Two  poles,  ISO  ft.  (45.8  m.)  high,  11  in.  (28.0  om.) 
square  at  the  top,  31  in.  (78.7  cm.)  square 
at  the  bottom,  and  capable  of  with- 
standing, without  guys,  a  2,000-lb.  hori- 
sontal  pull  at  the  top,  have  been  success 
fully  installed  by  the  Hamilton  Power, 
light  and  Traction  Co.,  at  the  Wetland 
Canal  Croesing. 

BTBLTOmaS 

lU.  AdTmntaraa,  Steel  towers  in 
the  open  country,  and  for  trunk  lines  of 
large  capacity  and  long  spans,  are  un- 
<^ueetionably  the  beet  type  of  constnio- 
tion.  The  two  systems,  the  rigid  and 
flexible,  aie  both  in  general  use,  ard  the 
latter  is  becoming  more  used.  The  flex- 
ible system  compares  favorably  even 
with  wooden  poles,  as  far  as  first  cost  is 
oonoemed,  since  most  of  the  work  on  it 
can  be  done  by  unskilled  labor.  The 
flexible  towers  as  a  njle  come  all  as- 
sembled. 

Towers  are  the  strongest  of  all  sup- 
ports for  their  weight,  not  only  under 
direct  horisontal  puB,  but  under  torsion 
as  well.  They  are  free  from  injury  by 
fire,  attacks  of  insects,  birds,  etc.,  and 
are  not  wrecked  by  lightning.  They 
have  a  life  of  from  25  to  SO  yean  and 
possibly  longer,  when  properly  main- 
tained. 

IM.  The  daiicn  of  a  ftaal  tower  ia 
largely  the  work  of  the  structural 
ailfflneer,  but  the  electrical  engineer 
should  be  able  to  specify  the  various 
stresses  that  the  tower  must  withstand, 
the  height,  length  of  cross  arm,  etc.,  and 
be  able  to  check  the  desii^n  by  calculat- 
ing the  streeses  in  the  various  members. 
Towers  made  with  members  which  are 
too  li^ht,  deteriorate  very  rapidly  when 
corrosion  once  begins,  and  the  cost  «l 
painting  such  towers,  should  this  form 
of  protection  be  found  neceesary,  will 
be  nigh.  Members  should  never  be  much  less  than  Ms  in.  (0.48  cm.)  thick. 
Fig.  57  shows  a  standard  tower,  Ontario  Hydroelectric  Commission,  and  Fig. 
58  shows  a  flexible  tower. 

IM.  Frotaottom  sratnst  corrosion  U  obtained  by  painting,  galvan- 
islns  and  ■horardiainf.  For  proper  protection,  paint  must  be  applied 
every  2  or  3  years,  and  if  the  tower  consists  of  a  large  number  of  small  mem- 
bets,  the  expense  of  painting^  may  be  prohibitive.  Where  the  structures 
consist  of  a  few  members,  painting  may  be  economically  used.  One  coat 
of  hot  dip  galvanising  well  applied  ofTers  protection,  for  perhaps  30  years, 
except  at  the  ground  line.  A  shell  of  concrete  at  tho  ground  line  may 
increase  the  life  of  the  tower  materially.  Sherardiiing  or  "dry  galvanis- 
ing," gives  a  uniform  coating  at  a  low  cost,  and  offers  a  high  resistanre  to 
wear  and  abrasion.  If  the  sino  is  removed  by  abrasion  or  bending,  the  sine- 
iron  alloy  still  offers  protection. 

IM.  Iroetlon  of  tbe  tower  is  ordinarily  by  gin  poles  or  by  shear  poles. 
The  former  device  consists  of  a  wooden  mast  or  a  frame  which  must  be 
set  outside  the  tower  base.  The  butt  must  be  firmly  anchored,  and  the 
pole  strongly  guyed,  especially  in  the  direction  of  the  back  line. 

Tb*  (bear  pole  support*  the  raising  line  and  affords  a  means  of  raisiog 
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Flo.  66.^Typical  steel  pole. 
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tha  tower  by  t,  itraUtht  swa^  pull.  The  atrsight  shear  pole  has  a  grooT*  at 
the  top,  over  which  the  raising  line  passes.  The  shear  pole  may  be  lowwed 
to  the  ground  when  the  raising  line  clears  the  top. 

Heavy  towers  must  often  be  braced  at  the  base  by  some  form  of  stmt, 
to  reinforoe  the  tower  against  the  atressee  due  to  ereeuon. 
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Fio.  67. — Rigid  steel  tower. 

16T.  Special  structurei  are  often  required  for  transpositions,  and  at 
iwints  where  the  line  crosses  a  river,  a  bay,  or  a  railroad.  They  are  »bo 
used  where  the  line  makes  a  sharp  angle;  where  the  line  is  dead-ended;  and 
to  allow  the  installation  of  line  ewitobes,  protective  apparatus,  or  outdoor 
substations  or  switching  stations.  Special  structures  are  ususlly  very  «x- 
pensi  ve  as  compared  with  the  standard  towers,  and  where  one  of  the  latttar 
will  answer  the  purpose,  it  should  be  used. 
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IM.  8tMl  town  maj  ht  Mt  direotly  In  th*  (round,  in  which 
caae,  the  steel  should  be  well  protected  by  galvanising.  The  footings  are 
usually  made  by  bolting  an  angle  or  channel  iron  direotly  to  the  bases  of 
the  anchor  stubs.  For  the  heavier  stnietuns,  a  built-up  grulagels  necessary. 
Ftg.  50  shows  a  concrete  anchor. 

pou  AOOcsaoKm 

1(>.  Wooden  erou  arma  may  be  of  either  Norway  or  yeUow  pine,]oiic- 
leaf  yellow  pine,  Washington  fir,  though  other  woods  such  as  osrpress,  oak, 
spruce  and  cedar  are  used  to  a  limited  extent. 
Iiong-Ieaf  yellow  pine,  and  Washington  fir  are 
the  Best  woods  for  high-elass  construction,  the 
average  life  untreated  being  8  and  11  years. 
Wooden  cross  arms  are  being  used  in  eonneo- 
tion  ,with  steel  or  concrete  |>oles.  In  certain 
localities,  cross  arms  are  being  treated  to  pre- 
vent deca^.  The  full-cell  treatment  (see 
Par.  14T)  is  usually  employed,  although  the 
Initial  treatment  by  live  steam  is  found  un- 
necessary if  the  arms  have  been  well  seasoned. 
Cross  arms  should  be  seasoned  for  at  least  3 
months  and  painted  with  two  coats  of  white 
iead  paint,  unleaa  properly  treated  with  a  suit- 
able preservative.  For  the  voltsgsa  employed 
in  transmission  work,  there  naa  been  do 
standard  sise  of  oross  arm  adopted.     In  the 


Fig.  58. — Flexible  tower. 


t         Wnstlni 
Flo.  59. — Concrete  anchor  for  steel  tower. 


lighter  construction,  the  standard  electric  light  oross  arm,  3}  in.  X4i  in. 
(8.25  em.  X  10.8  cm.)  often  answers  the  purpose.  For  heavier  work,  sises 
ranginc  from  4  in.X5  in.  (10,2  cm.X12.7  cm.)  to  5  in.  X  Tin.  (12.7 cm. X 
17.8  cm.)  are  used. 

Croas  arms  should  be  snu4(ly  fitted  into  a  0.7S-in.  (1.9  cm.)  gain.  Unless 
the  pole  previous  to  erection  has  been  treated  by  some  preserving 
process,  the  gain  should  be  given  a  good  coat  of  miners]  paint.  Cross  arms 
may  be  secured  to  the  pole  by  two  lag  bolts,  though  in  the  best  construction 
the  cross  arm  is  supported  with  a  throujgh  bolt  and  braces.  The  oross  arms 
on  alternate  poles  should  face  in  opposite  directions. 

ITO.  CroH-arm  braoai  are  discussed  in  Sec.  12,  Par.  IT*. 

ITl.  Donbla  oroM  amu  should  be  used  where  excessive  stresses  may 
ooeiir  sueh  as  at  Kae  terminals,  comers,  eurves,  and  where  extra  precautions 
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against  life  or  property  haiard  are  required,  ob  at  rallroadf  highway,  or  lov^- 
voltage  line  crossings.     See  Sec.  12,  Par.  ITS. 

17S.  The  wUh-bona  and  bo-urow  erou  armg,  made  of  angle  iron,  are 
used  for  wooden-pole,  sinale-circuit  constniotion.  The  ground  wire  is 
carried  on  the  bayonet,  at  the  tip  of  the  pole.     8ee  Fig.  60. 

ITS.  Uuulator  iHiu  are  made  of  wood,  of  steel  and  of  steel  in  oombina- 
tion  with  porcelain.  Although  the  wooden  pin  adds  to  the  insulation,  the 
dielectric ,  stress  in  the  insulator  is  so 
localised,  especially  in  wet  weather,  that 
little  is  gained ;  wood  deterioratee  rapidly, 
being  carbonised  b^  leakage  currents,  and 
eaten  by  nitric  acid  which  forma  in  the 
presence  of  high  voltages.  Furthermore, 
a  wooden  pin  is  weaker  mechanically  than 
a  steel  pin,  hence  requires  a  larger  hole  in 
the  cross  arm,  and  thus  decreases  the 
mechanical  strength  of  the  arm.  Wooden, 
pliu  should  be  used  only  for  the  lightest 
construction,  and  with  voltages  not  ex- 
ceeding 20,000.  They  are  made  from 
locust,  oak,  maple,  hickory  and  eucalyptUB, 
and  should  have  a  fine  straight  grain,  free 
from  knots. 

174.  A  wooden  pin  with  a  centre 
bolt  is  common.  The  bc^t  servea  as  a 
cross-arm  fastening  and  the  wooden  por- 
tion holds  the  insulator.  The  advantage 
of  this  over  a  straight  wooden  pin  is  that 
a  much  smaller  cross-arm  hole  is  required. 

ITS.  Steel  pins  may  be  of  steel,  malle- 
able iron,  oast  iron,  cast  steel,  or  combina- 
tions of  these.  They  are  much  stronger 
than  wood  pins,  and  when  well  galvanised 
have  a  much  longer  life.  They  are  either 
cemented  directly  into  the  insulator,  with 
Portland  cement,  or  capped  with  either  a 
wooden  or  a  lead  thimble,  which  is  screwed 
into  the  poroelain.      The  difficulty  of  re- 

E lacing  such  insulators  has  been  obviated 
y  providinfE  a  steel  thimble,  threaded  in- 
side, which  IB  cemented  directly  into  the 
insulator,  and  to  which  the  metal  pin  is 
screwed.  A  steel  pin  designed  with  a  large 
shoulder  which  rests  on  the  cross  arm,  de- 
creases the  sise  of  cross-arm  holo  necessary. 
1T6.  Clamp  pins  are  designed  to  eliminate  the  weakening  of  the  cross 
arm  duetoremoval  of  valuable  material  whenholesaredrilled  for  the  insulator 

Eins.     Furthermore,  they  reduce  the  concentration  of  leakage  eorrent,  and 
ence  the  burning  and  charring  of  the  wood. 

ITT.  Iniulator  pint  with  a  porcelain  base    (lead  or  wood  thimble) 

{)revent  an  are  from  striking  from  the  conductor  to  the  pin^  have  a  lone 
ife,  and  are  mechanically  strong.  Even  though  the  porcelain  cracks,  the 
pin  will  only  bend  and  the  insulator  will  not  fall. 

ITS.  Method  of  hanglnif  luspenaion  insulators.  When  suspension 
insulators  are  used,  the  breaking  of  a  conductor  pulls  the  string  into  a 
nearly  horisontal  position.  The  tower  conoeotion  at  top  of  suspension 
string  should  be  made  as  snug  as  possible  to  the  under  side  of  the  oroes  arm* 
to  avoid  toraion  on  the  aim. 

ITS.  A  tie  wire  or  a  clamp  may  be  used  to  fasten  the  conductor  to  the 

insulator.  The  main  function  of  a  tie  is  to  hold  the  conductor  securely  to 
the  insulator,  and  prevent  it  from  creeping  from  one  span  to  the  next. 
Its  form  depends  largel:^^  on  the  type  of  insulator  useo.  Aluminum  tie 
wires  should  be  used  with  aluminum  conductors,  as  contact  with  other 
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Fio.  60. — Wish-bone  cross  arm, 
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metalfl  may  form  a  galvanie  couple  and  produce  oorroeion.  Furtbermora, 
a  harder  metal  will  injure  the  soft  aluminum.  A  large  bearing  area  must 
be  allowed  where  aluminum  ia  used,  aa  it  is  softer  than  iron  or  copper 


Side  Tie 


-JXS 


■MSk««te  sf  tu.000  an. 


Fio.  61. — Insulator  tiM. 


Fra.  62. — Insulator  clamps. 


No.  2,  No.  3  and  No.  4  A.W.G.  have  been  found  most  satUfaotory  for  alumi- 
num ties.  A  few  tyjnoal  insulator  ties  are  shown  in  Fig.  61,  and  Fig.  62 
■hdifs  two  Clarke  insulator  damps. 
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ISO.  Oabia  olamiM  for  mfpsnalon  buolaton  majr  be  designed  eitber 
to  mllow  the  cable  to  slip  throiuh  and  equalise  the  horisontal  stresses  in 
adjaoeat  spans,  or  to  hola  the  cable  to  approximately  breaking  loads,  in  case 
of  a  broken  span.  The  clamp  should  be  designed  with  a  liberal  cable  seat 
and  long,  frae,  well-rounded  approaches,  so  that  the  conductor  will  not  be 
permanently  injured  if  a  span  breaks,  and  the  string  is  thus  thrown  tempo- 
rarily into  use  as  a  strain  insulator. 

tM.  Suspension  (train  or  anehoraco  olampt  should  admit  the  wire 
from  the  span  without  producing  any  kinks,  or  sharp  bends,  and  should  have 
a  long,  liberal  bearing  surface.  The  cable  should  not  be  held  by  auoh 
devioea  as  U  or  J  bolts,  but  rather  by  flat  smooth  surf  aces. 

POLK  BBAOn,  QXm,  AND  AHOBOB8 

Itl.  Fole  braoM  consist  of  shorter  and  lighter  polea  bolted  against 
the  main  pole.  They  are  sometimes  preferable  to  guying,  especially  where 
a  narrow  right  of  way  does  not  allow  a  guy  wire  to  be  used.  The  brace 
can  be  designed  to  tiUce  tension  and  compression;  assist  the  main  pole  to 
resist  the  stresses  in  the  direction  of  the  line,  and  is  not  easily  damaged 
maliciously.  Owing  to  the  increasing  cost  of  poles,  the  coet  of  erection,  and 
the  liability  of  destruction  by  grass  fires,  guys  are  ordinarily  to  be  pra- 
feiTed.     Fis-  83  shows  standard  methods  of  bracing.     The  bearing  area  of 


(«)  "^  (6). 

Fia.  63. — ^Pole  brace.     A-frame. 


the  soil  can  be  increased  by  fsstening  planks  to  the  base,  or  by  placing  a 
flat  rock  under  the  butt.  A  log  bolted  to  the  butt  also  permits  the  brace 
to  take  tension.  An  A  frame,  or  double-pole  shown  in  Fie  63b  ma^  be 
substituted  for  the  braced  pole. 

Itt.  Ouyi  are  necessary  to  assist  the  supimrting  structure  in  reeistinc 
such  unbalanced  stresses  as  are  produced  at  an^ea,  terminals  or  on  sloping 
ground.  They  are  also  used  to  give  the  line  increased  stability  in  places 
where  a  failure  is  very  undesirable,  where  a  hasard  to  life  or  property  must 
be  avoided,  as  at  a  railroad  crossing,  or  where  a  line  runs  parallel  to  or  crosses 
a  highway.  Steel  towers  are  seldom  suyed,  their  resistance  to  overturning 
beuig  sufficiently  large  (also  see  Sec.  12,  Par.  174, 11$,  ITC). 

Well-galTaniied  steel  strand,  a  table  concermng  whioh  ia 
should  be  used  for  guys. 

IM.  Straight-line  ruying  is  used  to  give  increased  stability  to  the  line. 
Approximately  every  twentieth  pole  should  be  guyed,  in  the  direction  of 
the  line,  either  by  head  or  anchor  guys,  and,  if  possible  should  be  ride 
guyed  as  well.  Bead  guys  should  be  used  when  a  line  runs  over  sbmptly 
•loping  ground,  in  order  to  give  the  line  ineieaaed  longitadiiial  stability. 


>  is  given  in  Sec  4, 
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IM.  Ova  aaehort  are  n«ce«sry  where  there  are  no  trees,  poles,  or  rocks 
4>  which  toe  guy  line  may  be  conveniently  attached.  The  simplest  and 
noet  reliable  form  of  anchor  is  the  so-called  "dead  man"  which  consists  of 
k  log,  8  to  Ifi  in.  (20  to  38  cm.)  diameter  and  5  to  12  ft.  (l.ri  to  3.7  m.)  lon^. 
K  t(uy  rod  is  passed  through  and  held  by  a  nut  and  washer.  The  log  is 
auned  to  a  depth  of  from  4  to  7  ft.  (1.2  to  2.1  m.),  depending  on  the  load  it 
oauat  carry,  and  the  character  of  the  soil.  Malleable  iron  plates  may  serve 
the  aama  purpoee. 

ISS.  Patient  anohon.  The  many  types  of  patent  anchors  depend  for 
bbmr  holding  power  upon  projections  that  are  brought  into  play  upon 
reversal  of  stress.  The  anchors  are  placed  into  position  by  being  driven, 
screwed,  or  buried  in  the  ground. 

187.  Sock  aaehon  are  often  desirable  where  ledvea  or  large  boulders 
are  encountered.  They  are  made  by  setting  an  eye-bolt  into  the  rook  with 
or  without  cement,  dependins  upon  the  character  of  the  rock. 


COMfDtrCTOB  COHBTKUCTIOH 

1S8.  Win  gtrlmltlg  may  be  accomplished  either  by  securing  the  end  of 
the  wiia  and  carrying  the  reel  forward,  or  by  maintaining  the  reel  stationary 
and  carrying  the  end  of  the  wire  forwara.  The  former  method  is  best 
adapted  to  light  construction  and 
long  lengths,  whereas  the  Axed  reel  is  . 
beet  adapted  to  heavier  and  shorter  I 
lenstha.  The  conductors  are  drawn 
up  by  means  of  a  team,  and  when 
the  proper  sag  and  tension  are  ob- 
tained, the  wires  are  attached  to  the 
cross  arms  by  snub-gripe,  thus  mak- 
ing temi>orary  dead-ends  which  re- 
main until  the  lineman  can  attach  the 
clamps  or  make  the  tie.  Where 
flexible  or  light  structures  are  used, 
these  must  be  guyed  temixirarily 
until  a  permanent  line  anchorage  is 
made. 

ISt.  Phase  wlrM  mav  be  ar- 
ranged (Fig.  64)  (a)  in  a  horisontal 
plane:  (b)  in  a  vertical  plane;  (c)  at 
tbe  vertices  of  an  equilateral  tri- 
angle; (d)  at  the  oorneiB  of  a  square 
(auarter-phase) ;  and  (e)  at  the  corners 
m  an  isosceles  triangle.  Only  in  (c) 
are  the  conductors  symmetrioal  with 
reepect  to  one  another.  In  the 
other  cases  except  (d)  the  inductive 
drop  and  charging  current  arc  unbal- 
anced, but  these  effects  are  so  alight 
that  they  can  be  neglected.  The 
arrangement  of  circuits  on  a  pole  will 
be  determined  by  mechanical  consid- 
erations and  the  type  of  construction 
employed.  When  makinginductance 
not 
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Fia.  64. — Grouping  of  phase  wires. 


and  capacity  calculations,  the  average 

dittance  between  wires,  or  the  cube  root  of  the  product  of  all  three  of  the 
actual  distances  may  be  used.  Either  method  introduces  only  a  slight  error. 
For  spacing  and  clearances  see  Fig.  54. 

190.  Cable  (pUoliic.  The  insulation  should  be  carefully  removed  from 
the  ends  of  the  cable  to  be  spliced,  dose  attention  being  ^ven  to  getting 
^  copper  perfectly  dean.  A  copper  deeve  of  the  proper  sue  may  be  used 
to  make  the  joint.  The  joint  should  be  left  smooth  and  free  from  any  little 
points  of  solder  or  sharp  edges,  as  these  factors  tend  to  produce  abnormal 
oidectrio  stress. 

All  bumsd  or  imperfect  material  in  the  insulation  should  beremoved.  The 
braid  and  tapes  should  be  taken  back  far  enough  to  allow  tbe  splioee  to  be 
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completed  without  touching  them;  this  a  very  necessary  owing  to  their  low 
insulating  properties. 

The  insolation  should  be  beveled  down  to  a  vety  thin  edge  until  it  has  the 
appearanoe  of  a  well-sharpened  lead  pencil;  this  bevel  or  taper  should  b« 
very  gradual.  If  the  taper  is  too  short,  it  will  be  difficult  to  put  the  spUo- 
ing  compound  on  with  sufficient  density  where  the  insulation  stop*  at 
the  joint,  or  at  the  end  of  the  scarf.  More  high-tension  joints  break  down 
at  this  point  than  at  any  other  one  place.  The  remedy  is  a  v«t  long  gradual 
tapw  or  scarf. 

When  possible,  a  good  rubber  cement  should  be  used,  smearing  the  taper 
as  far  up  on  the  insulation  as  the  splicing  compound  is  to  ^,  kee^ung  it 
off  the  copper.  The  cement  should  be  allowed  to  dry  out  until  all  moistura 
has  disappeared,  leaving  it  firm  and  sticky.  Enough  pure  rubber  should 
be  put  on  to  oover  the  copper,  running  about  one-thirti  of  the  way  up  on  the 
taper.  This  should  be  covered  with  a  good  rubber  splicing  compound  until 
it  IS  somewhat  larger  than  the  rest  of  the  cable.     Care  should  be  taken  to 


put  as  much  tension  on  the  splicing  compound  as  it  will  stand  in  order  to 
get  it  on  tight,  to  exclude  all  air  and  make  the  whole  a  solid,  dense  mass. 
In  the  case  of  submarine  cables,  the  vulcanising  of  all  patches  and  splioea 


is  recommended. 

On  small  stranded  joints  which  must  be  kept  flexible  and  which  cannot  be 
soldered,  a  layer  of  tin-foil  over  the  joint  is  recommended;  th^  should  be 
laid  on  before  the  rubber  is  applied,  and  will  prevent  any  oorroaive  action 
of  the  sulphur  in  the  rubber  on  the  unsoldered  joint.  (Also  tee  Seo.  12.  Par. 
fit.) 

Itl.  Jelntt  In  traxumisglon  lines  are  seldom  made  up  from  the  con- 
ductor itself  but  are  almost  entirely  patented  devices.  Aluminum  is  not 
readily  soldered  and  hard-drawn  copper  becomes  annealed  when  soldered. 
The  Western  Union  joint  is  used  only  for  small  wires.  The  so-called  dove- 
tail splice  is  made  by  fitting  the  strands  of  one  cable  between  those  of  the 
other  and  wrapping  one  strand  at  a  time  tightly  around  the  others  and 
around  the  cable. 

Patented  joints  that  are  satisfactory  for  inside  wiring  or  short  spans 
may  give  trouble  when  subject  to  the  stresses  incidental  to  the  lone  spans 
employed  in  transmission  work,  unless  installed  with  considerable  care. 
The  parallel-groove  clamp  is  used  where  a  jumper  connection  or  station 
connection  is  to  be  made. 

in.  The  M  oXntyre  Joint  is  used  chieflyon  small  sites  of  cable,  although 
it  has  been  used  on  siies  as  large  as  650,(X)0  C.M.  It  is  made  of  se&mlees 
copper  or  aluminum  tubing,  oval  in  section,  into  which  each  conductor  ia 
pushed  from  opposite  ends,  until  the  conductors  project  about  2  in.  beyond 
the  ends  of  the  sleeve.  The  tube  is  then  twisted  three  or  four  complete 
turns  by  special  tools.  This  joint  is  efficient  both  electrically  and 
mechamoally. 

IM.  Oround-wlre  oongtruotlon.  See  Per.  SO,  8T.  Qround  wires  are 
designed  primarily  to  protect  the  line  from  lightning  disturbances,  hence 
should  be  placed  well  above  the  line  conductors.  With  wooden  poles,  the 
so-called  '  bayonet"  shown  in  Fig.  60  is  commonly  used.  This  may  be 
a  piece  of  angle  iron  or  a  pipe  properly  drilled  and  fitted  to  be  fastened 
to  the  pole  top  to  receive  the  ground  wire.  Where  steel  towers  or  poles, 
and  consequently  long  spfins,  are  used,  the  ground  wire  is  often  depended 
upon  to  take  up  some  of  the  unbalanced  stress  due  to  the  breaks^  of  n 
line  conductor.  This  is  especially  true  when  flexible  towers  with  pin 
insulators  are  used.  A  ground  wire  is  absolutely  necessary  to  hold 
these  towers  in  the  correct  longitudinal  position,  if  suspension  insulators 
are  used.  The  ground  wire  should  be  held  securely  to  the  pole  top  by  a 
clamp  which  is  Blightly  flexible,  has  a  grip  of  several  inches,  and  naring, 
well-rounded  approaches.  The  use  of  J  Dolts  or  U  bolts  should  not  be 
allowed,  as  they  will  crush  and  weaken  the  cable  at  a  point  where  mechanical 
strength  is  most  necessary.  Taps  to  ground  connections  for  the  same 
reason  should  not  be  soldered,  but  rather  fastened  by  well-devigncd  clamps. 
Home  companies  mount  the  ground  wire  on  insulators  as  an  extra  conductor 
during  the  winter.  The  wire  should  be  grounded  at  every  stoel  pole  or  tower 
by  contact  with  the  metal  work.  If  the  metal  work  is  completuy  imbedded 
in  concrete  at  the  base  the  ground  should  be  made  by  driving  an  iron  pipe, 
about  6  ft.  (2  m.)  long  and  1  in.  (2.5  em.)  diameter,  into  the  ground,  and 
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connecting  it  to  th«  metal  work  with  a  oopper  wire.*  If  the  soil  is  dry,  the 
Ip-ound  can  be  made  more  permanent  by  pouring  salt  water  around  the  pipe. 
'When  wooden  poles  are  used,  the  ground  connection  should  be  made  at  every 
pole,  by  running  a  copper  wire  down  the  pole  and  grounding  to  a  pipe  driven 
xn  the  sround,  or  by  coiling  the  wire  (oare)  in  a  flat  helix  and  placing  it 
under  the  pole-butt. 

IM.  Trftaapotllioiist  u-e  made  to  eliminate  electrostatic  and  electro- 
magnetic unbalancing  of  the  various  phasee;  to  eliminate  mutual  induction 
between  parallel  lines;  and  to  prevent  disturbances  in  neighboring  telephone 
and  telegraph  circuits.  The  (uatanoe  between  power-line  transpositions  is  a 
matter  of  judgment,  and  may  vary  from  10  to  40  miles.  Many  engineers 
question  toe  value  of  transpositions,  and  lines  are  operating  satisfactorily 
without  them.  Fig.  05  shows  the  transposition  of  a  section  of  three-phase 
line  and  a  telephone  circuit. 
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Fig.  65. — Transpositions. 

IM.  Transpooltloiu  are  conunonly  iium1«  by  rotating  the  delta;  by 
gradually  changing  the  relative  positions  of  the  wires;  by  dead-ends  and 
jumpers,  similar  to  the  method  employed  in  telephone  work.  The  first 
metnod  requires  special  structures  that  are  usually  interspersed  between  the 
standard  towers.  When  the  wires  are  arranged  at  the  corners  of  a  triangle, 
the  delta  is  rotated  through  60  deg.  in  one  span,  and  through  the  other 
60  deg.  in  the  next  span.  This  is  shown  in  Fig.  66  (a).  When  the  wires  all 
lie  in  the  same  plane,  resort  to  an  intermediate  triangular  arrangement 
must  be  made,  as  shown  in  Fig.  66  (6).  Both  of  the  above  methods  require 
special  structuree,  and  \he  transposition  spans  are  usually  about  one-half 
the  length  of  standard  spans,  in  order  that  proper  clearance  between  con- 
ductors may  be  maintained.  The  jumper  metnod,  shown  in  Fig.  66  (e), 
requires  onlv  a  standard  strain  tower,  which  may  be  slightly  modified  if  the 
conductors  happen  to  lie  in  a  vertical  plane. 

19C.  A  tclephozM  line  is  essential  to  the  satisfactory  operation  of  every 
transmission  system,  as  a  means  of  communication  between  generating 
stations,  substations  and  patrolmen.  When  possible,  the  telephone  wires 
should  be  run  on  a  separate  pole  line  to  eliminate  disturbances  and  trouble 
caused  by  the  high-tension  circuit.     The  cost  of  an  extra  pole  line  is  often 

f prohibitive,  so  it  then  becomes  necessary  to  carry  these  wires  on  the  power 
ine  poles  or  towers.  In  this  case  they  should  be  at  least  8  ft.  (2.44  m.)  be- 
neato  the  nearest  power  wire,  and  in  as  protected  a  position  as  possible, 
otherwise  the  telephone  may  be  rendered  useless  when  trouble  occurs  on  the 
power  line — a  time  when  the  telephone  is  most  needed.     Small  telephone 


*  See  Bibliography  63. 
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wire*  may  be  imabk  to  withstand  the  stroaaes  in  oooaaional  Ions  (pus.  Ib 
thia  case  the^  may  be  supported  by  a  steel  meoeenger  wire,  andif  thia latter 
ia  grounded,  it  he^  to  shield  the  telephone  from  inductive  effect*. 


Standard  Tow«r 

Tranipof  itlon  Tower 

Standard  Tower 
(a)  SinEleCiteaitConatruetioD-Synunetrlcal.SpacinK 


Standard  Tower 


TrauBpoilttoa  Tower 
(6)  Vertical  Spacing 


Standard  Tower 


Standard  Strain  Tower 
(e)  Dead-end  Jumper  Method 

Fra.  60. — Methods  of  transposition. 
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ItT.  Indoead  •iMtrMtatts  eham  may  raiae  the  potential  of  the  tale- 
Iihoiie  circuit  to  a  dangaroua  raloe.  Thia  potential  can  be  greatly  reduced  by 
oozmecting  ooila  of  low  reactance  to  ground,  known  aa  drainag*  coiU,  aoroee 
the  telephone  line  at  intervals,  and  grounding  their  middle  iminta.  For 
farther  protection  to  the  uaer,  vacuum  lightning  arresters,  horn-gaps,  fuses 
and  well-insulated  tranaformers  are  used.  Fig.  67  shows  the  connections 
ordinarily  employed. 


( a yWlthoiuJJislBif s OsUi  <6)  Vlth DrslBM> Cells 

Fig.  67.— Telephone  protection. 

IM.  WhtM  «*«rh««d  erottinci  are  made  as  over  railroads  or  high- 
waya't  extra  preeautiona  are  neoeesary  to  protect  Ufe  and  property.  In 
the  pisat*  a  grounded  cradle  or  basket-work  beneath  the  lines,  or  some  other 

Konnding  device,  has  been  used  to  catch  and  ground  the  falling  conductor, 
ktent  wire  elampe  and  hooks,  out  of  which  the  conductor  drops  when 
broken,  have  been  more  or  leea  used.  Present-day  practice  rests  on  the 
principle  that  the  leea  there  is  to  come  down,  the  better,  and  further  assumes 
that  there  shall  be  no  broken  oonduotors.  Safety  is  now  procured  by  the  use 
of  short  well-supported  spaoa,  having  a  liberal  factor  of  safety. 
IM.  Cctra  preeautloiu  In  ovarhead-erouinc  eonitruotion.  *    Long 


•nana  ahall  be  avoided;  the  aupporta  at  the  crossing  and  adjacent  spans 
B&all  be  in  a  straight  line;  the  power  wiree  shall  cross  over  the  telegraph  and 
telepbone  wires,  whenever  practicable;  cradles  shall  in  general  not  be  used ;  but 


whwe  the  power  linesrun  beneath  the  others,  a  cradle  or  bridge  of  adequate 
atrength  may  be  reqnired;  a  I2-ft.  (3.66  m.)  aide  clearance  to  the  nearest  rail, 
a  7-ft.  (2.14  ro.)  clearance  to  siding  rails,  and  a  30-ft.  (B.!.*)  m.)  headroom 
to  the  top  of  the  rail  under  the  most  unfavorable  loading  conditions,  is  allow- 
able practice;  the  clearance  above  the  other  wires  shall  be  not  less  than 
8  ft.  (2.44  m.). 

When  suspension  insulatora  are  used,  the  crossing  span  shall  be  dead- 
ended,  or  else  the  maximum  aag  in  the  crossing  span  shall  not  exceed  30  ft. 
(9.15  m.^  in  case  of  failure  in. the  adjacent  span;  the  normal  tension  rhall  be 
allowed  in  the  croaeing  and  adjacent  spans  (see  Far.  M),  and  no  splices  or 
taps  shall  occur  in  these  spans;  the  pins,  insulators,  and  attachments 
shall  be  able  to  hold  the  conductor  under  the  greatest  strees  with  the 
deagnated  factor  of  aatety.  and  the  insulators  shall  be  such  that  if  shattered 
ibs  conduetora  will  not  fall. 

Wooden  iioles  supporting  the  crossing  span  shall  be  side-guyed  in  both 

'Report  of  the    Joint    Committee    on    Overhead    Lino    Construction, 

N.  B.  l:  a. 
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directioiu  if  practicable,  and  shall  be  head-guyed  away  from  the  croasins 
span;  the  next  adjoining  poles  shall  be  guyed  toward  the  crossing  span. 

Asaumed  loads  shall  be  the  resultant  of  dead-load,  i  in.  of  ice,  and 
wind  pressure  of  8  lb.  per  sq.  ft.  on  the  ice-covered  diameter  at  lero  de«c. 
fahr.  The  stresses  and  clearances  shall  be  calculated  for  a  temperatuTQ 
variation  of  from  —  20  deg.  fahr.  to  -f-  120  deg.  fahr.,  oxcept  in  those  regions 
where  this  range  is  not  representative.  Towers  or  poles  shall  withstand  n 
wind  pressure  of  13  lb.  per  sq,  ft. 

Factors  of  safety,  or  ultimate  unit  stress  divided  by  allowable  unit  streas, 
shall  be  not  less  than  the  following: 

Wire  and  cables 2 

Pins -, 2 

Insulators,  conductor  attachments,  guys 3 

Wooden  poles  and  cross  arms ,    6 

Structural  steel 3 

Reinforced  concrete  poles  and  eross  arms 4 

Foundations 3 

•  RXOB-TIHSIOM  CABLI8 

too.  Underground  and  inbmarin*  o«bloa  are  often  used  for  transmis- 
sion purposes  and  pressures  up  to  00,000  volts  are  successfully  used. 

SOI.  Three  t^pei  of  Iniulation  are  in  common  use,  rubber  compounds, 
varnished  cambric,  and  impregnated  paper. 

(a)  Eubber  eompoanoB  cgnsist  of  pure  Para  rubber  and  sueh  mineral 
ingredients  as  sulphur,  whiting,  talo  and  litharge,  which  are  thoroughly  mixed 
together;  the  compounds  are  forced  upon  the  conductors  and  then  vulcanised. 

(b)  Cambrie  Inaulatlon  consists  of  cotton  cloth  and  a  viscous  filler. 
Each  surface  of  the  cloth  is  covered  with  multiple  films  of  insulating  varnish. 
The  cloth  is  then  applied  to  the  conductor  in  the  form  of  tape  wound  on 
spirally,  the  filler  being  applied  between  the  successive  layers. 

(c)  Impregnated  paper  insulation  consists  of  Manila  paper  tapes  applied 
spirally  and  evenly  to  the  conductor,  and  then  thoroughly  impregnated  with 
an  insulating  compound. 

SOS.  Cable  insulation.  In  underground  practice  it  has  been  found 
neoesaary   to  protect   the   insulation  by  a  lead  sheath.     For  submarine 


uuan  t 

U    fit    'MJ 


(a)  Amertcan  Throe-Phase  Cable.-  (b)  Clover  I^eaf  Thrae-Phase 

Cable  (Kngllsh) 
FiQ.  08. — High-tension  cables. 

installations,  cambric  and  paper-insulated  cables  have  lead  sheaths  usually 
armored  with  steel  for  protection.  ^  When  rubber  is  used,  the  lead  sheath 
is  unnecessary.  Varnisaed  cambric  will  resist  water  to  a  certain  extent. 
Paper  is  worthless  as  an  insulator  if  moisture  is  allowed  to  enter  the  cable. 

Sometimes  two  or  more  of  the  insulations  classified  in  Par.  SOI,  are  used  in 
the  same  cable  to  good  advantage.  For  alternating-current  transmission  it 
is  advisable  to  have  all  the  conductors  of  the  circuit  in  one  cable,  as  the 
tendency  to  set  up  currents  in  the  sheath  is  then  practically  neutralised.  In 
all  high-tension  cables,  the  sheath  should  be  well  grounded  to  allow  the  high- 
voltage  static  charge  to  pass  readily  to  earth.  Wher«  high-voltage  conductors 
pass  from  the  air  into  the  cable,  or  from  the  cable  into  air,  a  large  po.t-4iead 
should  be  used,  thus  reducing  to  a  minimum  the  high   poteoUal  ipadient 
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f;,Ji»t  would  otberwiw  ooour  at  this  point.  VUt.  S8  (hows  aeotioiia  of  three- 
I'.ionductor  high-voHsfs  a»blce;  (fr)  is  the  olover4eaf  type  used  in  Europe. 
^  901.  Bectrieal  diiadvantairai  of  a  cable  lyitem.  A  cable  system 
i'.liifera  from  an  overhead  system  in  that  the  eleotrostatio  capacity  is  much 
■-■greater  while  the  linear  inductance  is  negligible.  Hence  the  charging  current 
.:^tnay  be  equal  to  or  even  greater  than  the  load  current  itself.  Surges*  and 
transient  phenomena  are  much  more  common  than  on  an  overhead  line  of 
irthe  same  length. 

>04.  'Cril4argroaitd  oablei  for  high-tension  work  are  ordinarily  instaUed 
in  standard  ducts  (see  Sec.  12).  All  nnderground  cables  should  be  lead 
eoTered.  The  rubber  covering  may  last  for  yean  after  the  lead  sheath 
has  been  eaten  away  by  electrolsrsis  or  has  been  injured  mechanically. 

SOS.  HIch-Toltace  eableat  should  be  tested  at  a  potential  from  2  to 
2.6  times  their  working  pressure,  depending  upon  the  system  to  which  they 
are  connected. 

The  factory  test  voltage  E,  which  should  be  applied  between  the  core  and 
sheath  of  a  single  conductor  concentric  cable,  having  homogeneous  insulation, 
is 

«-/C<flogi.D/rf  (53) 

'  where  Z>  is  the  diameter  over  insulation,  d  the  diameter  of  the  copiwr  and  K 
js^a  constant  depending  on  the  insulating  material.  If  d  is  expressed  in 
mils,  K  is  about  260  for  30   per  cent.   Para  rubber,    cambric,  and  paper. 

'  From  this  formula  the  proper  test  voltage  or  the  proper  thickness  of  wall  for 

'  a  given  test  voltage  may  be  determined. 

.   SUBSTAnORSt 

MC.  The  birtldJTH  >s  intended  to  shield  the  apparatus  and  eqiupment 
from  the  weather,  as  well  as  to  furnish  a  shelter  where  repairs  may  be 
quickly  made.  A  low-voltage  station  may  have  a  fairly  low  initial  cost. 
On  the  other  hand,  the  large  clearances  required  by  overhead  bus  bars, 
connecting-leads,  arrester  equipment,  etc.,  make  the  high-voltage  substation 
a  rather  expensive  affair. 

lOT.  The  transformen  should  b*  installed  in  separate  fireproof 
compartments  which  should  be  of  such  construction  as  to  prevent  burning 
oil  from  flooding  the  station,  in  case  of  trouble.  Provision  should  be  made 
for  easily  moving  the  units,  so  that  repairs  and  replacements  can  be  quickly 
made.  Each  transformer  is  often  installed  on  wheels  and  rails,  and  trucu 
are  provided  in  order  that  the  large  units  may  be  readily  moved. 

tot.  ProtootlTe  equipment  U.  often  placed  indoors.  The  larger 
sises  of  aluminum  arresters  and  the  large  overhead  olearancee  required  lor 
the  horn-gape  often  necessitate  that  these  as  well  as  the  aluminum  arresters, 
be  placed  out-of-doors.  Where  there  are  no  overhead  busses  or  inflammable 
Qoaterial,  the  following  clearances  from  the  top  of  the  horns  should  be 
allowed:}  for  pressures  up  to  18,100  volts,  3  ft.  (1  m.);  from  16,101  to 
37,000  volts,  4  ft.  (1.2  m.);  from  37,901  to  70,000  volts,  6  ft.  (2  m.).  At 
presauree  above  70,000  vol^,  the  horn-gaps  should  never  be  placed  indoors. 
The  auxiliary  charging  gape  for  the  i^uminum  arresters  should  idways  be  in 
sight  of  the  operator. 

100.  Choke  colls  are  often  mounted  on  poet  insulators  on  the  outside 
of  the  building,  especially  where  ver^  high  voltages  are  employed.  For  the 
lower  voltages  they  may  be  convemently  installed  on  the  inside  wall,  or 
directly  in  the  switch  leads. 

SIO.  Blgh-t«niion  bui  ban  are  hung  from  the  ceiling  bv  suspension 
insulators,  are  suspended  by  ceiling  insulators,  or  are  mounted  on  post  in- 
sulators. Owing  to  their  low  eoet  it  is  desirable  to  utilise  suspension 
insulators  whenever  possible.  Fig.  69  shows  typical  high-tension  bus 
construction.     (See  Sec.  10,  Par.  SU.) 

*  See  Bibliography  45-55  incL 

ISee  Bibliography  33. 
See8ee.  l^Par.U.      - 
See  Bibliography  64. 
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111.  KntruiM  knd  outlat  for  lower  voItagM  are  u  shown  in  Fig.  70. 
Plate  glaae  with  a  centra]  hole,  slightly  larger  than  the  oonduotor,  is  often 
used,  as  it  keeps  the  weather  out.  Where  huh-voltage  must  be  carried  into 
a  station,  great  care  should  be  used  in  the  aesign  and  selection  of  suitablo 
bushinn.  A  simple  entrance  for  a  110,000-volt  line  oonsists  of  a  5-ft. 
(1.5  mj  slab  of  glass  or  marble,  with  a  small  hole  sufficient  to  admit  the 
eonductor  without  undue  corona  discharge.  In  Fig.  71  are  shown  typical 
wall  bushings. 

Th«  condsnMr  type  *  of  buibing  is  built  up  by  placing  thin  layers  of 
tin  foil  between  concentric  layers  of  insulation,  and  making  the  areas  of  the 
foil  equal,  irrespective  of  the  diameter,  thus  giving  uniform  potential  dis- 
tribution.   Sucn  a  bushing  is  shown  in  fig.  70  (c). 


Fra.  69. — Typical  substation. 

lis.  Boof  antruiosi  and  horn-gap  outlstt  require  a  petticoated 
insulator  in  addition  to  a  wall  bushing  in  order  to  prevent  trouble  which 
might  arise  from  rain  and  condensed  moisture.  The  ratio  of  wet  to  dry 
flash-over  should  be  very  high.  Fig.  138,  Sec.  10,  shows  a  typical  roof  in- 
sulator, and  Fig.  72  shows  standard  roof  construction. 

111.  A  Bubitation  wiring  diagram  is  shown  in  Fig.  73,  and  Fig.  74 
shows  a  typical  meter  paneL  Meter  leads  A  and  B  (Fig.  74)  oorreapond  to 
instrument  transformer  leads  A  and  B  (Fig.  73). 

114.  Outdoor  Bwltcblnc  Itationa  sre  often  installed  at  points  where 
the  amount  of  switching  actually  done  does  not  warrant  the  expense  of  a 
building  for  housing  the  equipment.     In  such  oases,  a  safe  and  economioal 
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Fio.  70. — 80,000  volt  entrinoc. 


(  C)  OoBdeuar  Tjrp* 


Flo.  71. — Hich-teiuion  bufbinC' 
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Mild  Steel  Sirup 


No.-J  Solid 
CoDductoral 


HiH   M>ll.:. 

Bedacer,  54" 
End  Tapped 
forVBolt 
B 


Fia.  72. — Typical  roof  conHtructiou  showing  horn  gaps  and  roof  iiuulatora. 
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Flo.  73. — Subatation  wiring. 
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Aonsiruotion  is  to  ereet  a  platform  on  a  special  atruoiure,  upon  which  the 
■witch-bandlea,  transformers  and  other  equipment  are  placed. 

SIS.  Outdo«tf  lubitatlo]^*  are  rapidly  coming  into  use,  since  the  large 
clearance  neceaadtated  by  high  voltages  would  require  a  very  large  build- 
ing.    They  are  also  used  where  small  loads  are  tapped  from  the  main  line. 


requiring    only    one    transformation    from    line    to    consumer.     Switches. 

arrester  equipment,  power  and  instru-  

ment    transformers    have    been    de-  Pot«itlal  Oerraat 

veloped  to  such  a  point  that  little  de- 
terioration occurs  due  to  the  weather. 
The  outdoor  equipment  should  be 
installed  on  paved,  wcII-drained 
ground,  and  should  be  enclosed  by  a 
lenoe  to  exclude  intruders.  A  small 
building  may  be  necessary  for  making 
repairs,  as  w^  as  to  protect  the  oper- 
ator and  the  switchboard  and  meter 
equipment.  Climate.  location,  com- 
parative costs  of  building  and  ground, 
the  voltage  and  method  of  operation, 
are  factors  which  largely  determine 
the  type  ot  station.  The  transformers 
and  arrestws  should  be  shielded  from 
the  hot  sun  and  in  winter  the  electro- 
lytes and  cooling  water  must  be  pre- 
vented from  freesing.  Fainting  the 
arrester  tanks  white  tends  to  prevent 
the  absorption  of  heat  ana  cold. 
Transformer  oil  thickens  and  loses  its 
ixisulating  properties  under  extreme 
conditions  of  cold.  An  outdoor  sub- 
■tatiott  ean  be  enlarged  or  mocUfled 
with  but  little  expense. 

OPBBATIOK 
Sit.  A  eblef  operator  should  bo 
in  abfolato  eontrol  of  tho  lyttom 

and  should  have  direet  telephone  ooi^ 
nection  with  every  part  of  it,  not  only 
over  the  company's  private  line,  but 
over  a  leased  wire  as  well,  as  in  times 
of  emergency  the  private  telephone 
line  may  be  crippled.  Likewise  the 
chief  operator  and^  tho  substation 
operators  should  be  in  telephone  con* 
nection  with  all  linemen  and  patrol- 
men. In  the  (^ef  operator's  offine 
there  should  be  a  aummy  board 
showing  the  position  of  everv  line  and  — — 
switoh  on  tn«  system  and  whether 
each  switch  is  oi>ened  or  closed.  No 
switch  should  be  operated,  no  genera- 
tor connected  to  or  dieoonnrcted  from 
the  system,  no  water  taken  from  a 
flume,  unless  the  chief  operator  is  noti- 
fied and  sanctions  the  operation.  All  p,„ 
communications  should  be  repented  to 
the  sender  in  order  to  prevent  any 
misundentandings  and  should  be  written  in  the  log  book  to  reduce  mistakes 

to  a  7«iTiitn^im, 

SIT.  A  eomplete  log  should  be  kept,  not  only  bjr  the  chief  operator,  but 
by  switohboara  operators  ns  well,  of  every  tr&nsaetion.  loads  curried,  shut- 
downs, causes  of  trouble,  and  times  of  oonnecting  or  oisoonnecting  motors 
and  generat<VB  on  the  system. 


A    Am  mater 

T    Voltm«ter 

I.W«    Indlcfttinx  Wattneier 

W.H.M.    Wstthoar  Hater 

B.L.    InverM  Time  Limit  Belsjrt 

T.O.   TnpOsll* 

74. — Instrument  panel  for 
substation. 


'  BiUiography  106,  106,  107. 
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Sec.  11-218  POWER  TRANSMISSION 

A  mviti  rtcaritir'  lor  li^tninE  aad  switchinc  phenomeu  ho*  been  deyised, 
whereby  the  exact  time  « twitohing,  ehuWowna  and  diaturbanoea  are  auto- 
matioaliy  recorded. 

US.  A  pariodle  line  inipactioa  ihould  be  malatainad  over  all  Bno, 
the  frequency  of  inspection  dependinic  on  the  country  and  the  importance  ox 
the  lines.  A  patrolman  should  be  aasicned  to  about  20  miles  of  line, 
as  one  nian  is  then  always  within  10  miles  of  each  section  of  the  line. 
The  patrolmen  nuy  cover  the  ground  on  foot,  on  horse-back,  or  with  a  horse 
and  team,  dexwnding  entirely  upon  the  nature  of  the  right  of  way,  his  duties 
and  the  distance  he  must  travel.  He  should  be  fumisned  with  a  telephone 
test  set  and  sundry  tools  and  materials  whereby  he  is  able  to  make  repairs, 
replace  insulators,  pins  or  cross  arms.  Some  companies  provide  small 
booths  every  2  or  3  miles  along  the  line,  where  a  small  stock  of  insula- 
tors, pins,  cross  arms,  wire  and  damps  is  kept,  so  that  material  for  repairs  is 
always  within  a  comparatively  short  distance.  The  pole  switches  and  line 
seotionaliiing  switches  should  be  inspected  at  least  once  a  month,  to  insure 
proper  alignment  of  parts  and  proper  operation  in  times  of  need.  The 
patrolman  should  be  held  responsible  for  the  proper  operation  of  his  par- 
ticular section  of  the  line. 

Defective  insulators  which  cannot  be  detected  by  inspection  may  be 
located  by  the  use  of  a  megger.  A  sound  insulator  should  nave  a  resistance 
greater  than  1,000  megohms,  whereas,  if  the  porcelain  or  glase  is  injured  or 
cracked,  the  resistance  will  drop  below  500  megohms. 

S19.  Idne  repair*  and  repIaeemenU  should  be  made  only  after  the  line 
is  "  dead."  The  lineman  or  patrolman  should  notify  the  chief  operator  when 
a  particular  line  or  section  is  desired.  The  line  should  then  be  cleared,  not 
merely  through  the  oil  switches,  but  should  be  opened  by  diaconnectinc 
switches  as  well.  Before  a  lineman  is  allowed  to  work  the  line  should  be  well 
grounded,  in  order  to  eliminate  the  electrostatic  ohar^.  If  the  line  closely 
parallels  another,  both  ends  should  be  grounded  to  eliminate  any  dangerous 
induced  potentiaL 

ItO.  Alaminum  airettent  should  ordinarily  be  charged  at  least  once  a 
day,  under  normal  conditions  of  temperature.  In  hot  weather,  or  if  exposed 
to  a  higher  temperature,  they  should  be  charged  two  or  three  times  a  day. 
After  passing  a  heavy  discharge,  and  u  ndergoing  a  high  temperature  rise,  they 
should  be  charged  intermittently  while  cooling,  in  order  to  re-form  the  film, 
which  dissolves  very  auickly  when  the  temperature  is  above  normal.  The 
charging  current  should  be  about  0.4  amp.  The  auxiliary  or  charging  gap 
should  Be  dosed  three  or  four  times  or  until  the  arc  ceases  to  flare.  Ammeter 
jacks  are  now  available  for  convenience  in  measuring  the  charging  current. 
An  abnormal  charging  current  may  denote  trouble  within  the  arrester,  such 
as  carbonised  oil  between  the  cones.  It  is  deeirable  to  charge  the  arresters 
individually,  not  all  at  the  same  time.     (Also  see  See.  10.  Par.  Mt.) 

Sti,  Short  eireulta  may  open  the  line  when  a  station  is  provided  with 
automatic  breakers.  Where  non-automatic  switehe*  are  used,  the  operator 
s,hould  decrease  the  voltsge,  rather  than  open  the  eireait,  waiting  for  the 
linetodear.  Iftheline  does  not  then  dear,  the  load  shonld  be  thrown  over 
to  a  spare  line  until  repairs  can  be  made.  Where  it  is  essential  that  the  aer- 
vice  snail  not  be  interrupted,  resort  may  be  had  to  auoh  expedienta  as 
operating  single  phase,  with  a  ground  return,  etc.,  until  the  line  is  again  in 
its  norma]  condition. 

TKAHSMI8UOM  lOOHOMieS 

ttl.  Value  of  oontinoltr  of  Mrrlee.  No  system  should  be  equipped 
with  expensive  automatic  control  devices,  duplicate  lines,  liberal  protective 
equipment,  and  spare  generating  plants  in  order  to  insure  continiuty  of  ser- 
vice, unless  the  cost  of  an  interruption  or  a  shut-down  justifies  the  expenc^ture 
of  such  capital.  The  line  should  be  constructed  as  cheaply  as  is  consistent 
with  the  required  standard  of  service,  without  endangering  life  or  property. 
Further,  a  system  should  not  be  extended  to  a  distance  greater  than  that  at 
which  there  is  a  reasonable  prospect  of  selling  sufficient  power  to  pay  the 
development  and  operating  costs  of  the  extension. 

m.  The  t;^pe  of  line  matt  be  decided  npon  after  considering  the 
reliability  desired,  the  character  of  the  country,  transportation  faouitiea, 
availability  of  timber,  etc.     Although  steel  construction,  as  an  engineering 

*  Bibliography  58,  59. 
t  Bibliography  64,  65. 
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POWER  TRANSMISSION 


Sec.  11-224 


nropositlon,  is  fftr  superior  to  wood,  there  are  mmii^  ixiBtsnces  where  the  low 
Brat  coat  of  wood  alone  makes  a  transmission  project  economically  feasible. 
tt4.  The  Uncth  of  ipan  should  be  lo  ehoian  as  to  have  the  line  coet  a 
nunimum.  Astne  length  of  span  increases,  the  number  of  supports  and  insu- 
lators decreosee,  but  the  height  of  the  support  and  the  conductor  spacing 
xnuat  be  increased  to  allow  for  the  greater  sag.  The  effect  of  these  changes 
on  cost  is  shown  in  Fig.  75  (see  BibUocraphy  79).  Under  these  condition* 
^he  moat  economical  span  for  steel  towers  is  about  700  ft.  Other  factors, 
Buoh  as  the  decreased  coat  for  pole  or  tower  rights  on  private  right  of  way, 
the  leaser  number  of  insulators,  with  the  decreased  possibility  of  failure  wiUi 
'the  longer  span,  should  receive  due  consideration. 
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Fni.  75.— Span  length  and  cost. 
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ao       80      m      us 

-WeiUst  Prurare-KlleTOlW 
Fia.  76. — Cost  of  insulators. 


ISO 


MS.  The  eholea  of  conductor  material  lies  between  copper  and  alumi- 
num, except  for  a  faw  special  spans.  Although  aluminum  is  about  10  per 
cent,  cheaper  than  copper  for  the  same  conductance,  its  greater  temperature 
coefficient  of  expansion  and  lower  tensile  strength  demand  greater  sags,  hence 
more  expensive  structures. 

tf6.  The  >!■•  of  conductor  is  influenced  by  mechanical  considerations 
and  by  the  amount  of  energy  that  it  is  permissible  to  waste  in  transmission. 
Line  regulation  may  require  a  larger  conductor  than  is  economically  de- 
mandecfl  When  energy  may  be  generated  and  sold  at  a  low  rate  per  kw- 
hr.,  a  much  smaller  conductor  is  justified  than  if  the  reverae  be  true. 

ttT.  Tho  choice  of  TOltac*  is  determined  by  the  amount  of  power  and  the 
transmisaion  distance.  The  conductor  cross-section  varies  inversely  as  the 
Sfiuare  of  the  voltage,  but  the  cost  of  insulators,  supporting  structures,  sta- 
tions, proteetire  equipment  and  transformers  increases  as  the  voltage  is 
increased.  Theoe  last  three  items  are  independent  of  the  lenf^h  of  the  line, 
so  would  make  a  higher  voltage  on  a  long  line  eeoDomically  denrable,  neglect- 
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POWBR  TRANSMISSION 


Ing  other  considerations.  Roughly,  a  thousand  volts  per  mile  seems  to  be 
the  criterion  adopted  by  engineers.  An  80,000-volt  line  presents  no  Breat«r 
operating  difficulties  than  a  30,000-volt  line.  Surge  voltages  are,  howover. 
dependent  upon  the  current  and  svstems  have  been  designed  to  operate  at  a 
higher  voltage  than  is  economically  demanded,  in  order  to  secure  greater 
freedom  from  surges. 


40         00         90         100        liO 
EiloTolts  Working  Pr«Mar« 

Fia.  77. — Cost  of  station  insulators. 


tts. 


COST  DATAt 
Prellmtnary  and  right  of  way* 


Minimum 

cost 
per  mile 

Maximum 

cost 
per  mile 

Surveying 

«5.00 

25.00 
25.00 
100.00 
80.00 

SIO.OO 

100.00 
350.00 
600.00 
200.00 

Right  of  way,  perpetual  easement,  60  poles  per 
mile. 

Along  highways  SO.SO  to  S2.00 per  pole 

Along  section  lines  10. 50  to  JS . 00  per  pole 

Through  fields,  12.00  to  SIO.OO  per  pole 

Towers,  10  per  mile,  S9. 00  to  120.00  per  tower. 

SM. 

Cost  of  woodan  poles 

1 

30 

S 

a 
o 

1 
1 

I 

•Cost  Northern 
Cedar  f.o.b., 
Minneapolis, 
per  pole 

•Cost  Western 
Cedar,  f.o.b., 
Spokane, 
per  pole 

Si 
8^1 

1. 

'I 
111 

11 

55-95 

S4.60 

S2.50 

S3. 25 

SI. 20 

5-8 

35 

12 

60-70 

6.70 

3.25 

4.00 

2.00 

8-12 

35 

13 

40-60 

6.95 

3.75 

6.25 

2.30 

8-12 

40 

14 

40-55 

7.50 

3.75 

6.25 

3.35 

12- 16 

45 

15 

60-7C 

10.25 

4.25 

7.75 

2.86 

16-18 

50 

16 

48-65 

11.00 

5.00 

10.50 

3.30 

22-25 

55 

17 

39-42 

15.10 

5.50 

14.00 

3.60 

26-30 

00 

7-8 

18 

30-33    22.50 

■7.00 

20.00 

3.90 

30-35 

65 

7-8 

IS 

23-25    20.00 

8.50 

30.00 

35-40 

>  Bibliography  78. 

t  Cost  data  should  be  used  merely  as  suggestive,  the  data  here  given  beinc 
without  reference  to  special  conditions. 


968 


dbyv^iuuyie 


POWER  TRAKSMIBSIO!f 


Sec.  11-230 


MO.  Cott  of  Butt  tremtmiit  by  <4>*n>t»nk  matbod* 


Siieofpole 

Amount 
oreoeote 
applied 

Cost  of 
treatment 

Total 

Top 

diam., 

in. 

Ungth. 
It. 

Lb. 
per 

CO.  ft. 

per 
pole 

Preser- 
vative 

Oper- 
afion 

Chntnut 

Northern  white  cedar 
'Western  yellow  pine 
Western  yellow  pine 
Weatero  red  eedmr. . . 
I<odce  pole  pin 

7 
7 
8 
7 
7 
7 

30 
30 
40 
M 
40 
36 

"i," 

10 

6 

25 

60 

37.5 

62.6 

89 

35 

SO. 30 
0.60 
0.90 
1.45 
0.90 
0.80 

SO.  45 
0.45 
0.46 
0.46 
0.45 
0.45 

SO. 76 
1.05 
1.35 
1.90 
1.36 
1.25 

111.  Unit  labor  eoaU 


Cost  per  mile         | 

Minimum 

Mftxiinuin 

Cnt  of  haulins,  10^  oenta  per  pole  per  mile  of 

Coat  of  framing  and  attsoUng  Sttinga  SO.  28  to 

Coat  of  &w^  holee  S0.60to  S2.60  each 

Coat  of  rock  holes,  «3.00  to  S4. 60  each 

Coat  of  raising  and  setting  with  pikes.     SO.  35  to 

SI .  00  per  pole 
Cost  of  raising  and  sstting  with  gin  wagon  SO. 35  to 

SO.  60  per  pole 

S6.00 

13.50 

25.00 

100.00 

17.50 

17.50 

tio.oo 

80.00 

125.00 

225.00 

50.00 

30.00 

SSS,    Cost  of  long-leaf,  yellow-pin*  cross  arms,  middle  wastf 


3.26in.X4.25in.  iier  lin.  ft.  . 
4  in.X4  in.  per  lin.  ft.. 
4  in.X5  in.  per  lin.  ft. . 
4  in  X6  in.  per  lin.  ft.. 
4.5in.X5.75in.  per  Un.  ft. . 
A      in.X7      in.  per  lin.  ft. . 


SO. 0376 
0.056 
0.076 
0.0826 
0.089 
0.12 


Fir  5  to  15  per  cent,  higher. 

Cost  of  steel  cross  arms  2.5-3  cents  per  lb. 


in.    Approxlmata  prloas  each  of  hlgh-Toltaga  insulator  pinst 


Insulator 
Toltage 

Wood  pins 
paraffined 

Steel  pins 
galvaniied 

Iron  pins  with 
separable  thim- 
ble; galvd. 

Steel  pins  with 

poroelain  base; 

bolt  galvd. 

80,000 
M,000 

46.000 
40.000 

S0.66 
0.60 
0.40 
0.36 
0.36 
0.80 

S0.86 
0.65 
0.60 
0.60 
0.60 
0.60 

S0.80 
0.76 
0.68 
0.68 
0.68 
0.48 

SO. 85 
0.75 
0.65 
0.65 
0.66 
0.22 

Wood  pins  with  steel  bolt  not  used  for  theae  high  voltages. 
*  Steel  pipe,  forged. 

•Abela 


I  &  Tausrfg,  Spokane,  Wash. 
tBibUomphy  78. 
jLoeke Insnlatoc  Mfg.  Co. 
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M4.  Tripartite  ttMl  polM.      (Fig.  78) 


Length 
overall 

Type  of 
arming 

U-bar 
section 

Weight 
complete 

Depth  of 

set  in 
concrete 

Average 

ooet  of 
setting 

Cost 

Franklin, 
Pa. 

SINGLE  CIRCUIT— NO  GROUND  WIRE 

Design  used  to  carry  three  No.  4  A.W.G.  H.  D.  copper 

conductors  in  300-ft.  spans 

30  (t. 
35  ft. 
40  ft. 
45  ft. 

Fig.  A 
Fig.  A 
Fig.  A 
Fig.  A 

No.  2 
No.  2 
No.  2 
No.  2 

4471b. 
5081b. 
5951b. 
675  lb. 

4    ft. 
4   ft. 
4   ft. 
4tft. 

»5.00 
5.25 
5. SO 
6.00 

$12.77 
14.07 
16.90 
10.82 

SINGLE  CIRCUIT— WITH  GROUND  WIRE 

Design   used  to   carry  a  J-i".  steel   strand  ground   wire 

three  No.  4  A.W.G.  H.  D.  copper  conductors  and  a 

No.  10  steel  phone  circuit  in  300-ft.  spans 

32  ft. 
87  ft. 
42  ft. 
47  ft. 

Fig.  B 
Fig.  B 
Fig.  B 
Fig.  B 

No.  2 
No.  2 
No.  2 
No.  4 

553  lb. 
6311b. 
714  lb. 
8861b. 

4    ft. 
4ift. 
6    ft. 
51ft. 

t6.25 
5.50 
6.75 
6.25 

$16.68 
18.01 
21.66 
24.16 

SINGLE  CIRCUIT— NO  GROUND  WIRE 

Design  used  to  carry  three  No.  1  A.W.G.  equivalent  copper  strand 

and  2  phone  wires  in  3S0-ft.  spans 

41ft. 
48  ft. 
51  ft. 

Fig.  C 
Fig.  C 
Fig.  C 

No.  6 
No.  6 
No.  6 

1,197  lb. 
1,372  lb. 
1,648  lb. 

4  ft. 
41  ft. 

5  ft. 

17.10 

8.40 

10.96 

$32.08 
87.28 
42.68 

SINGLE  CIRCUIT— WITH  GROUND  WIRE 

Design  used  to  carry  a  |-in.  steel  strand  ground  wire 

three  No.  0  conductors  and  a  phone  circuit  in  350-ft.  spans 

54  ft. 
59  ft. 
65  ft. 

Pig.  D 
Fig.  D 

No.  6 
No.  6 

No.  6 

1,767  lb. 
2,012  lb. 
2,235  lb. 

5ift. 
6   ft. 
6ift. 

113.97 
16.00 
18.20 

$50.41 
58.71 
66.86 

DOUBLE  CIRCUIT— WITH  GROUND  WIRE 

Design  used  to  carry  a  i-in.  steel  strand  ground  wire  and 

six  No.  4  A.W.G.  copper  conductors  in  300-ft.  spans 

35  ft. 
40  ft. 
45  ft. 

Fig.  E 
Fig.  E 
Fig.  B 

No.  4 
No.  4 
No.  6 

8531b. 

977  lb. 

1,327  lb. 

4    ft. 
4»ft. 
4|ft. 

$6.00 
7.06 
9.15 

$24.28 
28.41 
33.16 

Design 

C( 

DOUBLE  CIRCUIT— WITH  GROUND  WIRE 
used  to  carry  a  l-in.  steel  strand  ground  wire,  six  No.  0  A.W.O. 
>pper-clad  conductors  and  a  phone  circuit  in  44(^ft.  spans 

40  ft. 
50  ft. 
60  ft. 

Fig.  F 
Fig.  F 
Kg.  F 

No.  6 
No.  6 
No.  6 

1,800  lb. 
2,162  lb. 
2,629  lb. 

4  ft. 

5  ft. 
7    ft. 

$8.70 
11.70 
16.85 

$60.64 
61.61 
72.33 
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I  M   FUt 


Fi«.0 


Fio.  78. — ^Tripartite  pole. 
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MS.  Coft  of  itaal  towen 

3.25  to  4.25  cento  per  lb.  galvaniied.     0.5  to  1  cent  cheaper,  paiated 


Single  circuit 


J3 

Weight, 
lb. 

Number 
per  mile 

Coat  each  at  4  cento, 
lb. 

Coat  per  mile 

Minimum 

Maximum 

Minimum 

Maximum 

40 
50 
60 

1600-2500 
1800-3000 
2200-3500 

12 

9 
7 

$64.00 
72.00 
88.00 

$100.00 
120.00 
140.00 

$768.00 
648.00 
616.00 

$1200.00 
1080.00 
080.00 

Double  circuit 


2200^3500 
2600-4200 
3200-5000 


12 
9 
7 


$88.00  $140.00 
104.00  168.00 
128.00        200.00 


$1056.00 

936.00 

1152.00 


$1680.00 
1512.00 
1800.00 


tS*.  Ooit  of  piscine  iteBl  tovan  In  poiltton,  •  knd  It  towari 
per  mile 


Per  mile              1 

Minimum 

$16.00 
32.00 
80.00 

30.00 

60.00 
24.00 

Maximum 

Labor  cost  of  distribution  at  $2.00  to  $2.50  each. . 
Digging  bolen,  earth  setting  at  $4. 00  to  $6. 00  each . . 
Dining  holes,  and  concrete  foundation  at  $10.00  to 

Digging    holes    and    concrete   foundation    anchor 

towers  (1  per  mile) 
Assembling  at  $7.50  to  $25.00  each 

$30.00 

75.00 

250.00 

90.00 

300.00 
120.00 

Raising  at  $3.00  to  $iaOO  each 

Total  cost  per  mile  of  plao-    ~;;*JJe'£"JJ?nd«- 
ing  towers  in  position            Son         ^^^^ 

$162.00 
210.00 

$615.00 
705.00 
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MT.  •eml-Hwdblo  itMl  towan  t*.  wooden  potoi* 
•  Oott  of  truumiuion  line  per  mile,  wooden  polee 
B>eeMle»tlon» : 

33.000  volts  working  preeaure,  No.  2  B.  &  S.  copper  wire 
120-ft.  pole  epaoiog,  one  pole  line 
44  poles  |>er  mile 
Pin  type  insulators 
'*Bo-Ajrow"  cross  arms 
36-ft.  polef ,  7-in.  top  diameter 
l-in.  ground  wire  (standard  galvanised  wire) 
Kkterlal,  labor,  etc. 

44  Poles,  36-[t.,  7-in.  top  diameter  @  S8.  f.o.b.,  Ohio S  363.00 

44  Cross  arms  "Bo- Arrow  "galvanised  complete  @  S3. 70 166.76 

44  Telephone  brackets  @  10  cents 4 .  40 

Bog  shoes  @  16  cents  per  pole,  average 6.60 

Guying  material  @  50  cents  per  pole 22.00 

Pole  steps  and  hardware  ®  75  cents 33 .  00 

Fhiming  and  trimming  of  poles  @  50  cents 23.00 

Creosoting  of  poles  @  20  cents 8.80 

Cartage  ®  70  cents  per  pole 30.80 

Hauling  (railway)  @  S1.20  per  pole 62.80 

Dinong  of  boles^  1.20  per  pole 62.80 

SetUng  of  poles  @  tl .  80  per  pole 70.20 

3  Miles  hard  drawn  copper  strand  No.  2  B.  1  S.  ®  $181 .20 

per  mile 643.60 

1  Mile  f -in.  Siemens-Martin  steel  strand  wire S4 .  00 

2  Miles  Tel.  wire  No.  10  B.  A  8.  copper  clad  30  per  cent.  @ 

S25.00  per  mile 80.00 

44  Ground  wire  connections  @  35  cents  per  pole 16.40 

132  Porcelain  petticoat  insulators  @  50  cents 60.00 

Tie  wire 4. SO 

88  Telephone  insulators  @  2  cents 1 .  76 

Stringing  3  miles  No.  2  B.  &  B.  strand  @  S15.00 46.00 

Stringing  2  miles  No.  10  copper  clad  wire  @  tlO.OO 20. (XI 

Stringing  ground  wire 18.00 

Soldering  materials 6.00 

Miscellaneous  material 10. (X) 

Damage,  expense  to  property  of  owners 5.00 

Clearing  of  branches  and  trees 4.80 

TooU 8.00 

Camp  expenses 18.00 

Materials  deposited  along  the  lines  for  repairs 10.20 

Wasted  materials 18.00 

Contingencies  and  incidentals,  7  per  cent 121 .  25 

Supervision  and  inspection,  6  per  cent 92 .  67 


Total  construction  ooet  per  mile  with  wooden  poles  exclusive  of 

right  of  way $1,046.04 

Right  of  way  @  tS.OO  per  pole 352.00 


Total  cost  including  right  of  way $2,298.04 

*  From  Le/ax,  by  Frank  G.  Nagele. 
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Ooit  Of  trutimlnton  Una  par  mile,  Mml-flaxibla  iteel  nruotnrw. 
Spaetaoktioni: 

33,000  volts  working  prenun,  No.  2  B.  A  S.  copper  wire 
400-ft.  pole  BpaiaiDg,  one  pole  line 
13  poles  per  mile 
3-diaG  BUAXjension  type  insulators 
A-in-  ground  wire  (standard  galvanised  wire) 
MkMrial,  labor,  etc. 

13  Towers  (steel  frames)  43-ft.  high  with  oroes  arma,  tele- 
phone clips  and  pole  steps,  complete,  f.o.b.  Central  Ohio 

%  163.00  per  tower $  689.00 

Cartage  ®  80  cents  per  bame 10.40 

Hauling  (railway)  @  tl.25  per  frame 16.25 

Digging  of  holes  @  S1.50  per  frame 10.50 

Erecting  of  frames,  @  S2.00 26.00 

Concrete  foundations  for  curve  frames  and  frames  in 

swampy  ground 40.00 

Guying  of  poles 30.00 

Crushed  stone  for  regular  foundations 6.00 

3  Miles  No.  2  B.  A  S.  copiwr  wire  @  S181.20 543.60 

2  Miles  No.  10  B.  AS.  copper  dad  @  525.00 50.00 

1-  Mile  A-in.  B.-M.  steel  strand  wire 75.00 

30  Suspension  insulators,  porcelain  3-diso  unit  sets  incluiUng 

suspension  hooks  and  wire  clamps  @  $3.50 136.50 

20  Telephone  insulators  and  pins  @  20  cents 5.20 

Stringing  3  miles  No.  2  B.  A  a  @  $18.00 54.00 

Strin^ng  2  miles  No.  10  B.  &  S.  @  $12.00 24.00 

Strinnng  ground  wire 20.00 

Miscellsneous  material 10,00 

Painting  of  structures  %  $1.60  each 20.80 

Soldering  material 5.00 

Clearing  and  trimming  of  trees.- 4.50 

Damage,  expense  to  property  owners 20.00 

Camp  expenses 16,00 

"Wasted  materials 5.00 

Contingencies  and  incidentals,  6  per  cent. 100. 61 

Supervision  and  inspection,  6  per  cent 96.82 


Total  construction  cost  per  mile  with  steel  towers  exclusive  of 

right  of  way $2,033. 18 

Right  of  way  @  $15.00  per  frame 195.00 


Total  cost  including  right  of  way $2,238. 18 

Its.  Coat  of  calTamiiad.itael  wira  (fioMint) 

il-tlrand) 

Dollars  per  1,000  ft 


Diam., 

in. 

Single 
galvanised 

Double 
galvanised 

•Siemens- 
MarUn 

•High 
strength 

•Extra  high 
strength 

1 

$32.60 
21.00 
17.25 
13.60 
11.10 
8.25 
7.50 

$46.90 
29.60 
25.90 
20.25 
15.78 
13.10 
11.25 

$66.60 
41.25 
34.50 
26.60 
20.25 
15.75 
14.26 

$18.00 
15.00 
11.00 
9.00 

$22.50 
18.76 
13.75 
11.26 

7.00 
6.00 
5.00 
4.60 
4.00 
3.20 

8.75 
7.60 
6.25 
5.75 
5.00 
4.00 

6.38 

9.75 

12.00 

4.13 

6.00 

7.88 

'  Double  galvanised. 
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tn.  OMt  of  nibstetioiu* 


Kw.  ospacity 

Water  cooled                                      1 

toil 
cooled 

Watw 
cooled 

Coat  of  building 

Coat  of  equipment 

Total  coat 
perkw. 

Total 

Perkw. 

Total 

Perkw. 

3.060 
3.400 
1.S00 
1,600 
1.500 

4.325 
3.076 
1.876 
1.875 
1.876 

•12.490 

9,152 

10,979 

7.230 

7.344 

82.80 
2.97 
6.86 
3.86 
3.92 

S29,670 
30,634 
28,774 
19.023 
14,732 

•6.87 
9.92 
12.65 
10.15 
7.87 

•9.76 
12.89 
18.50 
14.01 
11.79 

MO.  Oemp«il«on  eorta  of  Indoor  and  oaMoor  types  ot  aalMtatlont 


Tranaformer  aubetation 

600-volt  motor-generator  auiMtation 

2,000  kva.,  36,000-Tolt, 

8,000    kra..    22.000-3.000-Tolt, 
tranaformen  26  oydea 

Indoor 

Outdoor 

Indoor 

Outdoor 

Building 

Tranaf  onnera  .  ■ . 
Switchboard 

Total 

Perkra 

•  5,400 

7,200 
2,600 

•  1.020 
7,800 
2,625 

Building 

*  21.836 

15.000 

48.000 

4.500 

20.000 

•  7.480 

16.000 

48.000 

4.500 

20,200 

Tranaf  ormera 

Motor-ganeratora. . 

•15,100 
•7.55 

•11,446 
•6.72 

Switcliboard 

Per  kra 

•109,336 
•36.45 

•96,180 
•32.00 

t«l.  Port  of  wbleg  per  LOW  ft. 


2/0  stranded,  3-eonductor,  lead-covered                             1 

Underground 

Submarine 

Volta 

Inaulation 

Insulation 

Rubber 

Cambric 

Paper 

Robber 

Cambric 

Paper 

6.600 
13.000 
25.000 

•1.040 
1,840 
2.210 

•    700 
1.160 
1.620 

•  620 

780 

1,000 

•1,110 
1,810 
2,740 

•1,180 
1.490 
2.180 

•  920 
1,220 
1,600 
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DISTRIBUTION  SYSTEMS 
0LA88II1CATXOH  OF  8T8TSMS 

1.  DUtributtnf  drculU  may  be  oUmUwI  aa  to  the  nature  of  the 

current — direct  or  alternatiDg;  as  to  method  of  connectioo — eeriea  or  multiple; 
and  further  as  to  phase,  number  of  conductors,  voltage  and  frequency. 
The  following  is  a  statement  of  the  field  of  application  of  the  principal 
kinds  of  distributing  oirouits. 

t.  Direct  current  is  best  adapted  to  use:  (a)  where  the  distances  are 
small,  (b)  where  there  is  variable-speed  machinery,  and  (c)  where  there 
is  an  area  of  congested  load  for  which  atorage-batte^  tmvrve  U  neoeesary 
to  insure  continuous  service. 

1.  Altamatlnc  current  is  beat  adapted  to  use  where  the  dittanoea  are 
greater  and  the  density  of  the  load  not  sufficient  to  justify  low-tension 
distribution  without  triuiaformation  from  a  higher  voltage. 

4.  Th«  Uie  of  Mfies  iTBtenu  is  limited  almost  entirely  to  street  and  other 
lighting  which  la  all  in  use  at  the  same  time.  These  systems  are  inherently 
high-tension  in  character  and  are,  therefore,  not  suitable  for  general 
purposes.  They  are  operated  by  direct  current  or  alternating  ourront  at  a 
constant  current  of  6  amp.  to  10  amp.  in  American  |[iracUce.  In  Europe 
there  are  several  direct-current  series  power  tranamiseion  ayatems  in  opera- 
tion utilising  a  series  of  motor  generators  as  the  converting  medium  (See.  1 1) . 

1.  Multiple  or  parallel  fyatems  are  used  for  general  purposes  almoat 
exclusively.  When  direct  current  is  used  a  nominal  voltage  of  110,  220, 
or  650  is  employed,  the  last  named  being  used  only  for  power  distribution. 
The  Edison  three-wire  system  at  220  and  110  volts  is  common  in  large 
installations. 

When  altamatinc  current  is  used,  the  primary  mains  are  operated  at  a 
nominal  voltage  of  2,200.  Single-phaae,  two-phase,  and  three-pnase  oireuita 
are  in  general  use,  with  frequencies  of  25  or  60  cycles.  In  general,  single- 
phase  distribution  is  used  for  lighting  and  small  power  service,  and  two-phaaa 
or  three-phase  distribution  is  uaed  for  Larger  power  loads. 

6.  Traquency.  Twenty-five  cycles  is  standard  where  moat  <rf  the  energy 
is  converted  to  direct  current  for  lighting  and  railway  service  or  othw  pur^ 
poses.  Sixty  cycles  is  standard  wbere  the  energy  is  delivered  for  retail 
consumption  as  alternating  current.  Other  frequencies  such  as  30.  33,  40, 
50  and  133  cycles  are  in  use  in  some  of  the  older  installations  in  America 
and  in  Europe.  Sixty-two  and  one-half  cycles  is  used  in  some  modem 
systems  where  the  supply  is  derived  from  a  25-cyc1e  system,  Uiis  frequency 
giving  a  better  design  of  frequency-changer  apparatus. 

OXNIEAL  APPUCATZON8 
T.  The  afncle-phase  lyatem,  re<]uirxng  only  the  simplest  form  of  doctrie 
circuity  has  the  aavantage  of  a  minimum  number  of  conductors,  and  hence 
the  minimum  first  cost  for  distributinfE  mains.  The  feeders,  however,  re- 
quire 33  per  cent,  more  copper  than  equivalent  three-phase  feeders.  Single- 
phase  motors  are  more  complicated  and  cost  more  than  polyphase  motors* 
and  usually  j)roduce  more  disturbance  of  pressure.  In  starting,  than  three- 
phase  machines.  The  distribution  of  energy  by  single-phase  cirouita  ia, 
therefore,  usually  limited  to  motor  units  of  less  than  10  h.p.,  although  motors 
up  to  36  h.p.  are  used  in  single-phase  systems  witii  good  succeaa.  This 
system  is  used  very  generally  for  Ughting  circuits,  in  both  single-phase  and 
polyphase  systems. 
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•.  Two-phaM  lyitonia.  Two-phaae  diatribution  is  effected  by  the  uae 
of  two  uncle-phase  circuitB  in  a  quarter-phase  relation,  making  a  four-wire 
system;  or  by  means  of  a  three-wire  system  in  which  one  conductor  of  each 
phase  is  common. 

The  four-wtr«  sjstam  is  substantially  the  same  as  a  single-phase  system, 
except  that  two-phase  motors  may  be  used.  The  principal  advantaces  of 
two-phase  systems  are  that  there  are  only  two  phases  to  keep  balanced  a&d 
onhr  two  transformers  are  required  to  supply  polyphase  ener^  to  motors. 

In  a  three-wlr*,  two-pn«u  lyitain,  the  current  in  the  common  or 
neutral  eonduotor  is  1.414  times  the  current  in  the  outer  conductors,  with 
balanced  load.  When  all  oonductoiB  are  the  same  aise,  the  copper  required 
is  75  per  cent,  of  that  needed  for  a  four-wire  system.  When  the  neutral  is 
40  per  cent,  larger  than  the  outer  conductors,  the  amount  of  copper  required 
is  85  per  cent,  of  that  needed  for  a  single-phase  system  or  a  foui^wire,  two- 
phase  system.  In  the  primary  mains,  which  are  all  the  same  siie,  the  three- 
wire  two-phase  system  is  as  economical  of  copper  as  the  three-wire,  three- 
f>baae  system.  The  line  drop  in  this  system  is  such  that  even  with  balanced 
oad  the  drop  in  the  two  phases  is  not  the  same,  m.lring  voltage  regulation 
^fficult,  unless  line-drop  compensators  are  employed.  The  three-wire 
circuit  cannot  be  used  where  the  mid-points  of  the  quarter-phase  generator 
windings  are  tied  together,  as  is  the  case  in  some  machines. 

•.  Tlir*«-ph«M,  thTM-wlr*  ITltem.  This  system  is  commonly 
employed  for  generai  distribution,  since  it  is  readily  derived  from  a  three- 
phase  transmission  system;  it  is  also  well  suited  to  i>ower  distribution,  and 
requires  but  76  per  cent,  as  much  copper  in  the  feeder  system  as  an  equivalent 
■ingle-phase  sjrstem.  The  three-wire  distributing  mains  are  usually  carried 
only  where  motor  serrice  is  requirad,  the  lighting  service  being  token  on 
■ingle-phase  branches  from  the  three-phase  main.  Users  of  small  motors, 
up  to  about  5  h.p.,  axe  generally  supplied  from  a  single  phase;  while  the  larger 
motors,  up  to  30  h.p.  or  40  h.p.,  are  siq>plied  from  two  phases  with  the  open- 
delta  connection. 

10.  Thrae-phaM  four-wire  syitem.  In  primary  distribution  this 
system  is  usually  operated  at  3,800  volts  between  phase  wires  and  2,200  volts 
between  any^phase  wire  and  neutral.  This  gives  the  advantage  of  3,800- 
volt  distribution  in  the  feeder  system  and  permits  the  supply  of  energy  over 
a  radius  about  twice  as  great  as  with  2,200-volt  systems,  with  the  same  regula- 
tion. Standard  2,200-yolt  transformers  and  other  accessories  are  used«  and 
the  lighting  branchee  are  single-phase.  The  unbalanced  load  is  carried  by 
the  neutral  wire,  and  with  the  use  of  line-drop  apparatus,  good  pressure  regula- 
tion is  possible  with  any  proportion  of  unbalanced  load. 

The  loui^wire  distributing  mains  are  carried  only  where  there  are  motors 
or  large  loads  to  be  served,  and  but  three  wires  are  needed  for  installations 
of  less  than  30  to  40  h.p.,  which  may  be  served  by  two  transformers  connected 
in  open  delta.  The  wide  range  permissible  has  led  to  the  adoption  of  this 
system  in  many  of  the  larger  cities  of  the  United  States.  It  is  also  well  suited 
to  the  supply  of  suburban  districts  and  rural  communities,  where  double- 
voltage,  4,400-7,600  volts  may  be  used  to  supply  a  group  of  towns  and 
villages,  the  pressure  being  r^ulated  indepeuoently  on  each  phase  at  the 
source  of  supply. 

11.  Dlraot-oiurant  low-taniion  D-stam*  find  their  principal  field  of  ap- 
plication in  important  parts  of  cities  where  the  protection  of  the  storage  bat- 
tery reserve  is  of  great  value,  and  whwe  there  are  many  elevators,  printing 
presses  and  other  variable-speed  machines,  and  where  space  for  transformera 
would  be  difficult  to  secure  in  public  thoroughfares.  The  principal  limitatioDs 
of  direct-current  distribution  are  the  small  radius  of  distribution,  and  the 
necessity  for  rotating  machinery  to  transform  the  energy  from  an  alternating- 
current  source  of  supply.  This  requires  a  greater  number  of  substations  to 
cover  a  given  area^  and  these  are  more  expensive  both  in  fizst  cost  and  opera- 
tion than  alternating-current  substations. 

U.  Twft-wlra,  500-ToIt,  dlrset-eurrsnt  syitams  are  operated  in  some 
cities  where  they  were  originated  to  supplement  single-phase  Bystems  in  the 
early  period  of  development.  The  duplication  of  mains  necessitated  by  a 
separate  power-service  results  in  an  excessive  investment  and  600-volt 
systems  are  being  eliminated  wherever  possible. 

U.  Oomblmatloa  tjt/tmvat.    Various  combinations  of  altemating-cur- 
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not*  and  direct-eorrent,  or  25-eyole  and  60-eyele  ayitemi,  are  naceBsary  in  Um 
larg«'  oitiea.  The  directHsurrent  supply  i»  iiaually  derived  throush  syn- 
chronous converters  or  motor-generators  (rom  an  alternating-current  genermt- 
ing  system.  The  60-cycle  supply  is  sometimes  derived  from  a  2&^ycle  sys- 
tem by  the  use  of  synohronous  motor-generators  called  frequency  chanjgers. 
In  some  cases  both  2S-cyole  and  60-cvcTe  generating  systems  are  maintained, 
and  the  frequency  changers  are  used  as  a  connecting  link  between  the  two 
systems. 

TTPBI  or  CXBCUITS 

14.  Series  eircuitt.^    Two  general  types  of  arrangement  are  employed  in 
laying  out  series  circuits,    the  "open    loop,"  and    the  "parallel  loop."      Id 
the  open-loop  circuit  (Fig.  1)   the  lamps  are  connected  by  following  the 
shortest  available  route,  without  reference  to 
the    separation    from    the    return  conductor. 
This  permits  a  minimum  length  of  circuit,  but 
makes  it  difficult  to  teat  for  a  break,  or  open 
circuit  in  the  line.     In  alternating-current  cir- 
cuits it  also  tends  to  increase  interference  with  "" 
telephone  systems. 


■ 

I    I.I        ■    .1   I 


t- 


Fio.  t. — Open-loop 
series  circuit. 


Fio  2. — Parallel-loop 
series  circuit. 


Fio.  3. — Tree-system  of 

distribution. 


The  parallel-loop  circuit  (fljt^  2)  is  laid  out  in  such  a  way  as  to  be  near 
the  return  conductor  at  many  points.  This  affords  frequent  opportunity  tot 
test  and  minimises  inductive  disturbances,  but  usually  requiree  a  greats 
mileage  of  conductor  than  the  open-loop  circuit.  A  combination  of  parallel 
loops  with  small  open  loops  may  often  be  used  to  advantage. 

15.  Multiple  circulta.  The  arrangement  of  multiple  circuits  may  take 
any  one  of  a  number  of  forms  as  conditions  require.  The  simplest  and  least 
expensive  circuit  ia  that  commonly  known  as  the  "tree"  circuit  (Fig.  3); 
it  18  thus  named  because  it  is  branched  off  in  various  ways,  and  has  its  heaviest 
branches  nearest  the  source  of  supply.  The  tree  system  is  not  adapted  to 
supplying  a  uniform  distribution  pressure  and  is  only  suited  to  short  branches 
and  those  branches  in  which  the  current  values  are  small  as  compared  with 
the  conductor  capacity. 

16.  A  i^item  of  feederi  and  maim  is  the  arrangement  most  commonly 
employed  in  city  distribution  for  lighting  and  power-service.  This  takea  the 
form  of  a  network  in  low-tension  systems  (Fig.  4),  and  an  isolated  or  dead- 
ended  main  system  in  primary  distribution  (Fig.  5).  In  the  low-tenaion 
network  the  system  of  mains  is  designed  to  be  of  such  capacity  as  to  carry 
the  load  units  which  are  tapped  off  from  house  to  house,  and  the  feeders 
are  provided  in  such  number,  of  such  sise  and  at  such  points  as  will  maintain 
an  even  distribution  of  pressure,  within  a  few  per  cent.,  over  the  entire 
system  of  mains. 
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¥m.  4. — Fceden  and  mains  in  a  direet-cumnt  network. 
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Fn.  & — Feedan  and  main*  is  altematinc-ourrant  diatribution. 
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IT.  Primary-main  ignitomt  are  usually  aupplied  by  a  feeder  at  a  oantra 
of  diftribution,  this  point  bung  a  junction  from  which  the  load  is  distrib- 
uted in  four  or  more  directions.  Theoe  mains  are  not  interconnected, 
because  it  ia  not  practicable  to  provide  fuse  protectiao, 
and  in  moat  cases  not  much  is  to  be  gained  by  sueh 
connection. 

18.  The  loop  feeder  (Fig.  6),  ia  used  where  the  load 

ia  diatributed  in  a  long  oontinuoua  line  with  few  side 

branches.     This  arrangement  distributes  the  preasure 

>  more  evenly  ,along  the  line  than  is  possible  with  other 

types  of  circuit. 

It.  Blng  feedan.  Where  it  is  desired  to  provide 
emergency  supply  to  units  of  load  in  one  general  direc- 
tion from  the  point  of  supply,  the  most  economical 
means  often  consists  of  the  type  of  feeder  known  as  a 
riu  circuit  (Fir.  7).  The  capacity  of  the  ring  must  be 
sufficient  to  carry  the  combined  load  of  all  the  units,  in 
case  either  of  the  links  adjacent  to  the  xjoint  of  supply 
should  fail. 
to.  TTrban  trajumlulon  ■yatomi.     In  cities  bav- 

ing  too  large  an^area  to  permit  an  economical  distrir 

I      g    bution  of  electrical  energy  from  a  single  point,  it  be- 


I- 

k 


Fio.  6. — 
Loop  feeder. 


oomes  necessary  to  transnut  energy  from  a  generating 
station  (located  at  a  point  convenient  to  coal  ana 
water  supply)  to  substations  oentr^l^  located  with 
reference  to  the  districts  served.  This  transmissioa 
system,  in  the  larger  cities,  beoomes  praotioiUl^  a  bulk- 
supply  distribution  system.  The  same  eondiUon  exiata 
where  hydroelectric  energy  is  brought  from  a  distanoa 
for  distribution  in  a  large  city.  These  urban  transmis- 
flion  systems  are  universally  three-phaae;  where  two- 
phase  energy  is  generated,  it  is  oonTerted  to  three- 
phase  energy  for  transmission. 

SI.  PreuuTM  «ad  firequanelet  In  urban  trans- 
miaaion.  The  pressures  in  common  use  are  6,600, 
9,000,  12,000,  and  13,200  volts,  and  the  standard  fre- 
quencies are  25  and  60  cycles.  The  use  of  25  cycles 
is  preferable  where  the  principal  portion  of  the  energy 
is  converted  to  direct  current  for  lighting  and  railway 
service,   because    the  synchronous  converter   Is  mora 

economical  in   operation  and  in  first  cost,  at  25  cycles,  than  at  60  cycles. 

The  use  of  25-oycIe  energy  for  general  lighting  purposes  is  not  satisfaotoryy 

and  the  transformers,  motors,  etc.,  are  more  expensive;  hence  it  is  neoessary 

to  convert  the  retail  supply  of  alternating  cur- 

rent  to  60  cycles,  to  put  it  into  form  wUch  is 

readily  saleable. 

The  use  of  60  cycles  is  desirable  where  the 

major  part  of  the  energy  is  to  be  distributed  as 

sJternating  current.      This  permits  the  use  of 

transformer  substations,  instead  of  frequency- 
changing  motor-generators  which  sre  neoessary 

for  securing  60-cycle  energy  from  a  25^ycle 

supply. 

>S.  Undar^ound    turban    tranamlMion. 

Urban  transmission  lines  are  necessarily  placed 

underground  to  a  large  extent.     This  involves 

the  use  of  papor-insulated  lead-sheathed  cables. 

which  are  made  up  with  the  three  conductors  of 

the  circuit  under  one  sheath.      With  standard 

3.5~in.  ducts,    the   largest   sise  of   cable   which 

can  be  drawn  into  the  duct  is  about  3  in.  out- 
side diameter,   and  this  limits  the   maximum 

size  of  the  conductor  which  can  be  used  with  a  given  thickness  of  insulation. 

At  pressures  of  6,600  volts,  400,000-cir.  mil  sector-shaped  conductors  are  the 

largest  in  um.     At  9,000  to  13,000  Tolts.  about  300,000  oir.  mUa  it  the 


FiQ.  7. — Ring  feeder. 
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maximum  siie.     This  fixes  the  maximum  load  which  can  be  carried  con- 
tinuously on  such  cables  at  from  4,500  to  6,000  kv-a. 

In  the  larger  oitias  where  certain  substations  distribute  loads  of  8,000  to 
19,000  kw.,  several  cables  are  required  to  sup- 
ply each  substation,  and  it  is  desirable  to  have 
eablea  of  the  maximum  slse. 

>t,  Bmwt*  oablM.  A  reserre  cable  must 
be  provided  for  use  in  ease  of  the  failure  of  any 
of  the  cables  which  normally  carr);  the  load. 
This  reserve  may  be  secured  Dy  having  a  spare 
cable  direct  from  the  powei^station,  or  by  means 
of  a  ti*  Us*  from  a  neighboring  substation,  or 
by  the  nw  of  a  ring  system.  When  substation 
loads  are  small  as  compared  with  the  cable 
capacity,  the  rinjt  system  is  often  found  to  be 
the  most  economieal  (Fig.  7).  After  the  com- 
bined loads  of  the  substations  exceed  the 
capacity  of  one -side  of  the  ring,  additional 
capacity  may  be  secured  by  aoding  radl«l 
feedere  (Fig.  8).  This  is  the  situation  in  the 
larger  cities  wher^  substation  loads  run  from 
2,000  kw.  upward. 

DiuoK  or  CntOUITB 

14.  Ocneral.  The  function  of  a  conductor  being  to  convey  electrical 
energy  from  the  source  of  supply  to  the  consuming  device,  it  must  be  of  such 
sise  that  it  will  not  absorb  too  great  a  percentage  of  the  energy  or  become 
overheated.  The  problem  of  designing  a  circuit  is,  therefore,  one  of  deter- 
mining what  sise  o4  conductor  should  be  used  to  limit  the  loss  of  voltage  to  a 
specified  amount,  when  distance  and  current-strength  are  known,  and  also 
determining  whether  the  sise  needed  for  the  specified  voltage  drop  is  sufficient 
to  carry  the  current  safely. 

tl.  Diract-enirent  dreulta.  In  direct-current  circuits  the  current  and 
the  resistance  are  the  only  factors  affecting  the  drop  in  voltage.  The  re- 
sistance of  a  mil-foot  of  pure  annealed  copper  at  68  deg.  fahr.  being 
10.4  ohms,  that  of  a  conductor  D  ft.  long  and  M  cir.  mils  in  area  is 
R  —  (J>X  10.1)/ Jf.     The  drop  with  current  /,  therefore,  is 


Fio.  8. — Radial  feeders. 
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JXDX10.4 


(volts)  or  It' 


7XDX10.4 


(cir.  mils)     (1) 


M  ^ /---  g 

If  both  eonducton  are  of  the  same  sise  the  total  drop  is  twice  the  drop  in  one 
conductor,  as  found  by  Eq.  1 ;  if  they  are  not  of  the  same  sise,  the  orops  in 
the  different  sixes  must  be  computed  separately  and  added  together. 

Bzunpla.     A  two-wire  oircmt  is  to  carry  a  load  of  100  amp.  a  distance  of 
300  ft.  with  a  drop  of  S  volts.     What  sise  of  conductor  must  be  usedT 
^_2Z)X/X10.4.2X300X100X10.4,,3^g^  ^  ^ 
a  o 

The  nearest  sixe  is  No.  2/0,  A.W.Q.,  which  should  be  used. 

M.  Ths  calculation  of.dlrect-currsnt  drop  at  any  load  is  readily 
determined,  where  the  sise  of  the  conductor  is  already  fixed,  by  the  use  of  the 
formula,  £  —  2/i>iZ/l,000,  in  which  R  is  the  resistance  per  1,000ft.  of  con- 
ductor, the  formula  gives  the  total  drop  in  the  two  wires  of  the  circuit. 

Bzampla.  A  circuit  of  4/0  cable,  500  ft.  in  length,  is  to  carry  a  load  of 
100  amp.;  what  will  be  the  line  dropT  The  resistance  of  No.  4/0  conductor 
is  0.049  ohm  per  1,000  ft.  (Par.  IV);  D-  600  ft.    The  drop  is 


S- 


2X190X500X0.049 


-9.3  volts. 


1,000 

n.  Three-wire  dirsct-otliTeat  eiretUta.  In  making  calculations  for  a 
tliree-wlrs  Idiaon  drooit,  separate  computations  are  made  for  each  con- 
ductor if  the  load  is  appreciably  unbalanced. 

bkinpla.  A  circuit  having  two  No.  4/0  A.  W.  G.  outer  wires  and  a  No. 
0  neutral,  1,000  ft.  long,  carries  a  load  of  150  amp.  on  the  positive  side  and 
110  amp.  on  the  osgaove  side;  what  is  the  drop  on  each  side  of  the  circuitT 


i 
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The  reeistanoe  of  1,000  ft.  of  No.  4/0  >«  0.040  ohm,  and  that  of  No.  O- 
0.008  ohm,  per  1,000  ft.  (Par.  SI). 

£./i2_160X0.049-7.35  volts  drop  on  positive  wire; 
J"'/ft-110X0.049  =  5.4    volta  drop  on  negative  wire; 
B^IR-   40X0.098-3.92  volts  drop  on  neutral  wire. 
The  drop  in  the  neutral  wire  is  added  to  the  drop  on  the  "  heavy  "  side  and  sub- 
tracted from  that  on  the  "lighter"  side,  making  the  total  drop  7.35  +  3.92  — 
11.27  volts  on  tho  "heavy"  side,  and  5.4  —  3.92  —  1.48  volta  on  the  other  aide. 

SB.  Altamatinff-current  drculU.  In  an  alternating-ourrent  circuit. 
voltage  drop  is  caused  by  the  combined  effect  of  (a)  resistance,  (b)  induc- 
tance, and  (c)  capacity.  The  ooDiponeiit  Of  drop  dud  to  rasistftaoe  is 
governed  by  the  same  laws  which  govern  direct-current  eircuxta.  and  is  is 
phase  with  the  current.  The  component  due  to  inductftnce  (react- 
ance drop)  is  a  counter  e.m.f.  set  up  by  the  magnetic  field  as  it  mv^aes  with 
each  alternation;  this  back  e.m.f.  la  a  quarter  cycle  behind  the  current  wave, 
and  the  component  of  impressed  e.m.f.  required  to  overcome  it  is  a  quarter 
cycle  ahead  of  the  current.  The  reaistanoe  drop  and  the  reactance  drop 
may  be  represented,  therefore,  by  two  sides  of  a  right  triangle. 

The  reactsnce  of  a  circuit  is  uL,  where  w  —  2irn  and  n  — frequency  in 
cycles  per  second;  2/  =  inductance  in  henry s.  The  inductance  is  a  measura 
of  the  number  of  lines  of  force  per  ampere  linked  with  the  circuit;  it  increases, 
therefore,  as  the  separation  of  the  conductors  of  the  circuit  is  increased,  or 
with  the  introduction  of  iron  into  the  magnetic  field,  since  either  of  these 
increases  the  number  of  lines  of  force  linked  with  the  circuit. 

S9.  Table  of  wire  resistance  and  reactance.  The  table  in  Par.  SI 
gives  the  reactance  drop  in  volts  per  ampere,  for  1,000  ft.  of  conductor,  iat 
the  distances  of  separation  and  sixes  of  wire  commonly  used  in  tranamiaaion 
and  distribution  work.  It  ahould  be  noted  that  the  reactance  increase*  at 
the  teparcuion  is  increased. 

SO.  Example  of  calculation  of  resistance  and  reactance  drops.  A 
single-phase  circuit  10,000  ft.  long  operates  at  60  cycles  and  carries  aload  of 
100  amp.,  with  No.  0  wires  12  in.  apart.  What  are  the  values  of  the  inductive 
and  the  ohmic  components  of  drop,  and  the  impedance  drop?  The  react- 
ance per  1,000  ft.,  per  amp.  per  wire,  for  Mo.  0  wires  12  in.  apart  is  X  — 0.1043. 
The  resiatance  is  0.098  ohm.  per  1,000  ft.  The  inductive  component  of  the 
impedance  of  the  circuit  is 

;e-2Z)X/X0.1O43/1.0OO  =  2X  10,000X100X0.1043/1.000-208.6  volta. 
The   ohmic   component   is  R  =  2X  10,000X100X0.0981/1,000- 196.2  volte. 
The  impedance  drop  in  the -circuit  is 

\/(209)»-K196)»-286  volte. 
The  length  of  the  line  OA  in  I<1g.  9  is  proportional  to  the  resistance  compo- 
nent, that  of  AB  represents  the  inductive  component  and  OB  the  resultant 
of  the  two.  If  the  circuit  consisted  of  two  No.  6  wires  the  resistance  com- 
ponent would  be  788  volta,  the  inductive  component  241  volts,  and  the 
impedance  drop  would  be^ 

\/(788)"»+(241)*-824  volts.* 


ZB.  788V. 

> 

^  lR-i36Y. 

A 

A 

Fia.  9. — Resolution  of  ohmic  drop  and  inductive  drop  to  obtain  total  or 
impedance  drop. 

The  e.m.f.  diagram  for  the  latter  case,  in  Fig.  0,  ia  OA'B'.  It  is  apparent 
Uiat  the  ratio  of  resistance  to  inductance  decreases  as  the  sise  of  wire  is 
increased,  so  that  increasing  the  size  for  the  purpose  of  reducing  the  pressure- 
drop  becomes  less  effective  in  the  larger  sizes.  It  is  preferable  to  install  an 
additional  circuit  if  facilities  will  permit. 
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It.  KaiUtanea  Mid  IndueUnee  (Mtori.    The  mUtaaM  faeter  al 

a  oirc jit  ia  the  ratio  of  ita  reeiatance  to  ita  impedanoe.  Likewiae  the  Indnet- 
anoa  factor  is  the  ratio  of  the  inductive  reactance  to  the  impedance.  The 
aquare  root  of  the  sum  of  the  squares  of  these  two  factors  is  equal  to  nnitj. 
The  values  of  inductance  factor  vhich  correspond  to  various  eonunon  Taloas 
of  resistance  (or  power)  factor  appear  in  the  following  table: 


Resistance  (or  power)  fao- 

80 

80 

65 

70 

76 

80 

85 

go 

85 

97.6 

100 

Induotance    factor,    per 

86.6 

80 

76 

71 

66 

60 

53 

44 

31 

22.2 

0 

».  8in(Ia-phaM  Una  drop.  In  an  alternating-current  circuit  the  pre*- 
aure-drop  is  determined  from  the  resistance  and  the  inductanoe  oonmomenta 
in  conjunction  with  the  power-factor  of  the  load  which  the  careuii  Is 
carrying.  The  line  drop  is  a  maximum  when  the  power-factor  of  tha 
load  equals  the  resistance  factor  of  the  line. 

Referring  to  Fig.  10,  the  line  OB  repreeenti  the  preaanie  delivered.  OB 
is  the  component  of  OS,  which  is  doing  useful  work;  BR  ia  the  component  of 

aeU-induotion,  or  induotiva 
component,  which  oauaea  the 
current  to  be  out  of  phaae  with 
the  impreased  voltage  at  the 
load.  BL  ia  the  reaiatanae 
oompooeat  of  the  line  drop, 
and  LP  ia  the  isduetive  com- 
ponent. The  reeistance  oom- 
ponent  of  the  line  drop,  XL, 
and  the  power  oomponent  of 
the  impreaaad  load  voltase. 
OR,  are  in  phase  with  each 
ff  other;  and  the  indaotive  com- 
ponenta  BR  and  LP  are  in 
phase.  The  resultant  OP  is 
the  bua  preaaure,  or  impreaaed 
line  voltage,  neoeaaary  to  d^ 
liver  a  preasuie  OB  at  the  end 
of  the  line.  The  net  lina 
drop  ia  the  nnmerioal  differ- 
ence between  OP  and  OB,  In 
the  case  of  non-inductive  load,  such  aa  incandescent  lamps,  the  inductile 
component  BR  disappears,  and  the  impreaaed  voltage  at  the  lampa  takes  the 
position  of  OP  ("OB).  The  impreaaed  line  pressure  neoeaaary  to  ddiver  OP 
at  the  lampe  ia  OAT,  or  the  resultant  of  OJf  (mOF+BL)  and  JfAT  (>LP),  and 
the  drop  ia  the  numerical  difference  between  Olf  una  OF. 

•4.  Izunpla  of  oalouUtlon  of  ilncle-pliaM  Una  drop.  Qivsn  a  load 
of  100  amp.  of  2,200  volte,  single-phase,  delivered  at  the  end  of  a  two-wiro 
line  of  No.  0  copper  wire,  4,500  ft.  long,  with  wirea  12  in.  apart,  a  fiequenoy  of 
60  cvoles  and  a  power-factor  of  80  {wr  cent.,  what  ia  the  line  dropT 

Toe  power-factor  being  80  per  cent.,  the  corresponding  induetanoe  factor 

la  SO  per  cent.,  from  the  table  in  Par.  M.     Using  the  notation  of  Fig.  10: 

O«-0.80X2,200-l,760  volta. 

££-0.6  X2,200«l,320  volta. 

The  line  resistance  drop  per  1 ,000  ft.,  i>er  ampere,  for  No.  0  wire  (Par.  SI)  ta 

0.098  volt.     Hence  the  total  line  raaistanoe  drop  ia 

£L-SX0.Q881X4.SX100>88  volts. 
The  line  inductive  drop  per  1,000  ft.,  per  ampere,  for  12-in.  oentres,  ia  0.104 
volt,  and  therefore 

LP-2X0.1043X4.SX  100-94  volts. 
The  total  power  (resistanoe)  oomponent  ia  OR+BL,  or  I,760-t-88«>  1,848 
volts,  and  the  total  inductive  component  is  BB+LP,  or  1320+94-1,414 
volts.    The  resultant  of  theee  two  ia 

OP-  V{1,848)«  +  (1,414)«- 2,327  volts. 
This  ia  the  pressure  necessary  to  deliver  2,200  volts  at  the  end  of  the  Uat. 


Flo.  10. — Diagram  of  altemating-onrrent 
line-drop  under  inductive  load. 
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Tva.  11. — Marabon  ofaart  for  caleuUting  drop  In  altemating-nuiTent 
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The  net  line  drop  is,  therefore,  127  volta  or  5.8  per  ceot.  of  the  receiTer 
voltage. 

If  a  lighting  load  of  100  unp.  at  100  per  cent,  power-factor  were  being 
carried,  the  inductance  factor  SH  would  be  lero  and  ON  would  be 


\/l2.288)*+(94)«-2.290  volte. 
At  100  per  cent,  power-factor,  therefore,  the  drop  is  00  volte. 

tS.  Merthon  diagnm.  R.  D.  Mershon  has  devised  a  diagram  by  means 
of  which  Una-drop  Cftlculatlous,  which  do  not  involve  charging-current 
effects,  may  be  maoe  with  facility  and  yet  with  aufficiont  accuracy  for  all 
ordinary  purposes.  This  diagram,  *  Fig.  11,  is  bosiMi  on  the  principles  of  the 
diagram  of  rig.  10.  The  concentric  circles  are  described  about  a  centre, 
to  the  left  of  the  diagram,  which  correspondB  to  the  point  O  in  Fig.  10.  The 
divisions  are  made  in  percentages  so  that  the  scale  may  be  applicable  to  anr 
voltage.  The  use  of  the  chart  may  be  illustrated  by  the  example  of  the  cii^ 
cuit  of  No.  0  wire  carrying  a  load  of  100  amp.  at  a  distance  of  4,500  ft- 
(Par.  S4).  The  ohmic  drop  is  88  volta,  or  4  per  cent.,  white  the  inductive 
drop  is  4.3  per  cent.  The  powor-factor  is  0.8.  The  base  of  the  0.8  power- 
factor  line  in  Fig.  11  is  the  point  R  in  Fig.  10.  The  point  where  the  0.S 
power-factor  line  intersects  the  first  circle  is  the  point  fin  Fig.  11.  Passing 
from  this  point  to  the  right,  4  divisions,  and  then  upward,  4.3  diviaioiu,  a 
point  is  reached  which  is  a  little  below  the  6-per-cent.  circle;  this  point  ii 
equivalent  to  the  point  P  in  Fig.  10.  The  net  line  drop  ia  5.8  per  cent,  of 
2,200  »  128  volts,  compared  with  127  volts  by  calculation. 

If  the  load  on  the  circuit  has  a  power-factor  of  1(X)  per  cent.,  one   begiufl 

at  the  base  of  the  100-per-cent.  power-factor  line,  passes  to  the  right  4  diri- 

„  sions  and   then   up  4.3  divisions.      The 

^  drop  ia  found  to  be  about 4.1  percent., 

^s^y  or  90  volts,  aa  compared  with  90  volta 

'.  /  calculated. 

'/^  as.  Two-phuM  lliM  drop.     In  the 

case  of  a  two-pfa«««  four-wire  eiroult 
the  drop  ia  computed  for  each  phase  in- 
dependently, using  the  method  given  in 
Far.  tS  and  Par.  94,  or  the  Merahon  diar- 
gram,  Par.  8S. 

In  %  two-phftie  three-wire  tystem 
having  the  load  connected  between  the 
outer  phase  wires  and  the  neutral  or 
common  phase  wire,  the  inductive  drop 
on  the  neutral  produces  an  unbahuoed 
pressure  at  the  load  or  receiver  end. 
This  condition  is  illustrated  in  the  dim- 
gram  in  Fig.  12.  The  ohmic  and  induc- 
tive drops  on  the  outer  wires  are  repre- 
sented by  the  trianirles  XYZ  and  RST. 
ON  representn  the  phase  of  the  neutral 
current  and  OCD  represents  the  ohmic 
_      ,_     _.  ,  ...  and  inductive  drops  on  the  neutral  con- 

Fio.  12-— Diagram  of  potential  drop   ductor.     The  power-factor  ia  assumed 
on  two-phase  three-wire  circuit.       ^t  go  per  cent.     The  voltage  necessary 

to  maintain  normal  pressure  at  the 
feeder  end  is  represented  by  line  DZ  on  one  phaao  and  by  DT  on  the  other 
phase.  The  net  line  drop  is  the  difference  between  DZ  and  OX  in  one  phaae, 
and  between  DT  and  Ok  in  the  other.  It  is  evident  from  the  diasrann  that 
the  drop  on  one  phase  is  considerably  greater  than  on  the  other.  The  differ- 
ence varies  with  the  power-factor  and  the  size  of  the  wire,  being  greater 
with  larger  sices  of  wire.  No  simple  rule  can  be  laid  down  for  calculating 
such  problems,  when  the  load  is  not  equally  balanced  between  phases,  and 
a  graphical  solution  is  usually  the  most  practical. 

87.  Drop  in  three-phase  three-wire  symmetxical  circuiti.  In  a 
three-phase  three-wire  circuit  with  conductors  By m metrically  arranged  and 
carrying  a  balanced  load,  the  inductive  effect  is  the  same  in  each  wire  and 
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the  calculatioii  of  drop  may  be  made  exactly  aa  it  would  be  for  a  single- 
phaae  circuit  carrying  one-half  the  load. 

As  the  currenta  in  the  three  wires  are  120  deg.  apart  in  time  phase,  the 
ohmic  drop  for  the  two  wires  making  up  any  one  phase  is  not  twice  that  of  one 
wire,  as  it  is  in  a  single-phase  two-wire  circuit,  but  is  1.73  times  this  drop. 
The  inductive  component  of  drop  is  also  1.73  times  that  of  a  single  wire,  for 
the  loop.  If  the  load  on  a  three-phase  circuit  were  the  same  as  on  the  single- 
phase  circuit  in  the  previous  example  (Par.  94),  the  current  per  wire  in  the 
three-phase  circuit  would  be 

100X1.732     „- 
3 ~  ■67.7  amp. 

The  drop  at  100  amp.  on  the  three-phase  circuit  would  be  (5.8/2)X1.73» 
5.0  per  cent.,  and  at  58  amp.  the  drop  would  be  58/100  of  5  percent.,  or 
2.0  per  cent.  The  single-phase  drop  at  the  same  load  was  found  to  be  5.8 
per  cent.,  or  twice  the  three-phase  drop. 

Therefore,  for  the  same  load  and  equal  line  drop,  the  aiae  of  the  con- 
ductor in  a  three-phase  circuit  may  be  one-half  that  of  a  8tngle>phase  oarouit. 
There  being  three  wires  in  the  three-phase  circuit,  it  follows  that  th«  weight 
of  copper  which  ia  required  for  a  thra-phaae  circiiU  is  thrM'guarUra  of  that 
remiired  for  ainffle-phase  transmission,  with  equal  pressures  between  phase- 
wires,  equal  loads  and  equal  line  drops. 

S8.  Drop  in  three-phase  three- wire  unsjrxnmetricai  drcutti.  When 
the  arrangement  of  conductors  is  not  symmetrical,  the  inductive  component 
of  drop  is  different  among  the  different  pairs  of  wiree,  on  account  ot  the  differ- 
ent dist&nces  between  centres.  The  most  common  case  is  that  in  which  the 
wires  are  arranged  on  a  cross-arm  in  the  same  horiiontal  plane.  In  such 
cases  the  equivalent  of  a  symmetrical  arrangement  can  be  secured  by  truu- 
posin|r  the  conductors  at  proper  intervals.  This  is  not  necessary  in  2,200- 
volt  distributing  feeders  which  are  equipped  with  line-drop  compensators, 
as  they  can  easily  be  adjusted  to  correct  toe  unbalanced  conditions. 

The  calculation  of  drop  in  an  unbalanced  three- wire  three-phase  cir- 
cuit is  somewhat  complicated  and  such  problems  are  most  readily  solved 
graphically.  Loads  wnich  are  not  unbalanced  more  than  10  per  cent,  to 
15  per  cent,  may  usually  be  averaged  and  considered  as  balanced  for  practical 
purposes.  In  systems  where  the  lighting  service  is  all  on  one  phase,  and  the 
third  phase  wire  carries  a  small  scattered  load  of  three-phase  motors,  the 
lighting  phase  may  be  considered  as  a  single-phase  circuit  in  computing  the 
drop.  However,  as  the  motor  load  increases,  the  drop  in  the  lighting  phase 
becomes  leas  for  a  ^iven  current  value,  until,  when  the  current  in  the  other 
phases  equals  that  in  the  lighting  phase,  the  drop  in  the  latter  is  but  86.0 
per  cent,  of  what  it  would  be  with  the  same  current  carried  for  lighting  ser- 
vice only. 

St.  Drop  In  three-phase  four-wire  eircuita.  The  pressure  at  the 
transformer, on  such  systems,  is  the  pressure  between  phase  wires  and  neutral; 
when  the  latter  is  2,200  volts,  the  pressure  across  phase  wires  is  2,200X  1.732 
•-3,810  volte.  With  balanced  load  the  neutral  conductor  carries  no  cur- 
rent and  the  drop  is  that  in  the  phase  wires  only.  The  resistance  drop  at 
100  amp.  on  a  No.  0  circuit  0,000  ft.  long  is  100X9X0.0981  =-88  volts. 
This  is  4  per  cent,  of  3,200  volts.  Assuming  a  12-in.  spacing,  single-phase, 
the  inductive  component  of  drop  is  100X9X0.1043«94  volts,  or  4.3  per 
cent.  At  80  per  cent,  power-factor,  by  the  Mershon  diagram  (Fig.  II),  the 
total  drop  is  5.8  per  cent.  The  size  of  wire  for  a  given  load  and  drop,  three- 
phase,  is  one-half  what  it  would  be  for  a  single-phase  circuit,  or,  assuming 
wires  of  equal  size,  the  distance  may  be  doubled  for  the  same  drop  aa  com- 
pared with  a  single-phase  circuit. 

In  the  case  of  an  unbalanced  four-wire  circuit,  which  is  the  more  usual 
condition,  the  effect  of  the  drop  on  the  neutral  wire  must  be  taken  into  con- 
sideration. In  general,  the  effect  of  the  unbalance  is  to  increase  the  drop 
on  the  more  heavily  loaded  phases  and  decrease  it  on  the  lightly  loaded 
phases,  in  comparison  with  the  drops  at  balanced  load,  as  shown  in  the  case 
of  the  three-wire  two-phase  circuit  above.  A  graphical  solution  of  the 
problem  of  deterniinini;  line  drop  in  unbalanced  three-phase  four-wire  circuits 
IB  shown  in  Fig.  13.  This  diagram  is  constructed  on  a  principle  similar  to 
that  used  in  Fig.  12  for  a  two-phase  circuit. 

The  load  on  A  phaae  ia  heavier  than  that  on  B  and  C,  and  the  drop  OB  due 
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to  the  aeutral  current  is  added  •Imoet  directly  to  the  drop  XZ  en  the  ^-phaaa 
conductor. 

The  net  drop  on  A  phue  is  BZ-OX,  that  on  B  phaee  ia  BT-OB  and  on  t 
pbaaeitia  BW-OU. 

Wbare  Una-drop  companskton 
ara  amployad  in  each  conductor, 
only  the  individual  calculations  for 
the  four  conductors  are  required,  as 
the  compensator  corrects  for  the 
effect  of  the  neutnd  drop, 

40.  Skin  affect  ia  an  alternating- 
current  phenomenon    (Sec.  2,    and 
Sec.    4,    which     materially     affeota 
cables  of  large  eross-eection,  due  to 
the  fact  that  the  currents  paasing 
through   the    strands    around    the 
outer  surface  of  the  cable  encounter 
leas  inductance  and  impedance  than 
the  strands   near   the   centre,   thus       ,^' 
causing   the  outer  strands  to  cany  ^^ 
more  current,  proportionately,  than  \ 
the  inner   strands.     It   ia   desu:able.    \ 
therefore,  wto  build  up  large  cables     \ 
about    a    core     of    non-conducting      » 
material.      Cables  of  over   500,000    n^-' 
cir.    mils   are   often    made    in    this       -^ 
manner  where  they  are  to  be  used 
in    60-oycle     systems,    and    cables  Fio.  13. 
of  more  than  1.000.000  cir.  mils  for 
2fi-^ole  systems. 

The  increase  in  effective  resistance  due  to  skin  effect  is  approzimatdy 
proportional  to  the  product  of  the  frequency  and  the  circular  mils,  as  shown  ia 
the  following  table  in  Far.  41, 

41.  Table  of  BUn-aSeet  OoafBclenta 


,    -Diagram  of  drops  in  a  three- 
phase  Tour-wire  drcuit. 


Cir.  mils  X 
frequency 

Coefficient                                 1 

Copper 

Alumimiin 

10,000,000 

20,000.000 

30.000.000 

40,000,000 

80,000.000 

60,000,000 

70,000,000 

80,000,000 

90,000,000 

100,000,000 

128,000,000 

180,000,000 

176.000,000 

200.000,000 

1.000 

1.008 

1.026 

1.048 

1.07 

1.096 

1.126 

1.168 

1.186 

1.23 

1.332 

1.483 

1.63 

1.622 

1.000 

1.000 

1.006 

1.018 

1.026 

1.04 

1.083 

1.060 

1.088 

1.104 

1.161 

1.206 

1.266 

1.33 

To  determine  the  skin  effect  of  a  copper  cable  having  an  area  of  1.000,000 
cir.  mils,  carrying  current  at  60  cycles,  refer  to  the  table,  opposite  the 
product  60,000,000.  The  coefficient  is  1 .006.  The  resistance  of  a  1 .000,000- 
cb.  mils  cable  per  1,000  ft.  being  0.0103S,  the  effective  resistance  at  60 
cycles  is  0.0103.5X  1.096  -0.01134,  or  9.6  per  cent,  more  than  with  continu- 
ous current.  The  resistance  of  a  1.50O,0OO-cir.  mils  cable  is  increased 
10.5  per  cent,  at  60  cycles.  The  current-carrying  capacity  of  large  oabka 
is  reduced  in  proportion  to  the  reciprocal  of  the  skin-effeet  coefficient;  that 
is,  if  the  coefficient  ia  1.006,  the  capacity  is  only  1/1.006-91J2  per  cent  of 
that  with  continuous  currents. 
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4t.  WBtet  of  •laetroitatla  ei^iMitj.  At  ordinary  distributinc  Tolfa«m 
ajkd  livqueDciea  the  capacity  efiact  is  too  amall  to  b«  of  any  conaeauonee  in 
the  aolutlon  of  line-drop  problema  and  need  not  be  eonaiaand.  At  trana- 
miaaion  Tolttcea  it  is  a  matter  of  conaiderable  importanoe  in  many  eaaea 
(Se«.  11).  Toe  eloctroetatic  eapaeity  of  an  OTernead  circuit  is  fixed  by 
the  diatanee  between  the  conductora  and  by  their  aiie;  with  inaulatad  eon- 
duetora  (aerial  or  in  cable),  the  capacity  ia  farther  affected  by  the  die- 
lectric eonatant  (Sec.  4) ,  of  the  insulating  material.  The  mutual  capacity 
of  a  aingle-phase  uninsulated  circuit  strung  in  the  open  air,  per  1,000 
ft.  of  eircait,  ia  given  by 

_     0.003877  ,    •      ,      A,  ,o» 

C  — -J — •  (microfarads)  (2) 

log- 

wbere  d  ia  the  distance  between  centre*  of  conductora  and  r  is  half  the  diam- 
eter (radius)  of  the  conductor.     The  logarithm  uaed  is  the  eomnwa  fo^artMai. 
M.  Ohargliif  onrrant.     The  charging  current  of  a  single-phase  circuit 
ia  given  by 

^"  1,000.000  <•'»•'•>  <3> 

where  D  ia  the  length  of  circuit  in  thousands  of  feet,  n  is  the  frequency. 
C  ia  the  capacity  in  microfarads,  and  S  is  the  effective  voltage  between  con- 
ductora. The  warging  current  of  a  symmetrical  three-phaae  circuit,  between 
pbaae  wires,  is  2/-\^~  1,155  times  that  of  a  single-phase  circuit  with  equal 
spacing  between  phase  wires. 

When  an  inductive  load  ia  carried  on  the  line,  the  lagging  component  of 
the  load  current  tends  to  offset  the  leading  current  required  to  charge  the  line. 
The  tendency  of  the  charging  current  to  raise  the  power-factor  of  the  line 
current  thus  results  in  a  corresponding  tendency  to  reduce  the  line  drop  where 
the  load  ia  of  an  inductive  character.  (For  full  treatment  of  the  Mteet  of 
capacity  on  line  drop,  see  Sec.  11.) 

44.  Baetroatetle  eapaeil^  of  •»blai.  In  underground  cable  work 
the  effect  of  chargingcurrent  la  greatly  increased  by  the  reduced  separation 
of  the  conductors.  The  charging  current  cannot  be  determined  so  eaaily, 
however,  since  the  dielectric  constant  of  the  insulation  muat  be  taken  into 
account.  The  mutual  capacity  of  a  three-phase  three^conductor  cable 
between  conductors,  per  1,000  ft.,  ia  given  by 

_  0.00735  K  ,    •      ,      J  ,  ,., 

C-   —  3-.  (j{T=r^,y,  (microfarads)  (4) 

''*  r«  (fi«-o«) 
When  K  ia  the  dielectric  constant,  a  is  the  distance  from  the  centre  of  the 
croee-aectlon  of  the  cable  to  the  centre  of  the  conductors,  B  is  the  radius  of 
the  inaide  of  the  lead  sheath,  and  r  ia  the  radius  of  the  conductora.     The 
common  iogarithm  should  be  used. 

44.  Dielaetrlo  eonitanta  of  eabia  Inaulation.  The  value  of  K,  the 
dielectric  constant,  ia  determined  by  testa  on  samples  of  cable.  It  varies  with 
different  materials,  and  with  variation  of  temperature  with  the  same  mat<iri&l. 
The  general  effect  of  increase  in  temperature  is  to  decrease  the  dielectric  eon- 
atant, and  increase  the  dielectric  loss.  The  length  and  the  voltage  of  cable 
systems  are  usually  such  that  the  charging  current  is  not  sufficient  to  cause 
any  operating  inconvenience. 

44.  Ontrmt-eanyliig  okpaeity  ot  eoadueton.  The  energy  absorbed 
by  a  eirouit,  I*R,  is  dissipated  in  the  form  of  heat,  and  tends  to  raise  the 
temperature  of  the  conductor.  The  maximum  current-carrying  capacity  of 
a  conductor  ia  dependent  upon  irixether  it  is  installed  in  open  air,  in  conduit 
or  underground.  The  character  of  the  insulation  is  also  a  factor,  si  nee  certain 
kinds  of  insulation  may  be  safely  operated  at  higher  temperatures  than 
others. 

The  insulation  of  rubber-covered  conductors  should  not  be  operated  regu- 
larly at  temperaturea  above  about  SO  deg.  cent.  (122  deg.  fahr.).  Weather- 
proof and  other  fibrous  typea  of  insulation  may  be  operated  at  temperatures 
aa  high  as  65  dag.  to  70  de«.  cent.  (149  deg.  to  158  deg.  fahr.).  Conductors 
naed  inaide  of  boUdlnca  are  rabjeet  to  the  requirementa  of  the  National 
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Etoctrical  Code,  wUoh  limito  the  current  in  rubbei^«ov«red  oablea  to  Talna 
such  that  the  temperature  rige  will  not  exceed  about  IS  dec.  oent.  (SQ  dtf. 
tahr.).  Thia  repreaenta  a  temperature  of  about  40  dec.  eent.  (104  deg.  fahr.l 
during  aummer  montha,  or  in  parts  of  buildings  such  aa  en^ne  rooma  whidb 
are  normally  above  outside  air  temperature.  Slow-bumtng  insulation  is 
accordingly  required  in  places  where  the  temperature  is  iike^  to  be  above 
45  deg.  eent.  (1 13  deg.  f  ahr.) . 

47.  Table  of  Cuzrent-eaiT7lii(  Ckpadtj  of  Wlrai  knd  Cables  VaOm 
Various  Condition! 


A.W*.(5.  or 
cir.  mils 

National  electrical 

Iiead-covered  cablea 

code 

Single  conductor 

Three  eon- 

ductor  paper 

ins.  4S^^ 

cent.  fiae. 

Ump.) 

Rubber 

ins. 
(amp.) 

Slow- 
burning 

ins. 
(amp.) 

Rubber 
30  deg. 

cent,  nse 
(amp.) 

Paper  or 
oambfic, 

40  dec. 
cent,  nae 

(amp.) 

14 

12 

10 

8 

6 

4 
3 

2 

1 
0 

00 

000 

0000 

250,000 

300,000 

400,000 

500,000 

760,000 

1,000,000 

1,500,000 

2,000,000 

15 
20 
25 
35 
50 

70 

80 

90 

100 

125 

150 
175 
225 
235 
275 

325 
400 
525 
650 
850 

1,050 

20 
25 
30 
50 
70 

90 
100 
125 
1.50 
200 

225 
275 
325 
350 
400 

600 

600 

800 

1,000 

1,360 

1,670 

20 
30 
50 

78 
98 
121 
145 
169 

192 
245 
285 
320 

370 

460 
550 
750 
900 
1,200 

1,400 

22 
34 
56 

87 
110 
134 
160 
187 

210 
270 
315 
360 

415 

515 

605 

830 

1.030 

1,450 

1,590 

26 
48 

68 
81 
93 

no 

132 

150 
190 
225 
255 
300 

370 

48.  Cuirent-earrTlnc  capadtj  of  underground  cablea.    The  rise  of 

temperature  of  underground  cables  depends  upon  the  amount  of  energy 
liberated  by  all  the  cables  in  the  duct  line,  and  upon  the  ability  of  the  eabw 
and  ducts  to  radiate  the  heat  to  the  surrounding  earth.  The  laws  governing 
the  radiation  of  boat  from  cable  conductor  to  lead  sheath  and  thenoo  to  earth 
have  been  studied  by  various  investigators.  S.  Dushman*  has  derived  a 
a  formula  by  which  the  temperature  of  the  copper  may  be  calculated  from 
observations  taken  on  the  lead  sheath,  aa  follows: 

,     „ ,      D  (7»X  1,000)  , .  . .  ,„ 

« -  X  log  -;  V^ — -  .TT-  (<ie«-  'en'-)  W 

<t  (cir.  mils) 

in  which  ( ia  the  fall  of  temperature  in  deg.  cent,  from  copper  to  sheath,  D  u 
the  inside  diameter  of  sheath  in  inches,  d  ia  the  diameter  of  the  conductor 
(inches),  /  is  the  current  (amperes)  and  /C  is  a  constant  varying  with  the  tsT» 
of  cable.  For  sinide-conductor  cable,  K  — 0.27;  (or  two-conductor  cables 
X  — 0.6;  and  for  three-conductor  cable,  X  — 0.9.  The  commnn  logarithm  ii 
used. 

The  temperature  of  the  conductor  may  thua  be  calculated  from  aheatli 


•  Diubman.  S.    Tran:  A.  I.  E.  E.;  Vol.  XXXII.  1913,  p.  165. 
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Ceasurements  without  taking  reiutance  measurementa  of  the  copper.  Thi* 
riziula  ia  of  great  practical  value  where  cables  cannot  be  taken  out  of  service 
to  make  resistance  measurements.  Tests  made  on  cables  in  service  verify 
I>U)BhmaD'B  formula  with  sufficient  accuracy  for  practical  purposes. 

49.  The  nuUattnff  eapadtj  of  cablet  tn  the  eentrml  duote  of  a  large 
underground  line  is  less  than  that  of  the  cables  in  the  peripheral  ducts. 
and  the  temperature  of  the  former  tends  to  become  higher  wtwn  the  ducts  are 
w^l  filled.  The  effect  of  the  position  of  cables  in.a  duct  line  has  been  studied 
by  H.  W.  Fisher.*  The  results  of  hia  tests  indicate  that  with  a  nin&Kiuct 
line  the  rating  of  a  cable  should  be  reduced  about  15  per  cent,  from  its 
capacity  in  a  four-duct  line;  while  in  a  sixteen-duct  lino  it  should  be  reduced 
about  40  per  cent.  This  is  true  only  when  there  are  working  cables  in  all  the 
ducts  of  the  line. 

■O.  The  earryinff  oapaoitr  of  multiple-conductor  cables  is  less  than 
ainsle-conductor  cables  of  the  same  sise,  because  of  the  larger  energy  loss  in 
proportion  to  the  radiating  surf aoe.  Duplex  cable  has  about  90  per  cent,  of 
the  carrying  capacity  of  single-conductor  cable;  concentrio  cable,  80  per 
cent.;  azid  threc-condnctor  oables.  75  per  cent.  The  maximum  temperature 
at  which  paper  or  oaioibrio  should  bo  operated  ii  about  65  deg.  cent.  (149 
deg.  fahr.).  The  temperature  may  be  pushed  above  this  figure  occasionally 
for  a  short  time,  but  if  operated  continuously  above  65  deg.  cent,  the  paper 
will  be  injured. 

BUBSTATIOMS 

■1 .  The  function  of  a  rabstatlon  is  to  convert  energy  received  from  a 
bulk-supply  system,  at  the  transmission  voltage  and  frequency,  to  energy 
Buitable  for  distributing  purposes.  Ilie  energy  distributed  may  be 
in  the  form  of  &reet  current  at  the  voltage  at  which  it  is  ufciliied,  or  in  the 
form  of  lUternating  current  at  a  voltage  suitable  for  general  distribution 
through  step-down  transformers  located  at  suitable  points  in  the  district 
served.  The  expense  of  installing  and  operating  a  substation  must  be 
justified  by  the  saving  made  by  the  shortening  of  distributing  feeders  and 
the  reduction  in  feeder  losses  incident  thereto. 

M.  Substation  location.  The  distance  between  substations 
depends  upon  the  voltage  of  distribution  and  the  densitv  of  the  load.  The 
average  length  of  the  distributing  feeders  should  be  such  that  the  total  invest- 
ment m  feeder  conductors  and  substation  equipment  is  a  minimum. 

In  low-tension  l^stems  it  is  usually  found  desirable  to  locate  substa- 
tions approximately  1  mile  Mxurt,  except  in  very  congested  districts  where 
they  are  someUmes  located  less  than  0.5  mile  apart,  on  account  of  the  very 
larae  loads  to  be  carried. 

In  SSOO-Tolt  altemattnr-euirent  distribution,  substations  may  be 
spaced  from  2  to  3  miles;  in  four-wire  systems  operating  at  2,300-4.000  volts, 
tnev  may  be  located  from  4  to  6  miles  apart,  in  scattered  districts.  In  the 
outlying  parts  of  the  larger  eities  they  are  usually  found  from  2  to  3  miles 
apart  on  account  of  the  (tensity  of  the  load. 

U.  Substation  classtfleation.  Substations  may  be  divided  into  three 
principal  classes:  (a)  those  in  which  transformers  change  the  pressure  from 
that  used  in  transmission  to  the  distribution  voltage;  (b)  those  in  which 
frequency  changers  convert  energy  from  one  frequency  to  another  and 
from  the  transmission  voltage  to  toe  distributing  voltage;  and  (c)  those  in 
which  the  transmitted  energy  is  converted  by  synchronous  convoters  to 
continuous  current  at  low  voltage. 

M.  General  features.  Each  of  these  classes  of  substations  (Par.  IS) 
hae  certain  elements  which  are  common  to  all.  Each  is  served  by  incoming 
transmission  lines  which  are  terminated  in  oil  switches  and  connected  thence 
to  n  high-tension  btis  system.  One  side  of  the  converting  apparatus  in  con- 
nected to  the  high-tension  bus  and  the  other  side  to  two  or'^ore  distributing 
busses.  FVom  these  bussss  the  outgoing  feeders  are  taken  off  through  suit- 
able feeder  switches,  in  conjunction  with  regulating  apparatus. 

M.  Substation  building.  The  size  of  the  lot  and  the  dimensions  of 
the  building  should  be  such  as  to  permit  an  arrangement  of  apparatus 
which  will  not  be  unduly  crowded,  and  which  will  permit  the  installation. 
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repair  and  maintenance  of  the  eauipment  at  minimum  coat.    Where  fuftfav 
growth    ie  probable,   due  regarcf  must  be  had  for  aubaequent 
ot   building  and  e9uipment.     Fireproof    oonstruction    is  warranted 
continuous  service  is  important. 
M.  Bui-bar  uranxenieiit.     Fig-  14  ahom  a  aimide  airangement  for  a 

aubatation  having  one  main 
line  and  one  leaerve  liia. 
Where  the  load  ia  oudt  that 
aeveral  direct  lines  are  r^ 
quired,  a  truiifer  bog  (FSg. 
16)  ia  very  desirable.  TUi 
permits  the  operation  of  mn 
machine  from  any  line  ud 
makes  the  reaorve  Line  «rail- 
able  in  case  of  the  failure  of 
any  of  the  main  Unea. 

•T.  Dnplloate  dUtribut- 
Ixkg  biiaaei  are  provided 
both  aa  a  means  of  opersbtaag 
the  longer  feeders  at  a  faisher 
bus  pressure,  and  aa  »  meaiis 
of  facilitating  repair  and 
maintenance  work  without 
interrupting  service. 

M.  In  oontinuoua-eur- 
reat  irgtama,  two  buaaaa 
are  required  in  practically 
all  cases  for  prauure  otm- 
trol  during  tno  heavy-lottd 
period,  and  in  the  li 
substations  it  is  aometii 


r^  1^ 


Main 


TransCormezs 

Transformer 
Switch 

.Blgh'Tenaloa 
Line  Bus 

Une  Switch 


Besem  (Xis-ltoa) 


Fio.  14. — High-tension  bus  arrangement 
in  a  small  substation. 


necessary  to  provide  tbree  bimat  to  take  care  of  certain  f  eedera  which  are 
exceptionally  long  or  very  short. 

(9.  Tramformer  aubatattona.     The  simplest  type  of  substation    ia 
that  which  transforms  alternating-current  energy  from  one  voltage  to  another 

Ttmnsformers 


Flo.  16.— Bus  arrangement  in  a  large  subetadon. 

and  requires,  therefore,  only  transformers  for  the  converting  equipment. 
Both  oil-cooled  and  air-cooled  types  of  transformers  are  used  for  this  purpoee. 
with  either  single-phase  or  three-phase  units.  Oil-cooled  units  are  preferable 
where  the  substation  may  be  left  without  attendance  during  certain  houra 
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af  the  day.  OU-inmlated,  water-eooled  tnuuformere  an  used  quite  Eenenlly 
irhere  then  ia  an  ample  supply  of  cooling  water. 

SincU-phmM  unita  an  oommonly  employed  where  oapadties  of  lees  than 
1,000  aw.  are  required,  although  there  is  no  settled  praotioe  in  this  regard. 

Tbrve-phaM  unita  are  leea  expenaiTo  than  single-phase  unite,  partiou- 
Lariy  in  the  larger  sises,  and  require  considerably  less  floor  space. 

•O.  Traqnenoy-ohuicar  lubatetlona.  Where  the  transmitted  energy 
[s   converted  to    another    frequency,  the    equipment  consists  of  a  motor 

K aerator,  usually  of  the  synchronous  type;  the  motor  is  usually  wound  for 
e  transmission  voltage,  to  avoid  the  investment  in  transformers,  where  the 
voltage  is  less  than  15,000  volts.  This  type  of  apparatus  requires  an  exciter 
equipment,  which  may  be  driven  by  the  machine  .itself,  or  by  a  separate 
motor.  There  should  be  at  least  one  separately  driven  exciter  equipment 
in  B  station  where  the  exciters  are  direct  connected. 


pii[rhtt 


Bection  ArA.  Inoomias  Llnfi 
Fia.  16. — Synchronous  converter  substatioo. 
CI.  Ths  ■ynchront»in|f  equipment  of  frequency-changer  sets  mu»t  be 
•o  arranged  that  synchronuing  can  be  done  at  both  frequencies.  When  the 
machine  is  brought  into  step  on  the  transmission  side,  the  arrangemeut  of 
the  poles  is  such  that  the  generator  end  is  held  with  a  fixed  angle  of  phase 
displacement  from  the  supply  system,  except  for  one  particular  (and  correct) 
position  of  the  motor  fields.  In  a  25-cyclc  to  60-cycle  frequency  changer 
having  ten  and  twenty-four  poles  respectively,  there  are  Jive  positions  in 
which  the  26-oycle  machine  may  come  into  synchronism,  only  0710  of  which 
will  permit  the  60-cycle  (generator)  end  to  be  synchronised  with  another 
frequencv  changer  already  in  oi>eratioa.  The  60-oycle  end  must  be  syn- 
ehronised  by  slipping  poles  until  it  comes  into  phase.  Where  the  frequency 
changer  is  being  eynonronised  with  a  generating  system,  it  ia  neceaaary  to 
advance  or  retard  the  pbaee  of  the  60-cycle  generators. 
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St.  Oontlnuoui-ourrent  subgtationfl.  A  contiDUous-ourrent  mtxp^ 
is  usually  derived  from  transmission  systems  by  the  use  of  synchronous  ooi^ 
verters,  or  motor-generators.  ^  The  synchronous  converter  is  universally 
employed'  where  the  transmiRsion  system  is  operated  at  25  cycles,  as  ^tm 
converter  is  less  expensive  in  first  cost  and  more  efficient  in  operation  than  a 
motoi^generator.  Converters  have  been  little  used  in  60-cyoK  systenu  until 
recent  years.  The  development  of  the  interpole  converter  has  minimised 
the  tendency  of  60-cycIe  converters  to  hunt  and  flash  over. 

Where  motor-genera  tors  are  enaployed  both  synchronous  and  induc- 
tion types  of  motors  are  in  use.  The  induction  motor  has  the  advanta^ 
of  greater  stability  than  the  synchronous  motor  in  times  of  disturbance  to 
the  frequency  or  the  voltage  of  the  system.  The  induction  moior,  how* 
ever,  has  a  power-factor  (lagging)  of  about  85  per  cent.,  whereas  the  syn- 
chronous motor  has  an  adjustable  field  and  may  be  operated  (overexcited) 
with  a  leading  power-factor,  thus  raising  the  power-factor  of  the  genera  ting 
system.  It  has  become  customary,  therefore,  to  employ  bo^  synchronous 
and  induction  types  of  motors  in  converting  60-cycle  energy  to  continuous- 
current  energy,  in  order  to  secure  the  advantages  of  both. 

EfiBciendei  and  first  coiti  of  motor-ffoneratort  and  lynchrozioui 
converters  at  one-half,  three-quarters,  and  full  load  appear  in  the  following 
table  (Par.  tS),  compiled  from  a  paper  read  by  E.  W.  Allen  before  the  Asso- 
station  of  Edison  Illuminating  Companies,  1908. 

M.  Tables  of    Efficiencies,   Ooit  and    noor  Space  of  Syncbronons 

Converters  and  Motor-ffenerators 

Efflciende* 


Rsting, 

Per 

25  cycles  . 

60  cycles 

Syn. 

Ind. 

Syn. 

Syn. 

Ind. 

Syn. 

kw. 

load 

mot.- 

mot.- 

con- 

mot.- 

mot.- 

con- 

gen. 

gen., 

verter. 

gen.. 

gen., 

verter  . 

per  cent. 

per  cent. 

per  cent. 

per  cent. 

per  cent. 

percent. 

300 

100 

84 

85.3 

89.5 

86.7 

84.8 

88 

300 

75 

82.3 

83.3 

88.5 

85 

82.3 

86.7 

300 

60 

77 

79.8 

86.6 

81.7 

79 

82.5 

fiOO 

100 

85.6 

86.8 

00.8 

87.8 

86.3 

89 

SOO 

75 

83.7 

S4.8 

90.3 

86 

84.3 

87 

500 

50 

79.5 

82 

88.3 

83 

81 

83 

1000 

100 

87.5 

87 

91.8 

87.8 

87 

1000 

75 

86 

85.8 

90.5 

86 

86.3 

1000 

50 

82.2 

82.3 

90 

83 

82 

Approslinate  Cost  per  Kilowatt 

300 

500 

1000 

$26.20 
24.70 
20.25 

«26.35 
24 .  35 

19.85 

$25.16 
22.00 
10.80 

»25.75 
23.20 
19.45 

$25.85 
23.40 
19.50 

$25.00 
22.70 

floor  Space 

,  Square  Feat 

300 

600 

1000 

80              80 

122              122 

136             138 

91 
131 
170 

67 
110 
140 

67 
110 
140 

96 
ISO 

64.  Motor-c^nerator  sets  are  commonly  wound  for  the  transmissioii 
voltage,  and  are  started  by  the  use  of  a  compensator  at_  fractional  voltage. 
A  single  compensator  is  sufncient  for  a  substation  if  a  starting  bus  is  provided, 
through  which  the  same  compensator  can  be  used  to  start  any  of  the  units;  a 
spare  compensator  should  be  in  reserve. 

M.  The  synchro nous-conTertar  substation.  Fig.  16*  is  provided  with 
transformers  stepping  down  to  the  proper  voltage  for  the  si terna ting-current 
side  of  the  converter.  The  transformers  are  commonly  of  the_  air-blast, 
three-phase  type,  as  this  form  of  equipment  can  be  placed  in  a  minimum  of 
space. 
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•  ■■^HMI 

tuuuw 

M.  CoaxMetiOB  of  ZMUtr«l  for  thraa-wir«  eonttnuoui-eurront 
■(^stem. — The  sU-^phaae  type  of  converter,  wound  for  260  voltB,  with  a 
diametrical  oonnection  in  order  to  pro\'ide  for  the  neutral  conductor,  Fis.  17* 
KB  eoznznonly  employed  for  maohines  of  1,000  kw.  and  lars^r'  Motor- 
e^i^^atora  are  also  deaigned  for  250  volt8»  a  small  bftlancor-sat  being  used 
-Co  take  care  of  the  unbalanced  load. 

•7.  Tbe  regulation  of  preuure  on  the  bua  supplied  by  a  synchro- 
ixons  co&TertOT  is  accomplished  by  the  use  of  an  induction  reKulntor  plared 
betvreen  the  transformerB  and  the  converter.  Some  variation  in  pressure 
can  be  secured  by  manipula- 
tion of  the  converter  field- 
rheostat,   but  this  affects  the 

power-factor    and    it    is    not 

depended   upon   for    pressure 

control. 

•8.  In  the  ipUt-pole  type 

of  eonTerter,  which  has  been 

introduced    in    recent    years, 

considerable  range  of  iHreiiare 

roffnlatlon  may  be  leeured 

b:^  variation  of  thefield  rheostat 

^thout    aerious    interference 

-with     the     power-factor,    and 

with  this  type  of  machine  reg- 

nlators  are  sometimes  omitted. 
•9.    Synchronous       eon- 

Torterfl  may  be  itarted  in 

various  ways,  and  it  is  usual  to 

provide  for  at  least  one  method 

of  starting  from  both  the  alter- 
nating-current and  the  con- 
tinuous-current sides.         The 

converter  may  be  started  from 
the  continuous-current  side  by 
the  use  of  a  starting  rheostat 
practically   the  same  man- 
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To-Neutral 


Fra. 


17. — Six-phase  diametrical  connection 
for  synchronous  converter. 

ner  as  that  used  in  starting  a  continuous-current  motor. 

The  converter  may  be  started  from  the  alternating-current  side  with 
the  field  open,  by  impressing  approximately  half  the  normal  pressure,  derived 
from  a  starting  compensator  or  half-taps  on  the  secondary  of  the  transformer. 
The  latter  method  is  usually  preferable.  After  the  machine  has  come  up 
to  speed,  the  fields  are  excited  and  the  polarity  corrected,  if  necessary,  by 
reversing  the  field,  and  slipping  back  one  pole. 

The  current  required  In  itartlng  from  the  alternating-current  side  is 
from  one  and  one-half  to  twice  full-load  current,  while  25  per  cent,  to  30 
per  cent,  of  full-load  current  is  suflicient  for  starting  from  the  continuous- 
current  sicte.  The  normal  method  of  starting  is,  therefore,  preferably  from 
the  continuous-current  side. 

TO.  Kow-tonsion  switchboards.  The  operation  of  distributing  systems 
at  low  pressure  involves  very  large  currents  and  for  that  reason  the  moat 
important  part  of  a  low-tension  switchboard  is  the  arrangement  of  heavy  bara 
of  copper.  3  in.  to  6  in.  wide  and  0.25  in.  to  0.5  in.  thick,  required  for  the 
safe  handling  of  such  currents.  The  important  features  of  the  design  are  to 
maintain  sufficient  clearance  between  bars  of  opposite  polarity  and  to  make 
the  connections  as  short  as  possible  consistent  with  accessibility  for  repair 
and  maintenance  work. 

71.  Feedw  panels.  The  switchboard  shown  in  Fig.  18  is  based  upon  s 
vertical  arrangement  which  permits  ample  separation  of  opposite  polarities 
and  minimum  length  of  the  bus-bar  copper  per  feeder.  Each  vertical  section 
comprises  a  set'of  s^^'itches  and  instruments  for  one  three-wire  feeder,  the 
neutral  not  being  brought  into  the  main  board.  The  neutrals  are  commonly 
carried  to  a  separate  bus  in  the  basement,  where  they  are  connected  without 
disconnecting  siritohes  other  than  removable  copper  links. 

TS.  flwitohboard  Toltineters.  It  is  customary  to  provide  a  single 
voltmeter  wilh  a  multiple-point  switch  so  arranged  that  one  voltmeter  ean 
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be  used  to  tak«  the  preesure  readings  on  the  preaeure  wires  of  any  of  tk 

feeders.    Separate  voltmatera  are  provided  to  ^ve  continuous  indicatiaiM  of 

the  preesure  on  each  bus. 

Tt.  Switohboftrd  ammetari  are  provided  in  each  side  of  outooinc  feedett 
in  order  to  give  an  indication  of  any  excessive  unbalance  of  the  load.  Tbetc 
are  also  required  for  each  machine. 

Ti.  Kumber  of  Mta  of  busMf.  Two  Mti  are  commonly  required  f« 
proper  distribution,  one  bus  bein^  operated  at  a  higher  pressure  than  t^ 
other.  In  the  large  substations  it  is  sometimes  desirable  to  operate  as  masy 
as  three  busses. 


Fig.  18. — ^Low-tension  feeder  bus. 

Ti.  Enifs  switohei.  Single-pole,  double-throw  knife  switches  are  pro- 
vided for  the  control  of  the  fcecferB,  each  feeder  being  so  arranged  that  it 
can  be  thrown  to  either  of  two  busses.  This  permits  the  longer  feeders  to 
be  put  on  n  higher-voltage  bus  at  tho  time  of  the  heavy  load,  thus  maintaining 
an  even  pressure  throughout  the  network. 

TI.  Boosteri.  It  is  often  necessary,  in  sulwtations  near  the  edge  of  the 
system,  to  maintain  booster-sots  which  can  be  put  in  eeri^  witts  extra 
long  feeders  in  order  to  maintain  pressure  at  the  distant  end.  Similarly, 
very  short  feeders  are  sometimes  provided  with  resistances  (equivalent  to 
negative  boost)  to  absorb  part  of  the  pressure.  These  resistances  are  made 
adjustable  for  two  or  three  values,  and  must  have  ample  radiating  capacitr 
to  avoid  overheating  at'full  load.  Strips  of  galvanised  sheet-iron  nave  beeo 
found  very  satisfactory  for  this  purpose. 

77.  Storage -battery  reieire.  One  of  the  principal  advantages  of  eoo- 
tinuous-current  distribution  is  the  possibility  of  having  a  storage-battery 
reserve.^  In  order  to  be  of  the  greatest  value,  the  battery  reserve  ahould 
be  distributed  in  a  number  of  individual  units  located  at  central  points  in  the 
system,  so  that  it  can  act  as  a  reserve  in  case  of  the  failure  of  the  supply  in 
any  part  of  the  system. 

78.  Battsry  rooms.  On  account  of  the  evolution  of  gases,  and  the 
presence  of  acid  vapor,  it  is  necessary  that  the  portion  of  the  building  oecu- 
pied  by  the  battery  be  provided  with  ample  ventilating  facilities  and  that  all 
metal  work,  be  covered  or  painted  as  well  as  possible. 
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T9.  I&d-««U  fwlt«h«i  for  htktUrj  r«t«rr».  The  tendency  of  the 
battery  preflsure  to  fall  off  at  the  time  of  disoharse  is  provided  for  by  the 
1106  of  end-Ksell  switches  which  are  under  the  control  of  tne  operator,  so  that 
additional  cells  can  be  connected  in  series  in  sufficient  number  to  hold  the 
pressure  up  to  the  desired  value.  Normally,  the  end-csell  switches  are  set 
ao  that  the  battery  floats  on  the  system.  In  any  emergency  which  causes 
the  bus  pressure  to  drop,  the  battery  immediately  begins  to  supply  energy* 
thus  tending  to  main- 
tain the  bus  pressure. 
A  diagram  of  abattery, 
equipped  to  act  as  a 
reserve  on  two  seta  of 
busses,  ia  shown  in 
FSg.  19. 

80.  Hifh-tenBton 
switohbomrdji  (up  to 
11,000  Tolta).  In  the 
design  of  high-tension 
switchboards,  the 
space  required  for 
proper  separation  and 
insulation  of  the  bua 
bars,  and  for  the  in- 
Btallation  of  oil- 
a  witches,  necessitates 
an  arrangement  in 
which  the  busses  and 
oil-switches  are  in- 
stalled in  some  remote 
location  such  as  a 
basement,  the   control 
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Fig.  10. — Arrangement  of  battery  end-oells. 


panels  being  located  at  a  point  convenient  to  the  operator. 

Ammeteri,  Toltmeten  and  wattmeten  are  operated  with  series 
(current)  and  shunt  (potential)  transformers,  and  oil-switchee  are  usually 
of  the  remote-control  type,  so  that  the  switchboard  panel  carries  only  low- 
tension  apparatus.  In  smaller  substations  and  in  cases  where  only  a  few 
switches  are  installed,  hand  control  is  sometimes  employed  for  the  oil* 
switches  on  outgoing  feeders. 

•1.  Hlgh-tention  bui  bari  com- 
monly consist  of  cable  or  copper 
tubing  mounted  on  suitable  insulating 
supports,  carried  on  a  skeleton  frame 
of  pipe  or  angle  iron.  Oil-switohes  for 
distributing  feeders  are  eommonlv 
mounted  on  the  same  framework  in  sucn 
a  way  as  to  provide  an  orderly  system 
of  connections  from  the  busses  to  the 
switch  terminals.  Bus  bars  operating 
at  voltages  of  6,600  and  upward  are 
k  commonly  installed  in  oompartmentSt 
so  arranged  as  to  reduce  to  a  minimum 
the  probability  of  an  arc  between  con- 
ductors of  om)osite  polarity;  this  ia 
very  important  where  large  amounts  of 
energy  are  available  to  supply  a  short- 
circuit  in  case  it  should  occur. 

as.  Disoonnect-gwltolie*  should  be 

«       «^      m     .   .  *    •!       •.  *.   provided  to  permit  oil-switchee  to  be 

Fw.  20.— Tank-type  of  oil-swiUh.  taken  out  of  service  during  repair  and 

maintenance  work. 

88.  Tiro  general  typei  of  oil-iwitofaei  are  employed,  the  tank  type 
f Par.  84)  for  distributing-feeders  and  for  the  control  of  converters  or  trana- 
formera,  and  the  compartment  ^po  (Par.  86)  which  is  used  for  the  control 
of  tranamiasion  lines  and  at  other  points  in  the  transmission  system  where 
the  switch  may  be  called  upon  to  open  automatically  under  short-circuit. 
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84.  The  tank  type  of  oU-iiritoh,  Fi«.  20.  is  mftde  in  singlo-pola,  two- 
pole,  or  three-pole  oonBtruction,  with  inaividual  taolu  which  separate  the 
opposite  polanties. 

8A.  The  eompartment  type  of  oU-lwltch,  Fig.  21,  is  made  on  a  very 
much  larger  scale,  each  pole  of  the  switch  being  enclosed  in  a  separate 

compartment  of  brick  or  coi»- 
crete.  The  front  of  the  com- 
partment is  closed  by  firv^ 
proof  doors  which  are  hinged 
at  the  top  to  permit  heated 
gases  to  escape  readily,  in  case 
they  should  be  liberated  in 
connection  with  the  operation 
of  the  switch  on  a  very  heavy 
short-cirruit. 

P&JESBUBE  RBQUX^TIOH 

86.  Potential  regulators. 

The  distributing  feeders  should 
be  equipped  with  potential 
regulators  in  order  to  provide 
proper  distribution  of  pres- 
sure. Two  types  of  potentiAl 
regulators  are  in  general  use, 
one  of  which  consists  of  a 
transformer  nath  a  switch  in 
the  secondarv  so  arranged  that 
approximately  10  per  cent,  of 
the  bus  nrcssure  may  be  added 
to,  or  suDtructed  from  (step  by 
step),  the  bus  pressure.  In 
another  type,  the  secondary  of 
a  transformer  is  mounted  on  a 
movable  core  (Sec.  6),  so 
arranged  that  more  or  less  of 
the  magnetic  flux  may  be 
passed  through  the  secondary 
winding,  and  the  pressure  thus 
raised  or  lowered  by  inductive 
action.  The  latter  is  called 
the  induction  regulator  and 
is  preferable  to  the  other  type 
on  account  of  the  absence  of  sliding  contacts,  which  are  disposed  to  be 
troublesome  in  operation. 

ReffUlatori  may  be  controlled  by  hand,  by  motor-drive  from  hand- 
operated  switches,  or  by  motor-drive  from  automatically  operated  switches. 
The  extra  expense  of  automatic  control  is  justified,  in  important  substations, 
by  the  improved  ser\''ice  given. 

87.  Line-drop  compensators.  The  use  of  pressure  wires  to  indicate 
the  pressure  at  the  end  of  a  feeder  is  not  necessary  on  alternating-current 
feeders,  since  they  can  be  regulated  by  the  use  of  line-drop  compensators. 
The  length  of  alternating-current  feeders  is  usually  so  great  that  the  cost  of 

Fressure  wires  is  more  Ahan  the  cost  of  the  compensator  equipment. 
D  principle,  it  consists  of  n  miniature  circuit  containing  the  same  propor- 
tion of  resistance  and  inductance  as  the  feeder  circuit  which  it  resxilates. 
The  drop  in  this  resistance  and  inductance  is  inserted  in  the  vmtmeter 
circuit  in  such  a  manner  as  to  reduce  the  voltmeter  reading  by  the  amount 
of  the  feeder  drop.  The  amount  subtracted  from  the  voltmeter  reading 
the  line-drop  compensator  is  directly  proportional  to  the  load  carried  by 
the  circuit  and  to  the  power-factor,  so  that  the  voltmeter  gives  a  correct 
indication  of  the  pressure  at  the  feeder-end  at  all  loads,  when  the  line- 
drop  compensator  is  once  properly  adjusted. 

88.  The  Weatinghouse  Une-drop  compensator,  Fi^.  22,  is  deaivned 
to  provide  for  a  drop  of  24  volts  with  a  load  of  100  amp.  The  current  from 
the  secondary  of  the  series  (current)  transformer  S  passes  through  the  induo- 


Fio.  21. — Compartment  type  of  oil-switch. 
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tive  aeotloD  B  and  the  non-inductive  section  A  in  proportion  to  the  loul  on 
the  feeder.  The  secondary  winding  is  divided  into  four  sections  of  5  volte 
each,  and  four  sections  of  1  volt  each.  The  5-volt  terminals  are  connected 
to  the  contacts  numbered  1,  2,  3,  4,  and  d^and  the  one-volt  terminals  to  the 
contacts  numbered  0,  7,  8,  9,  and  10.  The  arms  may  be  independently 
adjusted,  thus  permitting  any  setting  from  1  volt  to  24  volts.  The  current 
from  the  ahunt  (potential)  transformer  C  paaaes  through  the  feeder  voltmeter 
and  the  two  movable  arms  to  3,  thence  through  the  portion  of  the  non- 
inductive  section,  which  is  included  between  3  and  5.  and  the  portions  of  the 
inductive  section  between  6  and  9  and  between  4  and  5,  back  to  the  tranft- 
fformer  C  In  completing  this  circuit,  the  impressed  pressure  has  been  op- 
posed by  a  counter-e.m.i.  of  10  volte  in  the  non-inductive  section  and  by 
8  volts  in  the  inductive  section.     The  reading  of  the  roltmeter  is  thus  made 
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Fxa.  22. — Circuits  of  Weatinghouse  line-drop  compensator. 

the  same' as  it  would  be  at  the  end  of  a  feeder  (in  the  secondary)  having  a 
resLBtanceHlrop  of  10  volts  (secondary)  and  a  reaotance-drop  of  8  volts 
(secondary)  at  100-amp.  load. 

89.  In  the  Oeneral  Electric  line-drop  eomfMiuator,  Fig.  23,  there 
IB  but  one  movable  arm  on  each  section,  with  ei^ht  points  per  section. 
Each  point  represents  3  volts  when  1  amp.  is  flowing  in  the  compensator 
circuit.  The  compensator  shown  (Fig.  23)  is  set  so  as  to  introduce  in  the 
voltmeter  circuit  an  inductive  counter-e.m.f.  of  9  volts  and  a  non-inductive 
oounter-e.m.f.  of  12  volts,  when  the  feeder  is  carrying  100  amp. 

90.  C»lcul»tioii  of  compensator  setting  for  a  single-phase  feeder. 
Given  a  60-cycle  feeder  of  No.  0  A.W.G.  copper  wire,  5,000  ft.  long,  single- 
phase*  wires  12  in.  apart,  scries  (current)  transformer  ratio  100  amp.  to  5 
amp.,  shunt  (potential)  transformer  ratio  2,200  volts  to  1 10  volta,  how  should 
the  compensator   be  set? 

The  resistance  drop  on  No.  0  wire,  from  Par.  SI,  is  0.0981  volt  per  amp. 
per  1,000  ft.;  hence  the  drop  at  100  amp.,  for  5,000  ft.,  will  be  2X100X5X 
0.0981 —  08  volts « 4.5  per  cent.  The  inductive  drop  of  No.  0,  at  12Mn. 
spacing,  being  0.1043  volt  per  amp.  per  1,000  ft.,  the  drop  at  100  amp.  will 
be  2X100X5X0.1043-104  volts-4.7  per  cent.  The  resistance  and  the 
reactance  should  each  be  set  at  5  volts  (-0.045X110),  to  give  constant 
pressure  at  the  end  of  the  feeder  at  all  loads. 

91.  Calculation  of  oompontator  setting  for  two-phase  feeders.  In 
the  case  of  a  two-phaM»  four-wire  feeder,  the  method  of  connection  is 
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■imilar  to  that  uaed  for  »  singla-phaae  feeder,  ezoe^t  that  mi^arata  equipmenl 
u  required  for  each  phaae,  and  hence  the  oaloulationa  are  similar, 

A  two-pluua,  tnrM-wire  fasdar,  with  unbalanced  load  requiivs  one 
compenaator  in  each  wire,  with  connections  aa  shown  in  Fig.  24.  The  values 
of  resLBtanoe  and  inductance  per  1,000  ft.  used  in  the  case  of  a  single-phase 
feeder  are  based  on  the  use  of  two  wires,  whereas  in  a  three-wir«  feeder  each 
oompensator  corrects  the  drop  in  one  wire  only. 


Fro.  23. — Circuits  of  General  Electric  line-drop  compensator. 

M.  Caloulatton  of  oompanaator  Mtting  tor  thraa-phaia  faadera. 
In  the  case  of  a  three-pluae,  three-wira  feeasr  carrying  unbalanced  load, 
a  oompensator  is  required  in  each  wire.  For  instance,  if  the  feeder  previously 
uaed^for  illustration  were  a  three-phase,  three-wiro  feeder  (with  symmetrical 
spacing  of  phase  wires)  carrying  100  amp.  per  wire,  the  ohmic  drop  in  each 
wire  would  be  SXlOOXO.0981-49  volts,  and  the  inductive  drop  63  volts. 


PhaseA 


Fio.  24. — Compensator  connections  for  two-phase  three-wire  system. 

These  values  are  respectively  3.8  per  cent,  and  4.1  i>er  cent,  of  the  pressure 
to  neutral,  1.270  volts  (  =  0.577X2,200). 

In  a  three-pbate,  four-wire  feeder  operating  at  2,200  volts  between 
phase  wires  and  neutral,  the  method  of  calculating  the  drop  is  as  follows: 
Given  a  feeder  of  four  No.  0  wires  (12-in.  spacing)  running  S.OOO  ft.  from  the 
station  aa  a  three-phase  feeder,  the  drop  in  eadh  phAe  wire  at  100  amp. 
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win  be  40  volte,  ohmic,  and  52  volte,  inducUve.  The  woricing  pressure  being 
2,200  volte,  ttua  is  about  2.5  per  cent.  If  the  entire  load  of  the  feeder  is  de- 
livered  from  this  centre  of  distribution,  tho  compensator  on  each  phase  wire 

Phased 


Fro.  25. — Compensator  connections  f.or  three-phase  four-wire  system. 

should  be  set  at  2.5  per  cent,  on  each  dial;  that  on  the  neutral  should  be  set 
at  2  per  cent.'  on  each  dial,  to  take  care  of  unbalanced  load.  If,  however, 
the  ^-phase  branches  off  with  a 
neutral  to  a  single-phase  centre 
of  a  distribution  2,500  ft.  be- 
yond, there  must  be  added  to 
tne  il-phase  setting,  2X100X 
2.5X0.008 -49  volts -2.2  per 
cent.,  making  the  new  setting 
2.5+2.2-4.7  per  cent.  If  the 
other  phases  oranch  to  similar 
centres  of  distribution,  at  differ- 
ent distances,  the  drops  must 
be  computed  aimilarly,  and 
added  to  the  three-phase  drop. 
The  connections  of  the  compen- 
sators for  a  three-phase,  four- 
wire  feeder  are  shown  in  Fig.  25.  ^ 

fS.  Automatic  regulation 
of  feeder  voltage.  In  connec- 
tion with  automatic  regulation 
the  General  Electric  Co.  has  de- 
veloped a  device  which  serves  as 
a  line-drop  compensator  com- 
bined with  a  relay.  This 
device,  known  as  a  "oontaot- 
making  voltmeter,"  is  shown 
in  Fig.  26.  It  conaisto  of  a  sole- 
noid having  windings  which  are 
tapped  at  various  pointe  and 
brought     out     to     adjustable 


To  Bhuni(PoUallal)TnMforai«r 
or   Pt«Mar«  Vlr<s 


Fro.  26. — Automatic  regulators  for  con- 
trolling feeder  voltage. 


switches,  as  in  the  Uoe-drop  compensator.  One  winding  produces  a  mag- 
netic flux  proportional  to  the  pressure;  another  carries  current  in  proportion 
to  the  losid  and  oppoaes  the  flux  due  to  the  feeder  pressure.     This  counter- 
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magnetomotive  force  may  be  adjusted  roughly  by  setting  the  proper  svlich 
on  the  points  A,  B,  or  C,  and  the  finer  ^justraents  are  made  dv  the  poinU 
D  to  L.  The  pivoted  bar  carries  the  contacts  which  control  the  supply  of 
energy  to  the  feeder  regulator. 

As  the  load  increases,  the  plunger  falls  until  the  contact  ia  made  which 
raises  the  pressure  on  the  feeder.  This  increases  the  flux  due  to  the  pressure 
and  the  plunger  rises  sufficiently  to  stop  the  movement  of  the  regulator 
until  a  further  change  in  load  or  bus  pressure  occurs.  This  device  gives 
very  satisfactory  results  at  all  power-factors  from  75  per  cent,  to  100  per  ceoi. 

94.  Bus-bar  voltage  refulati,on.  Where  there  is  a  variable  motor 
load  supplied  by  motor-generator  converting;  equipment,  it  is  deatrable  to 
maintain  a  constant  bus  pressure,  in  order  to  prevent  the  load  variation* 
from  afFecting  the  bus  pressure  and  thus  impairing  the  steadiness  of  voltage 
on  the  feeders  supplying  the  lighting  service.  The  automatic  regulator 
devised  by  Tirrill  nas  been  successful  in  accomplishing  this  purpose. 


i 


Fia.  27. — Connections  of  Tirrill  regulator. 

9S.  Tirrill  regulator.  The  general  scheme  of  connections  is  shown  in 
Fig.  27.  The  secondary  circuits  of  the  shunt  (potential)  and  series  (current) 
transformers  in  the  generator  leads  are  connected  through  a  solenoid  in  a 
compounding  relation.  The  series  section  is  subdiWded  so  that  difTercot 
rates  of  compounding  may  be  secured.  A  movable  plunger  is  actuated  by 
this  solenoid,  which  in  turn  actuates  a  counter  weigh  ted  lever,  the  opposite 
end  of  which  is  equipped  to  make  electrical  contact  in  a  relay  circuit.  The 
other  contact  terminal  of  this  relay  circuit  is  carried  on  a  similar  lever  which 
is  actuated  by  the  plunger  of  a  direct-current  solenoid.  This  solenoid  re- 
ceives current  in  proportion  to  the  pressure  at  the  exciter  terminals.  The 
relation  of  these  contact-making  lovers  is  such  that  increased  pressure  at  the 
exciter  brushes  tends  to  open  the  relay  circuit,  while  increased  pressure  at  the 
main  generator  terminals  tends  to  close  it. 

This  closing  of  the  circuit  demagnetises  the  relay,  which  is  differentially 
wound,  and  its  armature  is  withdrawn  b^  a  spring.  This  shunts  the  6eld 
rheostat  of  the  exciter,  increases  its  terminal  pressure,  and  opens  the  relay 
circuit,  thus  weakening  its  pull. 

Whore  there  are  several  units  in  parallel  in  a  station,  the  regulator  may  be 
applied  to  the  exciter  for  a  portion  of  them  and  the  bus  regulated  for 
constant  pressure  with  the  series  coil  of  the  alternating  solenoid  cut 
out.  With  this  arrangement,  the  bus  pressure  may  oe  maintained 
constant  at  any  desired  value  by  tho  insertion  of  an  adjustable  resistance 
in  the  pressure  circuit  of  the  alternating  solenoid. 

SICONDAKT  DISTEZBITTION 
•6.  The  Mcondary  mains  of  an  alternatiny-current  system  serve 
users  in  a  local  area,   while  the   primary  mains  supply  larger  areas.     The 
standard  system  of  secondary  distribution  in  Amcnca  is  the  single -plias«. 
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ibree-wire  Kdiion  lyBtam  at  approzimsi«ty  110-320  volts  for  lightiag 
ind  Bmall  motor  service,  and  220-volt  two-phase  or  three-phase  for 
{eneral  motor  service;  440  volts  and  550  volts  arc  also  used  to  some  extent 
'or  power  systems  in  industrial  plants.  For  the  stipply  of  mixed  service 
3f  lighting  and  motors  from  a  secondary  network,  the  four-wlr^  three- 
I>ll&S«  syitem  at  115-200  volta  or  120-208  volts,  approximately,  is  some- 
times uaed. 

•7.  The  Toltaf  a  of  ffen«r»l  di«tribution  lyatems  must  be  low  enough 
to  be  adapted  to  incandescent  lamps,  fans,  heating  devices  and  other  small 
accossories,  which  are  preferably  made  for  the  voltages  around  110.  Motor 
voltages  are  higher  in  order  to  secure  economy  of  conductor  investment; 
this  is  especially  true  with  large  installations. 

M.  Transformeri  are  usually  wound  for  a  ratio  of  S,SOO  to  110-SSO 
▼olts,  though  some  of  the  systems  where  11&-230  volta  are  standard  are 
usin^  a  ratio  of  2,080  to  115-2.30  volts.  This  aeoondary  voltage  permits  a 
spacing  between  tranaformers  of  600  ft.  to  800  ft. 

99.  In  laying  out  secondarr  systems  for  lighting  service,  it  is  usual 
to  limit  the  drop  b'om  tranuormer  to  consumer  to  about  9  per  cent, 
where  first-class  service  is  rei^uired.  In  scattered  districts  where  aecondariea 
are  too  small  and  remote  to  warrant  interconnection,  the  problem  of  design 
consiata  in  striking  a  balance  between  the  cost  of  conductors,  and  the  coat  of 
transformers  and  thar  losses. 

By  reaching  out  farther  from  the  transformer  with  the  secondary  mains, 
the  number  oJ  transformers  is  reduced,  and,  their  average  size  being  larger, 
their  total  cost  is  smaller.  This  is  true  because  the  cost  per  kilowatt  is  less 
lor  the  larger  sises,  and  because  the  kilowatt  capacity  required  per  kilowatt 
oonnected  is  less  for  a  large  number  of  users  than  for  a  few. 

100.  BCinlmum  annual  cost.  As  the  radius  of  distribntion  from  the 
transformer  becomes  more  than  500  to  600  ft.,  the  cost  of  conductors  increases 
Tery  rapidly,  and  it  becomes  more  economical  to  provide  additional  trans- 
formers. On  the  other  hand,  if  too  many  transformers  are^  used,  the  iron 
loss  which  goes  on  24  hr.  a  day  becomes  excessive,  and  the  investment  per 
kilowatt  in  transformers  is  high.  The  minimum  annual  cost  of  a  secondary 
system  is  that  at  which  the  fixed  charges  on  conductors  and  transformers, 
plus  the  value  of  the  iron  loss,  is  a  minimum.  The  iron  and  copper  losses 
of  standard  American  transformers  appear  in  the  table  in  Par.  101  (also  see 
Beo.  6). 

101.  Loaaei  and  SIBcienolet  of  Standard  Transformer*  for 

Altematlng-carrent  Dlttrlbation 

2,200  to  110-220  volts,  60  cycles 


Rating 
kv-k. 

WatU  loss 

Per  cent, 
efficiency, 
full  load 

Per  cent, 
regulation 

Per  cent, 
charging 
current. 

Copper 

100 

80 

Core 

at  125 

per  cent. 

per  cent. 

20 

deg.  fahr. 

p-f. 

P-f. 
3.18 

1 

26 

95.8 

2.61 

5.5 

1  1/2 

25 

37 

96.2 

2.47 

3.10 

4.0 

2 

30 

46 

96.5 

2.33 

3.00 

3.6 

3 

34 

70 

96.8 

2.36 

3.01 

3.0 

5 

40 

82 

97.2 

2.08 

3.12 

2.5 

5 

45 

102 

97.3 

2.08 

3.10 

2.3 

7  1/2 

62 

137 

97.6 

1.84 

2.93 

2.2 

10 

80 

163 

97.8 

1.66 

2.85 

1.9 

15 

105 

233 

97.9 

1.58 

2.80 

1.6 

20 

131 

295 

98.0 

1.52 

2.9e 

1.5 

2S 

147 

351 

08.2 

1.47 

2.90 

1.3 

30 

183 

411 

98.2 

1.46 

2.90 

1.2 

40 

205 

476 

98.3 

1.30 

2.80 

1.2 

SO 

240 

605 

98.4 

1.20 

2.70 

1.0 

Al«o  see  Sec.  6. 
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IM.  All-day  etteluiey  of  truutomMn.  In  a  diitribution 
former,  the  iron  Ion  may  reach  a  considerable  percentage  of  the  daily  eon- 
flumption  of  energy.  A  o-kw.  transformer  wliicb  carries  full-load  4  hr.  a  day 
deliver*  20  kw-hr.  per  day,  and  has  a  copper  loss  of  about  102  watts  at  !^U- 
load,  while  the  iron  loss  would  be  about  45  watts.  The  copper  loss  per  day 
would  be  about  410  watt-hr.,  while  the  iron  loss  would  be  24X45—  1,080 
watt-hr.  The  total  loss  being  1.5  kw-hr.,  the  all-day  efficiency  is  20/21.5  -• 
>3.0  per  cent.,  and  the  full-load  efficiency  is  5,000/5,150-97.1  per  cent.  It 
is  apparent  that  the  all-day  efficiency  varies  with  the  load  taetor  or  hours' 
use  of  the  maximum  load. 

lOS.  Calculation  of  secondary  mains.  The  most  economics  aise  of 
conductor  and  spacing  between  transformers  for  secondary  mains  may  be 
determined  approximately  as  follow^:*  assuming  a  load  density  per  1,000  ft. 
and  an  aUowable  pressure  drop,  determine  the  distance  between  transform- 
ers which  will  result  in  that  drop  with  several  sisos  of  conductor. 

The  investment  in  wire  and  transformers  may  then  be  found.  The  fixed 
changes  in  the  investment  plus  the  annua]  value  of  the  iron  losses  in  the 
transformer  constitute  the  annual  cost  of  this  secondary  main  (exclusive  of 
pole  line  or  conduit).  The  minimum  annual  cost  will  be  found  to  work  out 
approximately  as  in  the  curves  shown  in  Fig.  28. 

IM.  Currei  of  ooit  variation,  orerhaad  dlitribatlon.    The  Taria- 

tion  of  the  elements  of  cost  as  the  spacings  between  transformers  and  the 
sise  of  wire  are  changed,  is  illustrated  by  the  curves  in  Fig.  28,  which  are 
based  upon  a  load  density  of  50  kw.  per  1,000  ft.,  with  overhead  liaea.  It 
is  apparent  from  this  curve  that  the  minimum  cost  is.found  with  No.  2 
wire  at  a  spacing  of  600  ft.  between  transformers.  The  curves  of  total  coat 
at  other  load  densities  are  shown  in  Fig.  29. 


800 

|«00 

SiOO 

■'lOO 


300  MO  500  too  700  800  tOOlOOO 
Spacing  In  P«et 

Fra.  28. — Elements  of  cost  of 
secondary  main. 


Fio. 


300  400  SOO  <00  700  800  900 
Bpsclng  tn  Fest 

20. — Economioal  spacing 
of  transformera. 


Where  energy  may  be  charged  at  leas  than  1  cent  per  kw-hr.,  or  with 
water  power,  the  decreased  value  of  core  loss  tends  to  permit  the  use  of 
smaller  transformers,  shorter  apacings  and  a  smaller  sise  of  wire. 

101.  Curves  of  cost  variation,  undarfround  distribution.  The 
curves  for  underground  lines  also  appear  in  Fig.  29.  The  spacing  for 
minimum  cost  is  not  materially  changed,  being  about  500  ft.  for  each 
load  density. 

The  flatness  of  the  curve  of  total  cost  allows  considerable  flexibility  in 
spacing,  and  it  is  generally  preferable  to  use  as  few  transformers  as  possi- 


•Qear  and  Williams. 
>.  108. 


"Electric  Central  Station  Distributing  Systom," 
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ble  with  the  larger  siiea  of  conductor,  V)  as  to  reduce  the  number  of  units 
to  a  minimmn.  Furthermore,  it  is  usually  desirable  to  anticipate  an 
Inereftte  In  load  by  installing  a  larger  conductor  than  is  required  for 
immediate  needs.  The  siae  of  transformers  is  then  gradually  increased, 
from  time  to  time,  as  the  load  increases. 

IM.  (TiMTanload  danaitr.  The  curves  (Figs.  28  and  29)  are  based 
on  an  assumption  that  the  load  is  uniformly  evenly  distributed  along  the 
line  throughout  its  length,  but  such  is  rarely  the  case  in  practice.  At 
occasional  intervals,  department  stores,  ohurcnes  or  other  large  customers 
of  energy  throw  heavy  loads  upon  the  line.  It  is  necessary,  therefore,  to 
locate  transformers  near  such  large  consumers'  premises  and  design  the 
mains  between  them  to  carry  the  scattered  load. 

107.  Secondary  networlu.  The  ^adual  extension  of  mains  on  all  streets 
results  in  a  system  of  lines  which  is  interconnected  and  becomes  a  network. 
Truutormeri  are  pntvnMj  located  at  intersections  where  they  feed  in 
all  diiectaoiu  with  the  best  economy  of  oopper.  In  the  design  of  such  net- 
works the  sises  of  secondary  cable  are  fixed  by  the  local  conditions.  The 
smaller  consumers  distributed  along  the  routes  are  carried  from  mains  of 
proper  siie,  and  the  larger  consumers  such  as  theatres  and  department 
stores  are  cared  for  by  a  separate  installation  of  transformers  in  the  immediate 
vicinity  of  the  consumers  premises. 

108.  Underground  oonstraction  U  often  required  in  network! 
and  this  necasaitates  numbolei  of  ample  sise  for  large  transformers  and 
such  junction  boxee  as  are  necessary  for  operation.  The  space  required 
is  somewhat  difficult  to  secure  on  account  of  pipes  and  other  underground 
systems  which  limit  the  available  space.  In  some  cases  it  has  been  found 
oisairable  to  install  the  transformers  in  a  substation,  supplying  the  network 
through  low-tension  feeders;  this  arrangement  permits  a  saving  in  trans- 
former investment  and  iron  losses,  as  the  diversity  factor  is  better  and  the 
units  are  larger,  but  the  cable  investment  is  considerably  greater. 

100.  Separate  tranaformen  (or  large  motor  loadi.  The  design  of 
secondary  systems  is  subject  to  restrictions  when  inductive  loads,  such  as 
arc  lamps  and  motors,  must  be  served  along  with  incandescent  lighting. 
The  heavy  starting-current  required  by  induction  motors  may  momentarily 
overload  the  transformer  and  the  secondary  main.  This  causes  a  fiickering 
of  ispcandescent  lamps  served  . 

in  the  vicinity.      It  iis  neces-  ;       f  i         f 

aary,  therefore,  to  install  sep-  -""■'•-    "**~ 

arate  transformers  for  installa- 
tions of  motors  if  the  beat 
regulation  is  required  for  in- 
candescent hghting .  Motors 
larger  than  10  h.p.  can  not 
usaally  be  supplied  from  a 
lighting  network  without  in- 
terfering with  the  service. 

110.  Tliree-phaae  supply 
(or  mixed  loaldi.  In  three- 
phase  systems  several 
methoda  of  carrying  mixed 
lighting  and  motor  loads  are 
in  use.     Thi    most    common 


w*<»l   r*'ftViA^ 


90  tali 


Fio.  30. — Three-phase  secondary  system, 
with  single-phase  Hghting  service. 


method  consists  of  itar-eonneotad  tranaformen  lupplying  a  four-wire 
main  operated  at  about  116  volts  from  phase  to  neutral  and  200  volts 
across  phase  wires.  The  smaller  lighting  services  are  made  three-wire 
and  connected  to  two  phases  and  neutral,  and  large  services  are  balanced  on 
three  phases.  Four-wire  service  is  required  wherever  both  lighting  and 
motor  service  are  supplied. 

In  another  method,  illustrated  in  F^.  30,  all  the  lighting  is  earned 
single-phase  from  a  thrse-wire  Edison  main.  Motors  are  served  by  the 
installation  of  additional  smaller  transformers  and  a  fourth  secondary 
(phase^  wire.  The  lighting  load  is  easier  to  keep  balanced,  and  the  higher 
fluversity  factor  reqiiiree  somewhat  less  transformer  capacity  for  lighting. 

111.  Datarmination  o(  trani(ormar  capacity.  The  selection  of  the 
■ise  of  transformeis  for  various  classes  of  consumers  is  important,  since 


( 
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excess  capacity  involves  idle  investmSnt  and  unnecessary  core  losses.  Very 
few  consumers  use  their  entire  connected  loads  at  any  one  time.  Where  a 
number  of  consumers  are  served  by  one  transformer,  the  various  maximum 
demands  do  not  occur  nmultaneottxly  and  therefore  the  resultant  maximum 
demand  is  less  than  the  sum  of  the  individual  demands.  The  demand 
must  be  ascertained  by  measurements  which  may  be  made  by  means  of  an 
ammeter  or  by  a  Wrignt  demand  indicator  (Sec.  3). 

Certain  ratloi  of  mudmum  demand  to  connected  load  may  be 
established  by  a  series  of  such  measurements  for  the  various  classce  of  con- 
Burners  for  which  it  is  necessary  to  select  transformers.  These  ratios  or 
demand  factors  (Par.  IIS  to  IIB)  may  then  be  applied  with  reasonable 
accuracy  to  the  transformers  for  new  consumers.  The  results  of  tests 
made  on  various  groups  of  consumers  in  Chicago  appear  in  Par.  IIS. 


lU.  Tkble  of  Demand  TMston  In  Uihting 
(Based  on  Chicago  Experience) 

8eiTle« 

Description  of  load 

Number 
of  cus- 
tomers 

Kilo- 
watts 
con- 
nected 

KUo- 

watts 

demand 

Demand 

factor 

(%) 

Residence. 
Residence. 
Residence 
Residence 
Residence 
Residence 
Residence 
Residence. 
Residence 
Residence 
Residence 
Residence. 
Residence. 
Residence 
Residence. 
Residence. 
Residence, 
(hotel  25 
Residence. 
Residence. 

137 
68 

106 

5 

77 

66 

121 
34 
19 
21 
21 
47 

144 
43 
85 
84 

38 
99 
89 

84.7 

126.6 

129.5 

10.3 

77.0 

107.7 

183.5 

47.5 

70.2 

67.7 

64.1 

68.7 

129.95 

59.0 

99.65 

112.5 

60.7 

59.0 

100.45 

18.0 

16.75 

28.85 

0.45 
21.0 
26.25 
30.5 
10.5 
15.7 
13.6 
13.1 

8.4 
22.6 
26.6 
16.1 
14.7 

27.3 
8.4 
13.7 

22,8 

12.4 

22.3 

02.0 

27.3  • 

24.3 

16.6 

22.2 

10.8 

20.2 

24.3 

13.2 

17.4 

42.0 

Ifr.l 

13.2 

45.0 
14.2 
13.6 

(119  Itw.;  stores  11  lew.), 
(l  customer,  7.5  lew.).. . 

70  kw.;  stores  7  kw 

(59.7  kw.;  hotel  48  kw.). 
(1  30-amp.  rectifier) 

(2  30-amp.  rectifiers). . . 

(1  30-Bmp.  rectifier) 

(1  30-amp.  rectifier) 

(4  30-amp.  rectifiers).. . 

20    iv.'i    Stores    15.7 
kw.) 

lis.  In  store  Ushtinff  the  maximum  demand  for  window  lighting. 
Lgns  and  other  display  lighting  is  from  90  per  cent,  to  100  per  cent,  of  the 
connected  load.     The  demand  on  interior  store  lighting  ia  from  60  per  cent. 


114.  In  residence  lighting  where  the  connected  load  is  fifty  lamps  or 
leas,  the  average  demand  factor  of  a  group  of  residences  is  from  15  per  cent. 
to  20  per  cent,  of  the  connected  load;  small  residences  and  apartments  having 
connected  loads  of  forty  lamps  or  less,  average  about  20  per  cent,  of  the  con- 
nected load. 

118.  In  theatre  lighting  the  border  lamps  and  foot  lamps,  of  several 
colors,  are  not  used  Bimultanoously;  and  the  stage  and  the  auditorium  are 
not  lighted  simultaneously  except  for  a  very  few  minutes  at  a  time.  In 
a  sm^  theatre  the  demand  factor  may  be  from  70  per  cent,  to  85  per  cent., 
while  in  a  large  theatre  it  frequently  runs  as  low  as  50  per  cent. 

116.  Influence  of  number  of  consumers  on  demand  factor.  In 
general,  a  higher  ratio  must  be  used  where  but  few  consumers  are  served 
from  one  transformer,  than  where  there  arc  more,  aa  the  occasional  maxinnum 
demands  of  individual  consumers  are  proportioiiBt«ly  much  larger. 

117.  The  selection  of  transformers  for  motor  loads  is  more  difficult, 
as  the  maximum  load  may  vary  greatly  from  day  to  day  or  from  month  to 
month.  Elevator  and  crane  motors  require  transformers  having  100  per  cent, 
to  125  per  oent.  of  the  rated  motor  capacity,  unless  there  are  several  motors 
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supplied  by  one  unit.  This  is  neceaaary  in  order  to  hold  up  the  preaaure  in 
■tarting.  The  average  demand  factors  in  motor  service  in  Chicago  are 
given  in  Par.  tl8.  ^  These  figures  were  made  up  from  several  thousand 
inataUationa  of  continuous- current  motors  in  Chicago,  which  were  equipped 
with  mfizi mum-demand  meters. 

lit.  Table  of  Damuid  Faoton  In  Motor  Sarriea 
(Baaed  on  Chicago  Experience) 


Total  installation 
in  h.p. 

Number 
of  customers 

Total  h.p. 
connected 

Average   • 
maximum 
h.p. 

Ratio  of 
max.  to 
conn.  h.p. 

1  motor,   ■ 

1  to    8 

a  to  10 

11  to  20 

above  20 

1177 

124 

32 

17 

2168 

1036 

402 

686 

1862 
676 
303 
366 

86.1 
68.3 
61.6 
83.2 

Total 

1380 

4379 

3207 

73.3 

2  motors, 

1  to    6 

6  to  10 

11  to  20 

above  20 

.       Total 

177 

81 

30 

6 

412 
387 
438 
203 

-      288 

261 

288 

74 

69.1 
67.4 
68.9 
36.8 

264 

1440 

908 

63.0 

3  to  5  motors, 

1  to    8 

6  to  10 

11  to  20 

above  20 

Total 

ISO 
42 
33 
14 

381 
290 
478 
1248 

314 
238 
329 
687 

82.6 
82.1 
69.3 
62.7 

239 

2391 

1838 

64.3 

a  to  10  motors, 
1  to  6 

42 
21 
10 
19 

121 
187 
188 
931 

80 

98 

08 

417 

66.0 
62.4 
63.1 
44.7 

6  to  10 

11  to  20 

above  20 

Total 

02 

1364         I           693 

80.8 

SPXCIAL  HETHOD8  OF  TRAMSrORMATZON 
119.  0«nerftl.  The  use  of  various  primary  and  secondary  voltaf^ea  and 
ayatema  g^vea  rise  to  situations,  at  times,  which  require  the  diatnbution 
engineer  to  make  use  of  special  methods  of  transformation .  Some  of  the 
combinations  of  apparatus  and  connections  which  are  most  likely  to  be  used 
are  presented   herewith. 

150.  The  connections  of  ttandftrd  transformeri  are  made  with  two 
primary  and  two  secondary  coils,  which  permits  their  uao  on  2,200-volt  or 
1.100-volt  circuits.  The  secondary  may  be  connected  for  110  volts  or 
220  volts,  or  on  the  throe-wire  Edison  system  at  110-220  volts.  Some 
syatoms  use  a  transformer  having  windings  for  1,040-2,080  to  115-230  volts. 

151.  Booiter  truuformers.  Where  it  is  desired  to  raise  or  lower  the 
pressure  by  a  fixed  perccntaRC.  as  when  line  drop  is  excessive,  this  may  be 
accomplished  by  a  transformer  used  as  a  booster.  This  is  a  transformer  so 
connected  that  the  secondary  is  in  series  and  in  phaae  with  the  main  line 
and  thus  the  primary  pressure  is  raised  by  the  amount  of  the  secondary 
voltage,  as  shown  in  Fi^.  31. 

When  the  serondary  is  reversed,  the  transformer  bcoomea  a  "choke,'*  or 
negative  booiter  depressing  the  line  pressure  instead  of  raising  it.  The 
connections  for  5  per  cent,  and  10  per  cent*  "boost**  are  shown  in  Fig. 
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Flo.  31. — Booster  transformer  connection  for  positive  booit. 

T 


r 


[=3i±  1 


Gut*out 


(a) 

Fig.  32. — Booster  transformer  connecUona  for  nesative  bocMt  or  chokinc. 

31,  at  a  and  b  respectively.     The  corresponding  connections  for  5  per  cent. 

and  10  per  cent,  cnoke  (negative  boost)  are  shown  in  Fig.  32. 

To  Load  It  is  to  be  noted  that  the  trans- 
formers used  in  these  Uluatrationa 
have  a  ratio  of  10  to  1  or  20  to  1, 
and  these  percentages  apply  only 
to  boosters  having  this  ratio  of 
transformation.  If  boosters  hav- 
ing a  ratio  of  2,080  to  115-230  are 
used,  the  percentages  are  in- 
creased to  about  5.5  per  cent,  and 
11  per  cent.,  respectively. 

To  Load      ISt.    PrecMitioiu  when  in- 
itallinff    boosters.     If   the  pri- 
mary   of   the   booster  is  opened 
■c      nn      r>  A'  « u      A         *       4   while  the  secondary  is   carrying 

Fig.  33.— Connections  of  booster  cut-out.  ^^0  line  current,  the  booster  actt 

as  a  series  tninsformer.  The 
primary  coils  then  generate  a  potential  of  10,000  volts  to  20,000  volts,  or 
more,  depending  upon  the  load  carried  by  the  main  circuit  at  the  time.  If 
a  fuse  is  used  in  the  primary, 
the  blowing  of  the  fuse  will 
create  this  condition  and  the 
arc  will  hold  across  the  termi- 
nals of  the  block,  and  is  quite 
sure  to  break  down  the  insula- 
tion of  the  primary  coil. 

The  safest  method  of  con- 
necting or  disconnecting  a 
booster  is  to  have  the  main 
line  open  while  connecting  it 
in  or  out  of  circuit.  If  the  • 
service  cannot  bo  interrupted, 
or  if  it  is  desired  t-o  switch  the 
booster  in  or  out  at  certain 
times,  this  may  be  accom- 
plished by  the  use  of  a  series 
out-out,  connected  as  shown  • 
in  Fig.  33.  The  cut-out  sim- 
ultaneously opens  the  primaiv 
and  short-circuits  the  secona- 
ary  of  the  booster.  Standard  series-arc  cut-outs  should  not  be  used  where 
the  line  current  is  likely  to  be  over  25  amp. 
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Fig.  34. — Connections  of  boosters  in 
three-phase  circuit. 
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Fia.  3fi. — Effect  of  booster  in  one        Fra.  3S. — Effect  of  booBtera  in  each 
phase  of  three-phase  circuit.  phaae  of  a  three-pbaae  circuit. 


Fio.  37. — Connections  of  auto-tnuuformers  for  110-voIt  lighting. 
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Fn.  38. — Open-delta   connection  Fra.    39.— Transformation    from 

of  two  tranaformen  supplied  from  three-phase  to  two-phase,  or  vice 

a  three-phase  four-wire  system,  verea^  with  tee-connection. 
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US.  The  UM  of  booiten  In  a  delta-connected  three-phase  mtem 

is  not  so  simple  aa  in  single-phase  circuits.  The  booster  secondary  is  looped 
into  the  line  and  pressure  is  taken  for  the  primary  from  an  adjoining  phase, 
as  in  Fig.  34.  The  insertion  of  a  booster  on  one  phase  affect-s  the  pmsure 
on  two  phases,  aa  shown  dia^rammatically  in  Fig.  35.  The  effect  of  a  booster 
in  each  phase  is  shown  in  Fig.  36.  Three  boosters  are  required,  therefore,  to 
keep  conditions  in  balance,  in  a  three-phase  three- wire  cirouit. 

114.  Auto-tranaforzners.  The  use  of  110-volt  incandescent  lamps 
in  a  220-volt  or  440-voIt  alternating-current  system  may  be  accomplished 
quite  readily  by  the  use  of  standard  transformers  used  as  auto-transformprs. 
The  connections  in  Fig.  37  show  the  methods  of  deriving  two-wire  and  three- 
wire  110-volt  distribution  from  a  220- 
volt  system.  When  the  lighting  service 
is  handled  on  a  three-wire  bans  at  110- 
220  volts,  the  transformer  carries  only 
the  unbalance  of  current:  the  primaiy 
winding  is  not  used.  Where  llO-voft 
service  is  desired  from  a  440-volt  plant, 
it  may  be  secured  from  two  transformers 
connected  in  series  on  the  220-volt  side 
and  in  parallel  on  the  primary  side. 

115.  Three-phase  conversion  with 
two  transformers.  The  cost  of  trans- 
formers for  email  three-phaae  motor 
service  makes  desirable  the  use  of 
schemes  of  connections  by  which  the 
three-phase  secondary  service  may  be 
derived  from  two  transformers.  Two 
schemes  of  connections  are  possible  for 
this  purpose,  one  known  as  the  open 
delta  and  the  other  as  the  tcc-con- 
noclion. 

The  open-delta  connection  is 
merely  an  ordinary  delta  connection 
with  one  transformer  left  out  (Sec.  6), 
Fig.  38  shows  the  open-delta  connection 
supplied  from  a  three-phase  four- 
wire  system.  In  this  case  the  pri- 
maries are  connected  to  two-phase 
wires  and  the  neutral  wire.  In  the 
opeu'delta  connection  the  current  in  the 
transformer  coils  is  15.4  per  cent,  larger 
than  with  three  trannformcre. 

In  the  three-phase  three-wire  sys- 
tem, service  may  be  given   from    two 
transformers  with  the  ^e  (T)  oonnoo- 
tlon    (Sec.  6).     The  current  overload 
as  witii  the  open-delta  connection.     This  scheme  cannot 


220  y. 

Fig.  40. — Two-phase  service  de- 
rived from  a  three-phase  four-wire 
system  with  three  transformers. 


is  15.4  per  cent.; 

be  used  with  standard  2.200-volt  transformers  on  a  four-wire  system,  as  the 
principle  of  operation  requires  that  the  ourreat  divide  and  pass  each  way 
from  the  midpoint  of  the  winding  of  one  of  the  transformers,  so  that  the 
magnetic  field  of  one  part  balances  the  other. 

116.  Oonversion  firom  three-phase  to  two-phase,  or  vice  Tarta. 
The  tee-connection  may  be  used  in  transforming  rrom  three-phase  to  two- 
phase,  or  tice  versa,  aa  shown  in  Fig.  30.  with  standard  transformers  havins 
ratios  of  9  to  1  and  10  to  1  respectively.  If  transformers  having  a  ratio 
of  10  to  1  are  available  only,  the  right-hand  transformer  (Fig.  39)  should 
be  given  a  positive  boost  of  15  per  cent,  instead  of  5  per  cent.  When 
using  transformers  having  ratios  of  9  to  1,  the  left-hand  umt  should  be  gdvon 
a  10  per  cent,  negative  boost,  and  the  right-hand  unit  a  5  per  cent,  positive 
boost,  in  order  to  give  220-volt  two-phase  service  from  2,200-voIt  primary 
mains. 

IIT.  Two-phase  no-Tolt  serriee  from  a  three-phaae  foor-wlre 
■7Stezn  may  be  secured  with  three  standard  transformers,  connected 
as  shown  in  Fig.  40.    The  unit  at  the  left  has  a  ratio  of  10  to  1,  andu 
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oonnected  from  phase  to  neutral.  The  other  two  hare  ratios  of  9  tol,  with 
their  secondary  coils  in  multiple,  and  ar«  arranged  as  two  limbs  of  a  star-con- 
nection (Y),  to  give  220  volts  across  the  outer  wires.  The  three-phase 
Bsrstem  is  therefore  unbalanced  by  this  arrangement,  since  half  the  enersy  is 
taken  from  one  phase.  The  capacities  of  the  transformers  should  be 
selected  accordingly. 

It  is  possible  to  use  transformers  with  ratios  of  10  to  1,  but  if  this  is  done 
each  of  the  phases  supplying  the  right-hand  transformer  must  be  provided 
with  a  boost  of  IS  per  cent. 
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Fia.  41. — Conversion  from  three-phase  to  single-phase,  with  balanced  load. 

lis.  ConTenlon  from  threa-phase  to  single-phaaa.  In  connection 
with  electric  welding  and  other  work  requiring  single-phase  energy  in 
-  amounts  so  large  that  the  unbalanced  load  is  senous,  the  load  may  be  equ- 
ally distributed  among  the  three  phases  by  the  scheme  of  connections  shown 
in  Fig.  41.  Equal  currents  are  drawn  from  the  three  phases  to  supply  220- 
volt  single-phase  energy.  Each  transformer  must  have  capacity  to  carry 
the  entire  secondary  single-phase  current,  so  that  the  total  transformer 
capacity  must  be  1.5  times  the  load. 

PBOTECTITZ  A7PAKATT78 

U9.  The  iiisertion  of  fuMi  for  protaction  In  low-tenalon  lighting 
•yatama  has  become  universal,  because  of  the  low  cost  of  fuses  as  compared 
with  circuit  breakers.  In  power  systems  where  the  cirouits  arc  opened  fre- 
quently, the  circuit-breaker  is  found  preferable. 

ISO.  Plug-fuaaa.  The  fire  hazard  from  the  flash  which  occurs  at  the 
melting  of  a  fuse  led  to  the  development  of  anclosad  fuses,  the  earliest  of 
which  was  the  Edison  plug-fuse,  which  is  used  very  generally  on  circuits  up 
to  20  amp, 

Ul.  Cartridge  f uaai.  Cartridge  fuses,  consisting  of  a  tube  of  fibrous 
material  in  which  the  fuse  is  mounted,  with  a  filler  of  fire-resisting  powders 
are  used  largely  on  circuit  operating  at  250  to  600  volts.  Cartridge  fuses 
have  been  fully  standardizecl  by  the  National  Electrical  Code  as  to  voltage 
and  current  as  follows:  250-voIt:  0-30  amp.,  31-60  amp.,  61-lCO  amp., 
101-200  amp.,  and  201-500  amp.'i  60(>-volt:  0-30  amp.,  31-60  amp., 
61-100  amp.,  and  101-200  amp. 

in.  The  law  of  the  operation  of  fuaaa  was  discovered  by  Preeoe  in 
1888.    It  may  be  stated  in  the  form. 

Current  -o-\/d»  (8) 
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d  being  the  diameter  of  the  wire  expressed  in  inches.  The  vslue  of  the  con- 
stant "a"  varies  with  the  kind  of  metal  used.  For  copper  it  is  10,244:  for 
aluminum  7,585,  for  lead  1,379,  for  tin  1,642  and  for  iron  3,148. 

ISS.  Tusinjr  OurranU  of  Copper  and  Aluminum  Wlt«i 


Sise  of  wire,  A.W.G. 

8          10 

12          14 

16     1     IS     1     20 

V(d)»- 

0.04e'o.03Z5 

0.229|0.0162 

0.0114 

O.008i;o.0OS7 

Fuaing  current  of  cop- 

472 

334 

235 

166 

117 

83 

58 

Fusing  current  of  alu- 
minum (amp.) 

349 

246 

174 

123 

86 

61 

43 

I 


1S4.  The  protection  of  a  diatrlbutlnc  syitom  U  neceuuUy  »  oom- 
promiM  amont  oonfllctliiff  conditions.    Location  of  fusM  should  be 

such  that  the  area  affected  by  the  operaUon  of  a  fuse  is  as  small  aspossibte. 
Od  the  othar  hand  a  fuse  is  prone  to  operate  when  it  should  not;  tnerefore 
fuses  should  not  be  multiplied  unneoessarily. 

190.  Fusot  In  OTorhoad  altematinc-cuxrant  llnoa.  Where  tite  mains 
are  not  interconnected,  experience  has  demonstrated  that  very  few  fuses 
^ould  be  used.  The  principal  branches  should  be  provided  with  dlaoon- 
neet-swttchei  which  can  be  readily  used  in  locating  trouble,  and  the  use 
of  fuses  should  be  limited  to  branches  where  there  is  a  continuous  hasard  such 
as  trees,  or  a  very  long  run  which  is  otherwise  exposed.  When  a  branch  or 
feeder  is  in  trouble,  it  is  isolated  by  the  use  of  disconnect-switches  and  all 
dependent  branches  affected  are  transferred  to  adjoining  cdrouits  through 
emergency  disco nnect-s witches  provided  for  the  purpose. 

156.  In  underground  low-toniion  networks,  the  sootlonaUslnf 
(with  fuses)  must  be  done  with  great  thoroughness  owing  to  the  density  of  the 
load,  the  length  of  time  required  to  make  repairs  and  the  importanoe  of  the 
service.  Trouble  on  a  distributing  main  should  be  limited  to  the  block  in 
which  it  occurs,  and  if  lines  are  carried  on  both  rides  of  the  street,  to  one 
side  of  the  street.  It  is  practice  to  place  fuses  at  all  junction  points  in  net- 
works. .  Sheet-copper  fuses  are  generally  used  for  this  purpose.  The  sec- 
tion of  the  copper  where  fusion  takes  place  is  designea  to  fuse  at  about 
twice  its  normal  load. 

157.  The  (oedors  are  fused  at  the  point  where  they  connect  Into 
the  network,  to  protect  the  network  against  trouble  on  the  feeder.  It  is 
not  usual  to  provide  fuses  on  low-tension  feeders  at  the  station,  as  the  opera- 
tor on  duty  can  open  the  switch  in  case  it  is  necessary. 

1S8  .Fuses  at  subway  transformers.  When  the  network  is  fed  by 
subway  transformers,  an  additional  link  is  introduced  in  the  system.  Bou 
sides  of  the  transformer  should  be  connected  to  the  system  through  Juno- 
tion  boxeaso  that  the  unit  can  be  easily  cut  off  from  the  system  if  it  bums  out. 

189.  Line  transformers  should  be  proTlded  with  primary  fnsoi  of 
such  sise  that  they  will  not  blow  unnecessarily.  The  poroelam  type  of 
fuse  furnished  with  the  transformer  has  proven  very  saosfactory  for  trans- 
formers up  to  20  kw.  Aluminum  is  used  as  the  fuse  nietal  up  to  16  amp. 
or  20  amp,  at  2,200  volts.  Above  25  amp.  various  types  of  fuse  have  been 
tried,  but  the  amount  of  energy  concentrated  at  the  arc  makes  tiie  prob- 
lem difficult.  Some  of  these  give  promise  of  success,  but  practice  is  not  at  all 
standardised.  The  cartridge  fuse  is  effective  to  60  amp.,  but  it  is  difficult 
to  keep  it  dry  enough  to  prevent  the  filler  from  absorbing  moisture  when 
used  out  of  doors. 

140.  Clreuit-breakors  are  the  preferable  means  of  proteetion  where 
automatic  cut-outs  operate  at  frequent  intervals,  and  also  for  cirouits  operat- 
ing at  hi^h  voltages,  controlling  loads  of  100  kw.  and  upward.  In  general, 
the  circuit-breaker  is  expensive  in  first  cost  but  inexpensive  in  operation. 
while  the  use  of  fuses  involves  a  considerable  maintenance  charge,  but  smalt 
first  cost. 
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On  low-poteatial  urcuits  the  circtiit-breaker  conmats  of  a  switch  of 
suitable  dmigii,  with  which  is  combiiied  a  series  coil  so  arranged  that  it 
lifts  a  movable  core  and  releases  a  spring-aGtuated  mechaniBm  which  opens 
the  switch.  Circuit-breakers  are  destsned  so  that  they  may  be  adjusted 
to  operate  at  any  point  between  80  per  cent,  and  150  per  cent,  of  their 
rated  capacity. 

In  blch-potentlal  lyatems  a  series  transformer  may  be  installed  at  a 
convenient  point  to  operate  the  tripping-coil  of  the  circuit-breaker.  On 
circuits  operating  at  pressures  above  600  volts  the  switch  is  designed  to 
break  in  oU. 

141,  The  operatiiic  znschuiiszn  of  the  oircuit-breaker  may  be 
controlled  by  hand,  or  electrically  by  means  of  solenoids.  In  hand- 
Op«r&t6d  breakers  the  energy  reqmred  to  open  the  circuit  is  stored  in  q>rings 
compressed  during  the  act  of  closing.  In  electrioftUjr  operated  brealcen 
the  power  for  both  closing  and  opening  the  circuit  is  supplied  through 
solmoids  or  motors. 

The  larger  sixes  of  circuit-breakers  and  those  operating  at  the  higher 
voltages  are  xisually  controlled  deotrieally,  on  account  of  the  power  re- 
quired, and  because  of  the  greater  facility  of  operation.  Continuous 
current  is  usually  available  in  generating  stations  and  substations,  from  the 
exciter  system,  and  is  therefore  used  for  the  operation  of  solenoid-controlled 
breakers  where  possible.  Motor-operated  breakers  are  often  equipped  with 
alternating-current  motors. 

141.  Kelayi.  It  is  usual  to  design  relays  for  operation  with  an  inTerie 
tima  elemant;  that  is,  with  a  relay  set  to  operate  at  100  amp.  after  10 
sec.,  it  will  operate  at  about  300  amp.  in  5  sec.  and  almost  instan- 
taneously at  1,000  amp.  This  oharaoteriatio  gives  prompt  action  in  open- 
ing the  une  under  short-circuit,  while  reducing  the  likwnood  of  unneces* 
aary  interruption   under  brief  overloads. 

14S.  The  mrr%ng9xa9nt  of  relays  must  be  such  that  a  short-circuit 
between  any  two  wirea  will  operate  the  breaker.     On  sin^e-phase  circuits 
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Fio.  42. — Relay  arrangements  for  two-phase  and  three-phase  circuits. 

one  rela^  is  sufficient  to  accomplish  this.  On  two-phase  ^rstems  supply- 
ing lighting  and  motor  service  it  is  desirable  to  provide  separate  relays  and 
circuit-breakers  for  each  phase.  In  the  three-phase,  three-wire  system 
without  grounded  neutral,  relays  are  required  in  two  of  the  three  wires;  the 
three-pole  type  of  circuit-breaker  is  used.  In  the  three-phase,  four-wire 
system  having  the  neutral  point  grounded,  it  is  essential  that  relays  be  in- 
stalled in  each  phase  wire,  with  single-pole  breakers;  in  case  of  a  ground  on 
one  phase  the  corresponding  circuit-breaker  opens  without  interrupting  the 
lighting  service  on  the  other  phases  (Fig.  42). 

144.  Belays  on  three-phase  transmission  lines.  It  is  customary  to 
provide  relays  at  the  point  of  supply,  commonly  called  overload  relays. 
Where  several  lines  arc  operated  in  parallel,  further  protection  is  necessary. 
When  the  lines  are  connected  to  the  same  bus  at  each  end.  a  short-circuit 
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will  draw  enero'^  from  both  enda  and  cirouit^breakers  miut  be  proTidsd  at 
both  buaaefl.  The  relays  at  the  receiving  end  must,  however,  be  of  a  typs 
which  will  operate  only  on  reversal  of  the  flow  of 
energy.  The  oonverting  equipment  is  provided 
with  reverse-power  relays  on  the  secondary  aide. 

148.  Speed-Umltiiic  deTlcM.  It  is  importast 
that  synchronous  converters  be  protected  by  speed- 
limiting  devices  designed  to  operate  the  direct-cur- 
rent circuit-breaker  when  the  speed  exceeds  a  safe 
value. 

146.  Lightnlnff  Protection.  Overhead  dis- 
tributing lines  are  susceptible  to  the  effects  uf 
lightning.  A  discharge  among  the  clouds  causes  an 
abrupt  discbarge  of  potential  on  the  wires,  which 
must  be  given  an  opportunity  to  escape  to  earth 
without  injuring  the  insulation  of  the  apparatus. 

14T.  The  function  of  Urhtninff-arreateani  is 
to  protect  apparatus  by  passing  the  discharge  of 
lightning  to  ground,  without  perniitting  the  arc  tbas 
established  to  be  maintained.  This  may  be  accont- 
plishcd  on  potentials  up  to  000  volts  by  a  abort  gap 
of  non-arcing  mclal.  At  2,200  volts  or  higher, 
several  gaps  in  series  are  necessary,  with  a  reei^- 
ance  to  limit  the  current.  Since  ench  wire  of  the 
ciieuit  is  affected,  discharge  gaps  must  be  provided 
between  each  wire  and  ground. 

In  lyitemi  having  one  aide  frounded,  every 
diBoharge  is  likely  to  De_  followed  by  the  generator 
current,  as  there  is  a  fixed  difference  of  potential  between  the  circuit  and 
earth.  Arresters  on  grounded  system.'*  must,  therefore,  meet  more  severe 
requirements  than  those  on  ungrounded  systems. 

The  problem  of  protection  of  transmission 
lines  becomes  more  complex  as  the  voltage  is 
increased,  and  the  study  of  protective  methods 
for  lines  operating  at  20,000  volts  and  up- 
ward is  leading  to  new  developments  every 
year.  The  diHcussion  in  this  Kection  will  be 
restricted  to  alternoting-current  distributing 
systems  operating  at  less  than  5,000  volts. 

148.  Typea  of  Arresteri.  The  wide  range 
in  severity  of  lightning  flashes  makes  it  well- 
nigh  impossible  to  design  an  arrester  which 
will  protect  apparatus  and  yet  withstand  the 
efTecta  of  a  direct  stroke  at  any  point  nearby. 
The  arresters  described  in  the  succeeding  para- 
graphs  (Par.  149  to  18S)  include  the  leading 
commercial  types  which  have  been  used  in 
distribution  work. 

149.  Tho  Oarton-DuiieU  uroftor.  Fig. 

43,  consists  of  air  gaps  and  resistances,  with  a 
solenoid  so  arranged  that  the  plunger  is  raised 
by  the  passage  of  the  generator  current,  thus 
placing  additional  gaps  in  series  and  rapidly 
diminishing  or  stopping  the  flow  of  energy. 
The  lightning  diacharge  passes  across  the 
shunted  gaps  to  ground  owing  to  the  induc- 
tance of  the  solenoid. 

180.  Multi-rap  arreiter.    A  modification  -^    ..      x*,.u; i:  u* 

of    the   spark-gap  and  resistance  typo  of  ar-   ^'°' -^1;"^! "l^:f  *P  ^*»*" 
Tester  has  been  employed   quite   extensively.  *""«  arrciier. 

This  is  illustrated  in  Fig.  44,  as  made  for  2,300 

volts,  and  consists  of  throe  paths  of  discharge,  one  of  which  has  a  hish 
resistance  (100,000  ohms),  another  a  resistance  of  about  300  ohms,  anda 
third  which  consists  of  13  or  14  gaps  without  resistance.     The  impedance 
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of  the  unit  is  such  that  discharges  of  very  high  frequency  pais  over  the  13 
gaps,  while  those  of  lower  frequency  pass  over  the  smaller  number  of  gaps 
through  one  of  the  resistances.  A  slightly  modified  form  is  shown  in  Fig.  45. 
181.  The  alumlnuzn-cell  arrester  has  given  good  results  because  of 
its  ability  to  stop  tho  Sow  of  current  promptly  and  safely. 
It  has  been  found  especially  valufible  at  transmiseion 
voltagee  where  its  expense  is  justified  by  the  importance 
of  the  service.  It  is  not  suited  for  outdoor  distribution 
work,  since  it  requires  daily  charging  and  supervision 
and  cannot  be  left  continuously  in  circuit. 

ISt.  The  eompreulon  type  of  Arreit«r,  Fig.  40, 
consists  of  a  series  resistance  with  air-gaps,  assembled 
inside  of  a  porcelain  tube,  the  top  of  whicn  is  capped  and 
sealed.  The  air-gaps  are  surrounded  by  a  grounacd  strip 
of  iron  outside  of  the  tube,  which  acts  as  a  means  of 
equalising  the  potential  gradient.  The  discharge  of 
the  arrester  expands  the  air  and  compresses  it,  since  the 
tube  is  sealed;  hence  the  name  compression  type.  This 
arrester,  having  but  one  path  to  ground,  is  of  limited 
capacity. 

15S.  Looatlon  of  arreiteri.  All  of  the  above-de- 
scribed types  of  arresters  are  in  general  use  on  distributing 
systems  in  America,  and  each  gives  reasonably  good  pro- 
tection to  apparatus  when  placed  in  its  immediate  vicinity.  Experience  has 
fully  demonstrated  that  lightning  discharges  do  not  travel  any  great  dis- 
tance along  a  line,  owing  to  the  very  high  frequencies  of  this  form  of  energy. 
The  arrester  must,  then,  be  locateci  as  near  tho  apparatus  as  practicable,  and 

preferably  on  the  same  pole.  Complete 
protection  of  distributing  transformers 
would  require  that  an  arrester  be  placed 
on  every  transformer  pole. 

The  experience  of  large  companies, 
however,  nas  been  that  the  cost  of  the 
damage  to  apparatus  from  lightning  is 
not  as  large  aa  the  fixed  charges  on  the 
arrester  equipment,  when  complete  pro- 
tection is  provided.  The  exact  point  at 
which  these  two  elements  of  cost  be- 
come a  minimum  varies  with  the  value 
and  the  sixe  of  the  transformers,  since 
it  costs  as  much  to  protect  a  1-kw.  unit 
aa  a  50-kw.  unit.  Practice  has  not  yet 
become  standardised,  as  the  subject  is 
still  being  studied  and  reliable  conclu- 
sions can  be  reached  only  after  a  num- 
ber of  years'  further  experience. 

154.  Th«  ut«  of  Uffhtnlnff-ureit- 
«n  on  transformer  poles  nas  been 
found  to  materially  diminish  the  number 
of  interruptions  of  service  due  to  blow- 
ing of  transformer  fuses,  and  this  tends 
to  make  the  more  Uberal  use  of  arrest- 
ers desirable. 

OTSKHBAD  COHST&VCTXON 

1S8.  Oeneral.  Overhead  construc- 
tion is  an  economic  necessity  in  a  large 
f»art  of  every  city.  The  Inveitment 
or  ovcrhoacl  lines  in  outlying  districts 
usually  is  from  15  per  cent,  to  30  per 
cent,  of  that  required  for  underground  construction,  and  it  is  obvious  that 
overhead  construction  must  be  used  wherever  feasible,  to  keep  the  invest- 
ment within  profitable  Umita. 

In  many  casfts  the  objection  to  overhead  lines  ia  minimised  by  loeating 
them  in  alloys. 


Fio. 


46. — Compression  lightning- 
arrester. 
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116.  Polu.  Distribution  lines  are  neoeasarily  carried  on  wooiien  pol«. 
Iron  poles  are  objectionable  on  aooonnt  of  the  nak  to  linemen  in  h&ndling 
"live  primary  circuits.  Iron  poles  are  used  in  some  oases  for  street- 
lighting  circuits  which  are  so  operated  that  it  is  not  necessary  to  do  any  work 
on  them  while  they  are  "alive."  The  coit  of  iron  poles  is  about  twice 
that  of  wooden  poles. 

KT.  Ooneret*  polai  are  being  used  insreoaingly  in  sections  where  the 
ravages  of  insects  and  the  nature  of  the  soil  make  the  life  of  wooden  poJss 
very  short.  They  are  also  being  introduced  for  transmission  work  in  plaees 
where  iron  poles  would  otherwise  be  required. 

IBS.  The  woodi  which  are  bait  lultad  for  pot*  work  are  Mieiiican 
cedar,  Western  cedar,  chestnut,  pine,  and  cypress. 

in.  The  MlehiEan  eedu:  grows  with  a  natural  tapar  of  about  1  in.  in 
diameter  to  every  S  ft.  or  6  ft.  of  length,  making  a  very  substantial  nai 
rigid  pole. 

160.  Th«  WMtam  Mdar,  wMeh  grows  in  Idaho  and  Oregon,  haa  a 
natural  taper  of  about  1  in.  in  8  ft.  to  10  ft.  of  length.  For  the  same  aiae  of 
top  the  diameter  of  the  butt  is,  therefore,  smaller  than  that  of  the  Michigan 
cedar.  The  surface  of  Western  cedar  is  smoother  than  that  of  the  Michigan 
cedar  and  the  poles  are  very  straight  and  neat  in  appearance.  It  is  neces- 
sary on  important  lines  to  use  nothing  smaller  than  8-in.  tope  with  these 
poles,  in  order  to  secure  adequate  diameter  at  the  ground  line. 

161.  Th*  eheatnut  pole  is  quite  different  from  the  cedar  poles.  The 
specific  gravity  of  the  wood  is  high  and  the  surface  is  irregular  and  knotted, 
making  the  appearance  of  the  chestnut  pole  not  as  good  as  that  of  cedar. 

16t.  Pins  and  eypreii  i>oles  are  more  like  oedar  in  their  general  ohar- 
acteristics  of  weight  and  strength.  Their  use  is  limited  to  sections  of  the 
country  where  the  timber  is  native,  as  their  life  is  comparatively  short. 

16S.  On  the  Paoifle  coast,  OalUomla  radwood  and  some  other  nsttvc 
woods  are  used  very  generally. 

16i.  Pole  Itreusi.  The  stress  acting  on  a  pole  at  the  top  causes  a  ten- 
sion in  the  fibre  of  the  wood  on  one  side  of  the  pole  and  a  compression  on 
the  opposite  aide.     For  a  round  pole  the  maximum  fibre  stress  is: 

,     38*  f£  „  .    .  _ 

^"3.14  (d)«  ab.p«r«,.m.)  (7) 

in  which  P  is  the  pull  at  right  angles,  in  pounds,  at  the  distanee'L  ft.  above 
ground,  and  d  is  the  diameter  at  the  ground  line,  in  inches.     Expressed  in 

another  form,  Eq.  7  becomes, 

'  f384Pi  ,.    , 

STlV  ^'"-^  ^"^ 

The  unit  stress /should  be  taken  at  not  more  than  10  per  cent,  to  12  per  cent, 
of  the  lUtimate  breaking  strength,  as  determined  by  tests  of  the  timber 
In  the  form  of  poles;  that  is,  the  IMStor  of  safety  should  be  from  8  to  10. 
Cedar,  redwood  and  pine  have  an  nltlmate  breaking  strength  of  about 
7,000  lb.  per  sq.  in.  when  tested  in  the  form  of  large  timbers.  Chestnut 
is  slightly  stronger,  having  a  strength  of  8,000  lb.  per  sq.  in. 

161.  Izample  of  o«IeuIatian  of  pole  diameter.^  If  a  s^lf-sustaining 
(unguyed)  pole  is  to  support  a  line  which  exerts  a  horisontal  pull  of  800  lb. 
at  a  heif ht  of  30  ft.  above  the  ground,  what  should  be  its  diameter  at  th* 
ground  line  to  safely  carry  the  load? 

/-A  of  7,000-700;  P  =  800,  i- 30  ft. 


■^i 


'-^- 


1384X800X30  _ 
3.14X700 


TUa  would  call  for  the  use  of  a  3S-ft.  pole  with  a  butt-diametar  of  16  in.  at 
Uie  ground  line.  The  top-diameter  A  a  Michigan  oedar  pole  of  this  sis* 
would  be  from  8  in.  to  9  in.  In  city  practice  where  turns  are  made  at  right 
angles,  which  cannot  be  supported  by  a  guy,  the  use  of  such  poles  is  often 


166.  Wind  pretnira.     The  design  of  pole  lines  to  withstand  wind  praa- 
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■ure  must  be  considered  where  they  are  expoeed,  though  the  aversgi  pole- 
line  distribution  is  so  protected  by  Duildincs  and  trees  that  it  is  not  subject 
to  the  full  force  of  winostorms.     The  vind  pressure  on  a  normal  flat  surface  is 
p- 0.004  V«  (lb.  per  sq.ft.)  (9) 

where  F  is  the  rdocity  in  miles  per  hr. ;  if  Weather^Bureau  observed  velocities 
are  used,  they  should  be  corrected.  *  ThuBp=-401b.  persq.  ft.  at  100  miles 
per  hr.,  22.6  lb.  at  75  miles,  10  lb.  at  50  miles,  and  2.5  lb.  at  25  miles.  The 
pressure  on  a  cylindrical  surface  whose  axis  is  normal  to  the  wind  is  one-half 
that  on  a  plane  surface  equal  in  area  to  the  projected  area  of  the  cylinder. 
rhus  for  round  smooth  wires: 

p  -  0.002  y«  (lb.  per  eq.  ft.)  (10) 

For  bare  concentric  strands  H.  W.  Buckf  found  that  the  constant  in  Eq.  10 
is  0.0025. 

The  wind  pressure  on  a  40-ft.  pole,  of  which  34  ft.  is  above  ground,  with 
7-in.  top  and  14-in.  butt,  would  be  calculated  as  follows.  Projected  area* 
{(7-|-14V2)X34X12-4,284  sq.  in.-2«.75  sq.  ft.  Assuming  a  wind 
velocity  of  60  miles  per  hr.,  p  -  0.002 X  (80) »- 7.2  lb.  per  sq.  ft.  Total 
pressure  on  pole-29.76X7.2— 214  lb.     TUs  force  acts  at  the  centra  of 

f:rsvity  of  the  projected  area,  which  is  along  narrow  trapesoid;  or  15.1  ft. 
rom  the  ground-line.  The  moment  of  this  force  about  the  ground-line  is 
therefore  214X16.1-3,230  Ib-ft.  Taking  the  diameter  of  No.  S  A.W.Q. 
triple-braid  weather-proof  wire  as  0.32  in.,  the  total  wind  pressure  at  60 
miles  per  hr.,  on  a  12<>.ft.  span,  would  be  23  lb.  and  on  twenty  wires  it  would 
be  460  lb. ;  this  resultant  force  would  act  at  apoint  about  3  ft.  below  the  top 
of  the  pole,  or  31  ft.  from  the  ground-line.  The  reeulting  moment  would  be 
14,260  Ib-ft.  The  sum  of  the  wind  pressures  on  pole  and  wires  would  be 
3,230-(-14,260-17,4e01b-ft.  A  rough-and-ready  rule  is  sometimes  used  that 
the  wind  pressure  on  the  pole  itself  is  about  equal  to  that  on  five  No.  6 
A.W.G.  weather-proof  wires. 

Hi^h  wind  velocities  are  attained  at  times  in  nearly  all  parts  of  North 
America,  and  it  is  advisable,  therefore,  to  provide  pole  braces  or  guys  on 
exposed  lines. 

m.  Selection  of  poles.  It  is  usual  to  select  poles  with  7'^n.  tops  for 
iinportant  distributing  lines. 

The  heiffht  of  the  poles  selected  for  distribution  purposes  must  be 
governed  by  the  clearance  over  local  obstructiona  and  also  by  the  number  of 
croes-arms  to  be  carried  on  the  poles.  Clearance  over  treee  is  eepeoiallv 
troublesome  in  residence  sections  where  trimming  will  not  be  permittea. 
In  general  it  is  desirable  to  use  poles  not  less  tnan  30  ft.  long  where 
primary  lines  are  carried,  and  in  built-up  sections  a  minimum  sise  of  35  ft. 
IS  preferable. 

_1M.  Pole*  for  Joint-Una  oonatructlon.  Where  joint-line  construction 
with  standard  cross-arms  is  used,  it  is  not  usually  possible  to  employ  poles 
shorter  than  35  ft.  In  a  few  cases  the  lines  have  been  placed  in  cable  and 
carried  on  25-ft.  poles  on  rear-lot  lines.  The  use  of  poles  over  40  ft.  long 
is  to  be  avoided  wherever  possible,  on  account  of  the  cost,  the  increased 
danger  in  storms  and  the  oiffioulty  of  handling  transformers  and  serviea 
connections. 

IM.  Poles  should  ba  ipaoad  in  approximately  equal  span  lengths  of 
about  100  ft.  to  125  ft.,  to  keep  the  sag  within  safe  limits  and  to  provide  a 
sufficient  number  of  paints  at  which  service  drops  may  be  taken  off.  The 
spans  near  self-supporting  corner  poles  should  be  about  75  ft.  long  in  order 
to  relieve  the  strain  on  the  comer  pole.  The  polM  should  be  placed  oppo- 
site lot'jines  to  avoid  interference  with  .the  rights  of  abutting-property 
owners. 

ITO.  Shaving  and  painting.  It  is  considered  good  policy  to  carefully 
shave  all  poles,  trim  the  knots,  and  give  them  two  costs  of  paint.  _  A 
dark  green  color  is  ver^  commonly  used  because  of  its  harmony  with 
foliage  in  residence  districts. 

•  Fowie,  F.  F.  "A  Study  of  Sleet  Loads  and  Wind  Velocities;"  Slectrieal 
World,  Vol.  LVI,  1910,  p.  995. 

tBuck,  H.  W.  "The  Use  of  Aluminum  as  an  Electrical  Conductor;" 
Tmiu.  International  Electrical  Congress,  St.  Louis,  1904. 
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ITl.  Stepping.  Transformer  poles  and  others  which  are  climbed  at 
frequent  iuterviua  should  be  provided  with  pole  steps.  It  is  the  practice 
in  many  of  the  large  city  systems  to  provide  steps  on  ul  poles. 

17S.  Oainlziff.  The  sains  should  be  cut  for  the  cross-arms  before  the 
poles  are  erected.  The  distance  between  cross-arm  centres  must  bo  suffi- 
cient to  give  clearance  for  service  drops  and  allow  a  safe  working  space  for 
linemen.    The  space  usually  allowed  is  about  24  in. 

178.  Pole  setting:.  Experience  has  proven  that  the  following  practice 
is  conservative,  as  regards  the  depth  offsetting. 


Siie  pole  (ft.) 

30 

35 

40 

45 

50 

55 

60 

70 
7.5 

Depth  (ft.) 

5 

5.5 

6 

6.5 

6.5 

7 

7 

Corner  poles  should  be  act  about  G  in.  deeper  than  the  above.  In  rocky 
soil  where  boulders  may  be  tamped  about  the  poles,  they  need  not  be  set 
as  deep. 

The  poles  should  be  placed  so  as  to  bring  their  natural  curvature  into  the 

plane  of  the  line.  At 
corners  a  slight  rake 
may  be  given  in  a  di> 
roction  opposite  to  the 
pull  01  the  load, 
beveral  tampers  should 
be  employed  to  one 
shoveler,  in  back- 
fllUnff,  in  order  to  in- 
sure the  stability  of  the 
pole.  Water  may  be 
used  to  advantage, 
where  available,  in  »et- 
_  ^___^     tling  the  back-fill.      In 

g^^|gnw;iswampy  soil,  the   dig- 


h   33    1 
FiQ.  47. — Methods  of  setting  self-sustained  poles. 


flng  of  holes  is  greatly 
acilitftted  by  the    use 


r< — io^-->i  .         -  - 

'  of  a  sand-barrel. 
This  consists  of  a 
sheet-iron  cylinder 

about  30  m.  in  diameter  and  3  ft.  long,  which  is  separable  into  two  parts 
lengthwise,  and  is  readily  removed  after  the  pole  is  in  place.  Various 
methods  of  setting  are  shown  in  Fig.  47. 

174.  QuTing  and  bracing.  Where  the  direction  of  a  line  changes,  the 
tension  of  the  wire  should  be  supported  by  guying  or  bracing.  The  bracing 
method  requires  consider- 
able space,  and  is  more  un- 
dightly  than  a  guy.  Guys 
arc  secured  in  various  ways, 
depending  upon  the  apace 
and  the  clearance  required. 
Where  nothing  prevents,  the 
guy  cHble  may  be  secured  to 
an  anchor  of  timber  or  some 
form  of  patent  anchor  (Fig. 
48).  On  public  thorough- 
fares guys  cannot  be  run  di- 
rectly to  anchors  without « 
interfering  with  trafBc.  and  j 
the  guys  must  bo  run  to 
Stubs  at  such  height  vl^  to 
permit  free  passage  of  traffic 
beneath.  Uuys  over  roadways  should  clear  about  25  ft.,  and  those  over 
pathways  about  12  ft.  (Fig.  48). 

Where  side-arm  construction  is  used  it  is  necessary  at  corners  to  guy 
the  cross-arms  as  well  as  the  poles.  At  heavy  corners  a  "head"  guy  is  run 
from  the  base  of  the  corner  pole  to  the  upper  part  of  the  next  pole  in  the  line. 

y^^iDUyiC 


Anchor  and  stub  guy. 
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The  tension  in  the  corner  spans  may  thus  be  reduced,  relieving  the  strain 
on  the  corner  pole.  ^  In  straight-awsy  lines  the  head  guy  is  used  to  limit  the 
extent  of  damage  in  case  several  poles  go  down;  this  is  sometimes  called 
*' storm  guying." 

176.  GalTanlzed  iteel  cable  ia  generally  employed  for  ^ylng  pur- 

poaes  because  of  its  high  tensile  strength.  Such  cable  is  made  m  sizes  va^- 
ing  in  diameter  by  steps  of  ^-in.,  from'^in.  up.  The  ultimate  break- 
ing strenfth  of  i-in.  cable  is  about  3,000  lb.;  A-in-  4,500  lb.;  {-in.,  6,000 
lb.;  and  i-in.,  12,000  lb.  Having  calculated  the  tension,  the  sise  of  guy 
cables  should  be  such  that  the  strain  will  be  from  one-fourth  to  one-fifth  the 
ultimate  breaking  strength  of  the  cable,  or  the  factor  of  aafety  of  the 
ateel  cable,  from  4  to  5.  Anchors  should  be  placed  at  a  distance  from 
the  pole  not  less  than  one-quarter  the  height  of^  the  guy  attachment.  In 
general,  }-in.  cable  is  used  for  the  smaller  loads,  while  the  {-in.  size  is 
standard  for  corner  poles  where  the  load  of  the  ordinary  two-arm  to  three- 
arm  distribution  line  is  to  be  supported. 

176.  Strain  Inaulatora.  It  is  important  that  guy  cables  attached  to 
stubs  be  equipped  with  strain  insulators  not  less  than  8  ft.  from  the  ground. 
This  precaution  is  advisable  for  the  protection  of  the  public  and  of  linemen. 

177.  Croas-arma.  Southern  pine  and  Oregon  flr  are  the  best  woods 
for  cross-arms  because  of  their  straight  grain,  high  tensile  strength,  and 
durability.    The  croaa-aection  should  be  such  that  the  arm  will  safely  bear 


,  .    6  Plii  Arm 


4  Pin  Arm 

Fia.  40. — DimenBioDfl  of  standard  crosa-arms. 

the  weight  of  a  lineman  in  addition  to  that  of  the  wires.  Experience  indi- 
cates that  a  cross-section  3.5  in.  wide  by  4.5  in.  high  is  ample  for  the  avera^ 
requirements  of  distributing  lines.  For  transformera  of  20  kw.  and  larger  it 
ia  usual  to  provide  arms  of  a  larger  cross-section.  Main  lines  are  commonly 
built  of  six-pin  arms,  with  four-pin  arms  on  the  smaller  distributing  lines. 
Where  secondaries  for  both  lighting  and  motor  service  must  be  carried  on  the 
same  arm,  it  is  usually  necessary  to  employ  six-pin  arms. 

The  ipaclng  of  plzu  should  provide  safe  working  room  for  linemen  and 
should  take  into  account  the  average  sag  of  the  wires.  Under  the  usual 
working  conditions  of  distributiug  lines,  it  is  not  safe  to  attempt  to  use  spac- 
ings  less  than  12  in.  The  spacing  of  the  pole  pins  must  give  sufficient 
room  for  the  men  to  climb  to  the  upper  arms,  at  least  30  in.  being  required  for 
safety.  The  dimensions  and  spaclngs  of  standard  cross-arms  are  shown 
in  Fig.  49. 

178.  Double  croBB-armi.  At  corners,  terminals,  and  other  pointa 
where  any  unusual  load  is  to  be  supported,  the  poles  should  be  fitted  with 
double  arms.     In  turning  corners  on  a  single  pole,  the  double-arming  of 
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both  seta  of  arms  mokea  the  pole  difficult  of  access  to  Unemeo.  It  is  pnH- 
erable,  in  case  there  are  more  than  two  cross-arras,  to  double-arm  the  first 
pole  away  from  the  corner  in  each  direction,  aa  shown  in  Fig.  50. 

1T9.  Crois-arzn    flttincs.     Cross-arms    are    fastened    to    the    pole  by 
throuirh-boltfl  which  should  be  §  in.  in  diameter  and  from  12  in.  to  16  in. 

long.     The  side  on  which 


QcaJiGuj 
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the  weight  of  a  lineman  on  tiie  step. 


Ipsa  Ml  to  KMMd  f 


the  arm  is  attached 
known  as  the  face  of  tba 
pole.  Oroas-arm  braoM 
are  usually  made  of  strap 
iron  about  i  in.  by  1  in. 
and  26  in.  to  30  in.  long, 
and  are  attached  to  the 
pole  by  means  of  lag 
screws  and  to  the  cross- 
arms  by  stove  bolts.  Far 
aide-arma  it  is  usual  to 
use  a  brace  of  angle  iron. 
This  is  rigid  enough  to  bear 


180.  Orost-arm  plna.      Wooden  pizu  are 

preferred  for  distribution  work  on  account  ol 
their  low  cost  and  insulating  qualities.  Locust. 
elm,  oak  and  some  other  wooob  are  common,  but 
locust  is  superior  to  all  in  strength  and  durabil- 
ity. Iron  pina  are  commonly  used  for  transmis- 
sion lines  where  the  sixe  of  tne  insulator  necessi- 
tates a  pin  so  long  that  wooden  pins  are  not 
strong  enough  unless  made  undesirably  large. 

181.  Inaulatora.  The  common  type  of  insu- 
lator for  distributing  lines  is  that  known  as  the 
doep-|TOOTe  double-pettleoat  insulator,  shown 
in  Ilg.  SI.  The  dimensions  are  sufficient  to  carry 
4,000-voH  circuits  safely.  The  point  of  support 
is  low  and  the  side  strain  on  the  pin  is  a  mini- 
mum. These  insulators  are  made  in  ^ass  and 
porcelain.  The  glass  insulator  is  slightly  less 
expensive  than  the  porcelain  in  the  deep-groove 
double-petticoat  type,  as  is  most  commonly  used. 
Some  companies  are  using  porcelain  for  pri- 
mary wires  and  glass  for  tiocondaries,  as  a  means  of  assisting  linemen  in 
the  idenUfication  of  circuits.  Other  porcelain  types  for  higher  voltages  are 
also  shown  in  Fig.  51. 

188.  Wire  atrlntlnc*    In  erecting  wire*  the  tension  should  bo  made  suffi- 
cient to  prevent  too  much  sag  in  the  spans,  and  yet  not  so  great  as  to  unduly 
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Fia.  60. — Reinforcement 
of  comer  poles  by  double 
cross-arms  on  adjacent 
poles. 


6600  Tolt* 


11.000  Voitt 


I 


Fio.  51. — Sundnrd  types  of  inaulatora. 

atrcM  the  wire.     For  practical  purposes  the  approximate  formula  for  sac  and 
tension  given  by  Rankine  may  be  used: 

T^%  Ob.)  (11, 
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in  which  T  i*  the  tenaioii  in  pound*,  L  is  the  span  length  in  feet,  w  if  the 
wei^t  per  foot  of  conductor  &nd  S  is  the  su  in  feet  at  the  centre  of  a 
horuontal  ^an.  If  the  span  length  ia  doubled,  the  tension  must  be 
quadrupled  in  order  to  keep  the  aag  the  same.  If  _  the  tension  is  the 
same  on  several  spans  of  different  lengths,  the  sag  is  different  in  each 
span.  The  sag  of  any  span  when  the  tension  is  Imown  is  found  by  changing 
Eq.  11  to  the  form,  t-Lhu/HT. 

US.  The  maziinani  tomlon  In  a  Bpaii  is  limited  by  the  strength  of 
the  wire  and  supports.  The  nlUmftta  DreaUnc  itrexifth  of  annaaled 
ooitpar  wire  is  about  34,000  Ib^jper  sq.  in.,  but  the  working  stress  should 
not  be  over  one-fourth  of  this.  The  nltimat*  t«nsUa  itrenxtb  of  hard- 
drawM  wire  is  about  60,000  lb.  per  sq.  in.  Such  wire  is  left  in  the  hardened 
condition  in  which  it  comes  from  the  wire-drawing  dies,  which  gives  it 
greater  strength  and  stiffness.  The  bard-drawn  wire,  however,  shoula  notbe 
aoratehed  in  handling,  as  any  injury  to  the  surface  increases  the  likelihood 
of  fracture.  If  it  is  heated  for  soldering,  its  strenf;th  is  reduced.  Hard- 
drawn  wire,  therefore,  is  not  adapted  to  general  distribution  work  where 
t^M  must  be  made  with  soldered  connections  at  frequent  intervals,  but  for 
transmission  lines  and  seriee^arc  circuits  it  hss  advantages  which  are  generally 
recognised. 

1S4.  The  Mf  and  teailonof  weather-proof,  annealed  wire  and  bale, 
hard-drawn  wire  may  be  readily  determined  from  the  tables  in  Par.  IM 
and  Far.  IM. 

IW.  Saff  Table  tor  Weathar-ivoot  Annealed  Ooppar  Wire 


Sise  A.W.G.        1  10  ;  8 

6     U 

2          1 

0 

2/0 

3/OJ  4/0 

Tension  at  1  ft.  sag  (lb.) 
Sag  at  100  lb.  tension 

Weight  of  wire,  lb.  per 

1.000  ft. 
Breaking  stress  (lb.) 

62 
0.62 

02 
0.92 

140'  204    318 
1.40  2.04  3.18 

300 
3. a 

486 
4.86 

607 
6.07 

767'  942 
7.67  9.42 

SO 

74 

112    163    284 

312 

388 

486 

614    754 

283    440 

700|lll4,1772  2234|2818|3S53 

4480  S«SO 

IW.  Sac  Table  for  Bare  Bard-drawn  Copper  Wire 


Sise  A.W.O. 


10 


8 


4-     2 


1 


2/0    3/0    4/0 


39.3,     62 


Tension  at  1  ft.  sag 

(lb.)  ,  ,         ,         ,         , 

Su  at  100 lb.  tension  0.393  0.62  0.99'l. 57  1.61  2.02 


J.fi). 


4! 


eight  of  wire,  lb.  per    31.4 
1.000  ft.  I 

Breaking  stress  Gb.)  i     500 


99!  1571   16l!  202    400'  50s'  636'  800 
I         I         . 
4.0  5.05  6.36  7.80 


50:79. 5|  126    201'  253 


7^1240 


1  '"'I 


320 


778]  1240J  1960,3120^  3743|4560 


403 

6271 


508    640 
6590  8310 


tn.  Um  of  lag  tablaa.  The  tension  at  any  other  aag,  or  the  sag  at  any 
other  tension,  or  the  sag  or  tension  in  any  other  length  of  span,  may  be  readily 
found  from  the  Tables  (Par.  lU  and  IM)  as  follows: 

The  tension  at  any  other  sag  is  7"  -  T/S,  in  which  S  is  the  sag  in  feet  at 
which  the  tension  is  desired  and  T  is  the  value  at  1-ft.  sag  in  the  table. 
For  example,  the  tension  in  a  100-ft.  span  of  No.  0  weather-proof  wire  at  a 
deflection  of  2  ft.  is 

r-f-l|?-243  1b. 

Kmilarly,  the  sag  at  any  other  tension  is  S>-iSX  lOO/r.in  which  T  i«  the 
assumed  tension  and  8  is  the  value  of  sag  at  100  lb.  tension  in  the  table. 
For  example,  with  No.  0  weather-proof  wire  the  sag  at  300  lb.  is 
„,     SXIOO     4.86X100     ,.„,, 

For  spans  of  other  lengths,  the  sag  or  tension  varies  in  proportion  to  the 


sanare  of  the  length  of  the  assumed  span. 
MOO./ 


That  is. 


(12) 
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For  example,  with  No.  4/0  bare  wire  the  tension  with  a  span  of  ISO  ft.,  at 
1-ft.  sag,  would  be 


r'-(|^)'x800-1.800Ib. 


I  in  a  I50-fl 


Or  if  the  tension  of  the  line  were  100  lb.  in  all  the  spans,  the  i 
span  would  be 

188.  Kxpaniion  uid  contxftctlon  of  ipuu  With  teinp«rfttiir«  ohaacM. 

The  cbansea  in  sag  due  to  expansion  and  contraction  under  Tsrying  tempera- 
turea  are  of  much  importance  in  the  erection  of  the  conduoton.  Lines  ere«t«d 
during  the  winter  months  arc  likely  to  be  too  alaok  during  the  summer,  and 
allowance  should  be  made  accordingly.  The  length  of  wire  in  a  span,  dis- 
regarding the  elastic  stretching  due  to  the  load,  varies  in  proportion  to  tht 
coefficient  of  expansion  and  the  range  of  temperature: 

Lt~L^{l-\-ad)  (13) 

in  which  a  is  the  coefficient  of  expansion,  t  is  the  temperature  In  deg.  fahr. 
and  1*0  is  the  length  of  wire  at  sero  temperature.  When  the  length  La  ii 
known  at  some  ouier  temperature  d,  the  formula  becomes 

'"Hmd      .      <"> 

The  linear  coef!ieient  of  expansion  of  copper  is  0.000017  per  deg.  cent,  tf 
0.0000094  per  deg.  fahr.  P.  H.  Thomas  has  worked  out  a  graphical  solution* 
of  sag  problems  which  is  very  useful  where  accurate  results,  with  considermble 
Tariation  of  temperature  and  load,  are  rec^uired. 

In  practice  the  polo  supports  have  a  certain  degree  of  flexibility  which  tends 
to  taxe  up  part  of  the  slack  caused  by  expansion  and  to  prevent  exceaaiv* 
strains  being  placed  ou  the  wires  by  contraction  during  cold  weather. 

189.  Table  of  sags  recommended  by  National  Electric  Ll^ ht  Atto- 
Ciatlon.  The  following  table,  adopted  by  the  N.  E.  L.  A.,  represents  good 
practice  in  wire-stringing  at  various  temperatures,  the  deflection  at  the  centre 
of  the  (horizontal)  span  oeing  given  in  inches. 

.190.  Table  of  Standard  Sagi  Recommended  by  the  Fatloaal  Xlootric 

Ught  Association 

Deflection  (sag)  in  inches 


Span  in  feet 

Temperature  in  deg.  fahr. 

30 

40 

50 

60 

70 

80 

90 

SO 

8 

9 

.9 

10 

11 

11 

13 

60 

10 

11 

11 

12 

13 

14 

14 

70 

11 

12 

13 

14 

15 

16 

17 

80 

13 

14 

15 

16 

17 

18 

19 

«0 

U 

16 

17 

18 

19 

20 

21 

100 

16 

17 

19 

20 

21 

23 

24 

110 

18 

19 

21 

22 

24 

25 

20 

120 

10 

21 

23 

24 

26 

27 

28 

130 

22 

24 

26 

28 

30 

32 

33 

191.  Transformer  Installations.  Transformers  are  usually  supported 
on  cross-arms  by  means  of  iron  hangers.  This  class  of  construction  is  8uit> 
able  for  transformers  of  capacities  up  to  20  kw.  For  larger  -units  the  cross- 
arms  should  be  double,  and  heavier  than  the  standard  arm.  ^  Large  trans- 
formers which  cannot  be  placed  inside  the  building  are  often  installed  on  s 
platform  between  two  poles. 

198.  Orounded  secondaries.  To  protect  life  and  property  in  case 
a  primary  circuit  becomes  crossed  with  a  Becondary*  it  is  very  important 

*  Thomas.  P.  H.  **  Sag  Calculations  for  Huspended  Wires;"  Traaa.  Amer. 
Inst,  of  Eleo.  Eng.;  Vol.  XXX,  1911;  p.  2220. 
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that  the  secoadary  be  grounded.  This  is  preferably  done  by  conneotiog 
the  secondary  circuit  to  water  plpM  where  these  are  accessible.  Where 
the  srouod  must  be  made 
outdoors,  the  most  prac- 
ticable method  is  to  drive 
a  salvaniaed  iron  pipe 
into  the  ground  to  a 
depth  of  about  8  ft.  The 
points  to  be  grounded  in 
various  kinds  of  second- 
ary mains  are  indicated 
in  Fig.  52. 

19$.  The  grounding 
of  secondaries  up  to 
IBO  Tolts  has  beenre- 

auired  by  the  National 
lectricu  Code  since 
1013.  There  is  some 
doubt  as  to  the  advisabil- 
ity of  grounding  second- 
aries when  the  difference 
of  potential  between  any 
wire  and  ground  is  higher 
than  250  volts,  owing 
to  the  possibility  that 
shocks  from  such  a  sys- 
tem may  prove  fatal. 

194.  When  the 
ground  connection  Is 
made  to  a  pipe  at  the 
pole,  the  ground-wire  is 
preferably  prought  down 
the  pole  in  half-round 
wooden  moulding.  The 
Kfound-wire  may  be  sol- 
dered to  the  pipe  about  a 
foot  above  the  sround, 
or  may  be  attacned  by 
means  of  a  pipe  cap  as 
shown  in  Fig.  53. 


Star 
Connection 


Fio.  52. — Connections  for  grounded  secondary. 


195.  Arrangement  of  wires.  The  position  of  wires  on  the  cross-arms 
should  be  asaigDed  according  to  a  systematic  plan.  Circuits  should  be 
kept  on  the  aame  pins  throughout  their  course, 
to  fof^ilitato  maintenance  work.  In  general, 
through  lines  should  be  carried  on  the  upper 
arms  and  local  distributing  lines  at  the  bot- 
tom. All  the  wires  of  a  circuit  should  be  carried 
on  adjacent  pins.  Connections  carried  across 
the  pole  for  transformers  or  service  dro]^  should 
leave  one  side  of  the  pole  free  for  climbing. 

196.  Joint  occupancy  of  pole  lines.  The 
use  of  a  joint  line  of  poles  is  preferable  to  sepa- 
rate lines,  on  thoroughfares  where  there  are 
many  Ber\-ice  drops,  as  it  avoids  much  confu- 
sion. Where  jpoles  are  occupied  jointly  by 
both  electric-bght  and  telepnone  companies, 
the  lightinij  Vfires  should  alwavs  occupy  the  upper 
poaition.  A  clearance  of  about  4  ft.  should 
be  maintained  between  the  lower  lighting  wires 
and  the  telephone  wires.  Joint-line  construc- 
tion is  the  rule  in  most  of  the  larger  cities. 
For  details  of  recommended  forma  of  joint- 
line  construction,  see  the  "Report  of  Com- 
mittee on  Overhead  Line  Construction,"  Tran», 
N.  E.  L.  A.,  19U. 


Fw.  63. — Ground-pipe  cap. 
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197.  Idiioa  tub*  lyttem.  The  underKround  syatem  deviaed  by  Ediaoa 
OOQsiBtcd  of  20-ft.  lengths  of  iron  pipe  inside  of  which  were  copper  rods  im' 
bedded  in  compound  to  exclude  moiflture.  These  lengths  were  made  witb 
Vftfioufl  aiaes  of  conductor  from  No.  4  A.W.G.  up  to  500,000  cir.  mils  for 
mains  and  up  to  1,000,000  cir.  mils  for  feeders.  Feeder  tubes  were  pro- 
vided with  three  pressure  wires  to  indicate  at  the  station  the  pressure  at 
the  end  of  the  feeder. 

198.  Arruiffsmsnt  of  Idlson  tube  syitezn.  Edison  tube  is  joined  by 
stranded  oonneotors  enclosed  in  cast-iron  couplings  which  are  filled 
with  hot  compound.  At  interseotions  the  tuoM  are  interconnected 
through  fused  'junction  boxes.  Such  tube  lines  are  carried  along  each  side  of 
the  street  near  the  curb  except  where  consumers  are  scattered  or  where  an 
alley  is  used.  The  Edison  tube  system  was  the  standard  method  of  dis- 
tributing low-tension  energy  underground  jintU  about  the  year  1897,  The 
change  to  cable  was  made  on  account  of  the  inability  of  the  tube  feeden 
to  carry  overloads  without  causing  burn-outs.  The  necessity  of  opening 
street  pavements  in  each  case  where  repairs  were  made,  also  involved  con- 
siderable expense. 

199.  Conduit  syttems.  The  early  altematlng-ourrent  and  series-are 
^stems  which  were  installed  underground  were  unable  to  use  a  system  siniilar 
to  the  Edison  tubes  because  of  the  higher  voltages  employed.  They  were 
compiled  to  devise  a  drawn-in  conduit  system  with  manholes  for  hand- 
ling the  cables.  Creosoted  wooden  pump  log  was  tried  and  was  satisfactory 
for  some  classes  of  work,  but  was  too  short-lived  and  inflammable. 

Other  systems  were  devised  in  which  the  ducts  were  intended  to  provide 
insulation,  but  experience  proved  that  it  was  not  practicable  to  maintain 
such  a  system.  This  led  to  the  development  of  metaoda  in  which  the  insu- 
lation was  applied  to  the  conductor  and  the  conduit  was  of  some  durable 
fire-proof  material. 

900.  Modem  itftndard  conduit  lystems.  Various  forms  of  duct 
were  tried  out,  but  the  most  suitable  were  found  to  be  those  of  firei>roof 
material  such  as  terra  cotta  and  clay  tile. 

A  conduit  made  entirely  of  concrete  and  known  as  Stone  pipe  has  been 

used  to  some  extent  instead  of  clay  tile.      This  is 

^^  made  in  &-ft.  lengths  and  jointed  with  metal  ferrules 
'j^  to  preserve  the  alignment,  single  duct  only  being 
-^  used.  The  conduit  is  laid  in  oonorete,  making  a 
solid  and  durable  duct  system.  The  concrete  pipe 
is  fragile,  however,  and  the  breakage  is  likely  to  Be 
^1  greater  than  with  the  tile  duct,  if  not  carefully 
'      handled. 

Various  forms  of  fibre  conduit  have  also  been 
used  to  some  extent.  These  are  laid  with  concrete 
around  and  between  them,  so  that  if  the  fibre  disin- 
tegrates in  after  years  there  will  remain  a  concrete 
duct  system.  The  principal  advantage  is  in  the 
ease  of  handling  and  lack  of  breakage. 

901.  Laying  out  a  conduit  line.  In  the  de- 
Fto.  54. — Arrangement  ugn  of  a  draw-in  duct  system^  the  number  of  ducts, 
of  ducts  for  a  large  line,  the  size  of  manholes  and  their  location  are  the  im- 
portant considerations.  _  The  number  of  ducts 
must  be  sufficient  to  care  for  the  local  distribution,  for  feeders,  for  trans* 
mission  lines  and  for  future  requirements.  It  is  desirable  to  lay  sufficient 
reserve  duote  to  care  for  probable  requirements  for  about  5  years  ahead. 

The  maximum  number  of  ducts  which  it  is  advisable  to  put  into  a  line 
is  governed  chiefly  by  the  safety  of  the  cable  equipment.  The  space  available 
for  training  the  cables  is  limited,  and  if  more  than  twenty  to  twenty-five 
cables  are  carried  through  a  manhole,  a  large  part  of  the  load  is  endangered 
by  a  failure  of  any  of  toe  cables.  Where  conditions  are  such  that  a  very 
large  line  must  be  used,  protection  may  be  had  by  separating  one-half  of 
the  duct  line  from  the  other  by  a  6-in.  concrete  barrier  and  by  building 
double  manholes.  A  line  having  more  than  four  ducts  in  each  layer  is  to 
be  avoided  where  possible  on  account  of  the  difficulty  of  properly  training 
the  cables.  The  arrangement  shown  in  Fig.  54  is  a  desu^ble  one  where 
twdve  or  more  duots  are  laid. 
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Msnholea  mtut  be  provided  in  niffioiem  number  to 
permit  the  drawiiu  in  of  ceble  without  overstraininc  the  insulation.  Tbua 
the  manhole  ipaouic  ahould  be  not  over  SOO  ft.,  with  larn  cable*  400  ft. 
is  «  safer  limit.  Where  distribution  by  overhead  lines  in  aUeys  with  under- 
pvund  lines  on  the  street  is  used,  manholes  should  be  put  opposite  alley 
intersections  as  far  as  possible.  The  number  of  manhole*  required  where 
numerous  underground  service  connections  are  needed  must  usually  be 
■ufficient  to  enable  services  to  be  brought  in  at  intervals  of  25  ft.  to  100  ft. 
In  distribution  by  means  of  subway-type  transformers  and  a  second- 
ary network,  it  is  usually  necessary  to 
^tuld  extra  large  manholes  for  the  trans-       if       ,     ]         r  n       \       >     ml' 

Tonners  in  order  to  set  sufficient  room-»<  ^<~2— *w — 8  4 »J«— 2— i^°K 

uid  i^oper  ventilation.  I  I        -  f'  i^'f^'f^^^il ^+^^» 

Manholes  should  be  so  deaisned  that 
the  cable*  may  be  trained  witn  a  roini-«a 
mom  of  waste  and  with  sufficient  space  ^ 
to  enable  a  jointer  to  work  efficiently, 
as  in  the  ovsj-shapod  manhole  shown  in 
Fic.  ^^-  At  intersections  a  square  de- 
sign is  preferable,  as  shown  in  Fig.  56. 
In  practice  it  is  usual  to  provide  man- 
holes 5  ft.  by  5  ft.  at  lunetloni  where 
there  are  eight  ducts,  that  is,  where  two 
four^duct  lines  croes;  6  ft.  by  6  ft.  where 
there  are  twelve  to  eighteen  ducts;  7  ft. 
by  7  ft.  where  there  are  twenty  or  more, 
and  larger  as  the  needs  of  the  case  may 
require. 

Ths  size  and  the  ihaps  olmaa- 
bldaa  are  often  governed  by  local  ob- 
struotions^Buch  as  gas  or  water  pipes, 
or  conduit  lines  of  other  companies. 
Ths  depth  must  be  sufficient  to  give 
head  room,  and  yet  should  not  be  so 
great  as  to  carry  the  floor  of  the  man- 
hole below  the  sewer  level.  Service 
manholea  may  be  6  ft.  high  inside' 
but  Junction  manholes  should  be  6  or 
7  ft.  from  root  to  floor.  In  some  cases 
a  shallow  form  of  manhole  known  as  a 
liandhols  is  used  for  distribution 
laterals.  These  are  made  about  3  ft. 
by  4  ft.,  and  4  ft.  deep.  They  are 
placed  above  the  conduit  line  so  that 
only  the  top  row  of  ducts  enters  the 
handhole.  The  distributing  mains  are 
thus  accessible  for  service  taps,  and  the  through  lines  in  the  lower  ducts  are 
not  in  the  way. 

in.  Forma  of  duet.  Tile  conduit  is  made  in  single-  and  multiple- 
duct  pieces,  single-duet  pieces  being  about  18  in.  in  length,  and  multiple- 
duct  36  in.  long.  The  dimensions  01  ducts  in  general  use  are  shown  in  Fig. 
57.  MuHipIe-cTuct  is  somewhat  cheaper  than  an  equal  number  of  single 
ducts  and  requires  less  labor.  In  a  large  system  it  is  considered  preferable  to 
use  single-duct  to  secure  the  advantage  of  having  two  thicknesses  of  tile 
between  adjacent  ducts.  The  single-duct  also  has  the  further  advantage 
that  the  jomts  may  be  staggered,  thus  making  it  loss  likely  that  the  heat 
of  a  bum-out  may  damage  the  cables  ia  adjoining  ducts. 

MM.  Installation  of  conduit  sTstem.  In  laying  a  line  of  ducts  the 
grades  must  be  carefully  established)  so  that  no  pockets  are  formed 
where  standing  water  may  freese  and  injure  the  insulation  of  the  cables 
and  break  the  tile.  It  is  important  that  manholes  where  work  must  be 
done  frequently,  or  where  transformers  or  junction  boxes  are  installed,  be 
provided  with  sewer  connections.  The  conduit  line  is  protected  from 
future  excavators,  and  made  secure  against  the  possibility  ot  getting  out  of 
alignment,  by  surrounding  it  with  3  in.  of  concrete  on  all  sides.     The  con- 
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Tia.  56. — Squan  manhole. 


4 


4H=^ 


£acb  1  Ft.  e  In.Loni 
Standaid  Single  Tile  Ducts 


GDI    1 
Mil I 


J 


Dm! 


9" *\ 

1  Ft.  LoDf 


3  Ft.  Long 


3  Ft.  Lant 


Btandanl  Multiple  Tile  Ducts 
Fia.  57. — Forms  of  tilo  duct. 
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erete  further  acts  aa  a  water  shed  and  minimises  the  leakage  of  gas  into  the 
conduit  system. 

ManholM  are  conatnictod  with  brick  walls  and  concrete  floor  and 
roof.  Concrete  walls  may  be  used  where  there  are  no  pipes  to  interfere 
with  the  use  of  the  forms.  The  brick  should  be  sewer  brick,  laid  up  with 
a  good  cement  mortar,  with  an  8-in.  wall.  The  roof  must  have  sumripnt 
strength  to  support  the  beaviest  street  traffic  and  its  design,  therefore, 
varies  with  the  sue  and  shape  oF  the  manhole.  Manhole  0OT«n  are  made  of 
cast  iron,  the  upper  surface  of  the  cover  being  roughened  or  scored  to  prevent 
accidents  to  teams  or  pedestrians.  It  is  desirable  to  provide  openings  in 
the  covers  for  purposes  of  ventilation. 

MS.  Cost  of  flfte«n-duet  line.  The  items  of  cost  in  constructing  a 
fifteen-duct  line  as  given  by  W.  P.  Hancock*  are  &a  follows: 


Per  duct-foot 

Lumber  at  $15.00  per  M  ft 

SO. 0105 
0.0231 
0.0026 
0.0502 

to.  0864 

0.0402 
0.0033 
0.0214 
0.0116 

Concrete  at  $4.85  per  yd 

Mortar  at  (3.98  per  yd 

TUe  at  W.05  per  ft 

Total  material 

0.0266 
0.0004 
0.0029 
0.0016 
0.0040 
0.0047 

Placing  lumber  at  20  cents  per  br 

Placing  concrete  at  16  cent*  per  hr 

Placing  mortar  at  25  cenU  per  hr 

l..aying  tile  at  50  centa  per  br 

Hauling  away  dirt  at  50  centa  per  hr 

Total  labor 

Kngin'¥**'ing  ezpeniWH 

Grand  total  per  duct-ft 

$0.1629 

m«.  Coit  pet  duct-foot  for  duet-Unei  of  rarioa*  dsai.  The  cost 
per  duct-foot  of  various  sises  of  duct-lines  without  manholes,  at  various 
costa  of  paving  i>er  aq.  yd.,  as  given  by  Hancock,*  are  as  foUowa 
(Par.  lOT): 

107.  Table  of  Coita  of  Duct-Una*  per  Duet-foot 

Cents  per  Duct-foot 


No.  of 
ducts 

Cost  of  repaving  per  square  yard 

None 

$0.50 

$1.00    :    $1.50 

$2.00 

$3.00 

$3.50 
56 

2 

24 

29 

34 

38 

43 

52 

4 

22 

25 

27 

30 

33 

38 

41 

6 

20 

22 

24 

26 

28 

32 

34 

9 

19 

21 

22 

24 

25 

28 

30 

12 

19 

20 

21 

23 

24 

26 

28 

16 

18 

19 

20 

21 

22 

24 

25 

20 

17 

18 

19 

20 

21 

22 

23 

24 

17 

18 

18 

19 

20 

21 

22 

30 

16 

17 

17 

18 

19 

20 

21 

40 

16 

17 

17 

18 

18 

19 

20 

50 

16 

16 

17 

17              18 

19 

19 

SOS.  Cost  of  manholM.  The  costs  of  certain  sizes  of  manholes  as  built 
under  conditions  existing  in  the  City  of  Chicago  are  given  in  the  following 
table,  in  Par.  S09.  The  cost  of  paving  is  not  included.  The  dimensions  are 
those  inside  the  manhole,  the  laat  being  depth.  

*  Hancock,  W.  P.     JVojm.  National  Elec.  LightAssociation.  1904. 
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SIO.  Types  of  e&blos.     Cables 

for  underground  electric  Ught  and 
I>ower  circuits  are  made  up  in 
single,  duplex,  ooncentric,  Uipkau 
etc.  Duplex  and  triplex  ci^lea  are 
those  in  which  two  conductors  are 
encloaed  in  one  lead  aheath  side  by 
aide,  while  concentric  cable  is  mado 
up  with  the  oonductors  conoeotii* 
catly  disposed. 

In  ^  general,  aingle-Gonductor 
cable  is  used  when  frec^uent  tape 
are_  required,  aa  in  distributing 
mains,  while  multiple-conductor 
cables  are  used  for  through  lines- 
Duplex  cable  has  been  used  quite 
extensively  in  series-aro  systema. 
It  is  difficult  to  train,  and  auseep- 
tible  injury  from  bendinc  at  too 
small  a  ramus.  Duplex  and  tri|;Uex 
cables  are  somewhat  less  exp^iaiTe 
than  their  equivalent  in  san^e- 
conductor  cables  with  the  eaine 
insulation. 

The  concentric  arrangement  is 
employed  for  large  low-tenaion 
feeders  in  some  cases.  This  ar- 
rangement is  advantageotia  aa  it 
permits  the  use  of  a  single  duct  for 
the  feeder. 

Low-tension  distributing 
msins  having  three  conductors  of 
the  same  siie  are  preferable  of 
single-conductor  cable,  to  facilitate 
making  service  taps.  This  work 
must  be  done  while  the  Unes  are 
alive,  and  is  much  mora  easily  ao- 
compUshed  when  one  polarity  may 
be  dealt  with  at  a  time.  The  same 
is  true  of  service  cables. 

Transmission  cables  are 
almost  universally  of  the  threfr- 
conductor  tvpe.  Insulation  is 
placed  on  eacn  conductor  sufficient 
for  the  volt^e  between  phasee, 
and  then  a  layer  is  placed  over  all 
three  conductors  in  addition,  aa 
shown  in  Fig.  58.  to  provide  inaa- 
jation  to  ground. 

ail.  Gable  insuUtion.  Cables 
are  insulated  with  rubber,  var^ 
nished  cambric,  or  oiled  paper. 
Rubber  insulation  is  used  where 
frequent  taps  are  made,  as  on 
distributing  mains.  but  not 
generally  for  feeders  and  trans- 
mission lines.  Varnished  cam- 
bric has  been  used  to  some  extent 
in  recent  years  as  a  substitute  for 
rubber.  Oiled  paper  is  uaed 
almost  exclusively  for  feedem  and 
transmission  lines,  and  c  _a  n  b  e 
used  for  primary  distributtou 
if  the  joints  are  well  made  and  the 
ends  are  protected  by  suitaUe 
potheads. 
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lit.  ThiekneH  of  cabls  insulation.     The  smaller  low-tension  cables 

are  provided  with  about  xh-io*  insulation  between  conductors  and  lead; 

this  18  the  least  which  it  is  advisable  to  use  for  mechanical  reasons  and  is 
sufficient  for  600  volts.     In  cables  of  350,000  cir.  mils  to  1,500.000  cir.  mils, 


it  is  customary  to  provide  ^  in, 


to  ^,.-  in.  of  insulation,  to  insure  sufficient 
mechanical  strength  to  stand  handling  during  installation.  A  thickness  of 
^  in.  is  found  sufficient  for  2,000-volt  to  6,000-volt  single-conductor  cables 

up  to  No.  4/0  A.W.G.,  while  «A-iD*  is  required  for  potentials  from  9,000  volts 
to  13.000  volte. 


Paper 


Stranded 
Conductor 


Fio.  68. — Cross-section  of  high-tenaop  cable.  Fio.  69. — ^Lay-out  of 

through    cable  lines  to 
avoid  the  same  routes. 

SIS.  The  Inral&tlon  provided  in  transmisiion  cable*  in  large  trans- 
mission systems  varies  from  66  mils  per  1,000  volte  between  conductors,  at 
6.600  volts,  to  22  mils  at  25.000  volte;  and  from  52  mils  per  1,000  volte 
between  conductor  and  ground,  at  6,600  volts,  to  16  mils  at  25,000  volte. 

514.  Selection  of  duct  poaitlon  for  eableg.  In  placing  cables  in  the 
duct-system  a  uniform  method  of  selecting  durte  should  be  followed  as 
far  as  possible.  Cables  used  in  local  distribution  should  be  given  a  place, 
preferaDl;^  in  the  top  row,  so  that  manholes  can  be  built  for  service  laterals 
without  sinkiag  them  below  the  top  row  of  ducte.  Ducts  should  be  selected 
for  through  lines  so  that  they  may  be  trained  with  the  least  interlacing 
.with  other  cables.  Lack  of  attention  to  this  detail  may  result  in  a  tangled 
condition  of  cables  which  greatly  impedes  any  repair  or  reconstruction  work. 

515.  Boutinf  of  cable  Unea.  Through  linee  should  be  so  routed  as  to 
utilise  different  duct  lines  to  the  best  advantage.  The  service  is  better  assured 
if  transmission  hues  are  separated  as  much  as  possible.  This  can  be  done  by 
routing  lines  running  to  the  same  substation  through  different  oonduite.  as 
indicated  In  Fig.  59. 

SIS.  Installation  of  cable.  Cables  are  drawn  into  ducte  by  a  line  at- 
tached to  a  source  of  power.  This  line  is  put  through  the  duct  by  the  use  of 
detachable  rods  of  wood,  which  are  pushed  into  the  duct  as  they  are  joined 
together.  They  are  then  drawn  through  with  the  pulling-line  attached,  and 
disjointed  as  they  come  out.  The  cables  are  secured  to  the  puUing-line  by 
exposing  the  copper  and  making  a  secure  mechanical  connection,  or  by  means 
of  patent  coble-grips,  which  are  more  auickly  attached  and  removed. 

The  cabl^pulUng  line  is  run  over  pullev-wheels  leading  out  of  the  manhole 
to  the  source  of  power.     SmaU-siiea  cable  ia  wound  on  reels  and  out  to  the 


1035 


ibyv^iuuyie 


Sec.  13-217 


DISTRIBVTION  SYSTBMS 


required  length  as  it  is  drawn  in:  but  a  length  of  about  400  ft.  ot  thra^ 
conductor  higb-voltage  cable,   or  of  1.000,000-cir.  mil  feeder  cable,  fills  a 
reel,  and  it  is  usual,  therefore,  to  order  such  cable  in  lengths  to  fit. 
aiT.  LUt  of  Operating  Thraa-conduetor,  High-taiuion,    Ckbte  In- 
BtallkUoiu 
(From  High-tension  Underground  Electric  Cables,  by  H.  Floy) 


Name 

Work- 
volt- 
age 

II 

Size  of 

con- 
ductor 
B.  «S. 

or 
C.  M. 

Insula- 
tion 

Thickness  of  insulation  1 

In  64ths 
of  an  inch 

Per  1.000 

volts  in 

thousand  tlH 

of  on  inch 

sis 

131 

"^ 

S'SC 

<8l' 

■3 

Brooklyn    Rapid 

Transit  Co. 
New  York  Edison 

Company. 
Cataract  Power  & 

Conduit  Co. 
Interborough 

Rapid      Transit 

Co. 
N.  Y.  C.  &  H.  R. 

Rd. 
Minneapolis  Rap- 
id Transit  Co. 
Philadelphia  Rap- 
id Transit  Co. 
Baltimore  United 

Railways. 
Commonwealth 

Edison  Co.  . 
Detroit      Edison 

Co. 
St.  Paul  Gas  Light 

Co. 
Shawinigan  Power 

Co. 

0,600 

0,600 

11,000 

11,000 

11,000 
13,000 
13,200 
13,200 
20,000 
23,000 
25,000 
25,000 

No 
No 
No 
Yes 

Yes 
Yes 
No 
Yes 
Yes 
Yes 
No 
No 

250,000 

250,000 

000 

000 

0000 

3 

00 

000 

00 

2 

2 

00 

Paper 
Paper 
Paper 
Paper 

Paper 

Paper 

Paper 

Paper 

Paper 

Cam- 
bric 
Paper 

Rubber 

13 
10 
13 
14 

14 
12 
12 
14 
18 
12 
18 
28 

10 
10 
13 
14 

12 
12 
12 
10 
12 

e 

8 
none 

61 
47 
37 
40 

40 
20 
28 
33 
28 
22 
22 
17 

S4 

47 
37 
09 

U 

60 
28 
48 
41 
26 
16 
17 

tl8.  Trai&lnff.  The  training  of  cable  through  manholes  must  avwd 
sharp  bends,  tangled  relations  with  other  cables  and  the  possibiUiy  of 
injury  by  employes  while  working  in  the  manhole.  It  is  customary  to 
support  cables  on  iron  racks  hung  on  the  walls.  In  some  cases  bridcw<MdL 
shelves  are  built  around  the  walls,  on  which  the  cable  is  laid.  It  is  usual 
to  protert  cables  in  manholes  to  prevent  the  communication  of  trouble  to 
other  cables.  This  is  done  by  wrapping  them  with  some  fire-proofing 
material,  or  by  the  use  of  split  tile.  With  large  cables,  the  radius  or 
bends  should  not  bo  less  than  ten  times  the  diameter  of  the  cable.  The  shape 
of  the  manhole  walls  should  be  designed  with  this  in  view. 

S19.  Jointixiff  or  fpUcing.  In  jointing  ungle-conductor  cables,  the 
lead  sheath  is  removed  about  6  in.  back  from  uie  end  and  enough  insulation 
is  cut  away  to  permit  a  soldexed  connection  to  bo  made.  When  the  connec- 
tion is  complete,  the  bare  parts  are  wrapped  with  tape  until  the  equivalent 
of  the  cable  insulation  has  been  applied.  A  lead  sleeve  which  has  previously 
been  slipped  back  over  one  of  the  cables  is  now  wiped  on  the  two  cabw 
sheaths  so  as  to  enclose  the  Joint.  The  air  s^ace  around  the  Joint  is  then 
filled  with  hot  insulating  compound  poured  into  a  small  hole  in  one  end 
of  the  sleeve;  a  similar  hole  is  left  open  in  the  other  end  of  the  sleeve  to  allow 
air  to  escape.     These  boles  are  then  closed  by  soldering.     The  Joint  thould 
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b«  allowed  to  oool  before  it  10  moved,  so  that  the  oompound  will  bold  tbe  parts 
rigidly  in  place. 

In  jointingf  three-conductor  cables,  the  lead  must  be  removed  about 
10  in.  to  facihtate  tbe  taping  of  the  conductors  (Fig.  00).  In  making  joints 
for  voltages  of  6,600  volts  and  higher,  it  is  important  that  as  little  air  remain 
in  the  taping  as  possible.  If  paper  tape  is  used, 
each  layer  should  have  compound  poured  over  it  xt^x 

before  the  neit  ia  aipplied.  /  V*! 

The  jointer  requires  the  services  of  a  helper  in 
preparing  the  lead  sleeves,  heating  solder  and  com- 
pound, and  Ruarding  the  entrance  to  the  manhole. 
A  three-conductor  high-tension  joint  in  a  paper 
cable  usually  requires  about  4  hr.  to  complete,  two 
joints  a  day  being  a  fair  rate  of  progress  in  such  work. 


No.e 


No,6 
Fio.  60. — Cable  splicing. 


FiQ.  61. — Porcelain  pothead; 
single  conductor  type. 


tSO.  Pole  tTTnlnals.  In  many  primary  distributing  systems,  it  is  usual 
to  run  feeders  and  important  mains  underground  for  some  distance  from  the 
station,  and  connect  with  overhead  lines  in  the  more  scattered  areas.  This 
doss  of  distribution  requires  that  the  cable  ends  which  are  brought  up  the 
pole  to  the  overhead  lines  be  properly  protected  by  cable  terxnlnall  or 
pothaads.  Various  type^  of  terminal  are  in  use,  some  of  which  include 
means  for  eonnec-ting  and  disconnecting  the  overhead  line.  Many  such 
distributing  systems  have  boon  equipped  with  porcelain  pothends  which 
have  been  very  auocoBBfuJ  in  protecting  cable."?.  The  first  such  device  was 
designed  for  a  single-conductor  oiible,  as  illustrated  in  Pig.  61.  The  insu- 
lation is  hermetically  aeutcd  by  Oiling  the  porcelain  sleeve  with  compound. 
The  cap  sheds  all  water  and  may  bo  safely  handled  bv  a  lineman  when  the 
line  is  alive.  The  oonnectors  provide  means  for  readily  opening  and  cloe- 
ing  the  circuit  when  necessary  for  repair  or  alteration  work.     Other  forma 
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fajtve  been  devued  f<Hr  multiple-eoDduetor  eablee,  in  which  there  is  s  pot 

of  cast  iron  with  porcelain  tubes  set  into  the  cover  (Fig.  62). 
191.  Subwftjr  Junotton  b<uu«.     The  arrangement  of  junction  boxes  and 

similar  aoceesoriee  in  manholes  should  be  worked  out  eo  ae  not  to  obstruet 

the  space  needod  for  the  cables.  Low- 
tension  junction  boxes  are  of  two 
typeSf  one  of  which  is  mounted  on  the 
wall  in  a  vertical  position,  while  tJw 
other  is  placed  in  the  roof  of  the  man- 
hole so  that  it  is  accessible  for  rep^ac- 
ing  fuses  or  cleaning  contacts  from  above 
ground.  The  surmce  tjrpe  has  its  ad- 
vantages in  districts  where  the  drainage 
of  manholes  is  not  perfect. 

Its.  Branch-line  junetion  boisM. 
In  a  primary  distributing  sysUiiB  in 
which  mains  are  underground,  it  it 
necessary    to    have    means  by    whidi 

I      ^    . .   ^       J-    .  branches    may    be   disoonneetea,    witb- 

^]o|       ■^  ~~~    •-        t*lu  °"'  shutting  down  the  circuit,    when  a 

^  Jfl  ttrf  transformer  in  to  be  conoected  or  a  cable 

repaired.  Subway  junction  boxes  wiA 
copper  connections  nave  commonly  been 
applied  to  this  work.  The  parts  of  tbe 
cable  from  which  the  lead  has  been  re- 
moved are  sealed  in  from  moisture  by 
wiped  sleeves,  or  by  filling  the  loww 
part  of  the  box  with  hot  compound. 
The  porcelain  potha«d  (Par.  SM) 
has  also  been  found  convenient 
for  this  purpose,  in  manholes,  as  the  cap 
may  be  submerged  without  permitting 
water  to  reach  the  live  parts. 


'^^ 


¥m.  82. — Cable  potbead;  triplex 
type. 
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DIBTKIBUTION  ICONOMICS 
IM.  Oanaral  eiltarion  for  nuMt  aeonomie*!  ilse  of  oondaeter. 

The  loM  of  eDeri^  in  a  conductor  diminiahee  as  the  siie  of  the  conductor  ia 
increased,  and  vice  p«raa.  The  generating  capacity  required  to  supply  the 
energy  loss  follows  the  same  law.  The  siie  of  conductor  with  which  Ute  sum 
of  the  fixed  charges  on  conductor  and  generating  capacity,  plus  the  Talus 
of  energy  loss,  is  a  minimum,  ia  the  one  which  Ft  is  tbe  most  eoonomical 
to  employ. 

1S4.  Fixed  charfes  consist  of  interest,  depreciation,  taxes  and  insur- 
ance. These  are  computed  at  different  rates,  depending  upon  the  character 
of  the  equipment.  Iniereat  should  be  figured  at  not  less  than  the  rate  paid 
on  the  bonded  debt,  which  is  about  fi  per  cent.  (Sec.  25). 

US.  Depreelation  is  baaed  upon  the  working  life  of  the  equipment, 
allowing  for  changes  in  the  state  ox  the  art,  and  tbe  scrap  Talus  of  toe  equip- 
ment when  taken  out  of  service. 

Weather-proof  wire  consists  of  about  80  per  cent,  copper  and  20  per  cent, 
insulation.  It  is  conservative  to  figure  7  per  cent,  on  the  insulation,  or  1} 
per  cent,  of  the  whole  wire,  with  I  per  cent,  added  for  the  labor  of  teplate- 
ing,  making  a  total  of  2|  per  cent,  of  the  original  cost  of  the  wire.  Folaa 
have  a  life  of  about  Ifi  years,  with  little  salvage  value.  Other  overhead 
Una  material  must  be  replaced  at  intervals  of  5  to  10  years.  The  aver- 
age rate  for  OTOrhead  lines  may  thus  be  taken  at  about  5  per  cent. 

The  life  of  lead-sheathed  paper  or  rubber  cablet  is  indeterminate,  but 
this  majr  be  conservatively  taken  at  16  years.  Tbe  junk  value  is  compara- 
tively high,  as  the  copper  and  the  lead  sheath  constitute  a  considerable 
percentage  of  the  cross-section  of  the  cable.  It  ia,  therefore,  safe  to  eetimata 
depreciation  at  3  per  cent,  for  cables  of  No.  4/0  A.W.G.  and  larger,  and  at 
6  per  cent,  for  the  smaller  siies. 

tSC.  TazM  and  inauranoe  must  be  considered  as  fixed  charges  of  the 
same  class  as  interest  and  depreciation.  They  vary  somewhat  with  the 
locality,  but  are  usually  from  1.6  per  cent,  to  2  per  cent.,  total 


1038 


yGoogle  . 


DISTRIBUTION  SYBTKUa  SeC.  13-227 

IST.  The  totel  Used  eharfvi  on  imderiround  ctb\»  «nd  conduit  may 
be  taken  at  5  per  sent,  intereat,  4  per  cent,  depreoiation,  and  1  per  cent,  taxea, 
a  total  of  10  per  oent.  The  total  rate  on  the  average  overhmd  aystem 
may  be  taken  at  6  per  cent,  intereat,  6  per  cent,  depreciation,  and  1  per 
oent.  taxes,  a  total  of  11  per  cent. 

atS.  Oenaral  fonnula  for  aninial  eonductor  ooati.  The  coat  of  a 
conductor  varies  inversely  as  its  resistance  per  unit  length,  and  the  value  of 
energy  and  generating  capacity  to  supply  tt  vtuy  directly  as  the  resistance 
per  unit  length.    The  total  annual  cost  is 

Y-^+bR+cR  (doUars)  (15) 

in  which  a,  6  and  e  are  constants  depending  on  the  cost  of  the  eonductor  and 
the  oost  of  energy.    These  are  determined  as  follows:  Far.  IM  to  IW. 

>M.  Tormula  for  annual  Hxed  oharfM  on  wlr*.  The  ooat  of  insu- 
lation varies  appronmately  with  the  sise  of  the  conductor.  For  bare  wire 
the  product  of  weight  per  1,000  ft.,  W,  by  resistance  per  1,000  ft.,  for  all 
aiaes,  is  WR ^32;  with  weather-proof  insuution  WR  —  3S  for  the  sises  No.  4 
to  No.  0  A.W.O.,  or  36  for  sixes  from  No.  2/0  to  350,000  cir.  mils.  The  value 
of  1,000  ft.  of  conductor  at  15  cents  per  pound  is  0.16W  dollars.  Hence, 
when  W^aS/B,  the  coat  per  conductor  of  a  circuit  X,  thousand  feet  long  is 

Ci-0.iaWX-°'^^^^  (dollars)  (18) 

Taking  the  fixed  charges  at  9  per  cent.,  the  annual  cost  la 

„       0.09X0.16X38t       0.8131,  ,.  „      ,  „,, 

Ci- P -— g —  (dollars)         (17) 

Thus  a-0.513t,  in  this  case  (Eq.  14). 

ISO.  Formula  for  annual  ilxsd  cliar|;ea  on  linf le-oondaetor  o«bl«. 

With  underground  conductors  a  change  in  the  sise  of  the  conductor  doe* 
not  make  aproportiooate  change  in  cost.  The  table  in  Par.  Ml  givea  the 
cost  per  1,000  cir.  mils  of  various  siies  of  single^onductor  and  three-con- 
ductor lead-sheathed  cables.  The  resistance  per  1 ,000  cir.  mils  per  1,000  ft. 
of  copper  at  ordinary  temperatures  is  about  10.4  ohms.  If  Af  is  the  number 
of  1,000  cir.  mils  and  P  is  the  price  per  1,000  cir.  mils,  the  cost  of  a  single- 
eonduetor  cable  is  MP.  Af  -  10.4/ii  and  the  coat  of  the  cable  is  lO.iPL/R, 
where  L  is  the  number  of  thousands  of  feet. 

For  tlacle-conduotor  low-tenaion  cable  the  value  of  P  averages  tl.20 
for  'eables  from  No.  2/0  A.W.G.  to  fi00,000  cir.  mils,  and  the  value  of  each 
conductor  ia 

„      10.4Xl.2t     12.48t  ,.  ,,      ,         „„ 

C%- ^  — -      g  (doUaia)         (18) 

Taking  the  fixed  charges  at  0  per  cent.,  the  annual  conductor  cost  is 

_,      0.09X12.48£     1.12i  ,,  „      ,         ,,„. 

C'l ^ -  -g-  (doUars)         ( 19) 

and  in  this  case  a- 1.121,  (Eq.  14). 

Ml.  Tormula  for  annual  fixed  charKcs  on  three-eendnetor  cable. 

In  the  ease  of  three-conductor  cables  the  cost  per  1,000  cir.  mils  in  Par.  tM 
is  based  on  the  total  cross-section  of  the  three  conductors.  The  cost  of  three- 
conductor  cable  is 

p^_3Xia4M,  jj^^^j         ^^^ 

and  the  annual  charges  are 

_,      0.09X3X10.4P£      2.&PL  ,,„      .  ,„,, 

C'«- ^ — jj—  (dollats)         (21) 

and  a^2£PL.  Thus  the  value  of  a  may  be  derived  for  different  kinds  of 
cable  and  at  various  values  of  copper,  lead  and  insulation.  Where  a  circuit 
is  eomiMSed  of  more  than  one  cable,  this  must  be  taken  into  account  in 
figuring  the  total  annual  cost  for  the  circuit;  that  is,  for  a  two-wire  circuit 
the  value  of  "a"  is  doubled  and  for  three  cables  it  is  trebled. 
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tSt.  Cort  of  LMd-ih«ftth«d  CkblM 


Siie  conductor 

A.W.G.  or  cir  . 

mils 

Cost  per  1,000  cir.  mila  per  1,000  ft.                 1 

Single-cond. 
3,000  volts 

Three-cond. 
10,000  Tolts 

Sinffle-cond. 
300  vol  ta 

Three-oond. 
300  volts 

No.               2 
No.                0 
No.              00 
No.            000 
No.          0000 

Cir.  mils 
250,000 
350,000 
600,000 
760,000 
1,000,000 
1,600,000 

2.20 
2.00 
1.70 
1.66 
1.46 

1.30 
1.20 

2.80 
2.00 
1.85 
1.66 
1.50 

1.40 

1.00 
1.80 
1.60 
1.40 
1.30 

1.26 
1.10 
1.00 
0.90 
0.80 
0.75 

1.85 
1.60 
1.60 
1.40 
1.30 

1.25 

tU.  Fixad  ehar(»s  on  sanaratlnc  •quipmant.  Where  eondition* 
Me  euch  thst  generator  capacity  could  be  released  for  commercial  load  by 
the  use  of  larger  oonduotors,  the  fixed  charges  on  generating  equipmeDt 
should  be  considered  one  of  the  elements  of  annual  cost  of  a  circuit.  The 
station  capacity  required  to  supply  the  energy  loss  at  the  time  of  the  maxi- 
mum load  I  a  I'RL/1,000,  in  kw.  The  value  of  station  cs|>aaity  required 
to  supply  the  lose  on  a  feeder,  when  the  cost  is  $100  per  kw.,  is 

lOOXl'RL 
^*         1.000  ^^ 

and  the  fixed  charges  per  conductor  at  12  per  cent.,  are 

C'4-0.12XO.lPi2I,-0  012I*BL  (doUan) 

and  b^0.012I*L  (Eq.  14). 

554.  l&erg7loM.  The  loss  of  energy  on  a  circuit  during  A  year  is  depend- 
ent upon  the  annual  load  factor  of  the  load  carried.  In  Fig.  63  tyiucaJload 
curves  are  shown  for  a  Ugbtins  feeder  which  carries  some  day  motor-load,  £<»- 
the  months  of  March,  June,  September,  and  December.  The  energy  lomm 
will  evidently  be  different  on  this  feeder  each  month  in  the  year,  being  lest 
during  the  summer  months  than  during  the  winter  months. 

The  annual  losa  on  a  circuit  may  be  computed  with  sufficient  accuracy 
for  •practical  purposes  as  follows:  Take  an  average  day  in  March,  and  oofn- 

gute  the  value  of  I*R  for  each  hour.  Repeat  this  operation  for  the  June, 
eptember  and  December  curves.  Multiply  the  sum  of  the  losses  on  tlw 
four  curves  by  91,  this  being  the  number  of  days  in  each  quarter  of  the  year. 
This  total  is  the  annual  loss  in  kilowatt-hours. 

555.  XK>8g  factor.  The  ratio  of  the  loss  as  thus  calculated,  to  the  value 
of  the  loss  if  the  feeder  had  carried  the  maximum  load  of  the  year  every  hour 
of  the  year,  may  be  called  the  loss  factor,  just  as  the  ratio  oi  the  actual  out- 

£ut  for  the  year,  to  the  possible  output  at  the  rate  of  the  maximum  load, 
I  oaJled  the  load  factor  of  a  circiut.    If  the  loss  factor  of  the  feeder  is  20 
per  cent.,  the  annual  loss  is 

^«><MX366X24-^„,^.^         ^^.^^,  ^^ 

The  loss  factor  for  a  load  having  the  characteristios  illustrated  in  Fig.  63 
is  about  16  per  cent. 

tSS.  Calculation  of  loM.  Given  the  character  of  the  load  curve,  the 
loss  factor  mav  be  determined  in  the  manner  described  (Par.  8M  and  S3S) 
and  the  annual  loss  of  energy  cdculated  from  the  maximum  load  /,  in  temts 
of  R,  the  resistance  per  1,000  ft.  of  conductor.  The  loss  at  the  time  of  the 
annual  maximum  load  being  DRL,  the  annual  loss  is 

I'RLXHjmxF  (^^..^^^j  ^24) 
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where  Fia  theloaa  factor.  The  loas  equals  l.iOt'RL  kw-hr.  when  the  loae 
factor  is  16  per  cent.  The  value  of  this  energy  may  be  taken  at  about  1  cent 
per  kw-br.  in  the  smaller  plants,  0.7  cent  in  the  larger  engine-driven  plaots 
and  0.5  to  0.3  cent  in  the  turbine-driven  plants.  At  1  per  cent,  per  kw-hr. 
the  value  of  the  annual  energy  loss  per  conductor,  at  16  per  cent,  loss  factor, 
is 

Ct-0.0140/'K£  (dollars)         (2S) 

and  the  constant  e  is  equal  to  0.01407'Z>. 
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Fm.  63. — Typical  load  curves. 


tsT.  Bnmmwy  of  annual  oondaetor  costs ;  eondltton  tor  minlmain. 

The  total  annual  cost  is,  therefore,  the  sum  of  the  three  quantities  a/R, 
bB,  and  cR  (Eq.  14).  For  weather-proof  wire,  with  station  capacity  at 
$100  per  kw.,  a  loss  factor  of  16  per  cent.,  and  energy  at  1  cent  i>er  kw-hr., 
the  annual  cost  is 

r  -  |H-6« -l-cR  -  ?^^H-0.012J«K£, 

■i-0.0l41'RL-—^+0.02tI'RL  (dollars)      (26) 
K 

It  is  desired  to  ascertain  at  what  value  of  R  the  sum  of  these  three  elements 
will  be  a  minimum  for  a  given  current,  at  the  time  of  the  annual  maximum 
load.  The  only  variable  in  the  equation  being  A,  the  value  of  Y  will  be  a' 
minimum,  according  to  the  rule  of  the  calculus,  when  dY/dR^Q. 

aY     0.02ai'R'L-0M3L    „      _. 

R     *'''«'    as «f °-    ^"-"^ 


If    Y'^^^+0.020I'RL. 


(on,0.026I*R'L-0.iiaL,  and/'i:>-0.513/0.026-lD.7;  whence /A -  VlQ.r 
-4.44.     Forinstance,  if  7-100amp.,£-0.0444  ohm,  which  is  about  the 
resistance  per  1,000  ft.  of  a  No.  4/0  conductor. 
US.  Bzamplsi  of  calculation  of  most  economical  liie  of  conductor. 

Assume  generating  capacity  costing  S80  per  kw.,  energy  at  0.4  cent  per 
kw-hr.  and  the  loss  factor  at  25  per  cent.    With  single-conductor  low-tenston 
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cable  of  600,000  dr.  mils  to  1,000,000  cir. 
averasM  90  oenta  per  1,000  (t.,  Par.  ISS. 

„               a     0.09  X  10.4X0.  9  L      0.&4L , 
He»c6      g ^ ^ 


mill,  the  ooet  per  1«000  eir.  i 


J>A> 


mX0.l2I*RL 


-o.oooanRL, 


cS- 


1,000 
0.004  X  8, 760X  0. 26/WL 


1,000 
r-^+0.0183I««t. 


■  0.0087  I'RL. 


and/A' 


'\63 


,84 
.0183 


-  V46  -S.7  per  1,000  ft.  of  conductor.     With   COO 


„     6.7 
«Dpen»«-g^. 


0.011,    which  u  about  the  resistance   of   1,000  ft.  of 


1,000,000-cir.  mil  cable. 

In  the  eaae  of  three-conductor,  10,000-TOlt  cables,  with  generatinc  eapacitr 
costing  $80  per  kw.,  energy  at  0.4  cent  per  kw-hr.,  loss  factor  at  25  pec 
cent,  and  the  cost  of  No.  0  cable  (1.75  per  1,000  dr.  mils, 

_     »2X0.09X10.4i       1.87  ,     ^ 

oS— = "  -=— per  conductor. 

K 
Therefore 


R 


(6+c)  £-0.0183  C*RL  per  conductor. 

1.01  and  for  100  amp.  A> 


CR 


rrsT  _ 

•yo.oisa 

resistance  of  No.  0  cable,  per  1,000  ft. 


1^1  _ 
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0.101  which  is  nearest  the 
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tS9.  The  currea  in  Fig.  64  show  the 
line  charges,  station  capadty  charges 
and  line  losses  for  various  siiea  of  con- 
ductor,  assuming  a  current  of  100 
amp.,  with  overhead  lines,  energy  at  1 
cent,  per  kw-  hr.,  cost  of  generatiag 
capadty  at  $125  perkw.  of  capacity, 
and  loss  factor  12  per  cent. 
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INTERIOR  WIRING 
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BILATION   or   WUUNO   TO   FIRK   EI8K 

1.  Th«  Hfttiozial  Ilectrical  Oode  was  orisinally  drawn  in  1807,  aa 
the  reault  of  the  efforts  of  the  National  Conferenoe  on  Standard  Electrical 
Rules,  which  oompriaed  delegates  from  the  various  insurance,  electrical, 
architectural  and  allied  interests  of  the  United  States.  The  object  of  the 
conferenoe  was  to  formulate  a  set  of  rules  for  the  installation  ana  construc- 
tion of  electrical  apparatus  in  a  manner  free  from  fire  hatard.  The  NatiotuU 
Bleetrieal  Code  was  the  result  of  their  work.  This  was  immediat«ly  ac* 
oe]^ted  as  a  standard  and  adopted  by  the  National  Board  of  Fire  Under- 
wnters.  It  at  once  plsoed  eleofaio  oghting  on  a  safe  basis.  At  present 
practically  all  wiring  is  in  accordance  with  Code  rules;  the  fire  insurance 
policial  in  some  states  and  communities  expressly  provide  that  the  Code 
shall  be  followed  in  detaiL  The  National  Conferenoe  on  Standard  Electrical 
Rules  has  disbanded  and  the  work  of  the  Underwriters*  Nationid  Electrical 
Association  and  the  National  Conferenoe  has  been  tidcen  over  by  the  National 
^re  Protection  Association,  in  which  are  represented  the  following  organisa- 
tions:^ American  Electric  Railway  Association;  American  Institute  of 
Electrical  Engineers^  Associated  Factory  Mutual  Fire  Insuranee  Ca&; 
National  Board  of  Fire  Underwriters;  National  Electric  Light  Association; 
National  Electrical  Contractors  Association;  National  Electricid  Inspectors 
Association. 

Periodically  the  National  Fire  Protection  Association  convenes  and  »»*f%^t 
such  revisions  or  additions  to  the  Code  as  are  required  by  advances  in  the 
art.  The  Sational  JSlwIrical  Codfi  is  revised  every  2  ^^ears  and  m  sup- 
plement and  a  "  List  of  Approved  Fittings,"  are  issued  semi-annually.  Bither 
of  these  can  be  obtained  gratis  on  application  to  any  of  the  Underwriters' 
Association  offices  or  to  any  local  inspection  bureau, 

S.  Legal  status  of  the  Code.  The  Code  has  no  statutory  force,  but 
merely  comprises  the  rules  and  requirements  of  the  National  Board  of  Fire 
Underwriters.  ^  However  certain  cities  have  passed  ordinances  providing 
that  all  work  installed  in  such  cities  shall  be  in  accordance  with  vie  Code, 
which  gives  it  a  legal  status  in  these  cities.  Moreover,  other  cities  have  le- 
galised requirements  of  their  own,  which  are,  usually,  essentially  the  same 
as  the  Code  reqiUrementa.  Where  reouirements  are  authorised  by  ordinance 
or  statute  they,  of  course,  take  preceaence  over  the  Code  rules. 

S.  The  National  Code  miss  are  of  gnat  •eonomie  importaaee  in 
relation  to  fire  haiard  and  fire  insurance;  without  question  fire  loss  amounting 
to  many  thousands  of  dollars  has  been  averted  by  their  use.  When 
instlUling  any  electrical  equipment,  the  first  step  should  be  to  ascertain 
whether  there  are  local  installation  rules  (ordinances)  in  force  in  the  com- 
munity. If  there  are  such  rules,  they  should  be  followed;  if  there  are  none, 
the  NfUional  Blecirical  Code  rules  should  be  fc^owed. 

4.  Inspection.  All  electrical  installations  should  be  inspected,  when- 
ever an  experienced  inspector  is  avtdlable,  to  insure  that  they  comply  wiUi 
either  locsl  or  Code  rules.  In  cities  where  rules  have  been^  adopted  b^ 
ordinance,  such  inspection  is  usually  mandatory.  Where  inspection  is 
not  mandatory,  it  is  always  advisable  to  retain  an  inspector  from  tJie  moat 
convenient  Underwriters'  Bureau  to  examine  the  work  while  it  is  being 
installed.     Nominal  fees  are  charged  for  such  inspection. 
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AH  fittings  and  materiata  used  in  wiring  inatallationa  should  be  approved 
by  the  Underwriters'  Laboratories.  Practically  all  standard  equipnient 
now  being  marketed  is  so  improved  and,  usually,  is  so  marked.  IVhen  la 
doubt  one  should  oonsult  the    List  of  Eleetrioal  fittings"  referred  to  above. 

XBTHODB  or  WIBZNa 

9.  Wirlnff  methods  maj  be  elasslfled  thus:  (a)  open  or  surface, 
wiring;  (b)  concealed  knob  and  tube  wiring;  (c)  wooden-moulding  wiring; 
(d)  metal-moulding  wiring;  (e)  flezible-tubing  or  circular-loom  wiring;  (7) 
rigid  iron-conduit  wiring;  (g)  flexible  metallic  conduit  wiring;  (h)  flexible 
steel-armored  cable  wiring. 

•.  Oova  irtrinr  on  knob*  and  oleaU  ^Fig.  1)  is  a  cheap  and  satisfactory 
method  if  *w*^ll^«l  in  conmlianoe  with  Code  requirements,  and  is  largely 
used  in  industrial  plants  ana  in  mercantile  establishments  where  api>earance 
is  of  small  moment.     Single-braidi  rubber-covered  or  slow-burning  weather- 

Eroof  wire  may  be  used.  Wires  having  slow-burning  insulation  must  not 
e  used  in  damp  places.  The  wires  must  be  supportedevery  4.5  ft.  (1.37  m.) 
excef)tin  building  of  "mill"  construction  where, if  an  inspector's  authorisa- 
tion is  secured,  they  may  be  supported  at  every  beam,  provided  that  the 
wires  are  No.  8  or  larger  and  are  carried  at  least  6  in.  (15.2  cm.)  apart.  In 
dry  i^aces  for  voltagesbelow  300,  the  wires  must  be  separated  at  least  2i  in. 


Tube  Work 

Wires  OD  Clestt  on 
Banning  Board 

Wtret  OB  Clf  atf. 


So.8  or  Larfet 
Wiro  oa  Knobi 


yy  ^^  ^^^ 


FiQ.  1. — Method,  of  supporting  open  wiring. 

(6.35  cm.},  uid  they  miut  be  at  least  O.S  in.  (1.27'om.)  from  the  surface  wired 
over.  For  voltazes  between  300  and  550,  wires  must  be  at  least  1  in.  (2.54 
em.)  from  the  surface  and  must  be  separated  4  in.  (10.2cm.).  In  damp  places, 
for  volta^iea  below  300,  wires  must  be  held  1  in.  (2.54  cm.)  from  the  surface. 
Where  wires  are  exposed  to  mechanical  injury  protection  must  be  afforded 
as  specified  by  the  Code.  Wires  must  also  be  protected  by  porcelain 
tubes  where  they  pass  through  walls,  timbers  or  partitions.  See  the 
Naticmal  Blectrical  Code  for  other  minor  requirements. 

T.  Knob  and  tabs  wiring  (Fig.  2)  is  used  in  frame  buUdino,  and  is 
the  cheapest  method  of  ooneealed  wiring.  Although  it  lias  given  fair  satis- 
Faetion.  it  is  being  superseded  by  rigid  conduit  in  progressiye  communities. 
[n  (ome  eities  only  ngid  iron  or  flexible  conduit  or  flexible  steel-armored 
eabie  is  approved,  for  concealed  work. 

The  single-braid,  rubber-insulated  conductors  are  carried  within  the 
loors,  walls  and  partitions  of  the  building.  Where  passing  through  timbers 
Jiey  miut  be  insulated  with  porcelain  tubes.  On  a  vertical  run  the  wires 
nvit  be  protected  from  plaster  droppings  by  tubes  which  extend  at  least 
i  ixu  (10.2  cm.)  above  the  horiaontal  timbers  which  have  been  pierced. 

In  etmetoral-steel  mill-type  buildings,  open  wiring  is  carried  on  por^ 
wlain  knobs  or  cleats  which  may  be  secured  with  stove  bolts  at  points 
irhere  there  are  spaces  between  the  members  or  where  holes  are  already 
ninohed.  Sometimes  it  is  desirable  to  screw  the  cleats  to  blocks  which  are 
ilamped  to  the  members  with  hook  bolts. 

Open  work  is  especially  suited  to  locations  which  are  damp  or  hot  such 
la  dye  works,  breweries,  dry  kilns,  metal  refineries  and  the  Uke,     In  such 


1047 


-'8" 


» 


Sec.  13-R 


INTKRIOR   WIRING 


installstiona  apeeial  prewutions  must  be  obaerved;  these  preesntioBs  wt 
fully  deacribea  in  treatues  on  wiring. 

Within  partitions  and  floors,  where  the  wires  are  carried  on  knobs,  the  knob 
must  be  spsoed  not  more  than  4.S  ft.  (1.37  m.);  the  wires  should  be  spaced 
St  least  S.5  in.  (14.0  cm.)  and  should  be  carried  on  separate  timbers.     The; 


Surface  Switch 
Fia.  2. — Typical  deUils  of  knob  and  tube  method  of  wirinc. 

may  be  close  tOKCthor  if  encased  in  flexible  tubing.  Only  split  knobs 
may  be  used  for  conductors  smaller  than  No.  8;  either  split  or  tie  knob*  may 
bo  used  for  larger  conductors.  Tie  wires  must  have  the  same  insulation  M 
the  wires  they  support,  and  must  not  be  smaller  than  No.  14.  Flexible  tub- 
ing must  be  used  to  protect  conductors  at  each  outlet,  and  must  extend  from 

the  last  point  of  support  into  the  outlet 
(  ^  ,  box  in  one  continuous  length.     8he«t- 

r* T^- f  steel    boxes  must  be  used   for   flusb- 

\\*^An      ki**ll       L  switch  outlets.     Fig.  2  shows  typical 

"E~f"  <****''»  o'  tbo  knob  and  tube  me£o<L 

">     I  8.  Wooden  moulding  is,  as  a  rate 

'     p     ?^,y  used  for  making  additions  to  es- 

I      isting  installations  where  good  appear- 

i      ance  is  a  consideration  but  where  nin- 

^  •  ning  the  conductors  concealed  is  eitiiei 

f—  impossible  or  else  prohibitive  because 

of  cost.  Wooden  moulding  wiring  ii 
not  approved  for  damp  places  or  when 
the  difference  of  potential  between  any 


MJ^i  4^r{r 


I  r- — B\—^ 

■CjutciwxUjiLU  RcQiiixe/  < 

atLeait  .  ^ 

F.O.  3.-Standard,^wo.wire.  wooden   ^  "^^^t  '^^S^tZl^^^^. 

Miwui«*ii*.  ^^^  ^jpg  jg  required,  and  no  joints  or 

splicea  are  permitted  except  at  outleta 

and  at  fittings.    There  are  man>r  styles  of  approved  mouldinK  fittinMS  and 

almost  any  conceivable  combination  of  connections  can  be  reauied. 
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t.  IHm«nsioiu  and  cftpadtles  of  wooden  mouldinga.  Below  are 
gpiven.  the  dimensions  of  standard  two-wire  wooden  mouldinga;  the  products 
of  various  manufacturers  vary  somewhat.  All  dimensions  are  given  in  inches 
(FU.  8).    (Blrkpatrick  Mfg.  Co.) 


A 

Siie  of 
groove 

Will   acoommodate  wires 

B 

C 

D 

E 

F 

SoUd 

Stranded 

0.3S0 
0.375 
0.500 
0.625 
0.760 
0.875 
1.000 

M  tol2 

10  to  8 

9to4 

3  toO 

8 
fito6 
4  tol 
0  to* 

^  to  250,000 
250,000  to  500,000 

li 

1 
2 
2 
2 
3 
3 

lA 

I 
1 

k 

(' 

} 

1 

10.  Metal  moulding,  which  can  be  used  only  for  exposed  circuits,  is 
now  larsely  employed  in  the  place  of  wooden  moulding  (Par.  6).  li 
also  finds  application  in  new  construction  in  commercial  buildings  and  in 
Industrial  plants,  being  substituted  for  the  open  wiring  method.  This 
nioxilding  occupies  little  space  (see  Fie.  4),  is  very  neat  in  appearance  and 
beiag  ^erardised,  will  take  paint  readily.  The  conductors  in  the  mould- 
ing can  be  tf^en  out  for  inspection  at  any  time  with  little  trouble.  Altera* 
tions  in  or  additions  to  the  moulding  svatem  can  be  very  easily  and  neatly 
made.  Tattings  are  manufactured*  whereby  almost  any  possible  wiring 
arrangement  can  be  effected.  See  National  Electrical  Code  and  manufac- 
turers' catalogues  for  further  information.  Metal-moulding  wiring  costs 
somewhat  less  than  conduit  and.  for  exposed  work,  provides  a  neater  ap- 


L     'fr/{I      M 


AjMnbbly' 

Flo.  4. — National  metid  moulding. 

pearanoe.  It  oan  be  used  only  where  the  potential  difference  does  not 
exceed  300  volts  and  the  power  660  watts,  it  must  be  oontinuous  from 
outlet  to  outlet  or  to  approved  fittings.     It  should  not  be  used  in  damp  places. 

Bingle-braid,  rubber-insulated  wire  can  be  used  in  metal  moulding.  Wires 
must  be  laid  in — not  fished.  The  moulding  shown  in  Fig.  4  has  a  capacity 
for  four  No.  14  wires.  All  wires  of  an  alternating-current  circuit  must  be 
in  the  same  moulding,  and  it  will  be  foimd  advantageous  to  treat  direct- 
current  oirouitfl  likewise. 

11.  naztblo  tubing  (circular  loom,  dnradnct,  etc)  is  now  aeldom  used 
except  in  combination  with  other  methods  of  wiring.  However,  it  is  very 
uaeful  and  finds  wide  application  for  furnishing  additional  insulation  and^ro- 
teotion  to  conductors.  It  cannot  be  used  in  damp  places.  8ee  National 
SUctrical  Code  for  further  information.  Where  metol  outlet  boxes  or  switch 
boxes  are  used,  flraible  tubing  must  extend  from  the  last  porcelain  support  into 
the  outlet  box.  It  is  used  for  encasinE  wires  fished  between  walls  andWUngs, 
each  wire  being  separately  encased.  It  is  also  used  in  open  work  where  wires, 
are  nearer  each  other  than  2.5  in.;  on  wires  crossing  other  wires,  gas  pipes, 
water  pipes,  iron  beams,  wood  work,  brick  or  stone;  on  wires  at  chandeliers 
uid  bracket  outlets;  on  gas  pipe  back  of  insulating  joints;  on  wires  under 
tbe  edges  trf  canopies:  where  space  is  limited  ana  the  5-in.  separaUon 
required  between  wires  cannot  be  maintained,  each  wire  must  be  separately 
encased  in  a  oontinuoua  length  of  flexible  tubing.  Flexible  tubing  may  also 
be  employed  as  an  added  protection  to  wires;  as  for  instance  on  portable 
wires  around  machinery  and  in  show  windows,  etc,  where  added  protection, 
although  not  required,  is  often  desirable. 
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Below  are  given  the  dimeneiona  of  one  (tandard  line  of  flexible  tubing  ot 
oiroular  loom,  which  has  been  approved  by  the  Cnderwritera*  Laboratones. 


U.  Typical  Dlmenslozu  of  FlexlbU  Tublnc  (Circular  Loom) 

Inside 
diam., 
inohes 

III 

Ft.  per  coil 

Largest  wire,  A.W. 
G.,  and  dr.  mils 

Weight  per 
1,000  ft.4b. 

1 

250 
250 
200 
200 

No.  14 
No.  12 
No.    8 
No.    4 

75 
110 
125 
ISS 

1» 

w 

1 

160 
100 
100 
100 

No.    2 
No.  00 
200,000 
400.000 

200 
275 
360 
400 

2) 
21 
3 
3i 

100 
Odd  lengths 
Odd  lengths 
Odd  lea;{ths 

600,000 

800,000 

1,100,000 

1,300,000 

440 
600 
700 
700 

IS.  Ugld  iron  conduit  wiring  (Par.  14,  15  and  IT)  is  approved  for 
both  exposed  and  concealed  work  in  practically  all  classes  of  buildings. 
It  provides  the  safest  and  most  satisfactory  method  of  electric  wiring  vH 
developed.  Though  highest  in  first  cost  of  all  of  the  methods  it  is  probably 
the  most  economical  for  permanent  installations.  In  the  most  progressive 
cities,  only  rigid  or  flexible  iron  conduit  or  steel-armored  cable  is  permitted 
for  concealed  work.  Rigid  iron  conduit  should  have  the  preference  in  every 
case  of  permanent  installation  except  where  the  work  is  expoaed,  in  which 
event  metal  moulding  is  ususUy  preferable. 

Iron  conduit  and  nttinga  are  finished  black,  similar  to  enamel,  or  are 
sine-coated.  The  black  finish  is  the  most  popular,  but  the  sino-finiahed 
conduit  should  be  usi^d  for  outdoor  installations,  in  damp  places  er  when  the 
conduit  is  imbedded  in  cement.  Conduit  is  merely  standard-weight  steel 
pipe,  specially  treated;  hence  conduit  dimensions  and  threads  are  the  same 
as  those  for  corresponding  siies  of  wrought-iron  pipe.  Refer  to  the  National 
BUetrieal  Code  for  complete  rules  for  conduit  installations. 

14.  bon  conduit  Uttingi.  Ootlot  and  switch  boxes,  elbows,  supports, 
hangers  and  other  conduit  fittings  are  manufactured  in  almost  endless  variety, 
and  can  be  procured  to  meet  practically  any  condition.  See  manufacturers' 
catalogues  and  the  National  BUetrieal  Code, 

15.  Wire  for  use  in  iron  conduit  must  be  double-braid,  rubber-covered 
and  must  be  continuous  (without  splices)  from  outlet  to  outlet.     For  alter- 

'  nating-current  circuits,  all  the  wires  of  one  circuit  must  be  carried  in  the  same 
conduit  to  eliminate  heating  due  to  electromagnetic  induction. 

IS.  Ilexlbls  metallio  conduit  (Fig.  6)  is  approved  for  the  wirinc  of 

praotioally  all  classes  of  buildinip.     It  is  used  principally  for  wiring  finished 

buildings,  in  cities  where  iron  conduit  is  roQuired, 

©mji«iviJrti"i,v.i,iJB  or  where  a  thorough  job  is  desired.  It  is  used  for 
kk\^^\|tV  ^\k\A4\^il  wiring  near  machinery,  and  in  other  locaUoos 
where  the  conduit  run  changes  direction  fre- 
j]uently,  or  where  the  wires  must  be  fished.  It 
is  also  useful  in  wiring  new  frame  buildings  be- 
cause it  can  be  easily  bent  in  any  direction;  how- 
ever, rigid  conduit  is  cheaper  and  more  fre- 
quentlsr  used  for  this  service.  It  can  be  installed  more  readily  than 
can  rifid  conduit,  which  is  manufactured  in  lengths  of  10  ft.  Flexible 
metallic  conduit  is  furnished  in  coils  of  from  25  to  2S0  ft.,  depending 
upon  the  conduit  sise.  The  wire  and  the  general  installation  requirements 
are  practically  the  same  as  for  rigid  conduit.  Many  fittings  for  flexible 
metallic  conduit  are  manufactured,  although  no  elbows  ate  required. 


Fio.  5. — Greenfield  flex- 
ible-steel conduit. 
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IT.  Staadmrd  SlaM  of  Oondult*  for  th*  ImtelUtton  of  Wirai  and  Osbtea 

(At  adopted,  recommended  and  eopyrighled  by  The  Natl.  BUctrical 
Contractori  Aetn.  of  the  U.  S.) 
Conduit  BiiCB  based^  on  the  use  of  not  more  than  three  00-deg.  elbows  in 
runs  talcing  up  to  and  including  No.  10  wires,  and  two  elbows  for  wires  larger 
than  No.  10.  Wires  No.  8  and  larger  are  stranded.  Special  permission  is 
required  of  the  inspection  department  having  jurisdiction  for  the  installation 
of  more  than  nine  wires  in  the  same  conduit.  The  wires  used  by  the  telephone 
companies  of  various  cities  differ  as  to  thickness  of  insulation.  The  table 
"A  gives  values  satisfactory  for  both  light  and  heavy  insulation.  For  ex- 
planation of  column  reference  letters  for  table  "A."  see  footnotes. 


Size  of  wire 


14 

12 

10 

8 

6 

4 
3 
2 

1 

0 

00 

000 

0000 


Circular 
mils 


4,107 

6,530 

10,380 

16,610 

26,250 
41,740 
52,630 
66,370 

83,690 
105.600 
133,100 
167,800 

211,600 
300,000 
400,000 
600,000 


700,000 
1,000,000 

1,500,000 
2,000,000 


Single  wires 


ll 


Duplex  wires 


„C1 

S  b 

■< 

^.* 

14 

1 

14 

2 

14 

3 

14 

4 

12 

1 

12 

2 

12 

3 

12 

4 

10 

1 

10 

2 

10 

3 

10 

4 

1 
u 


If 


(A)Conduit  capacities 
for  various  wires 


Con- 
duit 


10 
20 
30 

70 

90 

150 


J_ 


18 

30 

40 

100 

130 
200 


51  3 
10  6 
15  10 
25  16 
25 


35 


Single  wires 


Convertible 
system 


Number 
and  sise 
of  wires, 
A.W.G. 


10 

14 
8 

12 
6 

10 
4 
8 
2 
6 
1 
6 
0 
4 

00 

3 

000 

2 


1-  0000 

2-  1 
1-250,000 
2-  0 
1-350,000 
2-     00 


a.  No.  14  R.  C.  double-braid  solid  wires.  Baaed  on  straight  run  without 
elbows. 

b.  No.  16  light  insulation  fixture  wires.  Based  on  straight  run  without 
eHbow. 

e.  No.  18  light  insulation  fixture  wires.  Based  on  straight  run  without 
elbow. 

d.  No.  20  braided  and  twisted  pair.  Switchboard  or  desk  instrument 
wire.     Based  on  not  more  than  two  00-deg.  elbows. 

fl.  No.  19  braided  and  twisted  pair.  Standard  ffiu.  insulation,  telephone 
wire.     Based  on  not  more  than  two  90-deg.  elbows. 

M.  Vlazlble  itoel-armored  conductor  (Fi^.  6)  has  found  considerable 
application  during  the  last  few  years,  due  to  its  adaptability  for  electrical 
construction  in  finished  buildings.  It  can  be  run  with  practically  no  regard 
for  pipes  or  other  grounded  obstructions  and  can  be  fished  lon^  distanoes. 
It  is  more  expensive  than  conductors  in  circular  loom  but  it  makes  a 
ihoroughly  dependable  job.  Flexible  steel-armored  conductor  consists 
of  rubber-insulated  wire  or  cable,  protected  from  injury  and  to  some  extent 
from  dampness  by  two  layers  of  spirally  wound  flexible  steel  armor.  It 
is  manufactured  "leaded"  and  "unleaded."     The  leaded  conductor  has 
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s  teaci  aheath  between  the  wrmor  and  the  rubber  to  exclude  dampi 
Both  typee  are  made  in  any  reaaonable  gaffe  of  wire  or  cable.  The  leaded 
type  ia  approved  for  uae  in  all  classea  of  buildings  and  can  be  installed 
during  or  after  their  construction.  The  unleaded  type  is  approved  only 
for  use  in  locations  that  will  not  be  permanently  damp. 

/Flexible StMlArmonr  -^svCo&ductori  Condnctors 

,      .   .  ^  LtadJUieath  „  ■,     j.  ^ 

Leaded  Unleaded 

Fio.  6, — Flexible  steel-armored  conductor. 

It.  B*UtlT*  OosU  of  Various  Metbods  of  Wirtnc 

("Electric  Light  Wiring,"  C.  E.  Knox) 


Method  of  wiring 

Relative  coat 
in  per  oent. 

Conduit  (rigid  iron) 

100 
80 
80 
70 
SS 
80 
40 
40 
35 

Moulding  (fire-proof  wood) 

Flexible  steel-armored  cable 

The  valuea  given  are  appronmate  for  average  conditions.  They  incJode 
all  labor  and  material  for  roughinc  in*'  but  do  not  include  lamps,  firturea, 
switohefl  or  acoessorieo. 

WIRI8  AKD  0ABLB8 

to.  Bleotrio  wlr*  and  o&ble  terxninology.  (17.  S,  Bwmu  of  Standarda 
Circular  No.  37.) 

Wir«.  A  Blender  rod  or  filament  of  drawn  metal.  The  definition  restrictf 
the  term  to  what  would  ordinarily  be  understood  by  the  term  '*eoUd  wire." 
If  a  wire  is  covered  with  insulation,  it  is  properly  called  an  insulated  wire; 
in  general  the  term  "wire"  will  be  understood  to  include  the  insulation. 

Conductor.  A  wire  or  combination  of  wires  not  insulated  frona  one 
another,  suitable  for  oarrying  a  single  electric  current. 

Stranded  Conductor.  A  conductor  composed  of  a  group  of  wirea  or  mny 
combination  of  groups  of  wires.  The  wires  in  a  stranded  conduct4V  are 
usually  twisted  or  braided  together.  , 

Cable.  (1)  A  stranded  conductor  (single-conductor  cable);  or  (2)  a 
combination  of  conductors  insulated  from  one  another  (multiple-conductor 
cable).  The  component  conductors  of  the  second  kind  of  cable  may  be 
either  solid  or  stranded,  and  this  kind  of  cable  may  or  may  not  bsve  a 
common  insulating  coverine.  A  smalt  cable  is  called  a  "stranded  wire** 
or  a  **cord,*'  both  of  which  are  defined  below.  Cables  may  be  bare  or 
insulated,  and  the  latter  may  be  armored  with  lead  or  with  steel  wirea  or 
bands. 

Strand.     One  of  the  wires  or  groups  of  wires  of  any  stranded  conductor. 

Stranded  wire.  A  group  of  small  wires,  used  as  a  single  wire.  A  wire 
has  been  defined  as  a  slender  rod  or  filament  of  drawn  metal.  If  such  a 
filament  is  subdivided  Into  several  smaller  filaments  or  strands,  and  is  used 
as  a  single  wire,  it  is  called  "stranded  wire."  There  is  no  sharp  dividins 
line  of  size  between  a  "stranded  wire"  and  a  "cable."  If  substantially 
insulated,  it  is  called  a  "cord,"  defined  below. 

C<vd.  A  small  cable,  very  fiexible  and  substantially  insulated  to  with- 
stand wear.     Usually  the  insulation  of  a  cord  contains  rubber. 

Oonoontric  strand.  A  strand  oomj}osed  of  a  central  core  surrounded 
by  one  or  more  layers  of  helically  laid  wires  or  groups  of  wires. 

Conoentrio-lay  cable.  A  stngle-oonductor  cable  oompoaed  of  a  central 
core  surrounded  by  one  or  more  layers  of  helically  laid  wirea. 
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&OlM-la7  oable.  A  aingle-^onduotor  cable  composed  of  a  central  oore 
nirrounded  by  one  or  more  layers  of  helically  laid  groupA  of  wires.  This 
btixid  of  cable  differs  from  the  preceding  in  that  the  main  strands  are  them- 
lelves  stranded. 

N-oonductor  cable.  A  combination  of  N  conductors  insulated  from 
>ne  another.  (It  is  not  intended  that  the  name  as  here  given  be  actually 
used.  One  would  instead  speak  of  a  "3-conductor  cable,"  a  **  12-conduotor 
sable."  etc.  In  referring  to  the  general  case,  one  may  speak  of  a  "multiple- 
M>nductor  cable,"  as  in  definition  for  "Cable"  above.) 

XT-conductor  concentric  cable.  A  cable  composed  of  an  insulated 
Bentral  conducting  oore  with  tubular  stranded  conductors  laid  over  it  con- 
sentrical^  and  separated  by  layers  of  insulation.  Usually  only  2-oon- 
luctor  or  3-conductor.  Such  conductors  are  uaed  in  oarryinf  alternating 
Burrents.  The  remark  on  the  expression  "N-conductor  given  for  the 
preceding  definition  applies  here  alio. 

Duplex  cM)le.  Two  insulated  single-conductor  cables  twisted  together. 
They  may  or  may  not  have  a  common  insulating  covering. 

Twin  Ol^le.  Two  insulated  single-conductor  cables  laid  parallel,  having 
a  common  eovering. 

Triplex  cable.  Three  insulated  single-conductor  cables  twisted  together. 
They  may  or  may  not  have  a  common  insulating  covering. 

Twisted  pair.  Two  small  insulated  conductors  twisted  together,  without 
a  common  covering.  The  two  conductors  of  a  "twisted  pair"  are  usually 
lubetantially  insulated,  so  that  the  combination  is  a  special  case  of  a  "cord.  ' 

Twin  wve.  Two  small  insulated  conductors  laid  parallel^  having  a 
common  covering. 

tl.  Specifleationa  for  Iniulated  conductors  are  ^ven  in  detail  In 
the  Naiional  Electrical  Code.  Since  these  specifications  are  subject  to 
revision,  it  is  inadvisable  to  repeat  them  here.  Practically  all  rubber- 
Insulated  wire  on  the  market  is  manufactured  in  accordance  with  Code 
requiremeDta,  and  to  each  coil  is  fastened  a  tag  indicating  the  approval  of 
the  Underwriters*  Laboratoriea.  Unapproved  rubber-insulated  wire  should 
Dot  be  Installed. 

St.  Allowable  or  Safe  Current-carrrinff  CapadtieB  of 

Iniulated  Copper  Wvea 

(1013  National  Electrieal  Code) 


Circular 
mils 

6 
< 

Table  A 
Rubber 

insula- 
tion. 

(Amp.) 

Table  B 
Other 

insula- 
tions. 

(Amp.) 

Circular 
mils 

d 

Table  A 
Rubber 
insula- 
tion. 
(Amp.) 

Table  B 
Other 
insula- 
tion*. 
(Amp.) 

1,624 
2,583 
4,107 
6,530 

10,380 
16,510 
26,250 
33,100 

41,740 
52,630 
66,370 
83,600 

105,500 
133,100 
167,800 
211,600 

18 
16 
14 
12 

10 
8 
6 
5 

4 
3 
2 
1 

0 

00 

000 

0000 

3 

6 

15 

20 

25 
35 
50 
55 

70 

80 

00 

100 

125 
150 
176 
225 

5 
10 
20 
25 

30 
50 
70 
80 

90 
100 
125 
160 

200 
225 
275 
325 

200,000 
300,000 
400,000 
600,000 

600,000 
700,000 
800,000 
900,000 

1,000,000 
1,100,000 
1,200,000 
1,300,000 

1,400,000 
1,500,000 
1,600,000 
1,700,000 

1,800,000 
1,900,000 
2,000,000 



200 
276 
325 
400 

450 
500 
650 
600 

660 
690 
730 
770 

810 
850 
890 
930 

970 
1,010 
1,050 

300 
400 
500 
600 

680 
760 
840 
920 

1,000 
1,080 
1,160 
1,220 

1,290 
1.360 
1,430 
1,490 

1,550 
1,610 
1,670 
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M. 


MnMinloiu  and  W*icl>t«  of  Eubb«r-«OT«r*d  Wlrai  and  Oablaa 
forVoltacM  from  MM  to  1,M0 


i 


A.W.G.! 


Size 


Cir. 
mils 


Thick- 
iiMa  of 
rubber 

in 
inches 


Diameter  over  oil 


Sinifle 
braid 


Double 
braid 


Mils    e4tbs  Mils 


64ths 


Approx. 

weight 

per  1,000 

ft.,  tape 

and 

braid 


Solid 


14 
12 
10 


4,107 

6.5.30, 

10,380' 

I6,5lo' 
26,250 1 
41,740; 

60,3701 
83,6U0i 


A 


239 
256 
277 


15.3 
16.4 
17.75 


304  10.45 
382  24.2 
425I27.2 

40831.9 
S013S.0 


289 
306 
327 

18.6 
19.6 
20.9 

354 
446 
489 

22.6 
28.6 
31.3 

582 
645 

37.2 
41.25 

46 
68 
75 

100 
153 
212 

310 
394 


Stranded 


1 
0 

00 

000 

0000 


83,690l  19 
105,500!  19 

66.4 
74.5 

s 

133,100  19 
167,800:  10 
121,600:  10 

83.7 
04.0 
105.5 

I 

400,000'  37  104.0 
600,000|  61   99.2 

i' 

604138.65 
645141.25 

691  44.25 
742  47.5 
80061.2 

1,032  66.0 
1,227  78.5 


688 
729 

776 
826 

884 

1,116 
1,311 


44.0 
46.6 

49.6 
52.8 
66.5 

71.4 
83.9 


406 
490 

695 
716 

875 

1,570 
2.300 


Dlmanaioni  and  Waichte  of  Eubbar-oovarad  Wire*  and  Oablaa 
for  Teltataa  from  1, 600  to  1,  §00  ■ 


Solid 


6,530 
10,380 

16,510 
26.250 
41,740 

66,370 
83,680 


i 
I 

A 


318J20.4 
3^9  21.7 

380  24.3 
41426.5 
456  20.2 

509132. 6 
592<37.0 


368  23.55 
380  24.9 


444 

478 
620 

673 
676 


28.4 
30.6 
33.3 

36.66 
43.25 


85 
100 

130 
175 
240 

330 
420 


Stranded 


8 
6 

4 

16,510 
26,250 
41,740 

7 
7 
7 

48.6 
61.2 
77.2 

s 

2 
1 
0 

66,370 
83,690 
105,500 

7 
19 
19 

97.4 
66.4 
74.5 

1 

398  25.6 
436  27.9 
504  32.25 

564'36.1 
635140.6 
676!  43. 25 


462  29.6 
500  32.0 
588  37.6 

648'41.6 
719  46.0 
760  48.6 


140 
185 
250 

340 
435 
620 


M.  Onmnt-eanylnc  eapaeity  of  eoppar  wirai.  If  the  current 
carried  hy  a  given  conductor  is  too  great,  the  conductor  wilt  become  so  hot 
that  it  will  be  unsafe,  or  may,  if  insulated,  damage  its  insulation.  Certain 
safe  current  values  have  been  determined  for  different  sises  of  conductor, 
and  are  listed  is  Far.  tl.    Leas  current  is  permissible  in  rubber-insulated 
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wires  than  In  wires  insulated  with  other  materials  because  relatively  lov 
tcmperaturea  may  injure  rubber  insulation.  For  interior  wiring,  the  e»- 
pacities  recommended  by  the  National  Electrical  Code  in  Par.  SS  should  be 
used,  unless  contrary  local  municipal  rules  are  mandatory.  « 

IT.  AUowablfl  currant- carrylnir  oapftcitles  of  aluminum  wire  are 
84  per  cent,  of  the  values  given  in  the  table  for  copper  wire  (Par.  IS),  aasuminc 
the  same  kind  of  insulation. 

18.  Rubber-covered  or  rubber-iniuUtted  wires  and  cables  (Par.  tS« 
14,  and  15}  when  protected  with  one  braid  over  the  insulation,  are  known  a« 
tfnclo-braid  wires,  and  when  two  braids  are  used  in  order  to  insure  against 
injury  by  abrasion,  they  are  known  as  doublfr*braid  wires.  Rubber- co%'ere<l 
conductors  are  used  for  concealed  inside  wiring  or  in  damp  places,  and 
throughout  where  the  voltage  exceeds  550.  Conductors  insulated  with  less 
expensive  materials  ^see  foTlowinK  paragraphs)  can  be  used  out-of-door« 
on  pole  Unea  and  inside  in  dry  jiTaces  where  the  wires  are  exposed.  The 
National  Electrical  Code  permits  single-braid,  rubber-covered  wirea  for 
exposed  interior  wiring  in  damp  places  and  in  moulding.  Double-braid, 
ruDber-insulated  conductors  must  be  used  in  conduit. 

M.  Weather-proof  wire  or  cable  (Par.  84)  is  used  for  out^f-door 
conductors  and  anould  be  supported  on  porcelain  or  glaas  insulatore  and  not 
on  knobs,  cleats  or  rubber  hooks.  Weather-proof  Code  wire  is  not  approved 
for  inMde  wiring  except  whore  exposed  to  corrosive  vapors.  The  so-called 
"  weather-|>roof  insulation  becomes  a  reasonably  good  conductor  when 
moist.  Triple-braid  weather-proof  conductors  have  three  braids,  saturated 
with  a  so-csiled  moisture-prom  compound,  served  around  them,  and  double- 
braid  conductors  have  two  such  braids.  Triple-braid  woaUier-proof  con- 
ductors are  apiiroved  by  the  National  EUctrioeU  Code  for  outside  oonstmcticm. 
but  double-braid  conductors  are  not  approved  at  all. 

80.  Slow-burning  conductors  are  insulated  with  three  braids  imprec 
nated  with  a  fire-resisting  compound,  as  is  used  on  slow-burning  weather^ 
proof  conductors.  The  (Tode  approves  slow-burning  conductors  for  interior 
exposed  wiring,  in  dry  places,  wnere  the  voltage  does  not  exceed  550.  They 
are  particularly  applicable  for  hot,  dry  places  where  ordinary  insulations 
wouM  soon  perish.  The  outer  braid  is  finished  like  that  of  slow-buminc 
weather-proof  conductors,  and  has  the  same  properties.     See  table  Par.  S4. 

81.  Blow-bumihff  weather-proof  conductors  (Par.  84)  are  som^ 
times  used  for  interior  exposed  wiring  in  damp  places,  where  there  are  cor- 
rosive vapors  provided  that  the  voltage  does  not  exceed  550.  They  are 
cheaper  than  rubber-insulated  conductors.  The  insulation^  consists  of  an 
inner  weather-proof  coatinf^  andean  outer  fire-resisting  coating.  The  Coda 
requires  that  the  fire-rcaiating  coating  be  ^  the  thickness  of  the  entire 
coating.  To  meet  this  condition  the  manufacturers  use  one  weather-pr«>o( 
braid  and  two  fire-resisting  braids.  The  fire-resisting  compound  oonaisis  of  a 
mixture  containing  white  lead,  oxide  of  sine,  chalk,  or  some  similar  substance. 
The  outer  braid  La  rubbed  smooth  on  the  outside.  The  manufacture  of  riow- 
burning  weather-proof  conductors  has  been  discontinued  by  some  mAnufa»> 
turers  and  they  are  now  seldom  used.  Slow-burning  weather-proof  wire  is 
chea[)er  than  slow-burning  wire.  It  is  not  suitable  for  out-of-door  service. 
Wires  with  a  fire-resisting  outer  coating  have  the  advantsAe  that  dust 
and  lint  do  not  readily  adhere  to  their  outer  surfaces,  as  is  ouen  the  case 
with  weather-proofed  braids.     If  dust  does  collect,  it  can  be  easily  swept  off. 

SI.  Weather-proof,  slow-burning  conductors  have  a  fire-resisting 
coating  next  to  the  conductor  and  a  weather-proof  coating  on  the  outsdde. 
They  are  not  approved  by  the  Code. 

88.  Twin  wires  or  cables  (Par.  85)  (sometimes  called  "conduit  wires") 
are  used  where  they  are  to  be  drawn  into  conduit  and  should  never  be  used 
except  in  conduit  or  in  metal  moulding.  _  Each  wire  is  rubber  insulated  to  ths 
thickness  indicated  in  Par.  88,  and  then  is  served  with  a  braid  or  with  a  tape. 
The  two  conductors  are  finally  bound  together  parallel  one  with  another, 
with  a  tenacious  braid  at  least  0.0312  in.  thick  for  wires  larger  than  No.  10 
B.  &  S.  gage  and  0.0125  in.  for  No.  10  B.  &  S.  ga«e  or  less  in  siae.  ThiB  cym- 
struotion  is  considered  in  the  National  Slectrical  Code  as  equivalent  to  that 
of  double-braid,  rubber-covered  wire.  Twin  oonductora  larger  than  No.  OOOO 
should  not  be  used  because  of  their  tendency  to  kink. 
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Dlmanitoiu  and  Waichta  of  Hational  Baotrlckl  Cod*- 
Struided,  Twin  (FUt)  Wire  uid  Obla,  0-COO  Tolta 

(Oenerol  Bltetrie  Co.) 


Siae  of  each 

oonduetor 

A.W.G. 

1                       Solid 

Stranded                1 

Weight  in 

lb.  per  1,000 

ft. 

Dimenaioiu 
in  in. 

Weight  in 

lb.  per  1,000 

ft. 

Dimensioas 
in  in. 

T„ljJ,k- Width 

Th^-|wid.h 

8 
10 
12 
14 

214 

162 
126 
100 

0.33X0.57 
0.26X0.48 
0.28X0.44 
0.22X0.40 

214 
162 
126 
100 

0.35X0.61 
0.32X0.51 
0.20X0.48 
0.23X0.42 

Siie 
dr.  mils 

Dia. 

fiber 

core,  in. 

No.  of 
wires  in 
atrand 

Si«e  wire 

in  strand. 

in. 

OversU 

dia. 
copper 
core.  in. 

Ampere  cspadtr 

SOdey.    1    60  dec. 
cent,  rue  |  cent,  rue 

2,000,000 
1,750,000 
1,500,000 

1,250,000 

1,000,000 

800,000 

750,000 

700.000 

50,000 

0.876 
0.780 
0.687 

0.562 
0.469 
0.344 

0.312 
0.281 
0.250 

210 
210 
182 

168 
98 
51 

48 
51 
45 

0.099 
0.091 
0.091 

0.086 
0.102 
0.125 

0.125 
0.117 
0.1056 

2.065 

1.87 

1.78 

1.59 
1.28 
1.1 

1.060 

0.99 

0.890 

1.400 
1.300 
1,200 

1.150 
900 
775 

750 
700 
560 

1.750 
1,625 
1500 

1.400 

1,150 

925 

000 
830 
660 
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M.  ribre-cored  cables  (Par.  37).  Alternating  current  flowing  in  Uni 
cables  baa  greater  density  on  the  surface  of  the  conductor  than  in  toe  oeotcr 
(so-called  skin  effect)  therefore  an  ordinary  cable  will  not  carry  as  high  a  ralw 
of  alternating  current  as  of  direct  current,  with  the  same  temperature  rise. 
In  order  to  overcome  this  it  is  advisable,  on  single-conductor  cables  700,000 
cm.  and  larger  for  60-cycle  circuits,  and  1,250,000  cm.  and  larger  fw  25- 
eyde  circuits,  to  strand  the  copper  around  a  fibre  core.  ^  The  weight  of 
copper  in  this  type  of  cable  is  the  same  per  ft.  as  in  an  ordinary  cable,  bat 
owing  to  its  annular  cross-section  the  cable  is  much  more  efficient  in  alter- 
nating-current circuits  and  also  has  a  somewhat  greater  current-canyioc 
capacity  due  to  the  larger  radiating  surface.  These  copper  strands  can  be 
coverefi  with  any  dedred  type  of  insulation. 

37.  Dlznexulons  ftnd  Ourrent-oarryixiff  CftpadtiM  of  Ftbre-cor^d 

Cablet.    {General  EleHrie  Co.) 


as.  Conductora  with  Tarnished  cambric  c^  oUed-cIoth  iwnlaUoa 

arc  made  by  manufacturers  of  lar^e  wire.  The  insulation  consists  of  cloth 
which  is  impregnated  with  oil,  dned  and  then  wound  spirally  around  tfas 
conductor  to  the  required  thickness.  A  braid  or  some  other  form  of  wo- 
tecUon  is  served  around  the  outside.  Such  conductors  are  largely  used  for 
voltages  exceeding  2,400,  but  for  lower  voltages  rubber  insulation  appears  to 
be  the  best  suited,  and  is  used  much  more  extensively  than  any  other.  Thi 
varnished  doth  Insulation  has  a  tendency  to  unwind;  this  affords  no  trouble 
to  wiremen  who  are  familiar  with  its  manipulation,  but  may  cause  the  on- 
initiated  some  inconvenience. 

nmNOS  AND  ACCBSSOBIU 
St.  Bnap  twitehes.     Surface  snap  switches  and  flush  snap  switches  ar« 
made  for  practically  any  service,  and  are  procurable,  in  certain  deaicns,  foe 


ibyv^iuuyie 
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Sec.  13-40 


▼oltawecs  u  high  •■  600.  Theoeinelude  uncle-pole,  doubla-pole  and  triple-pole 
sinicoee;  three-way  or  four-way  awitcbes,  for  the  control  of  hall  lamps 
from  any  one  of  several  locationa;  and  the  electrolier  switches.  They 
cmn    be  obtained  (for  290  volts)  for  currents  as  large  as  30  amp.      Snap 


8oiircc,otJEnerfr 

■  y  I  Lamp  L«sd 


Four  Way  Swileh. 


>Der(y 


Two  Way  Swttchai  ^  Xhre.  Wsy.iwH"*" 

Fi<i.    7. — Control  of  circuit  from  two       Fio.  8. — Control  of  circuit  from  any 
locations  with  two-way  switches.  one  of  more  than  two  locations. 

■«ritchea  are  usually  preferable  to  knife  switches  from  an  operating  stand- 
potnt  as  an^  one  can  operate  them,  under  normal  conditions,  without  arawing 
sk  destructive  arc.  Indicating  switches,  which  show  by  their  appearance 
^whether  they  are  open  or  closed,  should  always  be  used.  ^  Flush  snap  switches 
are  installed  in  pressed-steel  switch  boxes  which  are  set  in  walls  or  partitions, 
■o   that  only  the  plate  and 

opersUn^  buttons  are  v».     g,„„  QioopJ 

able.     Types    can   be   ob-         .        ^.  ra- 

tained    which   will   furnish  I       ^fl^       *^ . 

practically  the  same  service 
aa  surface  snap  switches. 
They  are  more  expensive 
but  preaent  a  neater  ap- 
pearance than  surface 
switches. 

40.  Thrae-waj  and 
four-war  iwltelMs. 
Switches  for  controlling  a 
croup  of  lamps  from  either 
of  two  locations  are  wired  as  indicated  in  Fig.  7.  Two  "three-way"  snap 
■witches  are  required.  This  scheme  is  largely  used  for  the  control  6f  ball 
lamps.  Switches  for  controlling  a  group  of  lamps  from  any  one  of  more 
than  two  locations  are  connected  as  in  Fig.  8.  A  "three-way"  switch  is 
used  at  each  end  of  the  circuit  and  as  many  additional  "four-way"  switches 


Thres-Cireuit 
Switch 

Fio.  9.— Wiring  for  electrolier  switches. 


Metal  Fsrales 


Fiber  Tube 


Fiber  Tabs 


Knlle  Blaila 


Top  View 


tabell 


•} 1. 


1 — o 

Top  View 

Side  Elevation  Side  Elevation 

A' Ferule  Contact  BKnif e  Blade  Contact 

Fio.  10. — National  Electrical  Code  standard  enclosed  fuses. 

are  necessanr  as  there  are  additional  control  locations.     This  arrangement  is 
used  for  hall  lamps  so  that  they  can  be  controlled  from  any  floor. 

41.  Kleetrolier  iwitchss  (Fig.  0)  control  lamps  in  independent  groups 
such  as  would  be  used  in  an  illuminated  dome  or  of  an  electrolier.     Switches 

lose 
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Copper  Ferrule  Tern 
Towdered'Fnilng 


are  made  for  thia  aervioc  in  the  "fluflh,"  "surface ''and  "poll'*  tTpea. 

Operation  of  the  two-circuit  awitcfa  is  as  follows:  Position  A,  tul  lamps  cNS; 
B,  only  those  of  group  I  are  on;  C,  both  groups  on;  D,  only  those  of  group 2 
are  on.  With  the  next  movement  all  lamps  are  extinguished.  The  sequesce 
outlined  is  typical,  but  switches  of  all  makes  do  not  provide  just  this  sequenee. 
A  three-circuit  switch  is  necessary  for  controlling  three  groups.  With  one 
type,  the  sequence  for  the  different  positions  is  as  follows:  A,  connects 
group  1;  B,  connects  groups  1  and  2;  C,  coiineota  groups  1»  2.  and  3;  D, 
disconnects  all  lamps. 

iS.  Open-link  fuses  disrupt  violently  under  conditions  of  riiort-cimnt 
and  blaclcen  the  panel  that  supports  them.  They  are  approved  by  the  Cods 
if  supported  on  slate  bases  and  enclosed  in  iron  cabinets.  When  so  arTaii||ed 
they  render  exceptionally  good  servioe  in  industrial  plants  if  they  are  main- 
tained by  journeyman  electricians. 

43.  CftTtridfe  or  enoloaed  fUM«.  The  Code  eartridge  fusee  (fig. 
10)  are  of  two  designs,  the  ferule-contact  type  for  cun^nts  oelow  aiKi  in- 
cluding 60  amp.  at  600  volts,  and  tbs 
knife-blade  contact  type  for  ooETCBta 
of  from  61  to  600  amp.  at  250  volts  azhd 
of  from  61  to  400  amp.  at  GOO  vc^ts. 
Bee  National  ElectricM  Code  for  de* 
tail  dimensions  of  fuses  of  different 
capacities.  A  cartridge  fuse  usually 
consists  of  a  tube  of  fiber  or  some  sim- 
ilar material  which  enshrouds  the  fuse 
link.  The  Unk  terminals  are  connecied 
to  contact  pieces  at  the  ends  of  the 
tube.  An  insulating  powder  eurrouDds 
the  link  and  fills  toe  tube.  In  some 
forms  the  fuse  link  is  encased  in  a  small 

air  chamber,  as  illustrated  in  Vig,  11.  The  formation  of  destructive  arcs  is 
prevented  in  fuses  of  the  cartridge  type  and  the  fuses  themselves  are  ^paUe 
of  being  very  accurately  rated. 

44.  Renewable  tutea  are  those  in  which  the  fusible  element  can  be  replaeed 
by  the  user.  They  are  of  the  enclosed  type,  of  standard  Code  dimenaioatf 
and  have  recently  been  widely  exploited,  having  met  with  considerable  sale. 
Their  use  is  not  at  present  (1914)  sanctioned  by  the  Code,  but  it  is  not 
unlikelv  that  certain  forms  of  rofillable  fuse  will  be  approved,  under  re- 
strictea  conditions,  for  they  pcwuess  decided  economic  advantages. 

46.  Melting  points  of  commercial  fuse  wire.  The  following  values  are 
approximate,  as  the  fusing  points  of  metals  depend  on  the  proportaon  and 
kind  of  alloys  used,  kind  and  form  of  terminal,  length  of  fuse  and  on  other 
factors.     (From  Knox's  "  Electric  Light  Wiring;"  table  by  Mr.  Bathurvt.) 


Fia. 


Air  Chsmber 
Fibre  Tabe 

11. — Typical  encloaed-fuse  con- 
struction. 


Nearest  size 

Diameter  in  thou- 

Fiuing  current 

A.W.G. 

aandths  of  an  inch 

in  amperes 

30 

0.010 

1.7 

24 

0.020 

4.9 

20 

0.030 

9.0 

19 

0.036 

11.3 

18 

0.040 

13.3 

16 

0.050 

19.8 

14 

0.060 

25. 4 

13 

0.070 

32.0 

12 

0.080 

39.1 

10 

0.100 

S4.1 

0 

0.110 

63.1 

8 

0.130 

81.1 

7 

0.140 

90.6 

7 

O.ISO 

100.5 

6 

0.160 

110.7 

S 

0,180 

132.1 

4 

0.200 

1547 
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41.  Ont-onti  or  flue  blooki  are  doyioes  whereby  fuses  can  be  inserted 
In  an  electrical  oirouit.  Detailed  Bp|eoificstioiis  covering  cut-outs  for  all 
ipproved  currents  and  voltages  are  given  by  the  Code.  A  combination  of 
the  Edison  plug  cut-out,  and  the  ferule  fuse  and  fuse-plug  casing  that  can 
t>e  used  in  connection  with  it,  constitutes  a  most  satisfactory  fuse  arrange- 
ment. However,  this  arrangement  is  limited  to  a  capacity  of  30  amp.  at 
L25  volts.  The  Edison  plug  cut-out,  which  has  a  right-hand  threaa,  is 
Ipproved  only  for  125  volts;  the  Bryant  Electric  Co.  makes  a  similar 
sut-out  having  a  left-hand  thread,  which  is  approved,  under  certain  con- 
ditions, for  250  volts.  The  right-hand  thread  cut-out  is  approved  for  only 
125  volts  because  the  Edison  fuse-plug,  which  la  not  safe  at  a  greater  voltage, 
san  be  used  in  it.  Cut-outs  for  open-link  fuses  consist  merely  of  slate  blocks, 
iutving  mounted  on  them  the  necessary  terminals. 


4T.    DUnMtert  of   WiT«s  of  TaHoui  MataiiaU  that  wlU  bo  Fused 

by   o  CuiTont  of  A  Olven  Btrenffth 
(Knox's  '*  Electric  Light  Wiring.**     Derived  from  tables  of  W.  H.  Preeoe) 


Cur- 

Copper 

Aluminium 

German  silver 

Iron            1 

rent 
In 

IMsm. 

Nearest 

Diam. 

Nearest 

Diam. 

in 

Nearest 

Diam. 

Nearest 

amp. 

in 
in. 

A.W.Q. 

in 
in. 

A.W.G. 

in 
in. 

A.W.G. 

in 
in. 

A.W.G. 

1  '0.0021 

43 

0.0026 

41 

0.0033 

39 

0.0047 

37 

2  ;0.0034 

89 

0.0041 

38 

0.0063 

35 

0.0074 

33 

3 

0.0044 

37 

0.0054 

35 

0.0069 

33 

0.0097 

30 

4 

0.0053 

35 

0.0065 

34 

0.0084 

31 

0.0117 

29 

6 

0.0062 

34 

0.0076 

32 

0.0097 

30 

0.0136 

27 

10 

0.008S 

30 

0.0120 

28 

0.0154 

26 

0.0216 

24 

IS 

0.0120 

28 

0.0158 

28 

0.0202 

24 

0.0283 

21 

20 

0.0160 

26 

0.0191 

24 

0.0245 

22 

0.0343 

19 

2S 

0.0181 

25 

0.0222 

23 

0.0284 

21 

0.0398 

18 

30 

0.0205 

24 

0.2500 

22 

0.0320 

20 

0.0450 

17 

35 

0.0227 

23 

0.0277 

21 

0.0356 

19 

0.0498 

16 

40 

0.024S 

22 

0.0303 

20 

0.0388 

18 

0.0545 

15 

45 

0.02W 

21 

0.0328 

20 

0.0420 

18 

0.0689 

15 

50 

0.028K 

21 

0.0352 

10 

0.04.50 

17 

0.0632 

14 

60 

0.0325 

20 

0.0397 

18 

0.0509 

16 

n.0714 

13 

70 

0.036U 

10 

0.0440 

17 

0.0504 

15 

0.0791 

12 

80 

0.0394 

18 

0.0481 

16 

0.0616 

14 

0.0804 

12 

go 

0.0420 

18 

0.0520 

16 

0.0667 

14 

0.0935 

11 

100 

0.0457 

17 

0.0.558 

16 

0.0716 

13 

0.1003 

10 

120 

0.051G 

10 

0.0630 

14 

0.0808 

12 

0.1133 

9 

140 

0.0572 

15 

0.0698 

14 

0.0805 

11 

0.12.55 

8 

160 

0.062r, 

14 

0.0763 

13 

0.0978 

10 

0.1372 

7 

180 

0.0670 

14 

0.0826 

12 

0.10.58 

10 

0.1484 

7 

200 

0.072S 

13 

0.0886 

11 

0.1135 

9 

0.1592 

6 

225 

0.0784 

12 

0.0958 

10 

0.1228 

8 

0.1722 

5 

250 

0.0841 

12 

0.1028 

10 

0.1317 

8 

0.1848 

5 

276 

0.0897 

11 

0.1095 

9 

0.1404 

7 

0.1909 

4 

300 

0.0950 

U 

0.1161 

9 

0.1487 

7 

0.2086 

4 

WIBWa  CALCTTLATIOMS    AHD  LATOUTS 

4S,  The  Tdlitanes  of  a  cireulai^mil-foot  of  commercial  copper  wire 
'%  wire  1  ft.  long  and  having  cross-sectional  area  of  1  cir.  mil)  is  usually 
iuoted  as  from  10.6  to  10.8  ohrag,  at  75  deg.  fahr.  (24  deg.  cent.).  For 
wiling  calculations  11  ohms  per  mil  foot  is  a  sufficiently  accurate  assurap. 
ion.  (See  Sec.  4  for  the  Annealed  Copper  Standard.)  On  this  basis  the 
vflifltsnce  of  any  commercial  copper  conductor  is: 


a- 


11X(_ 
dr.  mils 

1061 


(ohms)  :(U 

,.j,!,.Mb,v^^oogle 
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Wherein,  R -^  reaiatance  of  conductor  in  obms,  I— length  of  eonduetoc  ia 
feet  and  dr.  milt "  the  area  of  the  oonduotor  in  eiroular  mila.     Alao: 
„     IIXIXI 


(volta) 


(J) 


LoadCentflrN    ^ 


cir.  mila 
where  V  repreaenta  the  dropa  in  volta  and  I  the  eutrent  in  amps. 

M.  Proeadurs  la  datarmininc  tha  sUa  of  eonduetor  for  »  ■<*<■ 
circuit.  Practically  all  interior  virinc  problems  involve  the  Seter- 
minstion  of  the  liie  of  wire  that  will  carry  •  csrtain  current  a  civen  dit- 
tanoe  with  a  permiasable  drop  in  volts.    Tha  successive  opeislions  are: 

.  (a)  Determiqe  the  current. 
™  in  amperes,  that  will  flow  a 
the  circuit. 

(b)  Determine  the  ''^-'t-** 
from  the  point  of  aasumed  eoa- 
Btant  voltage  to  the  load  cea. 
ter  of  the  circuit  (Par  W). 
This  distance  will  be  the  so- 
tual  circuit  lencth  if  the  load 
is  conoentrsted  at  one  end. 

(o)  Decide  what  volta«e  dnv 
or  I0B8  is  allowable  (Par.  fl, 
n  and  M). 

(d)  Determine  from  the  lot- 
mule  the  sise  of  wire  that  viU 
give  the  desired  voltace  drop. 

(e)  Check  the  derived  wire  slie  for  current-carrying  capacity,  uaang  toe 
table  in  Par.  SI. 

(f)  Where  economy  of  operation  most  be  considered,  check  the  cx>at  of 
be  energy  diasipatea  in  resistanoe;  thii 

limits.     See  Par.  TS  to  and  including  T6. 


4^ 

N  I    Switch 


Uf 


'  Braarb 


)1 


Fin.   12. — An  example  of  load  renter. 


the  energy  dissipated  in  resistanoe;  this  should  be  kept  within  reaaonable 
limits.     See  Par.  TS  to  and  including  T6. 

(0.  Tha  load  canter  of  a  circuit  is  that  p<dnt  at  which  it  can  he 
aasumed  that  the  total  load  is  concentrated.  The  load  canter  of  a  vonp  d 
receivers,  each  of  the  same  input  and  symmetfic^y  arrsiiged,  will  be  st 
the  middle  of  the  group.     (Fig.  12.) 

To  determine  the  load  center  of  a  group  of  reoeiTers  of  unequal  ciqiwoitiw 


9wtt' 


<+•— 50^*- 


xm 


Loads  la 
Ampere* 


K- 


CalcoUtlont 


f-Load  Cenur 


ao'x  iwA-8oao 

IdCx  40  A>  4000 
lao*!  JDA.iOOO 
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Fio.  13. — Determination  of  the  load  center  of  a  circuit  having  reoriveis  of 
unequal  capacities,  unsymmetrically  located. 

or  unsymmetrically  located,  first  multiply  the  normal  current  taken  by  each 
receiver  by  its  distance  from  the  starting  point  of  the  circuit;  add  all  the 
products  thus  found,  and  divide  this  sum  by  the  total  current  of  the  circuit. 
Bee  Fig.  13.  After  some  experience,  one  can  by  inspection  deterixune  the 
location  of  the  load  center  with  sufficient  accuracy.  Calculationa  for  this 
factor  are  seldom  made  by  experienced  circuit  deaignezB. 

II.  Allowable  Tdtac*  drop  In  incaadeaoont  Ughttnc  dreniti. 
should  not  exceed  3  volts  in  110-volt  circuits  and  6  volts  in  220- volt  circuits. 
Sometimes  4  or  5  volts  drop  is  allowed  in  IlO-volt  circuits,  but  these  arc 
decidedly  the  upper  limits  and  do  not  repteaent  good  praictice.     In  pef 


1062 


dbyv^iuuyie 


INTERIOR  WIRING 


Sec.  13-52 


nntaew  of  the  noeiTer  Toltage,  a  drop  <rf  from  1  to  3  per  cent,  is  aati»- 
factory  and  a  4.5  per  cent,  drop  ia  the  maximum.  (See  Par,  U.)  The 
ftbove  Taluefl  represent  the  voltage  drops  from  the  source  of  assumed 
constant  voltage  to  the  lamp.  ^  Because  of  the  extreme  sensitiveness  of 
bhe  izkoandescent  lamp  to  variations  in  voltage,  the  lamps  may  be  subjected 
io  overvoltagea  if  the  drops  suBgested  above  are  exoeeded— which  will 
mstterially  decrease  their  life;  they  mar  also  be  subjected  to  undervoltoges 
Rrben  the  circuit  is  loaded — which  will  decrease  their  brilliancy  (Sec.  14). 
Some  oentral-station  companies  specify  that  the  total  drop  in  1  lO-voIt,  interior- 
iririne  circuits  shall  not  exceed  1  volt. 

n.  Allowable  Toltace  drop  In  motor  olrouiti.  A  5  per  cent,  drop 
■  in  accordance  with  excellent  practice  and  a  10  per  cent,  drop  or  even  a 
■lightly  greater  one  is  often  considered  satisfactory.  The  drop  should  be 
SBloidated  on  the  basis  of  fuU-load  motor  current.  Where  incandescent 
amps  are  on  the  same  circuits  with  motors  the  drops  suggested  in  Par.  (1 
ihould  not  be  exceeded.  In  designing  motor  circuits  the  question  of  con- 
iuctor  economy  (Par.  71)  should  De  considered. 

U.  Apportloninaiit  of  voltage  drop.  In  circuit  design  it  is  necessary  to 
ftpportion  the  total  drop  among  the  various  component  ciromts — feeders, 
mains,  sub-mains  and  branches.  In  incandescent  lighting  most  of  the  drop 
a  oonfined  to  the  feeders  because  if  there  were  excessive  drop  in  the  mains 
%ad  branches,  lampa  located  close  together  but  served  b^  different  mains 
uid  branches  might  operate  at  decidedly  different  brilliancies. 

With  an  isolated  plant,  that  is  where  energy  is  generated  on  thepremises, 
the  drop  may  be  apportioned  exactly  as  indicated  (Par.  M).  Where  the 
|>reinisea  is  served  by  a  central  station  (Par.  W),  the  practice  of  the  utility 
K>ncem  may  allow  2  volts  drop  in  its  secondary  mains  and  the  ser- 
rice  to  the  premises.  In  such  a  case,  the  total  drop  within  the  premises 
ihould  not  exceed  I  to  2  volts.  Where  a  utility  company  is  to  give  service, 
t  should  be  consulted  regarding  its  practice  in  this  lespeot.  Some  central 
itations  require  that  the  voltage  drop  in  interior  wiring  installations  which 
they  are  to  serve,  shall  not  exceed  a  certain  maximum.  In  any  ease,  it  is 
Iiequently  the  practice  to  allow  one  volt  drop  for  the  branches  and  to  appor- 
tion the  rest  of  the  available  drop  to  the  main  circuits  and  feeders. 

M.  TTpleal  Apportionment  of  Drop  In  110-Velt  Ughtlng  Oirculta 


Proportion 

4  volts  total  drop 

3  volts  total  drop  | 

Part  of  circuit 

Actual 
drop, 
volte 

Per  cent, 
drop 

Actual 
drop, 
volts 

Per  cent, 
drop 

Qranehes 

1  volt 

i  remainder. 
1  remainder. 

1 
1 
2 

0.91 
0.01 
1.82 

1 
ll 

0.91 
0.60 
1.21 

Mains 

Total 

4       1     3.64 

3 

2.72 

M>  Apportlonmsnt  of  drop  on  S,MO-Tolt  distribution  systamt 
■  often  inade  under  the  assumption  that  the  secondary  voltage  at  the  traos- 
'ormers  remains  practically  constant.  This  will  be  found  true  in  a  well 
nid-ont  system,  particularly  if  automatic  feeder  regulators  are  used. 

M.  Apportioiiinont  of  drop  In  motor  oiretilti  is  frequently  made  on 
ibe  ba^  that  1  voh  will  be  allowed  in  the  branches,  two-thirds  of  the  remain- 
OK  drop  >■>  the  mains  and  ono-third  in  the  feeders.  ,  Most  of  the  drop  should 
je  oonnned  to  the  mains  in  order  that  a  variation  in  the  load  on  one  motor 
ji  a  group  will  affect  the  others  as  little  as  possible.  Where  motor  circuits 
ire  fed  by  transformers,  it  is  usually  assumed  that  the  voltage  at  the  second- 
iry  aide  of  the  transformers  remains  practically  constant,  and  therefore  all 
>{  the  allowable  drop  is  apportioned  to  the  secondary  circuit.  Where  a  group 
jt  motors  is  fed  by  a  main  dreuit  and  branches,  the  drop  in  the  branches, 
f  they  are  not  too  long,  is  frequently  1  volt  or  less,  under  normal  working 
)onditions,  because  the  insurance  rules  require  that  a  branch  conductor 
lerving  a  motor  be  capable  of  safely  carrying  a  current  25  per  cent,  greater 
ttuMi  the  normal  fulMcnd  current  of  the  motor. 
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■T.  Cnirantl  Cauilns  »  Drop  of  1  Volt  la  Oireuito  of  DiHareat  t.«»j«i.. 
and  of  Dlflerent  BUei  of  Wlr* 


Rim  A.W.G. 

Total  length  {tingla  distance)  of  oireuit  in  feet  (two  virU)  ' 

100 
ft. 

20  ft. 

30  ft. 

40  ft. 

50  ft. 

60  ft. 

70  ft. 

80  ft. 

90  ft. 

14 

».3 

6.2 

4.6 

3.7 

3.1 

2.5 

2.3 

2.0 

1.8 

12 

14.8 

9.9 

7.4 

6.9 

4.9 

4.2 

3.7 

3.3 

3.9 

10 

SS.« 

16.7 

11.8 

9.4 

7.8 

6.7 

5.0 

6.2 

4.7 

8 

33.0 

25.0 

18.7 

15.0 

12. S 

10.7 

9.3 

8.3 

7.S 

e 

46.0 

39.7 

29.7 

23.8 

20.0 

16.9 

14.8 

13.2 

11.6 

5 

S4.0 

60.0 

37.6 

30.0 

25.0 

21.2 

18.7 

16.1 

15.6 

4 

65.0 

68.1 

47.4 

37.8 

31.6 

27.0 

23.6 

21. 0 

18.8 

3 

76.0 

76.0 

59.8 

47.7 

39.6 

34.0 

29.8 

26.2 

23.8 

2 

90.0 

90.0 

75.0 

60.0 

50.0 

42.8 

37.5 

33.0 

30.0 

1 

107.0 

107.0 

03. S 

75.0 

68.0 

53.5 

46.7 

41.5 

37.4 

0 

127.0 

127.0 

11*.  8 

05.6 

79.0 

68.0 

69.5 

53.0 

47.) 

00 

150.0 

150.0 

150.0 

120.0 

100.0 

88.0 

75.0 

66.5 

60.0 

000 

177.0 

»77.0 

177.0 

152.0 

127.0 

108.0 

85.0 

84.0 

76.0 

0,000 

210.0 

210.0 

210.0 

192.0 

160.0 

136.6 

120.0 

107. 0 

06.0 

200,000  cm. 

200.0 

200.0  200.0 

ISl.t 

151.6 

129.9 

113.6 

101.0 

90.9 

300.000  cm. 

270.0 

270.0270.0 

270.0 

227.2 

194.7 

170.4 

151.5 

136.2 

400,000  cm. 

330.0 

330.0  330.0 

330.0 

303.0 

259.7 

227.2 

202.0 

181.8 

800,000  cm. 

390.0 

.390.0'. 390.0 

390.0 

STS.8 

324.7 

284.1 

252.5 

227.J 

600,000  cm. 

450.0 

450.0450.0 

450.0 

460.0 

389.6 

340.8 

303.0 

272.7 

700,000  cm. 

500.0 

500.0500.0 

500.0 

500.0 

461.0 

397.7 

353.5 

318.1 

800,000  cm. 

550.0 

550.0550.0 

5,50.0 

550.0 

519.6 

454.4 

404.0,363.6 

900,000  cm. 

600.0 

600.0  600.0 

600.0  600.0 

584.4 

511.3 

454. 5409. 0 

1,000,000  cm. 

650.0  66O.0|65O.0|650.O|650.0 

650.0 

568.7 

505.0454.S 

Values  below  the  heavy  type  exceed  the  mazimum  currents  allowad  for 
rubber-covered  wire. 

S8.  Per  cent.  voltaffO  drop  in  practical  wiritis  calculations  is  tunally 
taken  as  a  percentage  of  the  receiver  voltage.  The  voltage  drop  may  be  ex- 
pressed in  percentage  of  impressed  voltage  by  the  expression  »«•  tV(JB+»)t 
where  p  is  the  per  cent,  drop,  V  is  the  drop  in  volts  and  E  is  the  voltage  at 
the  receiver. 

M.  CalouUtlon  of  two-wlr«,  diroot-eurrent  circuits  is  effected  br 

means  of  the  foUowins  formula, 

22XIXL  _ 

--   ---, (3) 


dr.  mils" 


wherein  F^drop  in  volts  in  the  circuit,  J»oumnt  in  amperes,  L^lengtik   , 

one  way  or  the  single  distance  of  the  cirouit.in  feet  and  ct'r.  miU  »  ihe  erost     | 
sectional  area  of  the  conductor  in  circular  mils. 

60.  OaleulAtloiu  of  three-wlra,  direct-currant  circuits  are  made  witb 
Eq.  3,  Par.  Ot.     In  a  balanced  three-wire  circuit  no  current  flows  in  the  neu-  '. 
tral  wire.     In  making  wiring  calculations  in  practice  for  three-wire  ciroint^  | 
it  is  assumed  that  the  circuit  is  balanced.     Ascertain  the  current  that  ww 
flow  in  the  outside  wires  of  the  three-wire  circuit  and  then  use  Eq.  3,  Par.  9f. 
The  drop  in  voltage  V  in  the  formula  is  the  drop  in  both  of  the  outside  wires 
and  is  twice  the  drop  to  each  receiver  connected  between  the  neutral  and  aa 
outside  wire.     Obvioualy  V  can  be  twice  as  great  for  a  three-wire  cirouii  at  ' 
for  the  equivalent  two>wire  circuit.    The  neutral  wire  if  unf used  should  be  tbs 
same  sise  as  each  of  the  outside  wires  in  order  to  conform  with  Code  require 
ments,  but  if  pr<n>erly  fused  it  may  be  smaller. 

61.  The  metnod  to  be  used  in  o»lcuUtlng  an  alternAtlnir-caTTOAt 
circuit  is  determined  by  the  characteriBtics  of  the  circuit  under  consideratioB. 
'Where  the  circuit  is  short  and  the  conductors  will  lie  reasonably  close  together, 
the  approximate  methods  suggested  in  following  paragraphs  can  be  used; 
these  partially  disregard  the  effects  of  power-factor  and  line  reaotaooa 
The  results  obtained  from  these  approximate  formulas  are  usuallv  aubleet 
to  less  error  than  other  factors  entering  into  the  ordinary  wiring  calculatioB. 

*  Note: — The  total  length  of  wire  is  twice  the  single  distance. 
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'Where  circuits  are  Ions  aod  the  conductors  lis  far  apart,  the  results  given 
by  the  approximate  formulas  should  be  ohecked  by  the  Menhon-Disgram 
^S^c.  12)  which  coDsidetB '  the  effects  of  power-factor  and  reactance 
/Although  the  Merahon  method  is  a  trifie  tedious,  it  will  be  found  the  quickest 
and  the  beat  when  all  things  are  oonsidered.  The  use  of  the  tables,  that  are 
frequently  given  for  the  determination  of  alternating-current  conductors, 
srill  probably  lead  to  inaccurate  results,  unless  the  user  is  familiar  with  their 
lerivation.  The  effects  of  electrostatic  capacity  are  inconsequental  and  need 
aot  be  considered  in  ordinary  interior  wiring  calculations. 

U.  Une-raaetuiee  Toltac*  drop  may  be  decreased  either  by  diminisb- 
jiK  the  distance  between  the  wires,  or  by  dividing  the  copper  into  a  greater 
aumber  of  oirouita.  Reactance  is  little  affected  by  changing  the  size  of 
^e  conductor.  In  interior  wiring  installations  the  conductors  can  be  no 
ie«rer  together  than  certain  minimum  distances  specified  by  the  National 
Sisctrieai  Code.  Whore  installed  in  conduit  the.  conductors  are  so  close 
k>Bether  that  their  reactance  is  practically  negligible.  All  the  wires  of  any 
Utematinff-ourrent  circuit  (two  wires  for  a  single-phase  circuit,  three  wires 
'or  a  ihree-phase  circuit  or  four  wires  for  a  two-phase  circuit)  should  be  carried 
18  close  together  as  feasible  or,  in  a  conduit  installation,  should  all  be  in  the 
uune  conduit,  in  accordance  with  the  Code. 

•S.  sua  «Beet  in  interior  wiring  ealculatioiu  is  ordinarily  of  little 
sonaequence,  and  need  not  be  considered  unless  conductors  are  larger  than 
K)O,000  cir.  mils  in  area.  (Sec.  2  and  Sec.  12.)  As  a  general  proposition 
x>iiductoT8  larger  than  600,000  cir.  mils  are  very  difficult  to  handle,  and, 
lAnce,  are  uneconomical  to  install;  therefore,  when  greater  area  is  required 
t  is  usual  to  arrange  several  conductors  in  parallel  Some  engineers  will 
lae  no  conductor  larger  than  300,000  cir.  mils  in  interior  wiring.  Fiber- 
mred  cables  (Par.  IS  and  S7)  should  be  used  where  conductors  larger  than 
100,000  cir.  mils  are  required. 

•4.  Calculation  ol  altematlTie-enrrent  etrcniti  of  hl^h  powar- 
fftCtor,  such  as  are  used  for  supplying  incandescent  lamps:  in  this  case  treat 
ibe  circuits  aa  if  thejr  were  dlrect-eurrent  circuits,  using  Eq.  3,  Par.  IS. 
rfaia  method  is  not  strictly  accurate  but  is  sufiSciently  so  for  ordinary  con- 
litiona.  If  the  circuits  are  long  and  the  wires  are  widelv  separated,  the 
soaduotor  alses  obtained  as  above  should  be  checked  by  tne  Mershon-dia- 
erain  (Sec.  12). 

SS.  To  calculate  dnffle-phaae,  altemaUnK-current  ciroulti  where 
Ina  reactance  may  be  neglected.  The  following  formulas  can  be  safely 
ised  for  the  calculation  of  branch  circuits  and  also  of  feeders  and  mains 
irhere  the  conductors  are  carried  in  conduit  or  are  not  very  long.  Where 
ibe  circuits  are  of  considerable  length  the  result  given  by  the  formula  should 
>e  checked  with  the  Merahon  diagram  (Sec.  12).  The  current  may  be  found 
'rozn  the  ezpieseion: 

,      K».X  1,000,  ,  ,^, 

'' — i;xp.7r '*°""-V  <*' 

■rbeaein,  /i  — current  in  amperes,  Kic.  =  kilowatts  input  of  the  load,  Bm 
roltaca  of  circuit  and  p./.opoweMactor  of  load. 

.,      22xriXZ.  ... 

oir.  mils  — _- ■  (5) 

(7herdn,  eir.  mtb— area  of  conductor;  /i— current  in  amperes;  £— length 
^one  way)  of  the  circuit  in  feet  and  7— volts  drop  allowable. 

M.  Oaleulatlona  of  ilnffle-phaaa  branehei  from  three-phase 
Birculta  are  made  in  the  same  way  aa  those  for  any  other  single-phase 
circuit  (Par.  6d).  However  it  must  be  remembered  that  if  the  branch  is 
connected  between  one  of  the  three  phase  wires  and  the  neutral,  the  voltage 
impressed  on  the  branch  circuit  will  be  0.58Xthe  voltage  across  any  two 
mff^""  of  the  three-phase  circuit 

ST.  To  oalculata  two-phaae,  four-wire,  eircuita  where  line  reaet- 
uiea  can  be  neglected  the  following  formulas  can  be  used.  The  limitations 
Tor  this  method  are  the  same  as  those  for  aingl^hase  circuits  as  outlined. 
Par.  M.  As  with  the  single-phase  equations  (Kq.  4  and  6,  Par.  65),  the 
Merahon  cSiagram  (Sec.  12)  should  be  used  for  checking  the  conductors 
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tot  eirouits  of  eooaiderable  length.  Where  the  current  is  not  known  it  cm 
be  found  thus: 

^-Bx^.73^-  Jfx^TT  ^''"'"•>      <*' 

Wherein,  It  *  current  in  amperee  in  each  of  the  four  wires  of  a  balanced 
two-phaae  circuit,  and  the  other  syrobols  have  the  mme  meanings  as  in 
Par.  6S.     The  current  being  known: 

cir.  milac* y- —  (7) 

Wherein  all  of  the  symbols  hare  the  same  significance  as  outlined  in  this  and 
preceding  paragraphs.     Use  four  wires  of  the  same  sise. 

U.  To  ealcuUt*  tbraa-plUbM,  thraa-wira,  alt«m»tliic-eiUTant 
elrouiti  whare  Una  raaetenea  eui  tt*  narUotad  the  following  formulas 
can  be  used.  The  limitations  for  this  method  are  the  same  as  those  outlined 
for  single-phase  dreuits  in  Par.  M.  As  with  the  single-phase  equations  the 
Mershon  diagram  (Sec.  12),  should  be  used  for  checking  the  reaults  obtained 
for  circuits  of  considerable  length.  Where  the  current  is  not  known,  it  may 
be  obtained  from  the  expression: 

J         gw.X  1.000       giK.XSSO  ^ 

'•"£XP./.X1.73-£X1^  ^'"""-^         *" 

Wherein  7i  is  the  current  in  each  of  the  three  wires  of  a  balanced  three- 
phase,  three-wire  drcttit,  and  where  the  other  symbols  have  the  same  aii- 
nifieanoe  aa  in  Par.  M.     When  the  current  is  known,  then 

,        .,       llX/iXiXl.73     19XJiXi  ... 

dr.  mils- -= s> (9) 

Wherein  the  notation  is  the  same  as  outlined  in  this  and  preceding  para- 
graphs. 

89.  Caleulktion  of  lincla-phaaa  elrcuiti  whara  Una  raaetamca  mnst 
ba  eonsldared.  The  Mershon  diagram  (See.  12),  is  recommended  for 
making  such  calculations.  Other  and  apparently  simpler  methods  are 
available,  but  all  simple  methods  are  inaccurate  under  certain  conditions 
and  are  likely  to  get  their  user  into  trouble  unless  he  is  familiar  with  thdr 
derivation  and  liinitationa.  The  Mershon  diagram  does  not  offer  a  direct 
method  of  ascertaining  drop;  it  is  a  " cut-and-try  "  method.  Trials  are  made 
until  a  conductor  sise  is  found  that  will  bring  the  drop  within  the  specified 
limit.  It  is  seldom  that  more  than  two  trials  are  necessary.  The  method  is 
a  little  tedious  but  not  difficult,  and  will  be  found  accurate  under  all  ordinary 
conditions. 

TO.  To  CkleuUta  a  two-phaaa,  four-wlra,  •Itaraatiax-enn'Mit 
eireult  whara  Una  reaetanee  muit  be  eontldarwl,  use  the  Mershon 
diagram  (Sec.  12),  calculating  a  single-phase  drcuit  (Par.  M)  which  wilt 
transmit  one-half,  the  power  at  the  same  voltage.  The  two-phaso  trans- 
mission will  require  two  such  circuits.  « 

71.  To  ealoulata  •  thraa-pluaa,  three-wire,  altamatlnx-eorrant 
eireult  whare  line  resetenoe  mutt  ba  eoniidared,  use  the  Mershon 
diagram  (See.  12),  calculating  the  conductor  siae  for  a  single-phase  drcuit 
(Par.  M),  which  will  carry  one-half  of  the  load  at  the  same  voltage.  The 
three-phase  transmission  will  require  three  such  eonduotois, 

n.  Power  lou  in  kny  circuit.  Assuming  that  11  ohms  is  the  resist- 
ance of  a  circular-mil-fpot  of  copper  conductor,  the  power  loas  in  any  con- 
ductor may  be  found  thus: 

„     llX/«Xf  ,      ,.  ,  ,,„ 

P  —  —. -.,  -  (watts)  (10) 

cir.  mils 

Wherdn,  P  —  power  lost  in  the  conductor  in  watts,  /  ••  the  current  in  ampeiei 
in  the  conductor,  I '•length  of  the  conductor  in  feet  and  cir.  mils  •■area  of 
the  conductor  in  circular  mils. 

For  a  two-wire  circuit  (direct-current  or  single-phase) 

„     2X11X/«XL     22X/«XI.  ,      ...  ,,,, 

■P" ■ n -—J Ti  -  (watts)  (U) 

cir,  mils  dr.  mils 
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For  a  four-wire,  two-pluue  circuit  (aMniming  balanced  currents) 

cir.  mils  cir.  mils 

For  a  three-wire,  three-phase  circuit  (assuming  balanced  currents) 
^_3XUXf.XL_33xrxj, 
Cir.  mils  cir.  mils 

Wherein.  P  — the  power,  in  watts,  lost  in  the  circuit;  /  —  the  current  in  am- 
peres which  flows  in  each  of  the  wires  of  the  circuit;  L  — the  lenctth  (one 
way)  of  the  circuit;  and  dr.  mila  —  cross-sectional  area  in  circular  mils  of  each 
of  the  wires.  The  above  formulas  can  be  used  only  when  all  of  the  wires  of 
the  line  are  of  the  same  siie. 

TS.  Conduotor  aconomy  in  interior  wiring  installations  always  should 
be  oonaidered  as  a  matter  which  is  subordinate  to  the  Code  reqxurements. 
Obvioualy  any  conductor  selected  for  a  specific  installation  must  fulfil  the 
requirements  of  mechanical  strength,  ample  carrylnc  capacity  (Par.  SS  and 
M),  and  permissible  voltage  drop  (Pu-  SI  and  SS).  Frequently  one  of  these 
three  considerations  will  definitely  mtermine  the  sise  of  the  conductor; 
however,  a  calculation  of  theresistanoeor  7>A  (power)  loss  (Par.  71)  may  indi- 
cate that  it  will  be  desirable  to  use  a  larger  sise  than  is  otberwise  necessary. 
T4.  Annual  oharfaa  may  be  considered,  in  connection  with  the 
economical  selection  of  a  conductor  sise,,  to  be  made  up  of  two  items:    (a) 
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Flo.  14. — Graph  illiutrsting  Kelvin's  law. 

reaistance-loas  charges;  (6)  investment  charges.  Resistance-lofls  charges 
depend  upon  the  resistance,  the  current  and  the  unit  cost  of  energy,  and 
may  be  aeoreased  by  an  increase  of  conductor  size.  This,  however,  calls 
for  a  greater  investment  with  consequently  larger  investment  charges. 
A  conductor  ahould  be  selected  of  such  a  siie  that  the  total  annual  charge 
(Sec  25)  will  b«  a  minimum. 

In  Fig.  14  the  effect  of  a  variation  of  conductor  sise  on  resistance-loss 
charge,  investment  charge,  and  total  annual  charge  is  shown  graphically. 
The  interest  charges  on  the  conduotor  increase  directly  with  its  cross- 
sectional  area  (curve  A,  Fig.  14).  The  resistance-loss  charges  decrease 
inversely  aa  the  oroaa-sectional  area  of  the  conductor  (curve  B,  Fig.  14). 
The  total  ■wmi*!  charge  (curve  C,  Fig.  14),  the  sum  of  curves  A  and  B,  is 
at  ita  minimiun  value  directly  over  the  point  where  curves  A  and  B  intersect; 
that  ia,  the  conductor  aiie  that  will  have  the  least  total  annual  cost  is  that 
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one  for  which  the  annual  interest  charge  equal*  the  annual  reaostaoee- 
loss  charge.  This  proposition  (Par.  TS)  has  been  demonstrated  mathe- 
matically by  Lord  Kelvin. 

75.  KeMn'I  .law  was  deduced  in  1881  by  Sir  William  Thompson  (Lord 
Kelvin).  The  original  law  was  modiBed  into  the  following  more  exact  form 
by  GiaDcrt  Kapp:  "The  most  economical  area  of  conductor  ie  that  far  wkid 
the  annual  coet  of  energy  leasled  it  equal  to  the  interest  on  that  portion  of  tie 
capital  outlay  which  can  b«  eonaidered  proportional  to  the  weight  of  copjffr  uaed.** 
On  the  basis  of  the  above  law  it  can  be  shown  that: 


•cir.  miIs-SS,867X/X 


CXA. 


(W) 


Wherein:  etr.  mib— area  in  circular  mils  of  the  most  economical  conductor; 
J  "the  mean  annual  current  (Far.  79^.  Cr^cost  of  energy  per  kilowatt- 
hour,  in  dollars;  Ce<> cost  of  copper  in  dollars  per  pound,  installed;  A^ 
annual  charge  in  per  cent,  on  the  cost  of  the  conductor.  This  can  ordi- 
naiily  be  assumed  as  about  10  per  ^ut.  Note  that  neither  the  len^ith  nor 
the  voltage  of  the  circuit  are  factors  m  the  eouation. 

The  method  involving  Eo.  14  is  beat  adapted  to  cases  where  the  conductors 
are  not  insulated.  It  should  be  used  always  in  connection  with  the  method 
of  Par.  7«. 

76.  Another  detannlnatlon  of  eonduetor  ilsa  may  be  followed  ia 
cases  where  the  conductor  cost  will  be  large.  This  method  is  the  prepara- 
tion of  a  table  showing  energy  costs  and  interest  costs  of  an  arbitrarily 
chosen  length  of  conductor  tor  a  number  of  siaes. 


Siie    rubber-covered 

No.  4 
wire 

250,000 
0.  m. 

300,000 
c.   m. 

400,000 
c.   m. 

500,000 
c.  m. 

aoo.ooo 

c.   m. 

Cost  of  400  ft.  of  con- 

»22.S0 

$102.40 

$118.40 

$150.40 

$184.00 

S218.20 

Annual     charges     on 
above  cost  at  10%. 

$2.25 

$10.24 

$11.84 

$15.04 

$18.40 

S21.82 

Cost  of  energy  lost  in 
conductor  at  8  cents 

$66.00 

$10.56 

$8.84 

$6.60 

$5.28 

$4.49 

Total  annual    cost  of 

$68.26 

$20.80 

$20.68 

$21.64 

$23.68 

S26.31 

1008 
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The  cost  of  unit  length  of  conductors  (preferably  1,000  ft.  or  305  m.)  noay 
be  obtained  from  the  manufacturers'  wire  lists.  Power  loss  may  be  e«t> 
culated  from  Eq.  10  to  13,  Par.  71. 

By  use  of  this  table  the  situation  ma^  be  made  readily  apparent,  and 
a  decision  may  be  speedily  reached.  This  method  may  be  used  as  a  check 
upon  £q.  14,  Par.  75. 

TT.  In  altarnatin^-eurrent  lyatemi  of  distribution  there  are  the 
two-wire  and  three-wire  single-phase  systems;  the  three-wire  and  the  four- 
wire,  two-phase  systems,  and  the  three-wire  and  four-wire,  three-phase 
systems.  All  of  these  are  usually  fed  from  the  secondariea  of  traaaformera 
located  outside  the  building,  either  on  poles  or  in  subwaya. 

78.  Slncle-phaie,  two-wire  and  three-wire  ayatemi  of  distributioa 
arc  similar  to  tne  direct-current  systems,  and  the  same  precautions  should  be 
taken  in  the  three-wire  system  to  balance  the  loads  on  each  side  of  the 
neutral. 

*  For  derivation  see  "The  Electrical  Engineer's  Pocketbook,"  (Interna- 
tional Textbook  Company),  page  311.  See  also  "Tranamission  of 
Electrical  Energy/'  by  A.  V.  Abbot;  "Electric  Power  Transmission,"  by  Dr. 
Louis  Bell;  and  "Overhead  Electric  Power  Transmissioii,"  by  Alfred  E.  StiU. 
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T9.  Fkoton   for    d«t«rmliiiiic   th*    mean   annual    current, 
soertain  the  mean  annual  current  for  subelitution  in  Eq.    14,   i' 


To 
76. 


multiply  the  maximum  current  by  the  ratio  applying  to  thi^  conditioiia  under 
onBideration,  given  in  the  column  headed  "taclor"  in  the  following  table. 
7he  table  is  calculated  on  a  basis  of  24  hr.  X36o  days  <=  8,760  hr.  per  year. 
Example,  If  a  maximum  current  of  1,000  amp.  (/)  flowa  \  of  the  time  or 
1,570  hr.  per  year  and  a  current  of  750  amp.  ()/)  flows  i  of  the  time  or 
,190  hr.  per  year  the  factor  "0.944"  would  bo  used;  that  is,  the  value 
'.944X1,000  amp.  B  944  amp.  would  be  the  mean  annual  current 
or  substitution  in  the  equation  of  Par.  Tl  (Eq.  14). 


Proportion     of     maximum     current     "I" 

carried 

Factor 

kl 

1         »^ 

«^ 

/ 

0 

0 

0 

1 

1.000 

0 

0 

i 

.944 

0 

) 

0 

.901 

0 

0 

\ 

J 

.844 

"8 

0 

0 

0 

\ 

.866 

1 

i 

0 

0 

.873 

0 

i 

.838 

.a 

0 

0 

.820 

■- 

i 

0 

.810 

a 

0 

\ 

0 

.790 

c 

0 

,1 

0 

.771 
.760 
.744 

0 

0 

» 

.729 

■s 

0 

1 

.718 

a 

0 

0 

0 

0 

J 

.707 

■a 

■  I 

1 

^ 

.68.5 

1 

0 

0 

1 

.661 

I 

0 

.650 

£ 

J 

0 

J 

.611 

1 

i 

0 

.586 

0 

0 

.54.'> 

0 

0 

0 

.  .500 

80.  Two-phas«  distribution  may  be  effertcd  with  four  or  with  three 
Hires.  In  toe  former  ca«e  there  is  a  pair  of  wires  for  each  phase,  while 
n  the  latter  there  is  one  wire  for  each  phaae  and  a  common  wire  for  both 
;>ha8efl.  The  circuits  must  be  balanced  on  either  side,  just  as  in  the  case  of 
k  three-wire,  direct-current  system,  the  only  difference  being  that  where 
;bree  wires  are  used,  the  common  wire  is  1.4  times  as  large  as  either  of 
;be  other  two,  since  it  must  carry  1.4  times  as  much  current.  NIotors  arc 
M>nDected  to  both  phases  and  employ  all  three  or  all  four  wires  as  the  ca>-e 
nay  be.  With  four  wires,  the  lamps  are  connected  to  each  phase  as  though 
ibe  supply  were  single-^hase  and  care  shoxild  be  exercised  to  balance  each 
?base  as  nearly  as  possible. 

81.  Tha  thret-phasa  BTitazn.  is  usually  employed  where  motors  form 
I  greater  part  of  the  load.  Three  conductors  are  necessary.  Where 
amps  are  required  they  are  either  balanced  on  the  three-phases  ur  connected 
jetween  each  main  conductor  and  a  common  conductor  of  smaller  sise 
iBually  connected  to  the  middle  point  of  the  star-conneotrd  secondary. 
rhe  e.m.f.  between  any  one  of  the  three  wires  and  the  neutral  is  0-577  (or 
).58)  times  the  e.m.f.  between  the  mains. 

81.  Two-wir«  and  three-wir«  lyitdxna.  Most  interior  wiring 
'oUows  the  two-wire  system,  the  three-wiro  system  being  used  prin- 
rfpally  for  feeders  and  mains.     With  the  direct-current  three-wire  system. 
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th^  neutral  wir«  is  fraquently  made  of  the  same  siie  as  eadi  of  the  two  outer 
wires;  sometimes  it  has  a  oroas-sectioii  equal  to  twice  that  <tf  one  of  the  outer 
wires.  The  marked  economy  of  copper  ordinarily  secured  b:^  the  three-win 
ssrstemis'ther^orenot  always  reahsed  in  interior  installations. 

The  three  wires  of  the  ayatem  are  of  the  same  sise  because  if  one 
of  the  outer  fuaes  should  blow,  one  side  of  the  system  would  be  loaded 
while  the  other  side  would  have  no  current.  In  such  a  case  the  neutral 
would  have  to  carry  the  same  curreDt  as  the  outer  wire,  and  were  it  smaller 
than  the  outer  wire  it  would  bo  overloaded.  Where  a  grounded  neutral 
has  the  same  oross-eection  as  either  of  the  outer  wires,  the  neutral  fusa 
may  be  omitted;  but  not  otherwise.  By  making  the  neutral  of  cro—  aection 
equal  to  the  combined  cross  sections  of  the  outer  wires,  the  system  may  bs 
easily  changed  to  a  two-wire  system.  The  latter  ^lan  is  usually  followed 
in  large  buildings,  where  a  two>wire  isolated  plant  is  used  and  wh^ne  the 
emergency  connection  with  the  light  company's  mains  is  three-wire. 

•t.  The  loftd  on  a  tbroo-wlra  lystem  mutt  bo  balancod,  that  is. 
the  watts  load  should  be  approximately  the  same  on  either  leg  of  the  thre»> 
wire  circuit.  A  variation  of  10  or  16  per  cent,  may  be  permissible.  Good 
balance  is  particularly  important  at  maximum  load.  Unbalance  causes 
unequal  voltages,  which  is  noticeable  as  producing  a  non-uniformity  of 
illunoination,  and  it  may  bring  an  overload  on  the  conductors. 

M.  Planning  roiidence  wiring.  Secure  the  floor  plans  or  inspect  ths 
building.  Decide  where  the  meter  is  to  be  located;  the  point  of  entvanee 
should  be  as  dose  to  the  meter  as  poeaible.  A 
good  arrangement  is  to  locate  the  service  en- 
trance (Par.  f  1)  and  the  meter  in  the  oellar. 
If  the  wires  enter  between  the  first  auid 
second  floors,  the  meter  may  be  installed 
in  the  rear  hall.^  Ascertain  how  many  lamp 
outlets  there  will  be,  their  location,  maa 
the  current  required  by  each.  Locate  the 
distribution  center  at  some  central  point  con- 
venient of  access.  Divide  the  outlets  into 
groups  which  absorb  less  than  600  watta,  each 
group  being  fed  by  one  branch  circuit  from  tlia 
dintnbuting  center.  It  is  best  to  subdivide 
the  outlets  so  that  no  branch  circuit  will  have 
an  initial  load  greater  than  440  watts,  which 
allows  220  watts  for  growth,  so  that  the  niasi> 
mum  of  600  watta,  specified  by  the  Code, 
shall  not  be  exceeded. 
Fio.  15. — ^Example  of  a  con-  Locate  the  switches  and  calculate  the 
duit-wiring  lay-out  in  a  resi-  feeders  required.  Incandescent  lamp  branch 
dence.  circuits  are  usually  of  No.  14  wire  untesa  they 

are  longer  than  100  ft.  (30.5  tn),  in  which  case 
wire  at  least  as  large  as  No.  12  should  be  used;  No.  14  is  the  amalleert  aise 
permitted  by  the  Code.  Fig.  15  shows  a  typical  lay-out  for  a  small  ree»* 
dence.  Usually  one  panel  or  a  group  of  cut-outs  is  sufficient  for  a  resi- 
dence. It  is  always  preferable  to  group  all  cut-outs  instead  of  locating 
them  at  random.  In  a  small  building,  branch  cut-outs  or  the  panel  box  caa 
often  be  set  near  the  meter  at  the  entrance  or  in  the  hall.  In  a  two-story 
house  they  can  be  installed  in  the  cellar  stairway  or  in  the  rear  hall,  and 
in  a  three-story  building  they  can  be  inatalled  in  the  second  floor  halL 
Where  there  are  more  than  three  stories,  distributing  centers  can  be  located 
every  second  or  third  floor. 

SI.  Important  features  of  large  lay-outs.  There  are  five  important 
pc^Dts  that  must  be  considered  in  designing  the  wiring  lay^^ut  for  a  large 
building  (Knox.  **  Electric  Light  Wiring  ').  They  are:  (a)  control  of  groups 
of  receivers  (ower  than  hall  or  night  lights)  from  the  main  switchboard ;  (p) 
control  of  hall  lights  from  the  main  switchboard;  (e)  maximum  load  that 
should  be  served  oy  one  feeder;  (d)  the  beat  maximum  limit  for  the  sise  of 
the  feeder  conductors;  («)  the  proportion  of  the  total  voltage  drop  that  cwm  be 
allowed  in  feeders  and  mains. 

•6.  Wiring  lay-out  for  a  large  building.  Make  a  seetional-elevation 
drawing  odt  iht  structure  and  a  floor  plan  of  each  floor.     Indicate  the 
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(lamps  and  motors)  on  the  plans  and  then  so  locate  the  panel  boxes  that  no 
liehting  branch  circuit  shall  be  much  over  100  ft.  (30.5  m)  in  length,  or  have 
a  load  much  greater  than  440  watts.  Panel  boxes  should  be  so  located  that 
they  are  accessible  and  that  the  circuits  can  be  readily  run  to  them.     Coin- 

Eute  the  load  on  each  panel  box  and  indicate  it,  at  the  box,  on  the  drawina. 
ay  out  the  mains  and  feeders  (see  Fig.  16).  First  decide  whether  the  hall 
or  public  lichta  will  be  controlled  separately  or  with  the  private  lights  from 
the  main  switchboard,  beeause  this  feature  affects  the  arrangement  of  the 
feeders  and  possibly  that  of  the  mains.  Next  decide  whether  there  should 
be  a  separate  feeder  to  each  floor  or  whether  several  floors  or  t>ortioiis  thereof 
will  be  served  by  one  feeder.  Where  it  is  not  necessary  to  control  the  loads 
on  the  different  floors  separately,  and  where  the  resultins  conductor  siie  will 
not  be  prohibitively  large,  the  cheapest  and  probably  the  best  arrangement 
is  to  serve  several  or  possibly  all  floors  with  one  feeder.  Usually,  the  only 
limit  to  the  number  oi  floors  that  may  be  served  with  one  feeder  is  the  te- 
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Fio.   16. — Wiring  lay-outs  in  lurge  buildings. 

fiaement  of  control  that  ia  desired  from  the  main  switchboard.  It  is  fre- 
qaently  necessary  to  make  several  tentative  lay-outs  and  computations 
before  the  most  desirable  arransement  ia  found.  Segregated  motors  and 
ironpe  of  motors,  unless  very  smalt,  should  be  served  by  independent  feeders. 

ST.  AlTuiffexnant  of  feeders.  Solely  on  a  basis  of  initial  cost,  it  is  usually 
cheaper  to  run  a  few  large  conductors  than  a  number  of  small  ones.  It  does 
fiot  pay,  however,  to  endeavor  to  install  conductors  larger  than  1,(X)0,000 
eir.  mils.  When  large  capacitjy  is  necessary,  use  several  conductors  having 
the  aggregate  capacity  required.  For  alternating  currents,  conductors 
larger  than  7(X),00u  cir.  mils  are  not  desirable  because  of  skin  effect.  Often 
the  space  available  for  conductor  runs  necesditates  small  conductors  (Par. 
MaodU). 

M.  Motor  eirouiU  are  subject  to  many  special  Code  requiremenu. 
One  unfamiliar  with  its  rulings  should  refer  to  the  Code  before  he  attempts 
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to  inttali  motor  wirinc.  The  principal  requirementa  follow:  (a)  motoi 
oirouitfl  must  be  deeigned  to  carry  a  current  at  least  25  per  cent,  in  excen  tit 
ttiat  for  which  the  motor  ia  rated;  (6)  where  wires  installed  in  accordance 
with  this  ruling  would  be  overfused  in  order  to  provide  for  the  starting 
current,  the  wires  must  be  of  such  site  as  to  be  properly  protected  by  these 
larger  fuses;  (c)  where  alteroating-curient  motor  leads  are  rubber  insulated, 
the  wire  may  be  protected  in  accordance  with  the  values  for  "Insulations 
other  than  Rubber "  given  in  the  Code  table  of  safe  current-carrying  capa- 
cities (Par.  It),  except  when  circuit  breakers  equipped  with  time  element 
devices  are  installed;  (d)  for  determining  the  siie  of  variable-speed,  alternat- 
ing-KSurrent  motor  leads,  the  current  must  be  based  on  the  percentage  <^ 
the  30-min.  rating  indicated  in  the  Code;  (e)  every  motor  installatiofl 
(except  for  cranes)  must  be  protectod  by  a  cut-out  and  must  be  controlled 
by  a  switch  which  plainly  indicates  whether  it  is  on  or  off;  (J)  small  moton 
may  be  grouped  under  the  protection  of  a  single  set  of  fuses,  provided  their 
aggregate  ca^city  does  not  exceed  6  amp.;  (y)  for  motors  of  0.25  h.p.  or 
less  on  cirowts  at  voltapi»  of  300  or  under,  single-pole  switches  may  be 
used.  Switch  and  starting  box  should  be  so  located  that  they  are  viable 
from  the  motor. 

Motor  manufacturers  always  furnish  with  each  machine  a  diagram  U 
connections  and  instructions  for  installation.  These  instructions  should 
always  be  consulted. ' 

•9.  Ueotrio  heatlnff-derlc*  drcuttt  (see  Naiional  BUetrieai  Code), 
A  heater  of  a  capacity  greater  than  6  amp.,  or  600  watts  should  be  protected 
by  an  individual  cut-out  and  should  be  controlled  by  a  switch  or  plug 
connector  which  indicates  whether  the  device  is  "on"  or  "off";  this  shoula 
be  visible  from  the  heater.  Heaters  of  a  capacity  smaller  than  that  indicated 
above  can  be  grouped  under  the  protection  of  a  single  set  of  fuses,  providtd 
the  caparity  of  the  fuse  does  not  exceed  10  amp.  Such  heaters  can  also  be 
connected  individually  to  lighting  circuits. 
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Flo.  17. — Sheet  for  estimating  co«t  of  wiring  instalUtiona  (actual  aiie  should 
be  about  18  in.  wide  by  12  in.  long). 

Outlet  plates  will  be  found  convenient;  each  is  provided  with  a  Kceptaele. 
a  switch  and  nn  indicatinij  lamp  socket.  They  are  regularly  manufaotured 
for  current  capacities  as  high  as  20  amp.;  keyless  brass  sockets  have  a  maxi- 
mum rating  of  6  amp.  Ordinary  pull-chain  and  key  sockets  have  a  maximum 
rating  of  2.5  amp.  Standard  separable  attachment  plugs  are  approved  for 
eflO  watts  at  250  volts  or  10  amp.  at  110  volts.  Where  ordinary  key  sockets 
are  used  for  switching  heating;  devices,  they  soon  break  down  under  the  action 
of  the  arcs  due  to  the  relatively  heavy  currents.  Snap  or  knife  switches 
should  always  be  used  for  heating  devices.  Specially  constructed  asbestos- 
covered,  floiible  cords  are  required  for  all  devices  absorbing  more  than  2X 
watts.  In  a  first-class  installation,  it  is  always  desirable  to  install  separate 
circuits  for  the  heating  devices,  extending  from  the  entrance  switch  to  the 
receivers.  This  permits  individual  metering  and  insures  that  the  heaTT 
currents  drawn  by  the  heating  appliances  will  not  interfere  raaterisUy  with 
the  voltage  regulation  of  the  interior  lighting  circuits. 
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90.  ComplUtlon  of  MtlmatM.  Experience  and  a  reliable  note-book 
of  labor  costa  applying  to  the  community  under  oonaideration  are  the  most 
Taluable  aids.  Read  the  specificatioiu  or  inspect  the  premiaee  and  make  a 
wirinc  lay-out  if  there  is  none  available.  Make  a  list  (I^g.  17)  of  all  material 
required,  following  some  definite  system.  A  good  method  is  to  consider  each 
distribution  center — one  at  a  time — and  tabulate  all  the  material  required 
for  the  circuits  feeding  from  it.  Number  or  letter  the  distribution  centers  in 
accordance  with  a  certain  scheme  and  designate  the  branches  with  sub- 
notations.  Indicate  this  notation  on  an  estimatiiuc  sheet  similar  to  that  of 
Fig.  17,  in  connection  with  your  tabulation.  Then  proceed,  tabulating 
panel-box,  main,  feeder  and  entrance  material.  After  all  is  taoulated,  the 
Items  can  be  totaled  and  these  total  values  iised  for  ordering  material. 
AQow  for  some  extra  material  for  losses  and  breakages.  Figure  labor  coat 
on  a  unit  basis,  that  is,  the  cost  of  stringing  wire  being  a  certain  value  per 
100  ft.,  the  cost  of  erecting  conduit  being  so  much  per  unit  length  and  so  on 
through  the  entire  list  of  materials.  See  cost  data  elsewhere  for  unit  costs. 
A  small  job  can  be  estimated  with  fair  accuracy  on  a  basis  of  so  much  per 
outlet,  without  the  necesuty  of  compiling  a  bill  of  materials. 

XMBTAIXATIONS 

•1.  8«rrlo«  entrano«l,  (Fig.  19).     A  cut-out  and  a  fuse  block  should 

protect  the  switch.     The   wall  should  be    bushed   where    the  conductors 

pass  thrQU|:h  unless  they  are  in  conduit,  and  the  tubes  or  conduit  should  be 

cemented  >n  the  wall.     Tubes  should  slant  outwardly  and  downwardly  to 


In  At«e  In  Basement 

Fia.  18. — Service  entrances. 


prevent  the  entrance  of  moisture,  and  a  drip  loop  should  be  formed  of  the 
•errioe  wires.  The  entrance  switch  should  be  so  arranged  that  it  will  die- 
eonneet  all  of  the  equipment  in  the  building  except  the  main  cut-out.  Where 
conduit  is  used,  the  two  or  the  three  rubber-insulated  wires  should  be  carried 
in  one  conduit. 

fS.  Pftnal-boz  p&neU  mav  consist  merely  of  porcelain  cut-outs  held  to 
the  back  of  the  box  with  wood  screws,  or  thev  may  be  more  elaborate.  The 
panel  merely  provides  a  convenient  means  of  connecting  the  branch  circuits 
to  a  main  tnrough  fuses.  Switches  may  be  used  in  both  main  and  branch 
circuita  or  they  may  be  omitted  entirely.  Many  satisfactory  installations 
are  in  operation  without  switches,  but  switches  are  a  great  convenience  for 
opening  circuits  when  replacing  fuses  or  for  testing.  In  general,  knife 
■witches  should  not  be  used  in  branch  circuits  for  the  control  of  the  lights,  as 
they  are  frequently  not  of  sufficiently  strong  construction  to  withstand  x>erma- 
Mtitly  mch  serTioe.  Branch-lighting  circuita  should  be  controlled  by  either 
fimh  or  aorfaoe  snap  switches  mounted  outside  the  panel  box. 
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M.  Standard  wtrlnjt  irmboU  adopted  bj  th«  National  XUetriesl 
Contraotori'  Aworiatfon  and  the  Amarlean  Inatitut*  of  Arehitaeti. 

(Copyrighted  by  the  National  Contiacton'  Association.) 

Ceiling  outlet;  electric  onl;r.  Numeral  in  center  indicates  num- 
ber of  standard  i6  »p.  incandescent  lamps. 

Ceiling  outlet;  combination,  t  indicates  4-16  e-p.  stand-  H 
ard  incandescent  lamps  and  3  gas  burners.    Ifgasonly,       ^ 

Bracket  outlet;  electric  only.     Numeral  in  center  indi- 
cates number  of  standard  16  o-p.  incandescent  lamps. 

Bracket  outlet;  combination.    1  indicates  4-16  c-p.  stand>l 
ard  incandescent  lamps  and  2  gas  burners.    If  gas  only.r 

Wall  or  baseboard  receptacle  outlet.  Numeral  in  center  indi- 
cates number  of  standard  16  c-p.  incandescent  lamps. 

Floor  outlet.  Numeral  in  center  indicates  number  of  Standard 
16  o-p.  incandescent  lamps. 

Outlet  for  outdoor  standard  or  pedestal,  electric  only.  Numettl 
indicates  number  of  standard  16  o-p.  incandescent  lamps. 

Outlet  for  outdoor  standard  or  pedestal;  combination.  I  indi- 
cates 6-16  c-p.  standard  incandescent  lamps;  6  gas  bunien. 

Drop  cord  outlet. 

One-lamp  outlet,  for  lamp  receptacle. 

Arc  lamp  outlet. 

Special  outlet  for  lighting,  heating  and  power-current,  as  d» 
scribed  in  specifications. 


0 


0 

C;:dryC^  Ceiling  fan  outlet. 
CI        S.  p.  switch  outlet. 


Show  as  many  symbols  u 
there  are  switches.  Or  in 
case  of  a  very  large  group  of 
switches,  indicate  number  of 
switches  by  a  roman  num- 
eral^ thus;  S'XII;  meaninl 
12  single  pole  switches. 

Describe  type  of  switch  in 
speci6cations,  that  is,  flasli 
or  surface,  push  button  « 
•nap. 


D.  P.  swiuh  outlets. 
3-way  switch  outlet. 
4-way  switch  outlet. 
Automatic  door  switch  outlet. 
Electrolier  switch  outlet. 

Meter  outlet. 
Distribution  panel. 
Junction  or  pull  box. 

( (  U'       Motor  outlet.     Numeral  in  center  indicates  horse  power. 
|2><^      Motor  control  outlet. 
«=C3=      Transformer. 


Fiu,   I9A. 


yGoogle 


INTERIOR   WIRINO  SeC  13-93 

Main  or  feeder  run  concealed  under  floor. 

Main  or  feeder  run  concealed  under  floor  above. 


—————^—^  Main  or  feeder  run  expoeed. 

• ■  Branch  circuit  run  concealed  under  floor. 

"  "^ — ■  Branch  circuit  run  concealed  under  floor  above. 

■  Branch  circuit  run  expoaed. 
•  9   —  Pole  line. 


•  Rieer. 

Q  Telephone  outlet;  private  eervice. 

U  Telephone  outlet;  public  eervice. 

O  Bell  outlet. 

nf  Buseer  outlet. 

|e)l  Pueh  button  outlet.    Numeral  indicates  number  of  pushes. 

•— ^^  Annunciator.     Numeral  indicates  number  of  points 

.        ^  Speaking  tube. 

Watchman  clock  outlet. 
Watchman  station  outlet. 

—^j^  Master  time  clock  outlet. 

_-I^  Secondary  time  clock  outlet. 

jTl  Door  opener. 

Special  outlet  for  signal  systeml,  as  described  in  specifi- 
cations. 


— © 


iiiili 


Battery  outlet. 

Circuit  for  dock,  tdephone,  bell  or  other  service,  run 
I  —  under  floor,  concealed.     lund  of  service  wanted  ascer- 

tained by  symbol  to  which  line  connects. 
— — ^^— —  Circuit  for  clock,  telephone,  bell  or  other  service,  run 
under  floor  above,  concealed.     Kind  of  service  wanted 
ascertained  by  symbol  to  which  line  connects. 
Heishts  of  center  of  wall  outlets  (unless  otherwise  specified) : 

Living  Roonu  5  ft.  6  in. 

Cbamben  S  ft.  0  in. 

Offices  6  ft.  0  in. 

Comdon  6  ft.  3  in. 

Height  of  switchea  (unless  otherwise  specified)  4  ft.  0  in. 
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•4.  InttUUtlon  of    watt-hour    metort   and    maiimttin-domaiid 

znetari.  (Jtulea  and  Regulations  of  the  CommonweaUh  Sditon  Co.,  Chieoifo): 
Meter  loops  ehould  bo  provided  in  the  mains  at  an  acoeaaible  point,  and  so 
arranged  that  the  meter  may  be  mounted  with  ordinary  wood  screws  on  the 
wall.  A  meter  board  must  be  provided  of  sufficient  siic  to  allow  the  installa- 
tion of  a  watt-hour  meter  and  maximum-demand  meters.  Two  maximum- 
demand  meters  are  installed  on  three-wire  mains.  Mazimum-demaad 
meters  will  not  be  installed  on  installations  under  1  kw.  Sufficient  space 
must  be  provided  about  the  meters  to  allow  the  removal  of  the  caae. 

Meter  boards  should  not  be  erected  on  a  wall  which  is  subject  to  any 
considerable  vibration,  or  in  places  subject  to  czceaaiTe  moisture  or  heat. 
A  pressure-wire  tap  must  be  provided  in  all  cases  where  all  wires  of  the  circuit 
are  not  looped  out.  On  three-wire  mains  the  pressure-wire  tap  must  be 
made  on  the  neutral  wire.  The  Koneral  arrangements  of  meter  loops  shouUl 
be  such  that  a  meter  can  be  installed  without  crossing  any  wires,  if  possible. 
If  this  is  impracticable,  sufficient  flexible  tubing  should  be  left  on  uie  wires 
to  make  possible  an  installation  which  will  be  in  accordance  with  the  wiring 
rules. 

Meter  loops  should  not  be  placed  above  7  ft.  from  the  floor,  and  should 
be  as  near  the  point  of  entrance  of  the  service  as  possible.  In  office  buildinfi 
meter  loops  should  be  located  at  a  central  point  in  meter  closets  or  pubbe 
corridors,  and  in  apartment  buildings  in  the  basement  of  the  building,  so 
that  meters  may  be  installed  and  maintained  without  annoyance  to  tenants. 

Meter  loops  must  be  located  relative  to  fuses  so  that  meters  are  protected 
by  the  fuses.  They  must  never  be  placed  between  the  service  and  the  servioe 
switch.  Generally  speaking,  not  more  than  one  meter  installation  will  be 
provided  for  the  same  class  of  service  in  any  one  building. 

Meter  loops  for  service  supplying  temporary  lighting  or  power  to  nev 
building  during  construction  must  Dc  located  on  adjoining  premises.  No 
three-wire  meters  larger  than  200  amp.  are  used.  Installations  requiring 
meters  of  larger  capacity  will  be  provided  with  two  meters,  one  on  each  side 
of  the  three-wire  main;  space  should  be  allowed  accordingly  in  arranging 
meter  boards. 

95.  Protection  of  watt-hour  matarg  agalnit  unauthoriied  or  maU- 
cioui  interference  is  effected  by  means  of  seals  and  enclosing  cabinets. 
See  manufacturers'  catalofcues  for  further  information,  and  **  Metermen's 
Handbook,"  published  by  the  National  Electric  Light  Ajuooiation. 

96.  Panel  boxei  are  cabinets  arranged  to  contain  cutr-outs  and  Bwiteh» 
or  protecting  and  controlling  branch  circuits  where  they  are  tapped  from  a 
main.  It  is  desirable,  in  so  far  as  possible,  to  group  cut-oute  in  a  wiring 
system;  to  this  is  due  the  popularity  of  panel  boxes.  Originally  boxes  wers 
made  without  gutters;  their  disadvantage  was  that  it  was  necessary  to  carry 
the  entering  wires  for  each  branch  circuit  to  a  point  opposite  their  proper 
cut-out.  When  the  boics  are  provided  with  gutters  (now  the  usual  form), 
conductors  can  enter  the  gutter  at  the  most  convenient  point  and  can  be 
carried  in  the  gutter  to  a  point  opposite  the  cut-out.  This  arrangement 
results  in  material  savings,  particularly  in  conduit  work. 

Panel  boxes  may  be  either  of  the  surface  type,  which  extends  whoUr 
beyond  the  wall,  or  of  the  flush  type,  which  does  not  extend  beyond  the  wall. 
Surface-type  boxes  are  used  principally  for  factory  wiring  and  for  conduit 
installations  in  old  buildings. 

Panel  boxes  of  sheet  steel  are  suitable  for  factory  work.  The  barriers  in 
boxes  with  wooden  gutters,  are  usually  of  slate  or  marble.  The  inside  of  a 
wooden  box  must  be  complet<.!ly  lined  with  a  non-combustible  insulating 
material.  Slate  or  marble  0.25  in.  (0.64  cm.),  thick,  or  asbestos  board  0.125 
in.  (0.32  cm.)  thick  may  be  used.  Where  iron  conduit  enters  a  box,  the  lining 
may  be  of  either  0.25  in.  (0.64  em.)  slate  or  marble,  of  0.125  in.  (0.32  em.)  as- 
bestos board  or  of  0.062  in.  (0. 16  cm.)  galvaniied  or  painted  sheet  steel.  Boxes 
should  be  painted  inside  and  out.  An  asbestos  or  steel  lining  is  preferable 
because  slate  or  marble  breaks  easily.  The  door  should  close  against  a  rabbet 
in  order  to  be  dust  tight.  Glass  panels,  0.125  in.  (0.32  cm.)  thick,  may  be  used 
in  the  doors.  A  2-in.  (5.08  cm.)  space  should  be  provided  between  the  fuses 
and  the  door. 

97.  Cott  of  interior  wirlnf  (Lectures  on  Illuminating  En^eering, 
Johns  Hopkins  University,  Octooer  and  November,  1910).  Prices  of  labor 
and  material  difl'er  in  various  localities  and  at  different  times.     It  is,  tbere- 
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fore,  difficult  to  state  even  approximately  what  the  eoet  of  diatributing 
systems  for  Us^Ung  should  be.  In  lar^  cities,  these  variations  are  not 
extreme  and  it  is  possible  to  state  the  linuts  within  which  the  cost,  expressed 
in  terma  of  the  usual  contractor's  price  per  outlet,  should  lie.  The  figures 
siven  below  apply  to  interior  wiring  of  all  classes,  from  the  small  residence  to 
the  larfe  hotel  or  office  building.  They  cover  the  portion  of  the  work  from 
thiB  maio  source  of  supply,  assumed  to  be  at  the  building  line.  In  case  the 
building  is  lighted  from  its  own  plant  these  figures  will  apply  to  the  portion 
•of  the  installation  Ijring  between  the  lamp  and  the  plant  switchboard.  No 
lamps,  fixtures  or  reflectors  are  included  in  these  pnces: 

Exposed  wiring,  $1.50  to  $1.60  per  outlet. 

'Wire  in  wooden  moulding,  $2  to  $2.50(per  outlet. 

Concealed  knob  and  tube  wiring,  $2.50  to  $3  per  outlet,  with  $1  added 
per  switch  outlet. 

'Wiring  in  iron  conduit  and  in  new  buildings,  $4.50  to  $5  per  outlet. 

Wiring  in  iron  conduits  in  concrete  buildings,  $5  to  $6  i>cr  outlet. 

In  the  above,  switches  and  base-board  plugs  arc  considered  as  outlets 
irhen  the  iron  box  is  included.  If  the  switch  and  -plate  are  also  to  be 
furxiished,  approximately  $1  per  outlet  of  this  nature  should  be  added. 
For  the  larger  installations  in  modern  buildings  the  price  of  $7  per  outlet, 
including  all  wiring  and  feeders  up  to  the  lighting  fixture,  has  been  found  to 
be  a  fainy  close  figure. 

9$.    Cost   of   Betidonce   Wlrinc 
Cost  for  Different  Numbers  of  Outlets,  Single  Floor  Construction,  Concealed 
Knob  and  Tube  Work  in  Finished  Buildings 
(Central  Station  Development  Company,  of  Cleveland,  Ohio) 


No. 

Coat 

No. 

Co«t      1  No. 

Co«t 

No. 

Cost 

No. 

Cost 

5 
6 

7 
8 

B 
lO 
11 
12 

13 
14 
IS 
16 

$15.85 
17.85 
19.85 
21.85 

23.85 
25.85 
27.50 
29.15 

30.80 
32.45 
34.10 
35.75 

17 
18 
19 
20 

21 
22 
23 
24 

25 
2« 
27 
28 

*37.40 
39.65 
40.70 
42.36 

44.00 
45.65 
47.30 
48.95 

60.60 
62.25 
63.90 
66.66 

29 
30 
31 
32 

33 
34 
36 
36 

37 
38 
39 
40 

$67.20 
68.85 
60.50 
82.16 

63.80 
65.45 
67.10 
68.75 

70.40 
72.08 
73.97 
75  90 

41 
42 
43 
44 

45 
46 
47 
48 

49 
50 
51 
52 

$77.82 
79.75 
81.75 
83.60 

85.50 
87.46 
89.37 
91.30 

93.22 
05.15 
07.07 
99  00 

63 
54 
56 
66 

57 
58 
59 
60 

$100.82 
102.85 
104.77 
106.70 

108.62 
110.55 
112.47 
114.40 

Add  as  per  following  for  outlets  under  other  than  single  floors  and  for 
hardware  and  drop  cords. 

Under  dovhU  flooring  otherwite  than  hardwood.     Second  or  third  ttory. 

Ceiling  outlet $1.00  extra. 

Switch  outlet  for  any  center  outlet 1 .00  extra. 

Under  hardwood  fiooring,  single,  double  or  triple.     Second  and  third  ttorj/. 

Ceiling  outlet $3 .00  extra. 

One  switch  outlet  for  any  center  outlet 3 .00  extra. 

Additional  on  same  gang  for  same  center  outlet 1 .50  extra. 

Switchea,  hardware  and  drop  cords  as  per  following: 

Puah-avritches,  each $1 .00  extra. 

•  Push-3-way  switches,  per  set  of  two  switches 2 .  75  extra. 

Porcelain  base  switches,  each 35  extra. 

Porcelain  base  Edison  receptacles,  each 35  extra. 

Baseboard  flush  plate  receptacles,  each 1.16  extra. 

Drop  cord,  key  sockets  each 60  extra. 

I>rop  cord,  chaia  sockets,  each '»  extra. 
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99.  Cost  of  Double-braid.  Bubbw-iaautoted  Win  In  Condvit       1 

in  FlMO 

(Nelson 

8.  Thompaon,  EUdrital  World,  Sept. 
Coete  do  not  include  conduit 

s,  leii) 

SiM,  A.W.O. 

Co.t  p.rl.000  ft.         8i».A.W.G. 

Cost  per  I.OOO  ft. 

Single  conductors 

Solid 

Stranded 

16 

$15.00 

1 

$101.30 

14 

18.60 

0 

128.00 

12 

21.70 

00 

156.00 

10 

25.85 

000 

184.25 

SUanded 

0000 

217.00 

8 

35.40 

6 

48.25 

250,000 

275.00 

4 

62.65 

300,000 

327.00 

3 

75.25 

400,000 

405.00 

2 

82.00 

500,000 

500.00 

Duplex  oonductora                                               | 

14 

S30.00                            10 

$40.26 

12 

34.00                              8 

49.25 

100. 

Ooit  of  Conduit  in  Plaoa  (Kaw  Buildinc) 

Siie,  in. 

Coat  per  100  ft.   | 

Siie.  is. 

Cost  per  100  ft 

$8.50 
10.25 
13.75 
18.26 

I' 

$22.00 
30.60 
47.00 
60.00 

101.  Colt  of  Conduit  llbowt  In  PImo  (How  BuUdlnff) 

2  4n.  mse $1.00  each 

2Hn.  aise 1 .25  each 

3  -in.  SIM J       4.00  oach 

4  -in.  sise 10.00  each 

lOS.  Kitlmatlnff  ooita  of  conduit  InstalUtlons.  The  Tre—urr 
Department  of  the  United  States  lues  the  following  methods  and  iralttH 
for  computing  the  costs  of  conduit  wiring  in  federal  buildings.  (Neleia 
8.  Thompson,  BUcirical  World,  Sept.  9,  1911.)  The  figures  ar«  f or  hi^ 
gradp  work  in  fire-proof  buildings.  The  material  is  talten  off  accurately 
from  the  drawings.  The  total  amounts  of  conduit  and  wire  are  the  lenctht 
scaled  from  the  plan  plus  the  following:  Number  of  ceiling  ouUeCaXS 
ft.;  number  of  bracket  outletsXlO  ft.;  number  of  switch  outletaXlO  ft.: 
number  of  baseboard  outlets X 4  ft.;  number  of  two-gang  switcheeXlS 
ft.,  and  number  of  three-gang  switches  X  20  ft.  Table  in  Par.  100  shows  the 
cost  of  conduit  in  place.  For  the  cost  of  underground  service  connectaow 
in  place  and  for  work  in  old  buildings  where  wallB  and  ceilings  are  out  and 
where  plaster  must  be  replaced,  50  per  cent,  should  be  added  to  the  tabulattd 
values. 

The  cost  of  all  kinds  of  outlet  boxes  in  place  is  25  cents  each  in  new 
buildings  and  is  60  cents  in  old  buildings  where  plaster  must  be  repaired 
The  cost  of  large  junction  boxes  in  place  is  5  cents  per  lb.  Plug 
receptacles  in  place  oont  SI  .30  each.  Single  pole  snap  switches  in  place  vo«t 
II  each.  Fixture  atude  coat  5  cents  each  in  place;  outlet  bushinca  5  cehts 
each  in  place;  locknuta  1  cent  each  in  place.  One  should  estimate  3  buahiags 
and  3  lock-nuts  per  outlet. 

The  average  total  cost  of  lighting  systems  complete  in  i>laee  in  eastern 
sections  of  the  country  is  about  $13  per  outlet;  in  the  West  and  South  the 
cost  will  be  about  $16  per  outlet,  and  in  the  extreme  West  the  cost  per  outiK 
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will  be  S20.  The  number  of  outletB  upon  which  theae  fisuree  arc  based  does 
aot  include  switch  outlets,  but  onljr  the  actual  lamp  outlets.  Id  old  build- 
iasa  the  cost  of  the  conduit  and  wiring  work  is  S2t)  to  S25  per  outlet  and 
^30  in  the  eitreme  West. 

PEOTICTIOK 

lOS.  Oeneral  prlneiplei  recvdlnc  the  use  of  f umi.  Fuses  or  some 
oilier  form  of  overload  protection  should  be  uaod  where  the  protection  of 
eonductorv  or  appliances  aninat  overload  is  desirable.  The  NcUional 
Electrical  Code  specifies  in  detail  aa  to  their  application.  Constant-po- 
tential senerators  should  be  protected  against  overload  by  fuses  or  their 
equivalent.  Single-pole  protection  is  acceptable  under  certain  conditions 
for  directH^urrent  generators.  Fuses  should  be  placed  at  every  point  where 
&  change  ia  made  in  the  sise  of  wire,  unless  the  fuse  on  the  larger  wire  is  of 
such  capacity  that  it  will  protect  the  smaller  one. 

Fuses  should  be  inserted  in  all  service  wires,  and  should  be  located  in  an 
Acoeosible  place  as  near  the  entrance  to  the  building  as  possible.  For 
three-wire  systems,  the  neutral  wire  need  not  be  fused,  provided  the  neutral 
wire  has  a  carrying  capacity  equivalent  to  that  of  the  larger  of  the  outside 
wires,  and  if  the  neutral  is  grounded.  No  group  of  small  receivers,  whether 
tnotora,  incandescent  lamps  or  heating  appliancee,  requiring  more  than  660 
wa.tta  should  depend  on  one  cut-out.  The  rated  capacity  of  a  fuse  protecting 
auiy  wire  shoula  not  exceed  the  safe  earring  capacity  of  that  wire  as  speoifiea 
in  Far.  U.  Each  wire  for  a  motor  circuit,  except  at  a  switchboard,  should  be 
protected  by  a  fuse  whether  or  not  circuit-breakers  are  used,  except  where 
the  motor  is  of  such  large  capacity  that  fuse  protection  cannot  be  obtained, 
iu  which  case  it  is  only  possible  to  use  circuit-breakers. 


Fuses  possess  a  time  element  of  opera- 
-' do  not    have    unless    epeoially 
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104.  Tumi  ti.  dreult-breaker, 

tion  (see  Fig.  20}  which  pircuit-breakera 
deatffned  therefor.  Due  to  this  property, 
fusee  delay  the  opening  of  an  over-loaded 
circuit,  where  the  operation  would  be 
practically  instantaneous  with  circuit- 
Dreakers;  fuses,  then,  may  be  preferable 
for  motor  circuits  and  for  circuits  that 
are  subject  to  very  brief  overloads,  espe- 
cially where  expert  supervision  of  electrical 
apparatus  is  maintained,  as  in  large  mills 
and  factories.  Where  there  are  many 
fuse  replacements,  the  cost  of  fuse  re- 
newals is  considerable. 

Circuit-breakers  can  be  reset  In  lens  time 
and  with  less  trouble  than  is  required  to 
replace  blown  fusee,  and  no  spare  parts 
are  required  .  Circuit-breakers  may, 
therefore,  be  preferable  where  the  time 
saved  by  their  use  ia  an  important  con- 
sideration. The  first  cost  of  the  circuit- 
breaker  equipment  ia  more  than  the  cost  of  fuse  equipment,  but  under  se- 
vere service  the  circui^breakers  will  prove  less  expensive  in  the  end. 

lOi.  Oroundlnf  the  neutral  of  three-wire  cironita.  It  is  important 
that  the  path  through  the  neutral  remain  intact.  Grounding  promotes  this 
condition,  and  the  Code  authorises  it,  provided  that:  (a)  the  neutral  is 
thoroughly  grounded  at  the  central  station;  (b)  in  underground  systems 
the  neutral  ia  grounded  at  each  distributing-box;  and  (c)  in  overhead  systems, 
every  500  ft.  Normally  in  a  well-designed  system,  the  neutral  oarriea 
a  minimum  of  current.  Frequently,  in  underground  systems,  a  bare  copper 
wire  drawn  in  the  ducts  constitutes  the  neutral.  If  the  neutral  becomes 
open,  the  pressure  normally  existing  between  the  outer  wires  may  be  imposed 
on  the  equipment  connected  between  the  neutral  and  an  outer  wire;  under 
these  conditions  the  equipment  may  be  ruined  and  a  fire  may  result,  since 
the  voltage  thus  imposed  will  be  twice  that  for  which  the  equipment 
was  designed. 

IM.  Altflmatinf-«urr«nt,  low-Toltace.  lecondary  ciroulU  ihould 
be  grounded.  This  is  the  recommenoatiou  of  the  National  EUctrical 
Code  and  is  the  practice  of  progressive  central-station  companiea.     Ground- 


0         2         4         •         8        LO 
Time  tn  Mln'at«s 

Flo.  20. — Typical  performance 
curve  of  a  406-ampere,  500-volt, 
National  Electrical  Code  standard 
fuse. 
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ine  proventa  accidents  to  persons  and  damage,  by  fire,  to  property.    If  a 

point  of  a  low-voltage  secondary  circuit  is  grounded,  no  point  of  the  circuit 
can  rise  above  its  normal  potential  (except  under  unusunl  conditional)  in 
case  of  a  breakdown  between  primary  and  secondary  windings  of  the  trao^ 
former,  or  of  other  accidental  connection  between  the  primary  and  secondary 
circuits.  See  The  National  £/fc(nca/j  Code  for  further  information  re«ardinc 
grounding. 

The  ground  connection  should  be  made  at  a  neutral  point  or  wire  if  one  ia 


-19ftlTolti 

Tbree-Fbsse  Delta  Conaectloo  Three-Fhaie  Star  or  Y- Co&nectioa 

Fio.  21. — Ground  connections  to  secondaries  of  commercial  tranaformen. 

accessible.  Where  no  neutral  point  is  accessible,  one  ride  of  the  seoondvy 
circuit  may  be  grounded,  provided  the  maximum  difference  of  potential 
between  the  grounded  point  and  any  other  Doint  in  the -circuit  does  not 
exceed  250  volts  (NatioruU  Electrical  Code).  Fig.  21  illustrates  how  some  of 
these  connections  are  arranged  with  commercial  transformers.  The  neutral 
point  of  each  transformer  feeding  a  two-phase,  four-wire  secondary,  should 
be  grounded,  unless  the  motors  taking  energy  from  the    Becondary  have 


^as  or  Water 
ripe 


Ground  on  A  Ck>ndiiit 

System 

Fio.  22.- 


Ground  on  a  Metal 

Moulding  System 
-Methods  of  grounding. 


interconnected  windings.  Where  they  are  interconnected,  the  center  or 
neutral  point  of  only  one  transformer  is  grounded.  No  primary  windings 
are  shown  in  the  illustration  and  the  secondary  winding  of  each  transformer 
ia  shown  divided  into  two  sectiona,  as  in  commercial  transformers. 

lOT.  All  mfltal  conduit  and  znotal-monldinc  ■yftenu  must  b* 
grounded  (see  Fig.  22),  by  attaching  an  approved  clamp  (there  are  many 
on  the  market)  to  a  conduit  or  moulding  of  the  sjrBtem  and  connecting  it 
with  a  ground  wire  to  another  clamp  attached  to  a  water  or  gu  pipe  on  tlw 
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•treei  side  of  the  meter.  The  wire  must  be  soldered  in  the  clamps.  AH 
parts  of  the  conduit  or  moulding  aystem  must  be  in  good  electrical  contact. 
f n  nn  ungrounded  system  of  conduit,  "sneak"  currents  are  possible.  These 
leak  from  one  wire  to  the  conduit  through  an  abrasion  of  insulation  and  reach 
tbe  oUier  side  of  the  line  through  another  ground.  The  resistance  of  the  path 
may  be  sufficient  to  hold  the  sneak"  currents  below  the  line  fuse  capacity, 
ana  yet  these  currents  may  be  sufficient  to  start  a  fire.  Grounding  the 
conduit  also  eliminates  the  possibility  of  electrical  shock  to  persons  coming 
in  contact  with  the  conduit.  In  combination  fixtures  the  gas  pipe  should 
be  in  thorough  electrical  contact  with  the  conduit  or  moulding  system  at 
each  outlet  box. 

Wire  for  grounding  conduit  or  moulding  must  be  of  copper,  at  least  No. 
10  B.  &  S.  nge,  where  the  largest  wire  contained  in  system  is  not  greater 
than  No.  OB.  AS.  gage.  It  need  not  be  greater  than  No.  4  B.  &  S.  gage 
where  the  Lar^^est  wire  contained  in  conduit  is  greater  than  No.  0  B.  &  S. 
The  wire  must  be  protected  from  mechanical  injury. 


BQSOILLANBOVS 

IM.  Wlr«  for  b«n  tlgnml  work  in  dry  places  is  usually  No.  18  copper. 
double-cottoo-covered  and  paraffined.  Where  more  than  two  or  three 
bells  or  similar  deviees  are  connected  to  the  circuit,  or  where  the  circuits  are 
Ions,  No.  16  wire  should  be  used.  No.  14  is  frequently  used  for  battery 
wires.  Rubber-covered,  twisted-pair  wires,  like  those  used  for  interior 
telephone  wiring,  can  often  be  used  to  advantage  in  damp  places  or  where 
the  circuits  are  exposed.  No.  20  wire,  although  sometimes  used,  is  too  small 
for  reliable  work.  Annunciator  and  twisted-pair  wire  is  made  with  insulating 
coverings  of  different  ctolors,  so  one  can  be  selected  that  will  match  the 
■urroundings,  and  be  inconspicuous.  Cables  of  annunciator  wire,  which 
can  be  obtained  with  practically  any  number  of  conductors  from  2  up  to 
200,  are  very  convenient  and  economical  for  large  installations.  In  perfectly 
dry  locations,  a  cable  having  a  paraffined,  braidcd-cotton  covering  can  be 
used,  but  if  it  is  to  be  exposed  to  dampness  a  lead-covered  cable  should  be 
installed.  By  having  the  cable  conductors  covered  with  braids  of  different 
colors,  the  conductors  can  be  readily  identified.  A  kind  of  weather-proof 
wire  called  "damp-proof,"  is  quite  satisfactory  for  exposed  wiring  in  damp 
places.  It  is  more  expensive  than  annunciator  wire,  but  it  has  a  better  appear- 
ance when  installed.  See  the  National  Electrical  Code%  the  "Telephone"  section 
in  this  book  and  the  Western  Electric  Co.  catalogue  for  further  information. 
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Fig.  23. — Burglar-alarm  system. 


lOf .  Telaphone  wiring  may  follow  the  practice  of  the  central-exchange  or 
the  intercommunicating  system.  In  the  former,  single  pairs  of  wires  radiate 
from  a  switchboard  to  all  stations.  In  an  intercommunicating  system,  a 
cable  of  twisted  pairs  of  insulated  wires  extends  continuously  through  all 
the  stations.  This  cable  must  contain  at  least  one  more  wire  than  there  are 
stations  (Sec.  21).  Conductors  of  No.  25  A.W.G.  have  been  used;  also 
No.  22  and  No.  10,  according  to  transmission  requirements  (Sec.  21). 

110.  Tire  alarm  wlrlnc  should  be  very  carefully  and  substantiallv  in- 
stalled. As  a  general  proposition,  the  wires  should  be  heavier  than  would  be 
need  in  ordinary  signal  practice;  nothing  smaller  than  No.  14  should  be  used 
indoors  and  nothing  sm^ler  than  No.  8  out  of  doors.  For  interior  lines,  rubber- 
inaulated  copper  should  be  used,  while  for  outside  construction,  weather- 
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proof  copper  wire  is  satiofaotory.     The  rimplest  pomiblc  arrangement  cov- 
aiats  of  an  alarm  gong  connected  to  a  battery  and  a  group  of  ungle-poit 
switches  that  are  normally  open.     In  case  of  fire  one  of  the  sw'itches  is  domd. 
and  the  alarm  rings  until  it  is  stopped. 
Bur(Ur*aUrm  wfUtcniM  (see  fig.  23)  may  be  divided  into  two  genera! 


Aauxnatic 
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Qrouad   | 


Conaectloo  Strip 
Oroaod  ftii 
Oai  Pipe  Multiple  System 

Fia.  24. — Electric  gas-lighting  circuits. 

claaaes:  the  open-circuit  system,  in  which  the  circuita  for  the  protected 
doors  and  windows  are  normally  open,  and  when  a  circuit  is  cloeed  by  the 
opening  of  a  door  or  window,  an  alarm  is  sounded;  the  closed-circuit  systetn 
in  which  the  tjarm  is  sounded  by  the  opening  of  a  circuit  normally  cloeed. 
Open-circuit   systems   are   simpler,    but   closed-circuit   systems    are    moce 
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Fio.  25, — Typical  electric  bell  and  unnunointor  circuits. 


Simple  AnnonotatOK  Oirouit 
C 


•enaitive  and  provide  better  protection;  in  the  latter  if  the  circuit  is  opeued 
at  any  poiiU^  the  alarm  is  sounded.  Annunciators  and  burglar  alarm  fittings 
to  be  used  in  connection  with  either  system  are  obtainable  for  the  protection 
of  doors,  windows,  shades,  transoms  and  locks.  See  the  "American  Electri- 
cians' Handbook." 
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ill.  Bloetrie  (M-Ufhtlnf  wlziiu:  may  follow  the  multiple  aystem  or 
the  serieB  system  (Fig.  24).  In  the  multiple  system  a  spark  is  made  by  the 
breaking  of  an  electrical  circuit  containing  a  reactance  coil.  One  side  of  the 
circuit  is  usually  grounded  on  the  gaa  pipe.  Electrically  ec^uipped  burners  of 
many  types  are  obtainable.  Certain  spark  coils  are  eqmpped  with  relays 
which  sound  an  alarm  if  the  system  becomes  shortrKurcuited.  Open  circuit 
cells  are  used,  a  battery  of  0  Leclancb^  cells  io  combination  with  a  spark 
coil  being  usually  sufficient. 

In  the  series  system,  a  spark  gap  is  installed  at  each  burner.  The  spark 
may  be  fed  from  induction  coils  or  from  frictional  or  static  machines.  The 
series  aystem  may  be  best  adapted  to  large  auditoriums,  where  many 
lamps  are  used  in  groups.  It  is  now  seldom  used  because  such  places  are 
almost  invariably  lighted  with  electricity.  See  the  "  American  Electricians* 
Handbook." 

111.  Slectric  ball  and  annuncifttor  wiring.  The  possibilitiefl  for  differ- 
ent circuit  combinations  are  almost  numberless.  Those  shown  in  Fig.  25 
are  typical.  Two  ordinary  vibrating  bells  will  not  work  well  together  in 
series;  so  when  it  is  necessary  to  connect  two  bells  in  series,  one  should  be  a 
si ngjle -stroke  bell.  A  multiple  arrangement  is  preferable.  The  best  arrange- 
ment of  battery  cells  may  De  determined  by  tnal.  An  ordinary  bell  requires 
about  0.1  amp.  for  its  operation.  Return  call-bell  circuits  (B,  Fig.  26)  are  so 
arranged  that,  when  a  station  is  signalled,  the  party  called  can  respond  by 
pressing  his  button.  Ground  return  circuits  may  be  used  but  are  undesirable. 
Continuous-ringing  bells  are  so  arranged  that,  when  the  button  is  pressed,  the 
bell  continues  to  ring  until  reset.  For  elevator  annunciators  a  cable  is  used, 
having  as  many  conductors  as  there  are  buttons  and  one  additional  battery 
wire.  If  two  annunciators  are  to  operate  simultaneously,  their  drops  should 
be  conoected  in  series.  See  the  "American  Electricians'  Handbook"  for 
further  information. 
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SECTION  14 


ILLUMINATION 
PRODUCTION  OF  LIGHT 

OimSAL  THKO&T  or  LIOHT  PBOOUCTIOir 


irgy  of  those  wave  len^Uis  ta 
of  a  nature   with   which  the 


1.  Ucht  may  b«  defined  as  radiant  energy 
which   the   human  eye  ifl  sensitive,     Kneri^y,   of 

problem  of  tlKht  production  is  concerned,  is  radiated  through  a  number  of 
ootjtves  forming  the  ajiectrum.  The  human  eye  is  stimulated  to  vision  only 
by  that  radiation* which  is  between  wave  lengths  0.70ii  and  0.38#i,  or  OM 
octave.  Oi  — 0.001  mm.)  The  limits  of  visibility  are  not  definitely 
fixed,  but  thoee  given  are  reasonably  typical. 

S.  Inomloiwnea  is  that  process  of  light  production,  elaawd  as  tempenr 
ture  radiation,  in  which  a  body,  usually  &  "ol'd  or  a  liquid,  produces  nght 

without  alterinjEita  nature  ia 
the  process.  The  apeetron 
of  such  radiation  usually  is 
continuous. 

S.  Pure  tamparatuTs 
radiation  is  not  coznidetely 
realised  in  ordinary  light 
sourcea,  but  it  characteriiei 
the  theoreti  cal  "black 
bod^"  which  radiate*  the 
maximum  poasible  energy  at 
all  wave  lengtha  <Ftc.  1). 
According  to  the  Btafan- 
Boltamann  law,  the  tout 
radiation  of  such  a  body  it 
proportional  to  the  loiirtk 
power  of  its  absolute  tem- 
perature 

(1) 
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Fio.  1. — Radiation  from  "  black  body." 


fi-aa+273)< 
t  is  the  temperature  ia  deg.  cent,     a  is  a  measurable  constant. 
4,  Wein'i  dlsplaoament  law*  shows  that  the  relation  between  the  wart 
length  of  maximum  radiation  intoneity  and  the  absolute  temperature  is  ■ 
constant,  which,  for  a  black  body  has  been  determined  to  be  2940. 

max       ji  W 

X  in  microns,     (micron  is  0.001  mm.) 

Wein  has  shown  further  that  the  intensity  at  wave  length  of  m&xiinuin 

black-body  radiation  varies  as  the  fifth  power  of  the  absolute  temperature. 

The  intensity  of  radiation  at  any  wave  length  is  obtained  from  the  Planck 

formula  as  follows: 

Cx 

^'(.'-'-l) 

*  For  exposition  of  derivation  of  equations  and  discussion  of  subject,  see 
Drysdale,  "  The  Production  and  Utilisation  of  Light."  TKt  XUum^naluitf 
Bngiiuer,  London,  1909,  p.  230  and  Bulletin,  Bureau  of  Standards,  Vol.  VIL 
p.  395. 
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where 

J  —  radiation  inteoaily;  <^  ~  coratanU; 

f  •■  tenparatura  in  deg.  »b«.  and  '  "  loganthmic  b»a» 

Curvea  of  radiation  from  a  black  body,  computed  according  to  thin  law. 
appear  in  Fig.  2. 

•.  Fartact'  blaek-bo<l7  or 
tamparatuiv  radiation  u  not 
foana  in  artificial  iUuminanta. 
Among  inoandetcent  electric 
lampa  it  ia  approached — moat 
ctooely  by  "untreated"  carbon- 
filament  lamps  (10-watt,  110-volt 
and  fiO-watt,  220-volt  types) — in 
leaser  degreea  by  "  treated  "-car- 
bon, "  metalHaed  "-carbon  and 
tungsten-filament  lampa.  The 
carbon  filamenta  depart  from  a 
black  body  leaa  than  does  plati- 
num, for  which  a  displacement- 
law  constant  (Par.  «)  of  2630  haa 
bc«n  found. 

•.  Oray-body  radiation  ia 
distributed  throughout  the  spec- 
trum in  the  aame  proportiona 
as  black-body  radiation,  but  is 
everywhere  less  intense.  It  dif-^ 
fers  from  black-body  radiation  in 
qtiantity,  not  in  quality. 

T.  SalactlT*  radiation  ia  dis- 
tributed differently   throughout 

the  spectrum  and  does  not  obey  , 

the  laws  of  blsck-body  radiation.  If  it  is  relatively  strou  between  the  limit- 
ing wave  lengths  of  visibility,  particularly  if  near  the  middle  of  the  viaibility 
range  the  body  produces  more  light,  and  the  aelectivity  la  favorable. 
Curves  of  black-body,  gray-body  and  of  one  kind  of  aelective  radiation 
are  given  in  Hg.  3. 
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Fio.  2. — Black-body  radiation  at  several 

temperatures. 


2.0     tS      3.0      3.6      4.0 
Wafe  Leu(tblialilc[Oal 
Fio.  3. — Three  kinds  of  radiation. 


1.  Lnminaioano*  is  that  form  of  light  production  in  which  the  radiating 
body  (usually  a  gas  or  vapor)  changes  its  nature  in  the  process.  Such 
radiation  uauaUy  ia  characterised  by  a  line  spectrum.  Luminescence 
embracea  all  forma  of  light  production  other  than  !°«S°d«»"°/^. '° 
electric  lighting  it  is  the  proceaa  by  which  light  is  obtained  'rom  gasea  or 
Ti*onk    The  meroury-vapor  and  the  metaflic^lectrode   (magnetite    and 
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ILLUMINATION 


metallio-flAme)  aro-lamps  are  examples  of  thia  method  of  lisht  prodn 
Radiation  by  luminescence  may  be  stroogly  localixed  ia  a  few  unea  of  4m 
Bpectrum,  as  in  the  morcury-vapor  lamp  (Fi^.  4),  or  may  be  diatribuMd  to 
generally  as  to  approximate,  for  many  illuminating  purpoBes,  a  oontinnoia 
spectrum.  It  usually  manifests  more  pronounced  selectivity  than  is  found 
among  inoandescent  solids.  Unlike  temperature  radiation,  .lumineacenn 
is  oharacterised  by  fixed  spectral  distribution  of  radiation,  thia  being  ia" 
dependent  of  the  intensity  of  the  excitation.* 


Tlolet     Blue 


Orc«n 


YtUow 


.40m 


.44 /i  Mil        .08/4 

Fio.  4. — Spectrum  of  mercury  arc. 


9.  Luminous  efflcienoy.  The  problem  of  light  production  is  in  pan 
that  of  radiating  as  much  as  possible  of  the  energy  within  limits  of  visibiHty 
represented  by  wave  lengths  of  0.76m  to  0.38fi.  There  are  two  expreaaon 
for  Uie  efficiency  with  which  this  is  accomplished.  These  are  "total 
luminous  efficiency"  (radiation  efficiency)  or  the  ratio  of  enercy  radiated 
within  the  visibility  range,  to  that  expended  in  the  iUumiDaiit;ana**radiAnt 
luminous  efflciencyf"  or  the  ratio  of  energy  in  the  viaUnlity  range  to  the 
total  radiated  energy,  f  For  an  incandescent  electrio  lamp  in  whioh  moat  of 
the  applied  energy  is  converted  into  radiant  energy,  the  two  luminow 
efficiencies  do  not  differ  widely.  For  a  multiple  arc  lamp  in  which  a  matenal 
part  of  the  energy  is  not  applied  at  the  arc,  the  difference  is  lar^.     Both 

total  and  radiant  lununousefiB- 
ciencies  are  of  intweat  chiefly 
to  the  physicist,  neither  afford- 
ing a  real  measure  of  illumi- 
natin|(  efficiency.  Both  desi 
exclusively  with  the  total  en- 
ergy radiated  between  visibility 
limits,  ignoring  the  distribution 
of  such  energy.  As  a  given 
energy  radiated  at  0.£^  will 
produce  say  ten  times  aa  great 
an  illuminating  effect  aa  if  radi- 
ated at  0.65u  or  0.4&t,  conaid- 
eration  of  tne  distribution  of 
^  radiation  is  essential  from  the 
.TO  illuminating  standpoint. 

normal  ,  W.  "Luminosity  curres" 
for  the  normal  human  eye 
stimulated  by  radiation  of  uni- 
form intensity  throughout  the  visible  spectrum  are  given  in  Fig.  5^ 

11.  The  illuminating  power  of  radiation  of  any  wave  length  is  pro- 
portional to  tho  product  of  the  ener^  and  the  coefficient  of  eye  senaibinty. 
The  problem  of  efficient  light  production  is  largely  that  of  radiating  aa  much 
as  possible  of  the  energy  at  wave  lengths  to  which  the  eye  is  most  sensitiTe. 
This  may  be  taken  as  0.55^  although  the  wave  length  of  maximum  sens^ 
bility  varies  with  the  intensity  (Fig.  5),  being  shifted  toward  the  ahorter 
wave  lengths  as  the  intensity  of  the  stimulus  is  reduced.  Radiation  would 
have  the  aighest  possible  light  value  if  it  were  concentrated  at  or  near  0.5S#u 

It.  The  "mechanical  equivalent  of  Uffht"  is  the  ratio  of  radiated 
energy  within  given  wave-length  limits,  to  the  illuminating  power  of  sndi 
energy.     It   may   be    expressed   in    watts-pez^andle    or    watta-per-lumOD. 
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Fia.   6. — Luminoaity    curves 
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M 


tor 


*  Nichols  snd  Merritt.     Phytical  Review,  Vol.  XIX,  p.  18. 

I  "Luminous  Efficiency,"   Tnuuactiont  Illuminating  Engineering SoeietT, 


Vol.  V,  p.  113. 
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Thwe  ean  be  no  one  value  for  the  mechanical  equivalent  of  light  applicable 
to  all  iUuminants,  if  all  euergy  in  the  visible  range  is  included,  because  of 
th«  variatioa  of  eye  sensibility  with  wave  length.  If,  however,  a  narrow 
band  of  spectral  radiation  be  separated  and  studied,  a  definite  and  repro- 
ducible ratio  between  energy  ana  light  value  may  be  obtained.  And  if  thii 
band  be  selected  from  the  part  of  the  spectrum  where  the  light  value  is  highest 
(say  0.55fi),  the  minimum  possible  mechanical  equivalent  of  light  will 
result.  Ives,*  having  compared  with  his  own  the  experimental  data  and 
calculations  of  other  investigators,  has  assigned  the  value  of  0.02  watt  per 
mean  spherical  candle,  or  0.0016  watt  per  lumen,  as  the  most  probable 
mechanical  equivalent  of  yellow-green  light,  to  which  the  eye  is  most  sensitive. 
With  this  criterion  of  light  producing  efficiency  available  for  the  highest 
point  of  the  ocular-luminosity  curve  (Fig.  5),  a  scale  of  ordinates  for  that 
curve  is  established,  and  the  curve  yields  the  sensibility  coefficient  for 
each  wave_  length.  This  applied  to  the  radiation  curve  (Fig.  2),  gives  a 
curve  of  visibility,  from  which  the  total  illuminating  power  may  be  inte- 
crated.  The  value  so  obtained  should  equal  the  candle-power  or  the  lumens 
as  measured  by  a  photometer.  The  value  of  mean  spherical  candle-power 
per  wattor  of  total  lumens  per  watt,  when  stated  in  terms  of  the  most 
efficient  light  per  watt,  yields  the  "reduced  luminous  eflficiency."  (Drys- 
dale's  terminolonr.)  The  table  of  Par.  13  shows  data  of  this  kind  based 
upon  Ives*  compilation. 

13.  Efficiency  of  light  production 
(Electrical  World— Vol.  LVII,  p.  156G) 


Watt«  per 

mean  sph. 

o-p. 

Per  watt 

Reduced  lumi- 
nous efficiencies 
(baaed  on 
radiated 
energy) 

Mean 
eph.  c-p. 

Lumens 

Vellow-green  0.6S»i 

Firefly 

0.02 

65 

800 

Per  cent. 

100 

06 

15 

34 
41 

BUek-body,  about  5,000 

del.  abs. 
EHtto,   excluding  enerfo' 

outside   limits  0.76fi    to 

0.38f.. 
Ditto,  excluding  energy 

outaide  limitB  0.70;i  to 

0.40m. 

10 
22 

26 

125 
274 

330 

14.  In  "redaoed  luminous  efficiency"  (sec  Par.  12)  we  have  a  very 
practical  measure  of  efficiency  of  light  production,  because  for  any  illuminant 
the  ordinary  commercial  rating  is  directly  comparable  with  the  standards 
of  highest  possible  eflficiency.  With  this  system  of  rating,  everything  de- 
pends upon  the  correctness  of  the  standard  of  light  production.  But  it 
may  be  noted  that  all  artificial  illuminants  are  so  low  in  efficiency  that  a 
coDBiderable  errpr  in  fixing  the  standard  would  not  alter  materially  the 
coDclusions  as  to  the  inemciency  of  itluminante.  Standards  for  this  pur- 
pose appear  in  Par.  16. 

II.  White-Ufht  efficiency.  "Reduced  luminous  efficiency"  (Par.  14) 
ii  the  light  flux  per  watt  in  per  cent,  of  the  yellow-green  flux  obtained  from 
1  watt  radiated  at  0.5om-  Such  yellow-grocn  light  would  be  undesirable 
for  most  illuminating  purposes.  The  generally  accepted  ideal  is  white  light. 
IvBst  has  proposed  the  radiation  between  0.70^  and  0.40u  from  a  black  body 
si  5,000  deg.  abs.  as  a  standard  of  white  light,  and  has  assigned  330 
himens  per  watt  as  the  most  probable  value  of  the  most  efficient  white  light 
obtainaDle.  This  is  a  satisfactory  criterion  for  illuminating  purposes.  Ives  J 
ibo  has  studied  the  spectrophotometric  curves  of  some  of  the  common  in- 
candescent sources  to  ascertain  what  proportion  of  their  light  is  available  to 

'Luminous  Efficiency,  Tron*.  I.  E.  S.,  Vol.  V,  p.  113. 

\  Electrical  World,  Vol.  LVII.  1909.  p.  1566. 

X  Bulletin,  Bureau  of  Standards,  Vol.  VI,  p.  238. 
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form  white  light.  Awumin^  oolond  abaorbiiis  aereena  of  ezaetly  the  dewitJ 
values  to  transmit  with  mininium  loea  that  part  of  the  radiation  of  earb 
wave  length  necessary  to  produce  white  li|[ht,  be  has  shown  the  "  white-Uf  ht" 
or  "dayUffbt  efficiency"  of  each  source.  These  values,  recently  revised, 
appear  in  Par.  1T« 

IS.  Liclit-iirodueiiix  efficieneiei  of  certain  elactrie  illuminaaU 


Light  source 

Mean 

spherical 

c-p.  per 

watt 

Lumens          Reduced 
per             luminoia 
watt            aScieney 

1 

65 
36 

0.78 
1.8 
0.85 
1.4 

800 
330 

9.8 
22.5 
10.7 
17.6 

Per  cenu 

100 

41 

1.2 
2.8 
1.3 
2.2 

Radiation  from  black  body  at  6,000 
dec.  aba. — excluding  that  outside 
0.7>i  and  0.4m. 

Maada  vacuum  lamp — l.O  w.p.c. . 

Masda  fas-filled  lamp — ^large  sise. . 

Magnetite-arc — *.0  amp 

Flame-arc — 10-amp. — white-light 
carbon — approximate. 

17. 

WUto-Uxht  efficieneiei  of  ineandeicent  Umpi 

Lamp 

Watts  per 

mean 

spherical 

o-p. 

Lumens 
per  watt 

White- 

lifht 

efficiency 

White- 
light 
lumens 
per  watt 

Per  cent,  of 

most  efficient 

white-light 

(330  lumens 

per  watt) 

Carbon 

Carbon 

Gem 

Tantalum. 
Tungsten... 

4.85 
3.76 
3.10 
2.60 
1.56 

2.59 
3.35 
4.06 
4.83 
8.06 

Per  cent. 
7.6 
8.6 
10.0 
10.0 
13.7 

0.196 

0.29 

0.405 

0.485 

1.10 

Per  cent. 
0.06 
0.09 
0.12 
0.15 
0.33 

18.  Phriical  and  ptursiolofflcal  atpeeto  of  white  lifht.  Both  the 
standard  of  white-light  emciency  and  the  values  shown  for  common  illumi- 
nanis  are  values  for  continuous-spectrum  light  from  incandescent  soureea. 
That  is  to  say,  this  method  provides  only  for  true  white  light,  which  is 
satisfactory  phytucally  as  well  as  physiologically.  Light  producml  by 
luminescence,  which  has  a  line  spertrum,  may  be  accepted  as  white  in  a 
physiological  sense,  but  may  fail  to  serve  for  certain  illuminating  purpoees 
where  true  white  light  is  required.  It  is  doubtful  if  such  light  should  b« 
compared  with  true  white  light  upon  the  same  ternis.  At  anv  rate  notation 
shotud  always  be  made  of  the  peculiarities  of  spectral  distribution  of  such 
light. 

CHARACTERISTICS  OF  ELECTRIC  LAMPS 
INCANDESCKNT  LAMPS 

19.  Ineand«BC«nt  •lectiio  or  glow  lampa  produce  light  hj  proctu  of 
incandescent  or  temperature  radiation.  Hyde*  has  estimated  that  if 
operated  at  the  same  true  temperature,  the  several  filaments,  due  to  favor- 
able telectlvity,  would  be  more  efficient  than  untreated  carbon,  which  is 
least  selective.  Relatively  these  efficiencies  are  as  follows:  untreated 
carbon,  100  per  cent.;  tantalum,  110  tu  112  per  cent.;  tungsten.  125  to  130 
per  cent. 

to.  The  reeiatance  characterlstlci  of  the  more  common  types  are  shown 
in  Fig.  ti,t  where  100  per  cent,  corresponds  with  the  standard  rated  efficiency. 

*  Lectures  on  Illuminating  Engineering.  I.  E.  S.— Johns  Hopkins Univenity. 
t  LewinsoD.    "  Modern  IncandescentLamps  " — School  of  Mines  Quarterly. 
Vol.  XXXIII,  April.  1912. 
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6. —  Reijiatancc  characteristics  of  incandescent  lamps. 
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31.  Resistance  of  filament  lamps 


Lamp 

Cold 
resistance 

Resistance  at 
standard  efficiency 

20-watt  untreated-filanieot 

1062       ohms 

459       ohms 

156       ohms 

44       ohms 

16.5  ohmn 

582  ohms 
225  ohms 
222  ohms 
262  ohms 
206  ohms 

60-watt  metalHzed-carbon 

50-watt  tantalum 

t2.  The  physical  characteristics  of  those  lamps  (Par.  SO)  arc  shown  in 
Fig.  7.  I'X)  per  cent,  volta  corresponding  with  ratecl  efficiency.  ThrouKlumt 
a  ranRe  of  a  few  volts  above  and  below  normal,  these  relations  may  be  ex- 
pre8»ed  as  parabolic  CQuations. 

The  exponents*  are  not  determined  beyond  question,  particularly  for 
tungsten  filament  (Mazda)  lamps,  where  improvements  in  manufacture  are 
being  made  so  rapidly  that  statistics  for  the  final  establishment  of  these 
values  are  not  available  for  lamps  of  latest  manufacture.  Best  known 
values  for  the  exponents  are  given  in  Par.  S3,  and  are  reasonably  accurate 
throughout  a  working  range  of  voltage  variation.  Par.  S4  shows  corre- 
BpoodiQg  exponents  for  the  variation  in  life  with  change  in  watts  per  candle. 

*  Edwards,  E.  J.    OtrnnlBUetrie  Review,  March,  1014. 
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%  TalH 
7. — Ch»racteriatic  ourres  of  incandescent  lamp*. 


U.  ■zponanto  (k)  (Tw.  S*) 


Untreated 
carbon 

Treated 
carbon 

Metalliied 
carbon 

Tantalum 

Tunffteo 

Candle-power 

WatU 

6.89 

2.31 

-4.69 

1.31 

-25.2 

5.55 

2.07 

-3.48 

1.07 

-20.3 

4.72 

1.77 

-2.95 

0.77 

-17.2 

4.35 

1.74 

-2.61 

0.74 

-16.2 

3.61 

1.58 

-2.03 

0.S8 

-14.8 

Watts-per-candle. 
Amperes 

t4.  WatU-par-candla — ^lUa  ezponento 


Type 

Exponent 
(approx.) 

Type 

ExpODCDl 

(approi.) 

Tungsten 

7.4 

6.23 

5.86 

Treated  carbon 

Untreated  carbon 

5  82 
5.49 

Tantalum 

Metallised  carbon 
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M.  Commweial  raUngi 

(November,  1914) 


Initinl  mtvd  values 

Spedfie 

consurap- 

tion 

Specific 
outpat 

Filament 

a 
1 

i 

s 

s 

1 

Commercial  ra- 
ting-watts  per 
mean  horisontal 
c-p. 

a 

ii 

a 

'3! 
* 

hi 

i 

c 
E 

3 
♦J 

100  to  130  volta 

Carbon — untreated 

Carbon — treated 

Carbon — metalliied(gem) 

10 

so 

so 

40 
40 

2.0 
16.8 
20.0 
22.35 
38.8 

21.2 
174.6 
207 
221.6 

381 

5.0 

2.97 

2.50 

1.79 

1.03 

5.88 
3.61 
3.03 
2.32 
1.32 

2.12 
3.49 
4.14 
5.M 
g.S2 

Tungsten  (Maida) 

ST.  The  color  Taluei  of  these  lamps  are  shown  through  speetrophoto- 
metric  values  in  Far.  15.  *  White  light  (black  body  at  5,000  deg.  aba.)  '» 
taken  as  standard.  As  compared  with  white  light,  all  these  incandescent 
lamps  depart  so  largely  that  the  differences  among  the  several  lamps  seem 
celatively  small.  As  a  matter  of  fact,  differences,  for  example,  between  thi 
color  of  light  from  a  Masda  lamp  and  that  from  a  carbon  lamp  are  far  from 
negligible. 

ta.  The  flicker  of  lamps  upon  altamatin^  euiront  ia  important,  when 
operation  upon  the  lower  frequencies  is  considered.  Flicker  phenomena 
are  so  complicated  by  a  number  of  physical  and  physioloncal  factors,  that 
no  unqualined  definite  statement  can  be  made  as  to  the  lowest  frequency 
upon  which  lamps  may  be  operated  without  causing  undue  annoyance.  The 
variables  which  enter  into  tne  problem  are  chiefly  the  following-. 
Physical  Physiological 

Flicker  is  less  for  positive  resist-       Flicker  is  less  noticeable  when  iUn- 
ance     temperature     coefficient     (as   mination  intensity  is  low. 
tungsten)   than   for  negative   coeffi-       Eye    is   most    sensitive   to   Sicker 
cieut  (as  carbon).  when  light  enters  at  about  45   d«. 

Flicker  is  leas  for  thick   filament   from  centre  of  field  of  view,  and  falb 
of  given  substance  than  for  a  thin  upon  peripheral  portions  of  retina, 
filament. 

Stroboecopic  data,  showing  extreme  variation  in  candle-power  through  a 
haU  cycle,  are  presented  in  Fig.  S.f     These  show  the  gradual  decrease  ia 

*  Ives.  "Color  Measurements  of  Illuminants,"  rroiw,  lUg.  Eng,  Soe.,  VoL 
V,  1910,  p.  208. 

t  C.  H.  Sharp.  TnmtacHan*  American  Institute  Electrical  Engineers, 
1906  p.  816. 

Allowable  Amplitude  and  Frequency  of  Voltage  Fluctuations  in  Inc&it- 
deecent  Lamp  Work,  by  Herbert  £.  Ives,  Illuminating  Engineering  Society 
2'ransuctions,   1909,  Vol.  IV,  p.  709. 

The  Frequencies  of  Flicker  at  which  Variations  of  Illumination  Vanish, 
by  Kennelly  and  Whiting,  National  Electric  Light  Association  rroiw- 
aeUatu,  1907,  Vol.  I,  p.  327. 

"Tunnten  Lamp,"  by  G.  8,  Merrill,  JVonsaetion  of  the  American  Insti- 
tute of  Electrical  Engineers,  1910,  Vol.  XIX,  p.  1907. 

"Metal  Filament  Lamps,  by  John  W.  Howell,  TrmuaMcn*  tst  the  Ameri- 
can Institute  of  Electrical  Engineers,  1910,  Vol.  XIX,  Part  II,  p.  927. 

"Relative  Advantages  of  25 and  60  Cycles/'  by  Philip Torchio  and  W.  C. L. 
Eglin,  TToruaeHont  of  the  Association  of  Edison  Illuminating  Companies, 
1905,  p.  237. 
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r»nge  of  flicker  as  the  frequency  is  increased;  and  the  more  marked  flicker 
-when  the  Sner-fiUment  lamps  are  operated  at  a  given  frequency.  I'hey 
indicate  that  the  tungsten  lamp  is  less  adaptable  for  use  upon  low-frequency 
currents  than  the  carbon  lamp. 

Experience  indicates  that  while  lighting  from  2&-cycle  drouita  is  satis- 
factory for  many  purposes,  yet  is  not  entirely  satisfactory  for  all  classes  of 
service  with  all  sises  of  lamps.  This  frequency  appears  to  be  just  a  little 
too  low  to  be  generally  acceptable. 


M 
SO 

ir 
if" 

s. 

\ 

^ 

*=*, 

">N 

^ 

^N, 

*d 

b 

'^^ 

^ 

"■^i^^ 

^ 

»0.i 

3.0  VI 

f.O.i 

•rbon" 

J 

^ 

\ 

]6»         S803640         45        50        56         W66 
Cyclei  per  Second 
Flo.  8. — Flicker  as  indicated  by  cyclic  candle-power  variations. 

M.  Umito  of  aeoeptablUty  for  multiple  Inouideieant  Uimp*.  The 
measure  of  rating  uniformity  of  incandescent  lamps  in  respect  to  light  in- 
tensity, energy  consumption  and  efficiency  is  indicated  by  the  limits  of 
acceptability  prescribed  in  the  standard  specifications. 


Type 

Permissible  variation  from  standard 
rated  values 

c-p. 

watts 

watts    per 
candle 

106  to  126  Tolts. . , 

1 

Tungsten  (Masdft). 

Gem 

Carbon 

40        

±  15  per  cent. 
±   7  per  cent. 
±11  percent. 

±  8  per  cent. 

50       ±7.5  per  cent. 
50        ±    15  per  cent. 

SO.  Bpbarleal  radnction  factor.  It  has  been  customary,  when  deal- 
ing with  incandescent  lamps,  to  measure  and  rate  them  in  terms  of  mean 
horizontal  candle-power.  As  for  most  purposes,  the  total  light  produced  ifl 
the  quantity  to  be  considered,  it  is  often  desirable  to  reduce  these  values  to 
mean  sphencal  candle-power.  The  ratio  of  the  mean  spherical  to  the  mean 
faoriiontal  candle-power  is  the  spherical  reduction  factor.  For  certain  lamps 
this  is  shown  as  follows: 


Approximate  spherical 
reduction  factor 


Treated  carbon-oval  filament U.82 

Metallised  carbon  (Gem)  oval  filatneut <  U.82 

TanUlum 0.77 

Masda,  60  watts 0.78 
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SI.  Bpaciflo  Intanaitr   or  normal   brlffhtaau   of   flluaanti* 


Source 


Candle- 

Candle- 

power  per 

power  per 

>q.  in. 

■q.  mm. 

84,000 

130 

4,000 

6.2 

3,010 

4.7 

1,060 

1.64 

750 

1.2 

580 

0.9 

485 

0.78 

400 

0.63 

325 

0.50 

S3 

0.082 

33 

0.057 

31 

0.048 

58 

0.OS7 

14.9 

0.023 

9.0 

0.014 

2.7 

0.004 

1.67 

0.0026 

6.00 

0.0093 

Crater,  carbon  arc 

Magnetite  arc 

Nernst  c^ower  (115-volt,  6-amp.  direct-current) 
Incandeacent  lamps: 

Tungsten,  1.26  watte  per  candle 

Gmphitixed  carbon  filament,  2.6  watta  per 
candle. 

Tantalum,  2.0  watta  per  candle 

Carbon,  3.1  watts  per  candle 

Carbon,  3.5  watta  per  candle 

Carbon,  4 . 0  watta  per  candle 

Acetylene  flame  (1-ft.  burner) 

Acetylene  flame  (i-ft.  burner) 

Welabacb  mantle 

WeUbach  (meah) 

Cooper  Hewitt  mercury-vapor  lamp 

Kerosene  flame. 

Gaa  flame  (fishtail) 

26-watt  frosted  tungsten  lamp: 

Tip 

Side 


St.  The  life  performenoe  for  the  varioai  lamp  typea  is  treated  in 
Par.  SS  to  83.  In  general,  however,  the  life  ia  variable  to  a  marked  degree, 
and  it  is  necessary  to  consider  averages  of  large  groups  of  lamps  rather 
than  the  performance  of  a  few  samples  before  drawing  conclusiona  concern- 
ing values.  Also  it  is  to  be  borne  in  mind  that  the  only  generally  applicable 
statistics  of  performance  are  thoee  obtained  in  a  laboratory  under  repro- 
ducible and  ideal  conditions  of  operation.  In  service  the  performance  may 
vary  largely.  All  performance  data  given  herein  must  be  qualified  to  the 
extent  that  it  may  not  be  strictly  applicable  to  a  given  set  of  operating 
conditions. 

CASBON-riLAXniT  LAMM 
n.  ClaMllloatlon.     These  may  be  divided  according  to  filament  charac- 
teristics into  "untreated'*  (Par.  S6),  and  "treated"  (Par.  S4)  carbon-fila- 
ment lamps. 

34.  The  treated  carbon  filament  (having  a  coating  of  graphitia  carbon 
deposited  by  flashing  in  an  atmosphere  oT  hydrocarbon  vapor)  is  the 
standard  carbon  filament  employed  in  most  lamps  manufactured  from  1893 
to  about  1908.  The  principal  sises  and  corresponding  statistics  appear  ia 
Par.  S«. 

SS.  Treated  earbon-fllament  lamps 


Rated 

and 

average 

watta 

Mean 

hori- 

sontal 

c-p. 

Total 
lumens 

Commer- 
cial   rating 

watts  per 
mean  hori- 
sontal  o-p. 

Specific  con- 
sumption 
watts  per 
mean 

spherical  c-p. 

Specifie 

output 

lumens  per 

watt 

Average 

total 

life 

20 
25 
30 
50 
60 

4.82 

8.07 

9.29 

16.83 

20.20 

50.4 

83.5 

96.0 

174.5 

209.4 

4.16 
3.10 
3.23 
2.07 
2.97 

5.05 
3.74 
3.91 
3.61 
3.61 

2.52 
3.34 
3.20 
3.49 
3.49 

1,500  hr. 

600  hr. 
1.060  hr. 

700  hr. 

700  br. 

*  Ives  and  Luckiesh.     Bleetrical  World,  February  16,  1911 
1096 


Digilized  by 


Google 


ItLVMINATION 


Sec.  14-36 


M.  IFntr«ftted  Oftrbon  fllamanU  an  now  smployed  prindixally  in  sign 
lunpa  of  the  10-  and  20-watt  flisea  of  the  110-volt  range,  and  in  lamps  of  thn 
220-volt  rnxkgit.  Aa  the  filament  has  a  higher  resistance,  it  is  shorter  and 
may  be  diapoaed  in  a  small  bulb,  where  the  longer  treated  filament  cannot  be 
utiUied.  As  they  are  capable  of  only  30  to  40  per  cent,  of  the  useful  life  of 
treated-filament  lamps,  they  are  operated  at  a  lower  efficiency  and  are  used 
only  where  necessary.  Abroad,  notably  in  England,  they  have  been  em- 
ployed much  more  {generally  than  in  America,  due  to  the  prevalence  of  220- 
volt  circuiu.     See  fig.  9.  * 

Houra 


100 


100           300           aoo           « 

n          H 

n 

> 

^ 

^ 

^ 

---N^ 

5^^ 

^ 

10 

Flo.  9. — Typical  candle-power  performance  of  16c-i>„  220-voIt,  "untreated" 
carbon-filament  lamps  at  3.8  watta  per  m^fa  horiaontal  candle-power. 

ST.  Vntrektad  carbon- fllunent  lampi 


105  to  125  volU                                                     1 

Bated 

and 

average 

watu 

Mean 
hori- 
aontal 
c-p. 

Total 
lumens 

Commer- 
cial   rating 

watts  per 
mean  bori- 
lontal    c-p. 

Specific  con- 
sumption 
watts  per 
mean 

spherical  c-p. 

Specific 
output 
lumena 
per  watt 

Average 
total 
Ule 

2,000  hr. 
1,000  hr. 

10 
20 

2.0 
4.8 

21.2 
51.2 

5.0 
4.16 

5.88 
4.88 

2.12 
2.56 

200  to  260  volts 

36 

60 

120 

7.96 
16.26 
32.52 

84.0 
170.4 
340.8 

4.40                5.24 
3.69                4.40 
3.69                4.40 

2.40 
2.84 
2.84 

1,000  hr. 

7.50  hr. 
750  hr. 

n.  Cuidlo-power-iMrtonnuioe  currea  of  typical  high-cprade  treated 
carbon  filament  lamps  are  given  in  Fig.  10,  being  a  combination  of  curves 
published  by  several  lamp  manufacturers  from  independent  tests  of  their 
producta. 

n.  The  Muidle-powar  detarioratlon  throughout  life  is  due  in  ai>proxi- 
mately  e<iiia]  parts  to  decrease  in  watts  occasioned  by  increase  in  filniiient 
nsistance,  and  to  increase  in  absorption  of  light  due  to  bulb  blackening. 

*  HowelL  Traiuaetiom  American  Institute  of  Electrical  Engineers,  June 
19.1905. 
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Fio.  10. — Typical  oandle-power  performance  of  SO-watta,  110-volt  "treated" 
carboo-filament  Umpa  at  2.97  watu  per  candle. 

100        UO        900        «B 


Fio.  11. — Change  during  ^'lueful"  life — "treated"  carbon-filament  lamp. 
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Pio.  12. — Analyaia  of  candle-power  decline  in  frosted  carbon-filament  lamps. 
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Fig.  11  sbowB  change  in  candle-power,  watts  and  watt*  per  candle  of  an 
arerage  high-grade  treated  carbon  filament  lamp  throughout  useful  Life. 

M.  Trosted  carbon-fllament  lampi  decUn*  in  candle-power  at 
about  twice  the  rate  of  clear  lamps.  An  analysis  of  the  cause  of  such  decline 
appear*  in  Fig.  12.  * 

41.  F«Tfonn«nce  on  direct  current  compared  with  alternating 
cmrent.  6o  far  a*  is  known  there  is  no  material  difference  between  the 
performance  of  carbon  lamp*  on  direct-current  and  on  60-cycle  sine-wave 
current. 

4t.  Tbe  rating  unlformitr  of  treated  earbon-fllamant  lamp* 
is  suggested  in  Figs.- 13  and  14,  which  exhibit  extremes  of  good  ahd  bad 
practice. 


WatU 


f    T    T    T 


f 


••1 


Fio.  13. — Rating  of  well-selected  group  of  carbon-filament  lamp*. 

Watts 


< 

7        ffi        «        so        U        62        1 

I       M        U       tf       SI        8 

u 

m 
•  •  •  • 

• 

c5~~ 
1* — 

•    .' 

' 

•          •  •               • 

• 
• 

tt 

• 

• 
•                      •  • 

• 

Fio.  14.— Rating  of  poorly  selected  group  of  carbon-filament  lamp*. 

41.  Faninc  of  tba  treated  carbon-fllament  lamp.  At  the  praent 
time  (ptunmer^  1914)  the  treated  carbon-filament  lamp  u  almost  obsolete. 
Tbe  higher  efficiency  of  tungsten  (Masda)  lamps  and  of  metalUaed  (Gem) 
carbon  lamp*,  has  rendered  the  use  of  carbon-filament  lamps  very  uneconom- 
ical, and  toe  demand  for  them  has  almost  ceased. 

MBTALLIZXD  CABBON-riLAMXHT  LAMPS 

44.  In  manufacture  this  filament  is  baked  in  an  electric  furnace  before 
being  treated  or  flashed.     After  treatment  a  second  baking  at  kigh  tempera- 

•  Minar.    BUetrical  World,  1907,  Vol.  XLIX,  p.  798. 
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tare  in  an  elactrio  fnrnue  so  changes  the  struotura  o(  the  outer  Wiihad  eoM- 
ing  u  lo  give  the  filament  «  positive  temperature  eoeffimenl  throusAout  tta 
ordinary  operation  range  of  temperatures.  A*  tbia  feature  i«  charactaiictie 
of  refractory  metala,  the  filament  hae  been  called  metalliaed  carbon.  U  ii 
of  lower  specific  reaietance  than  the  treated  carbon  filament,  and  oonaeQimillr. 
a  longer  and  thinner  filament  ia  employed  for  a  mven  voltage  and  vmtt- 
age.  The  filament  ia  more^f  ragile  and  more  liable  to  failure  through  entan^e- 
ment,  drooping  and  attraction  of  static  charge  in  the  bulb.  These  3ia- 
advantages,  however,  are  more  than  outweighed  by  the  higher  efficiency  a* 
compared  with  treated  carbon. 

(S) 


metallised     ,  ,„  .     «  •       .. 

-J-  —  1 19  per  cent,  effieieney. 


treated 

M.  VUamant  iha])*.  As  first  manufactured,  the  metallised  carbon- 
filament  was  disposed  in  two  hairpin  loops.  It  is  now  given  the  standard 
oval  loop.  In  the  earlier  years  of  manufacture,  the  lamp  performance  suf- 
fered seriously  from  early  burn-outs.  The  performance  of  the  preaentrday 
product  in  the  laboratory  compares  very  favorably  with  the  treated  carbon- 
Hlament  lamp  in  this  respect. 

M.  The  tendener  toward  the  replaeament  of  th«  treated  carbon- 
filament  lamp  by  the  metallised  filament  lamp  is  indicated  by  the 


IWZ    1908   mot    1910    ItU    1912    ISIS 
Fio.  15. — Annual  demand  for  incandescent  lamps  of  various  types. 

diagram.  Fig.  16.  The  large  increase  in  the  use  of  the  metalliaed-filament 
lamp  in  1909  was  due  to  ita  adoption  for  free  renewal  purposes  by  the  large 
central  stations.  That  of  1912  was  occasioned  by  its  strenuoua  exploita- 
tion by  lamp  manufacturers. 

4T.  The  psrformancs  of  these  lamps  is  indicated  in  Fig.  16  for  the 
80-watt  sise.*  Each  dot  sbowa  by  its  location  the  hours  of  failure  and  the 
approximate  candle-power  just  prior  to  failure.  One  curve  shows  the  averase 
candle-power  of  all  survivors  at  any  number  of  hours.  A  second  shows  the 
number  of  survivors.  The  third  shows  the  change  in  total  light  produced 
by  the  group  of  lamps,  assuming  that  failures  are  not  replaced.     Typical 

*  Millar  aed  Lewinson.  "  Evaluation  of  Lamp  Life,*'  TronsaeCioiu 
Illuminating  Engineers  Society.  Vol.  VI.  p,  744.  (The  two  groups  shown 
in  the  original  paper  are  here  combined.) 
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Fio.  16. — lUe  performanos  of  80-watt  Gem  lampa  at  2.46  w.p.(s. 
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average  i 

Derformance  data  for  SO-watt  Gem  lamps  is  given  in  Fig.  17,  tad  1 

the  oandle-power  decline  of  a  group  of  lamps  ia  illuatrated  in  Fig.  18.           | 
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Fio.  18.- 

-Life  performance  of  typical  group  of  SO-watt  Gem  lamps  at  13 

w.p.c. 

U.  MetalUsed-fllament  (0«m)  Immps 

Principal  sitea  now  produced 

Rated 

and 

average 

Mean 
hori- 
sontal 

Total 
lu- 

Commercial 

rating 

watts  per 

mean 

Specific  con- 
sumption 

watts 
per   mean 

Specific 
output 
lumena 

Average 
total 
life 

watts 

c-p. 

horisontal 

spherical 

per 

c-p. 

c-p. 

1 

20 

50 

52.0 

4.00 

4.85 

2.6 

1,000  hr 

30 

10.0 

103.8 

3.00 

3.64 

3.46 

1,050  br. 

40 

15.6 

162.0 

2.56 

3.10 

4.09 

600  hr 

60 

20.0 

207.5 

2.50 

3.03 

4.16 

700  hr 

eo 

24.0 

249.0 

2.50 

3.03 

4.15 

700  hr 

80 

32.52 

336.8 

2.46 

2.98 

4.21 

700  hr 

100 

40.65 

422.0 

2.46 

2.98 

4.22 

(tSOhr. 

M.  Performuica  on  direct  current  compared  with  altomattoc 
current.  As  in  the  ctute  of  the  treated  carbon -filament  lamps,  it  is  believeo 
that  there  is  no  material  difference  in  pcrformanoe  between  direct-curreot 
and  60-cyclc  alternating-current  operation. 

•0.  Katlnff  uniformity  is  of  the  order  indicated  in  Figs.  13  aad  14  (or 
treated  carbon-filament  lamps. 

fl.  Abdication  In  f»T0r  of  the  tunflten  lamp.  The  increase  is 
efficiency  made  possible  in  the  metallised  carbon-filament  lamp  has  becfl 
dwarfed  by  that  of  the  tun^ten-filamcnt  lamp.  The  latter  already  hai  ^ 
placed  it  in  most  infttallations  where  attention  is  paid  to  lightins.  H' 
metallised  carbon-filament  lamp  attained  premier  position  among  \^V 
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■ale*  in  1913.  Already  thia  place  haa  been  surrendered  to  the  tunmt^n- 
fiiament  lamp.  I^obably  the  metalliied  carbon-hlament  lamp  will  become 
obsolete  witmn  the  next  few  years. 

TAHTALim  nLAMXHT  LAHVS 
IS.  Btendard  tantalum  lamp* 


(Employed  in  very  small  quantities) 

Rated 

and 

average 

watu 

Mean 
hori- 

sontal 
o-p. 

ToUl 
lu- 
mens 

Commercial 

ratine 
watta    per 
mean  hori- 
sontal  e-p. 

Specific  con- 
sumption 
watts  per 

mean  spher- 
ical c-p. 

Specifio 

output 

lumens 

per 

watt 

(On  tl.c.) 

HVL'rage 

tptal 

life 

25 
40 
SO 
80 

12.7 
22.35 
27.93 
44.69 

126.0 
221.6 
277.0 
443.2 

1.97 
1.79 
1.79 
1.79 

2.56 
2.32 
2.32 
2.32 

5.04 
5.54 
5.64 
5.54 

800  hr. 
000  hr. 
«)()  hr. 
.500  hr. 

U.  Farfonnane*  upon  altamatiiic  emrant.*  The  tantalum  lamp 
perforraa  leaa  aeoeptably  upon  alternating  current  than  upon  direct  current. 
Fig.  19  shows  the  breaking  up  of  the  filament  after  burmng  upon  an  alter- 
nating current  eimiit.  From  thia,  the  character  of  the  effect  which  is  re- 
■ponaible  for  the  inferiority  on  alternating  current  is  apparent. 


Alnmstlm  Curreul  It  rutn  Boan 


Direct  Gurreut  US  Hsora 


1 1 .1.  i.uii  LHJUI-  I  111  -i.'M 

HtM  Lamp 

Fio.  19. — Appearance  of  tantalum  filament  after  operation  as  t4tivto<l. 

M.  ComparatlTa  parformancas  on  Taiious  frequencies' 


Nature  of  supply 

Hours  "Useful  Lifo" 

Direct  current 

606 
324 

ir,i 

122 

60  cyrlea      

*  TrmuatUof    American    Institute  Electrical    Engineers,    November  23, 
1906. 
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M.  AppUe«tlott  limited.  The  tantalum  lamp,  a  Qennan  deTelopmcaU 
never  attained  large  use  in  America.  The  filamenta  were  imported  by  Kmen- 
caD  manufacturers  who  first  placed  the  lamp  upon  the  market  in  1906.  The 
tungsten- filament  lamp  was  announced  so  soon  after  the  tantalum  lamp 
became  available,  that  the  latter  suffered  by  comparison.  Inferior  in  «&• 
dency,  hardly  available  for  albernatin^ourrent  work,  it  jielded  to  the  tuii0»' 
ten  lamp  without  a  struggle.  In  this  country  its  regular  manulac^ize  kai 
been  abandoned. 

TmraBTEH-mAMnrr  lamps  (TAcmm  ttyk) 

M.  larly  proceMei  of  fllamant  manufacture.  The  earliest  eucoesrfol 
manufacture  of  tungsten  filament  lamps  was  in  1906.  There  were  thiw 
pioneer  processes  of  filament  manufacture,  as  follows:  (a)  that  of  Justsnd 
Ilanaman,  who  deposited  tungsten  upon  a  very  fine  carbon-filament  cmv. 
afterward  removing  the  carbon  and  sintering  the  tungsten;  (b)  that  of  Kiua 
who  produced  a  colloidal  solution  of  tun^ten,  and  after  bringing  it  to  a  suit- 
able consistency  squirted  it  to  the  desired  ctiameter,  and  aintered  it:  Cf) 
that  of  Von  Welsbach  (after  the  osmium  process)  who  prepared  a  paste  of 
finely  divided  tungsten  mixed  with  an  organic  binder,  and  squirted  it 
The  thread  thus  formed  was  reduced  and  sintered. 

•T.  ■arlr  Amarlcui  majiufaotur*.  Tungsten-filament  lampe  weit 
produced  commerdaUy  in  America  early  in  1907.  Theae  were  made  by  tfai 
Welsbaoh  process.  The  lamps  made  by  the  General  Electric  Compsajr 
corresponded  to  the  Osram  lamp  as  produced  by  the  A\ier  Company  in  Beriia. 
Those  made  by  the  Westinghouse  Lamp  Company  followed  the  procestM 
and  construction  adopted  for  the  Osmin  lamp  by  the  Osmium  Lamp  Com- 
pany  of  Vienna.  The  earlier  styles  and  siaes  in  which  the  tungsten  lanv 
was  made  available  were  complementary  to  carbon-filament  lampa.  Tbiii 
the  larger  sises  of  multiple  (100-130  volt)  lamps  were  produoed  beginniac 
with  the  100-watt  size  for  multiple  circuits.  This  most  happily  introducca 
the  lamp  in  a  manner  which  lea  to  gradual  and  constructive  replaccmmt 
of  its  less  efficient  predecessors.  The  development  of  the  smaller  sites  fol- 
lowed, u  shown  in  Par.  9S. 

M.  Befftnnlng  of  commorcial  use  of  Hasda  lunps  In  the  United 

States 


Watt» 

Presaed  filament 

Drawn  wire 

"Getter"*  introduced 

10 
15 
20 

1912 
November, 
April, 

1911 
1912 

October, 
October, 
October, 

1913 
1913 
1913 

January, 

1910 

25 

October, 

1908 

February, 

1911 

October, 

1913 

40 

June, 

1908 

February, 

1911 

October, 

1913 

60 

April, 

1908 

March, 

1911 

Sept., 

1912 

100 

October, 

1907 

March, 

1911 

Octoi>er, 

1912 

150 

During 

1909 

March, 

1911 

1911 

250 

During 

1909 

March, 

1911 

October, 

1911 

40O 

During 

1910 

During 

1911 

During 

1911 

500. 

During 

1909 

During 

1911 

During 

1911 

%%,  Frafillty  of  earl^  types.  These  pressed  or  squirted  filamenti 
were  quite  brittle  when  cold.  They  were  mounted  u  short  hairpin  loops, 
held  rigidly  at  or  near  the  loop.  In  the  smaller  sises  particularly  it  wai 
necessary  to  observe  great  precaution  in  order  to  avmd  filament  breakage  id 
shipment,  and  even  after  installation. 

M.  Fragility  reduced.  The  quality  of  the  lamps  was  improved  rapidly, 
and,  to  some  extent,  the  early  fragility  was  overcome.  The  ruggedncss  of 
a  tungsten  lamp  depends  chiefly  upon  the  strength  of  the  filament,  and 
upon  the  manner  in  which  the  filament  is  mounted.  The  first  notable 
event  in  the  direction  of  ruKgedness  was  the  development  of  a  lon^  preseed 
filament  wound  continuously  upon  an  arbor  in  a  manner  not  dissimilar  to 
that  previously  adopted  in  the  tantalum  lamp.     The  filament  ends,  however. 


•  See  Par.  M. 
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mre  attached  to  the  lead  wires  in  a  special  manner  which  contributed  to 
the  ruggedneas  of  the  lamp.  * 

•1.  Drawn  vlra.  This  was  followed  shortly  by  the  announcement  that 
tungsten  wire  had  been  drawn,  and  that  drawn-wire  tungsten  lamps  had 
been  made  successfully.  Wire  thus  drawn  was  perfectly  ductile,  out,  in 
the  process  of  exhausting  the  bulbs  and  burning  for  a  short  time  in  the 
factory,  much  of  the  ductility  was  destroyed.  Nevertheless,  by  employing 
%  long  filament  of  this  wire,  wound  continuously  as  in  the  tantalum  lamp,  a 
much  stronger  tun^ten  lamp  was  achieved  than  previously  had  been  availaDle. 
Some  idea  of  the  increase 
ID  strength  of  the  filament  100  f 

itself  is  given  by  the  dia- 
gram in  Fig.  20.t 

U.  Modam  manuf  ac- 
tor* ol  tungstan  lamps. 
"The  raw  material  used  in 
the  filament  factory  is  a 
coneentrat«d  ore  of  tung- 
sten, from  which  pure  tung- 
itie  oxide,  a  fine-grained 
rdlow  powder,  is  obtained. 
This  is  doped '  and  reduced 
to  tungsten  metal  by  hy- 
drogen in  an  electric  fur- 
nace; the  metal  produced 
being  in  powder  form,  Fia.  20.- 
rather  coarse  grained,  gray 
in  color,  and  very  heavy. 


_,^^'' 

^^■^ 

^■^ 

.^ 

^ 

1907  IMS  1909  IfllO  UU  isn  U13  U14. 
Tesr 

-Increasing  strength  of  tungsten 
filaments. 


This  tungsten  powder  is  formed  into  ingots  about  \  in.  square  and  6  in. 
long,  by  pressure  alone,  no  binder  being  used.  The  pressure,  which  is 
very  great,  is  applied  transversely  and  compacts  the  tungsten  so  that  the 
ingot  can  be  handled.  It  is  then  placed  in  an  electric  furnace  in  an  atmos- 
phere of  hydrogen  and  heated  to  a  white  heat,  the  effect  of  this  heat  being 
to  compact  and  strengthen  the  ingot  and  make  it  a  good  conductor  of  elec- 
tricity. The  ingot  is  then  placed  in  an  atmosphere  of  hydrogen  and 
bested  to  near  the  melting  point,  long  enough  to  thoroughly  sinter  the  ingot. 
The  ingot  now  has  a  high  luster,  and  the  powder  particles  of  which  it  is  com- 
posed are  welded  together  quite  firmly.  The  square  ingot  now  goes  to  a 
•waging  machine.  It  is  heated  to  white  beat,  taken  out  into  the  open  air  and 
swaged.  During  this  operation  a  cloud  of  tungstio  oxide  rises  from  the  in- 
got. The  ingot  is  reheated  and  swaged  several  times  before  the  square  in- 
fot  becomes  round.  The  heating  and  swaging  are  continued  until  the 
ingot  is  changed  to  a  rod,  Moo  in.  in  diameter  and  30  ft.  long.  Before  this, 
when  the  rod  is  about  ^ioo  in.  in  diameter,  it  begins  to  have  a  fibrous  struc- 
tore.  At  Moo  it  has  a  well -developed  fibrous  structure,  but  can  easily  be 
broken  by  bending  back  and  forth  once  or  twice. 

,  From  thirty  mils  the  rod  or  wire  is  reduced  in  sise  by  hot  drawing  through 
diamond  dies.  The  wire  is  heated  to  a  bright  red  heat  and  is  stiU  red  hot 
after  passing  through  the  die.  This  degree  of  heating  is  continued  until  the 
wire  ia  only  three  mils  in  diameter,  which  is  about  the  size  of  the  filament 
In  s  100-voIt,  100-watt  lamp.  Below  this,  the  temperature  of  drawing  is 
redaced  and  the  last  drafts  of  any  wire  are  made  below  red  heat.  The  wire 
is  now  quite  ductile  and  the  last  drafts  may  be  made  cold  if  desired.  During 
this  drawing  the  wire  is  lubricated  with  graphite,  which  forms  a  coating  and 
prerents  oxidation  of  the  wire.  It  also  lubricates  the  wire  when  it  passes 
through  the  die.  The  last  draft  is  made  through  a  very  perfect  die  which 
nduoes  the  diameter  of  the  wire  very  slightly,  and  in  this  way  very  long  pieces 
are  rnsde  which  are  the  same  size  throughout."} 

Wire  so  produced  is  cut  accurately  to  length  and  is  wound  upon  the 
filament  supports.     A   bulb-blackening    preventive   is    introduced.     After 

•  Scott.  "A  New  form  of  Tungsten  Ljimp,"  Proceedinas  National  Electric 
Ulbt  Association,  May.  1910." 

r'Recent  Progress  in  the  Art  of  Lamp  Making*' by  Randall  and  Edwards, 
National  Electric  Light  Association,  1913. 

M.  W.  HowelL     General  SUeteic  Review,  March.  1914. 
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being  sealed  into  the  bulb,  the  lamp  is  placed  upon  the  pumps  and  whib 
being  heated  to  a  high  temperature  the  bulb  ie  evacuated.  During  the  n* 
hauBtion  process,  the  passage  of  current  through  the  filament  is  rraucpd  to 
a  minimum.  The  candle-power  of  a  lamp  so  produced  is  slightly  lower  tfain 
its  rated  or  initial  value.  A  brief  "afing"  brings  it  to  or  nearly  to  it«  true 
initial  value. 

U.  Fhotomatry.  The  process  of  manufacture  has  now  been  stand- 
ardised BO  thoroughly  that  lamps  of  standard  sizes  are  made  accurately 
and  are  not  photometered,  though  samples  of  each  run  are  usually  pbfr* 
tometered  as  a  check  upon  the  manufacturing. 

•4.  Api>roximat«  data  on  tungiUn* 


Electrical  Resistivity  >t  25  dez.  rent. 

Hard  drawn  wire — 6.2  microhms  per  cm.  cube. 

Annealed  drawn  wire — 5.0  microhms  per  cm.  cube. 
Temperature  coefficient  of  electrical  resistivity  between  0  deg.  and  170  dcf. 

cent.  0.0051  per  degree. 

Diameter  Qn.) 

Tensile  strength  (lb.  per- 
sq.  in.) 

Specific   gravity 

0.150 
0.005 
0.0029 
0.0015 

19.30 

490.000 
530.000 
600,000 

20.19 

M.  Current  Inrush.  Tungsten  has  a  positive  temperature  coefficieat. 
and  the  resistance  is  relatively  low  when  the  filament  is  cold.  This  raaults 
ia  a  marked  inrush  of  current  when  the  lamp  is  lighted.  For  illustratiTS 
data,  see  f^g.  21.t 
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FiQ.  21. — Current  inrush  at  starting — multiple  tungsten  lamxiu 

M.  "Oettara."     (See  Par.  M.)     Recently  the  candle-power  maintenance 
of  the  lamp  has  been  improved  by  the  introduction  of  a  btilb-blaekening 

Sreventive  which,  to  a  marked  extent,  reduces  loss  of  light  due  to  bulb, 
lackening.  These  include  substances  which  appear  to  react  chemically 
with  the  tungsten  which  ia  evaporated  from  the  filament,  forming  a  nearly 
transparent  deposit  on  the  bulb  instead  of  the  dense  tungsten  deposit;  ana 
also  Bubatanoes  which  unite  with  the  evaporated  tungsten,  forming  a  product 
which  is  decomposed  by  the  incandescent  filament,  depositing  the  tungsten 
again  upon  the  filament.  Prior  to  the  application  oi  these  materials  the 
candle-power  maintenance  of  the  smaller  lamps  was  excellent,  but  that  (rf 
the  larger  lamps,  150  watts  and  above,  loft  much  to  be  desired.  The 
bulb-blackening  prevenUve  has  therefore  been  most  efficacious  in  these 
larger  types. 

•7.  The  growth  of  the  use  of  tungsten  lamps  is  shown  in  Fig.  15. 
Bales  of  ciu-bon  and  Gem  lamps  being  shown  for  a  comparison. 

*  Tran»aeli<m9    American    Institute    of    Electrical    Engineers,   May    17| 
1910.  p.  957. 

t  Amrine  and  Guell.     University  of  Illinois,  Bulletin  No.  33. 
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M.  C1«itHlc»ttoB  of  piinetpal  tonciten  Taeuum  lunpi,  •coordinf 
to  type  and  its* 


Watta 

Volts 

WatU 

Volta 

Sicn  lamps 

2i 
5 
5 
10 

10-13 

10-13 

50-65 

100-130 

General  lighting 

160 

260 

400 

500 

25 

40 

60 

100 

150 

250 

100-130 
100-130 
100-130 
100-130 
200-260 
200-260 
200-260 
200-260 
200-260 
200-260 

General  lighting. 

15 
20 
26 
40 
60 
100 

100-130 
100-130 
100-130 
100-130 
100-130 
100-130 

Ct.  Bating      Maida  lamps  for  multiple  cirotuta  are  rated  in  watts.     It 
b  the  present  rating  practice  in  this  country  to  maintain  the  wattages  of 
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Fio.  22. — Rating  of  group  of  drawn-wire  Maida  lamps. 


tamps  and  to  increase  the  candle-power  whenever  improvements  in  lamp 
manufacture  warrant  efficiency  increase.  Typical  rating  of  carefully  manu- 
factured and  assorted  Masda  lamps  is  indicated  in  Fig.  22.  The  outline 
Aown  in  the  diagram  represents  the  standard  limits  of  acceptability  for 
inch  lamps.    See  Far.  It. 
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TO.  ia«lnio7  ntiac  at  MMd«  (tnncitnO  Ump« 

(November,  1914) 

Commercial 

Speeific  con- 

Spedfie 

output 

lumens 

per  watt 

Rated  and 

Mean 

Total 
lumens 

rating  watts 

sumption 

average 

hohsontal 

per  mean 

watts  per 

watts 

c-p. 

horisontal 
o-p. 

mean  spheri- 
cal c-p. 

10 

7.7 

75 

1.30 

1.67 

7.52 

15 

13.0 

128 

I.IS 

1.48 

8.53 

20 

18.2 

178 

1.10 

1.41 

8.91 

25 

23.8 

234 

1.05 

1.34 

g.34 

40 

38.8 

381 

1.03 

1.32 

g.52 

80 

60.0 

588 

1.00 

1.28 

9.80 

100 

105.0 

1.032 

0.95 

1.22 

10.32 

150 

167.0 

1,635 

0.90 

1.15 

10.90 

260 

278.0 

2,725 

0.90 

1.16 

lO.SO 

400 

444.0 

4.524 

0.90 

1.11 

11.31 

500 

556.0 

5,655 

0.90 

1.11 

It. 31 

71.  Conduction  louei.  The  tungsten  filament,  being  lonff,  must  fa* 
supported  at  a  number  of  points  throughout  its  length.  At  eacH  point  tte 
filament  ia  cooled  by  heat  conduction.  The  loss  of  efficiency  resulting  fron 
such  cooling  is  material.  Tests  by  Hyde,  Cadv  and  Worthing*  have  sfaowm 
efficiency  loss  of  about  7  per  cent,  in  pressea  filament  tungsten  l&mpa  ol 
25  and  60  watts. 

It.  The  avarara  Ufa  of  llO-Tolt-tTpe  Maida  lamps  is  guaranteed  to  fat 
1,000  hr.  The  actual  life  in  the  laboratory  xisually  is  considerably  longer. 
Improvements  in  the  lamps  have  been  rapid,  and  it  is  the  avowed.  purpoB 
6i  uie  manufacturer  to  increase  the  effidency  from  time  to  time  as  improve- 
ments in  the  lamps  warrant.  Yet  bo  conservatively  has  this  |>rinci|^  ben 
applied  that  ^wito  few  exceptions  a  life  of  satisfactonr  duration  has  bees 
realised.  It  is  not  practicable  to  state  life  values  which  may  be  relied  u|¥» 
for  anv  considerable  length  of  time  because  of  likelihood  that  theae  will  be 
altered  due  to  efficiency  changes.  No  better  guide  to  the  useful  life  of  the 
American  lamps  can  be  offered  than  the  life  guarantee  of  the  manufacturcn 
which  is  given  in  Par.  73. 

73.  Life  fuarantee  of  Maida  lampaf 


Rated  watts 

Average  useful  life 

10 

2.00O  hours 

IS 

1,000  hours 

20 

1,000  hours 

25 

1,000  hours 

40 

1,000  hours 

60 

1,000  hours 

100 

1,000  bonis 

160 

1,000  hours 

250 

1,000  hours 

400 

1,000  hours 

500 

1.000  hours 

Tt.  The  life  eralaatlont  of  lamps  is  a  subject  upon  which  thousfat  ><i 
being  expended.  The  term  "useful  life"  meaning  hours  to  80  per  cent,  ol 
initial  candle-power  or  earlier  failure  is  applied  arbitrarily.' 

•  Trmuaetimu.  I.  E.  S.,  Vol.  VI,  1911.  p.  258. 

t  These  values  refer  to  the  average  life  <n  a  group  of  suitable  sise,  <»era<cd 
with  good  regulation  at  rated  efficiency.  The  performance  of  the  inoividaal 
lamps  in  any  group  is  apt  to  be  inconsistent,  and  it  is  therefore  importaat 
to  consider  a  sufficient  number  of  samples  to  assure  a  fair  average  value. 

I  Millar  and  Lewinson.  TmuaeUoiu  lUuininatins  Engineetinc  Soaetj. 
Vol  VI,  p.  744.  '~— ^. 
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of  Uxht  due  to  froatlac  of  bulbt* 


Per  cent,  loss  of  light*         1 

Bowl  frosted 

AU  frosted 

Straisht  side  bulbe,  25  to  250  watta 

Elouiul  bulb*.  25  to  40  watt* 

3 

5 

8 
8 

TS.  Iiiflu«iie«  of  •xtomal  tomperature  upon  the  performuict  of 
Iftinpi.  But  little  information  is  available  on  this  subject.  AmoniT  carbon- 
fijkmexit  lamps  it  haa  been  found  that  relatively  high  external  temperatures 
(200  deg.  fanr.)  r^ult  in  a  few  poor-vacuum  lamps,  which  "slump"  in 
candle-power.  This  presumably  is  due  to  the  water  vapor  expelled  from  the 
I^MB  at  the  higher  temperature.  Among  Masda  lamps  more  care  is  taken 
to  eliminate  water  vapor,  and  this  effect,  not  very  serious  among  carbon 
lamps,  should  be  less  noticeable  in  the  performance  of  Maida  lamps. 

TT.  Znfiuenca  of  the  charftct«r  of  the  eurrant  supply  upon  the  per> 
formauce  of  Maada  lamps  is  not  available  as  conclusive  data.  It  has 
been  asserted  that  differences  in  wave  form  of  alternating  current  affect  the 
performance  materially.  This  is  not  accepted,  however,  and  the  weight  of 
evidence  appears  to  indicate  the  contrary.  It  is  known,  furthermore,  that 
the  performance  on  respective!;^  sine-wave  6(Vcycle  current  and  direct  cur- 
Knt  does  not  differ  enough  to  influence  practice. 

Tt.  Concentrated  fllftmenti.  An  improvement  effected  in  1913  is  the 
winding  of  the  filament  in  a  very  fine  helix  which  ^atly  reduces  its  length 
ftnd  makes  possible  modified  forms  of  lamps.  This  concentrated  filamentt 
is  employed  in  lamps  designed  for  projection  work  in  which  it  is  important 
to  reauce  the  over-all  dimensions  of  the  light  source.  It  also  has  been  used 
in  tubular  lamps  for  show-cases.  The  life  of  such  lamps  is  shorter  than  that 
of  lamps  of  the  standard  type. 

T9.  Llnolite  lamps  are  a  special  form  of  tubular  lanms  particularly 
adapted  for  use  in  lighting  show-cases,  and  other  spaces  for  which  their 
dimensions  are  favorably  adapted.  No  data  are  available  as  to  the  relative 
Hfe  of  such  tubular  lamps  and  ordinary  bulb  lamps  at  a  given  effitnenoy. 

Tint CWTBH  nLAMXKT  LAMPS 
raJJBD  WITH  INXRT  QAI 

M.  Oonaral  eflectc  of  the  ffu.t  As  a  result  of  work  of  the  Research 
Laboratory  of  the  General  Electric  Company  it  has  been  found  that  inert 
■ss  within  the  bulb  of  a  tungsten  lamp  operates  to:  (a)  cool  the  filament; 
0>)  reduce  the  rate  of  evaporation;  (o)  convey  the  evaporated  material  to 
the  top  of  the  bulb.  The  problem  of  increasing  the  emcienoy  of  tungsten 
lampe — at  least  those  having  stouter  filaments — is  that  of  avoiding  Dulb 
hUekening,  which  is  the  Ufe-hmiting  feature. 

The  eooung  effect  of  an  inert  gas  decreases  the  candle-power  of  the  filament, 
and  in  this  ree|>ect  the  gas  is  detrimental.  To  obtain  the  same  efficiency 
ss  in  a  vacuum  it  is  necessary  to  increase  the  watta  and  operate  the  filament 
St  a  higher  temperature.     On  the  other  hand  the  gas  pressure  reduces  the 

*  Courtesy  Edison  Lamp  Works. 
Hyde.    Electrical  Review,  April  6,  1907. 
^lillar.    EUctrical  World,  Vol.  XLIX,  p.  798. 
t  Randall  and  Edwards.     "  Recent  Progress  in  Lamp  Making."      3*rafM- 
actions    National  Electric  Light  Association,   1913. 

Harrison  and  Edwards.     Tronsodums  Illuminating  Engineering  Society, 
Vol.  VIII.  p.  633. 

tLangmuir.  TranMoeHonM  American  Institute  Electrical  Engineers, 
October,  1913. 

Langmuir  and  Orange.  Trantaetums  American  Institute  Electrical  En- . 
linsers.  October,  1913. 
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rata  of  tvaporation,  and  the  eonveetion  eumiita  set  tip  within  the  bulb 
depoait  in  the  upper  part  of  the  bulb  such  tungaten  aa  may  be  evaponted  '■ 
The  cooling  effect  ia  greater,  of  course,  in  the  case  of  the  smaUer-oiametcr 
filameota.  In  fact,  among  the  Bmaller  uiea  of  lampa  for  multiple  cireuin 
the  cooling  effect  ia  so  great  that  these  do  not  benefit  by  this  improTemeot 
Among  filaments  which  operate  at  greater  current  vaiuas,  the  disadvsntaie 
of  the  cooling  effect  ia  more  than  compenaated  by  the  adrantages  liBtii 
above.  The  stouter  the  filament  the  greater  the  benefit  deriTed,  and  ibr 
higher  the  efficiency  at  which  it  can  be  operated  without  deore«sing  the  lift 
■1.  BicM  and  t^paa.  This  remarkable  improvement  in  Masda  Isnps 
appears  to  be  apphoabis  therefore  to  the  following  olasses  of  lamps:  b«- 
voltsge  lamps  2-amp.  (or  more),  110-volt  100-watt  (and  larger);  street  sent! 
lamps  of  3.5  amp.  (and  greater),  and  of  all  eandle-powers.  It  results,  tli«» 
fore,  in  creatin^i  a  new  high-power  illuminant  of  efficiency  which  beconiM 
higher  as  the  sise  of  the  lamp  is  increased.  It  is  a  formidable  competitor 
of  the  aro-lamp  in  a  field  in  which  the  aro-larop  has  held  exclusive  sway. 
It  even  leads  the  way  into  a  ran«  of  higher-power  illuminaata  than  ba^ 
been  available  among  arc-lamps.  It  results  in  marked  effideno:^  increase  ia 
existing  siiee  of  incandescent  lamps  in  the  atreet.series  type  and  in  the  Isrstr 
multiple  lamps — 100  watts  and  above. 

SI.  Tha  eonatruetion  of  these  lampe  differs  considerably  from  that  of  thi 
existing  types  of  Maida  lamps.     To  take  full  advantage  of  the  action  of  iM 
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Flo.  23. — Forms  of  type  (?— gas-filled  Masda  lampa. 


gas,  a  concentrated  form  of  filament  is  used,  and  a  bulb  is  employed  whicb 
will  promote  deposit  in  a  place  where  it  will  absorb  a  minimum  of  lighk 
Fig.  23  illustrates  some  early  forms  of  construction. 


t».  Bating — gu-mied  lampa 


Multiple  lamps 

Watts 

C-P. 

Watts  per  horisontsi 
c-p. 

200 
300 
400 
500 
750 
1,000 

207 
429 
871 
714 
1,154 
1,667 

0.75 
0.70 
0.70 
0.70 
0  65 
0.60 
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Series  lamps                                                   1 

Watte  per 

Amp. 

Candle- power 

Volte 

Waits 

horiiontal 

c-p. 

5.5 

60 

8.5 

46.8 

0.78 

80 

10.8 

59.2 

0.74 

100 

13.1 

72.0 

0.72 

250 

30.9 

170.0 

0.68 

400 

.    49.5 

472.0 

0.08 

5.« 

00 

7.1 

4C.8 

0.78 

80 

9.0 

59.2 

0.74 

100 

10.8 

71.0 

0.71 

260 

24.6 

162.5 

0.65 

400 

38.8 

256.5 

0.64 

600 

56.7 

384.0 

0.64 

7.5 

60 

6.2 

46.8 

0.78 

80 

7.9 

59.2 

0.74 

100 

9.5 

71.0 

0.71 

250 

21.0 

157.5 

0.82 

400 

33.1 

248.0 

0.62 

600 

49.6 

372.0 

0.62 

15.0 

400 

14.4 

216.0 

0.54 

20.0 

600 

15.0 

300.0 

0.50 

1000 

25.0 

500.0 

0.60 

aiHSRAL  CHARACn&IBTICB  OF  ABC  LAMPS 

$4.  Tha  •leetiie  arc  ia  unstable  on  constant-voltage  supply  because  of 
Ha  ▼olt-ampere  characteristics  whereby  the  voltage  decreases  as  the  current 
is  increasea.  It  is  essentially  a  constant-current  device.  When  used  upon 
multiple  circuits,  ballast  resistance,  if  direct-current,  or  reactance,  if  alter- 
nating-current, must  be  placed  in  series  with  the  arc  to  limit  the  current. 
All  arc  lamps  must  be  provided  with  automatic  operating  mechanisms  to 
start  the  arc  and  to  feed  the  electrodes  as  they  are  consumed.  In  addition, 
lamps  for  series  service  must  be  provided  with  shunt  devices  which  protect 
the  lamp  and  maintain  the  circuit  in  case  the  lamp  fails  to  operate. 

M.  Operatiaff  m«chuiUmi  usually  are  actuated  by  electromagnets  or 
■denoids,  often  in  conjunction  with  weignts  and  dashpots  or  other  restraining 
device.  "  Series  lamps,"  having  series  magnets  only,  regulate  for  constant 
current  in  the  lamp.  "  Shunt  lamps,"  employing  shunt  magnets  onl;^, 
regulate  for  constant  voltage.  The  more  usual  "difTerential  lamp"  is 
eaoipped  with  both  series  and  shunt  magnets,  and  regulates  for  constant 
raation  between  current  and  voltage.  Much  ingenuity  has  been  displayed 
in  developing  feeding  mechanismB  for  arc  lamps.  Numerous  methods  have 
been  employed,  among  which  may  be  mentioned  the  gravity,  clutch,  rocker- 
arm,  brakewhecl,  clockwork,  motor  and  hot-wire  feeding  devices.  These 
applications  are  described  in  publications  of  manufacturers  and  the  principal 
methods  are  described  in  text-books. 

M.  CUulfloation  of  are  lamps.  Arc  lamps  majr  be  classi6ed  in  a 
number  of  ways  acc<»'dinp  to  the  viewpoint.  The  classifications  adopted  in 
Par.  8T  are  comprehensive.  In  the  following  pages  the  several  types  of 
ve  lamps  are  discussed  in  the  order  indicated.  Varuum  tube  lamps,  which 
■night  be  included  in  this  class,  are  discussed  later  (Par.  lit). 
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Sec.  14-88 


CABBOH-KLKCTBODI  ABO  LAMPS 

SS.  The  open  are  is  now  regarded  u  obsolete.  In  its  most  common  form 
H  wa«  of  the  direct-current  9.6-amp.  type — the  old  "full  aro"  to  which 
the  rating  of  "2,000  c-p.,"  waa  appued  in  earlier  years.  The  arc  ia 
about  A  in.  (0.48  cm.)  long  and  of  low  luminosity.  The  end  of  the  negative 
Oower)  electrode,  after  a  few  hours  of  burning,  assumes  a  conicid  shape  and 
yields  some  little  light  by  incandescence.  The  end  of  the  positive  (upper) 
electrode  becomes  concave,  and  the  "crater"  thus  formed  is  the  chief  source 
of  light  produced  by  the  lamp,  the  process  being  that  of  incandescence. 
Only  the  feeble  light  from  the  arc  itself  is  produced  by  lumineecenoa.  The 
end  of  the  positive  electrode  becomes  intensely  hot,  attaining  at  the  hotteat 
part  of  the  crater  to  from  3,900  to  4,000  deg.  cent.* 

M.  Ll(ht  diltribatlen  from  the  open 
•re.  Fig.  24  shows  the  open  carbon  arct 
It  will  be  apparent  at  once  that  the  lower  elec- 
trode obstructs  a  large  portion  of  the  light 
emanating  from  the  crater.  The  curve  in  Fig. 
25  shows  actual  distribution  of  light  compared 


Lower  ^ 

Pui»  6^  !»• 

""^^  Fio.  25.— Distribution  of  light  in 

vertical  plane  about  9.6-amp.  di- 
rect-current  open  aro  lamp.  Also 
estimate  of  distribution  if  obstruc- 
tion of  lower  electrode  could  be 
avoided. 

with  probable  distribution  if  the  lower  electrode  were  transparent,  t  the  dif- 
ferenoe  illustrating  the  loss  of  light  due  to  obstruction  by  the  lower  electrode. 


Fio.  24. — Open  carbon  aro. 


•0.  Photometrie  and  electrical  data  on  direct-eurrent  open 
earbon  are  lamiw 


'Full  aro" 


"Half 
arc" 


A.mperes 

Watts 

Mean  spherical  candle-power 

Maximum  candle-power 

Specific  consumption — watts  per  candle. 
Nominal  candle-power  rating 


9.6 
450 
410 
900  to  1,200 
1.09 
2,000 


6.6 
325 
240 


1.35 

1,200 


91.  Electrode  life — open  arc  lamp.  The  open  arc  lamp  suffered  from 
abort  life  of  electrodes,  unsteadiness  of  light,  and  poor  light  distribution. 
The  electrode   life   was   7  or  8  hr.   and  it  became   common  practice  to 

*  Weidner  ft  Burgess.     Bulletin  Bureau  of  Standards,  Vol.  I,  No.  1,  19. 
t  Blake  and  Coucbey.     "  Arcs  and  Electrodes,"  Otn.  Bite.  Rmta,  1913, 
p  497. 

t  Trotter.    "  ninmination — Its  Distribution  and  Measurement,"  p.  147. 
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employ  two  pairs  of  carbona,  the  C--H 
pnir  to  rnplaco  automatically  the  tir-1  i 
after  these  had  been  consumed,  tL-.  i 
securing  continuous  operation  longenouti 
for  one  ninht.  These  disadvantages  »>■  i 
BulHcient  to  occasion  the  general  abandoi.- 
ment  of  the  open  arc  lamp  in  favor  of  1^ 
enclosed  carbon  arc  lamp  which  becua 
available  comni«rcially  in  1S94.» 

9a.  The  enclosed  carbon  arc  lamp 
dilTirs  from  the  open  are  in  that  the  supplv 
"f  iiir  at  tlie  arc  is  restricted,  thus  ret&rdin< 
the  rate  of  consumption  of  carbon  and  »- 
curing  an  electrode  life  of  100-125'hr  ■  Um 
arc  13  about  iin.  (0.9,5  cm.)  long,  requirw 
from  ,0  to  80  volts,  and  adds  appreeiabiT 
to  the  violet  light  produced;  the  ends  ot 
the  electrodes  arc  nearly  flat.  The  anode 
dops  not  have  a  marked  crater,  and  doa 
not  become  so  hot  as  in  the  open  arc  Loa 
light  is  pnwluc<il  iM-r  watt.     A  representa- 

_  tinri  of  the  arc  of  an  alternating-currenl 
eiic Used  lamp  h  given  in  Fig.  26.t  Tl» 
.■ii,.|,,.„.,|  ar.-  lamp  haa  been  manufarturrd 
in  a  wi.ie  variety  of  forma.     Some  of  these 

'd  III  l*:ir.  93. 


93.  Data  on  encloaed  carbon  arc  lampa 


'T  .iiirl  rilliTlor    430     1.30 
I  r,-ne,-l<.r    ,  l.sol    155 


Scries    alternating    ciir-    flp.il 

rent,  fi.G-amp. 
.'Series   alternating    lur-    Opal  inti.T 

rent,  7  ,.5-amp 
.-Series     direct     current,    Upal  iiincr  ami  r,-tl,-,tt,r   'lliol   2(10 

(>  <i  amp 
Multiple    direct    rur-    Clear  inner  -opal   outer     .'..iol    1B5 

rent,  1  l.'j  \'olta  I 

Multipli-    direct    cur-    ( 1.-ar  iinier— ..pal   ,„itiT    l7|-,|    •i.tn 

rent.  1 1.1  volts  I  I  " 

Multiple    allernalirig  Cl.ar  irimr   -.,p;il  outer    'liU     HI 

current,   1  \r,  vi'lL-  '        j 

.Mullir.le    allcrnatiriK    {'lea,    inner- -opal   „„t,.r    .,-,lo'    190 

'■urreat.   1  ].i  \ailts 


■2  o.     t  £■"§         go 

".2      "■_  a  I.  :  -r  £ 

g-g  I  2  ij;  S  :■  £  - 


3.30 
3.09 
I.SS 
3.33 
2.98 
2.97 
2.84 


91.   Statiis   of  enclosed    arc    lamp.     The  enel,„ed    arc   lamp   proved 

■',"  'Tl';",;;'"   7;"'"'  ■',"■  .^•■'■V""'"'  ,"",•  ■"'^'"'-'l  l-'-l.  ^.r  stVeetTghtng  u,^U^ 
Ml.-  ;i(l\.ni,  (ii  the  nietalliL-cU'ifruilt-  Limp.  wnwi 

■n";  nf  ??''"'7n'""^  "**;"  distributlpn-enclosed  carbon  arc  lamp.. 

1  he  ■Iheleie.yofthe  are  1.  lower  ii^tl.e  allernal  ,n^.-e„rre„t  typ<-.       Both  efc^ 

■yKlt'::::fxySS^[^~'i  y^ '-"p-i.rn"^ia;i;zi7(i:^;;:;;;:;, 

p.  *49'7'."'"'  "'"^  <^0"chey.    ''Arcs  and  Electrodes,"  Cn.   EUc.  Review.  1913. 
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trodea  m  raised  to  a  high  temperature,  but  neither  attains  the  high  tempora- 
ture  of  the  anode  in  the  direct-current  arc.  The  characteristics  of  light  dis- 
tribution from  the  two  types  of  lamps  appear  in  Fie.  27.  It  is  general 
praetiee  to  equip  the  alternatin^ourrent  lamne  with  a  reflector  which 
aireota,  below  the  horisontal,  some  of  the  Hght  which  would  otherwise 
be  distributed  above  the  horisontal.  The  multiple  lamps  are  less  efficient 
than  the  series  lamps.  A  certain  amount  of  ballast  is  necessary,  and  this 
»o6ounts  for  the  difference  between  the  line  voltage  (100  to  120  volts),  and 
the  arc  voltage  (70  to  76  volts).  If  the  circuit  is  for  alternating  current,  a 
reactance  is  employed,  which  does  not 
occasion  a  large  wattage  loss  but 
reduces  the  power-factor.  If  a  di- 
rect-current circuit,  a  resistance  is 
usedt  which  occasions  a  direct  loss  in 
watts. 

M.  Intenslfiad carbon  irclamps. 
The  efficiency  of  a  carbon  arc  lamp 
may  be  increased  by  diminishing  the 
diameter  of  the  electrodes  with  a  given 
current  or  by  increasing  the  current 
with  given  electrodes.  In  intensified 
carbon  arc  lamps  the  diameter  of  the 
carbons  is  reduced,  producing  a  gain 
in  efficiency  and  a  light  which  is  more 
nearly  white  and  steadier  than  that 
of  the  ordinary  enclosed  arc  lamp  of 
which  it  is  a  refinement.  Such  lamps 
are  used  chiefly  for  lighting  interiora 
where  white  light  is  desired,  as  in 
clothing  stores.  The  intensified  car- 
bon arc  was  developed  in  Europe  and 
exploited  in  small  sisee  operating  at 
2  and  3  amp.,  with  an  electrode  life 
of  20  hr.  or  less.  In  this  country  the 
developments  were  along  the  lines  of 

some  what  larger  lamps  operating  at  higher  current*  and  longer  electrode 
life.  Typical  Tamps  ot  this  type  are  somewhat  smaller  than  ordinary  enclosed 
arc  lamps,  and  are  designed  for  either  direct-current  or  alternating-current 
service.  Small-diameter  electrodes  (about  7  mm.)  are  used,  and  life  of  about 
70  hr.  is  realised.  With  opal  globes  an  efficiency  corresponainK  with  approxi- 
mately 2  watts  per  mean  spherical  candle-power  is  obtained  in  the  cfirect- 
current  lamp.  The  General  Electric  Cotnpuny  has  developed  a  lamp  of  this 
type  for  direct-current  service^  in  which  two  converging  6-mm.  upper-positive 
carbons  are  used  with  a  vertical  lower  carbon  of  9.5  mm.  diameter.  This 
lamp  is  somewhat  larger  and  more  substantially  built  than  other  lamps  of  the 
class.  The  specific  consumption  when  employed  with  an  opal  globe  is 
slightly  more  than  2  watts  per  mean  spherical  candle-power. 

THI  rLAHB  ABC  LAMP 
97.  Kature  of  flame  arc.  Impurities  in  the  carbon  are  detrimental  in 
the  arc  lamp  of  types  in  which  the  chief  light  production  is  accomplished 
through  the  incandescence  of  (he  electrode  ends.  As  carbon  is  the  most 
refractory  material  known,  impurities  are  always  more  volatile,  and  their 
presence  tends  to  reduce  the  temperature  of  the  electrode  ends.  Hence,  in 
the  manufacture  of  carbons  for  such  lamps,  purity  is  considered  of  first  impor- 
tance. In  the  flame  arc,  the  purpose  is  to  secure  light  from  the  arc  rather 
than  from  the  electrode  ends.  The  oarbon  is  impregnated  with  chemicals 
which,  when  volatilised  and  driven  into  the  arc,  become  highly  luminous. 
The  lower  temperature  of  the  carbon  ends,  due  to  these  impurities,  is  imma- 
terial, since  little  dependence  is  placed  upon  the  ends  for  light  production. 
The  flame  arc  is  simply  a  carbon  arc  into  which  mineralized  ^alts  are  intro- 
duced. These  may  be  of  calcium,  for  yellow  light;  of  barium  and  titanium, 
for  white  light;  and  of  strontium,  for  reddish  light.  The  carbon  electrode 
serves  as  an  electrical  conductor  and  assures  a  hot  and  steady  arc.  The 
chemicals  with  which  it  is  impregnated  include  tliose  which  are  efficient  light 
producers,  and  others  whose  functions  are  to  promote  high  arc  temperature 
and  to  steady  the  arc. 


Fia.  27. — Light  distribution  in 
vortical  plane  about  enclosed  car- 
bon arc   lamps. 
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M.  TbMfT  of  Ufht  production.    The  aleetrodo  end*,  capeaiany  Mm 

anode,  ve  brought  to  s  high  temperature,  Taporiiing  the  carbon  and  the 
metallic  lalte.  The  Bucoeeding  proeeaee*  of  light  prmluotion  are  largdj  a 
matter  of  •peculation  at  the  preeent  time.  Some  opinion  favoiB  lamiB 
oenoe  as  the  prooeae  by  which  light  ia  produced,  other  attribatea  H  to  trnw 

able  lelective  radiation  from  incandeaoent  particle*  in  the  are  atrsain.     . 

uiproved  theory  aaaumee  the  chemicala  to  become  diaaeoiated  by  the  heat  ^■' 
the  imwr  oore  of  the  arc  (which  ia  known  to  be  hotter  than  the  outer  aheatb) 
and  to  reoombine  in  the  outer  sheath  with  evolution  of  heatj  which  tenda  to 
maintain  the  temperature  of  the  arc.  According  to  thia  view,  the  bght  ia 
produced  by  luminous  particles  in  process  of  combustion,  whdeh  ia  a  eoiu&- 
tioD  quite  similar  to  that  exiting  in  ordinary  flame. 

M.  Short-bnnilnf  flame  are  lamp.  The  electrodes  for  abort-burning 
flame  arc  lamps,  conaist  commonly  of  carbon  tubes  packed  with  a  mixture  ' 
ol  carbon  and  mineral  salts.  The  anode  ia  uaually  more  highly  mineralisnl 
than  the  cathode,  in  some  cases  the  cathode  ia^  pure  caroon.  As  a  mis 
the  electrodes  are  mounted  in  an  inclined  position  illustrated  in  Fig.  28. 
Being  long  and  of  small  diameter  a  copper  wire  is  sometimes  imbedded 
in  the  carbon  to  add  to  its  conductivity  and  mechanical  strength.  The  are 
formed  between  the  electrodes  is  arched 
downward  by  means  of  a  small  mag- 
net. The  arc  ia  formed  in  a  shallow 
cup-like  recess  which  becomes  coated 
with  oxide  which,  being  white,  serves 
as  a  good  reflector.  The  inverted  cup 
oonflnea  the  gases  and  retards  oxida- 
tion, redudng  the  rate  of  consumption. 


Flo.  28. — Short-burning  flame  Fio.  29. — ^Ligbt  diatribution  in  Tartical 

arc  and  economiser,  plane  about  short-buniing  flame  arc  lamp 

with  opal  globe. 

henoe  it  i<  oalled  the  economiier.  Fig.  29  shows  the  light  diatribution  from 
a  typical  short-burning  flame  arc  lamp  equipped  with  an  opal  globe.  For 
this  particular  lamp  the  following  data  applies:  yellow^igfat  electrodes: 
amperes,  8;  arc  volte,  46;  total  watta,  440;  mean  sphetieal  candle-power, 
1,026;  watta  per  candle,  0.43. 

100.  Status  of  ibort-bumlnc  flame  arc  lamp.  In  thia  country  the 
ahort-burning  flame  arc  lamp  has  come  into  use  chiefly  for  display  lighting. 
Its  maintenance  cost  has  proven  too  high  for  most  utilitarian  purposee. 

101.  name  arc  lamps  of  medium  electrode  Ufa.  The  obvioua  inad- 
equacy of  electrode  life  of  the  earlier  forms  of  flame  arc  lamps  led  to  attempta 
to  increase  that  life.  Magazine  lamps  have  been  devised  having  two  to  ten 
sets  of  carbons,  and  attaining  electrode  life  of  30  to  40  hr.  These,  however, 
have  not  come  into  use  in  this  country.  The  JanduB  lamp  devised  in  Kn^ 
land  and  later  placed  upon  the  market  in  thia  country  attains  70  hr.  It  la 
called  a  "regenerative  lamp,  because  the  gases  containing  light-giving 
chemicals  are  conveyed  from  above  the  arc  through  external  tubea  to  the 
bottom  of  the  globe,  again  to  be  entrained  in  the  arc.  The  electrodes  are 
vertically  coaxial  and  special  in  construction.  The  specific  consumption  of 
the  lamp  ii  about  0.6  watt  per  mean  spherical  candle-power. 
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Sec.  14-102 


LOKO-BVBHINO  FLAXX  ABC  LAMM 

101.  Ocneral  featurei.  With  the  development  of  flame  arc  Umpa  which 
lave  an  electrode  life  of  100  hr.  or  more,  the  flame  arc  haa  been  placed  in  a 
Xiaition  to  compete  with  other  illuminanta  for  street-lightinc  aervioe.  In 
;his  type,  electrodes  of  about  i  in.  (2.22  cm.)  diameter  are  employed 
irithia  a  globe  which  restricta  the  air  supply.  It  is  known  as  the  "long-burn- 
ns"  or  "enclosed"  flame  arc.  Long  electrode  life  is  secured  at  the  exi>enae 
>i  aome  efficiency.  For  this  type  oi  lamp,  solid  impregnated  carbons  have 
}een  developed  in  place  of  the  familiar  cored  carbons  employed  in  the  original 
lame  arc  lamps.  These, are  available  in 
M>th  yellow  and  white  light  forma,  the 
atter  being  alightly  leoe  efficient.  See 
rig.  30.  • 

in.  Itoetrieal  oharftetarUtloa  of 
lame  arc  lamps  of  one  manufacture  ap- 
pear in  Par.  IM.  To  adapt  the  alternat- 
ing-current lamps  for  use  upon  various 
Bircuits,  compensators  are  supplied,  some- 


Faint  Ptupls 

Brisht 
Yt^llov 


Flo.  80. — Long-burning  Samaaio. 


f^O.  81. — Mechanism  of  long-burninft 
alternating-current  flame  arc  lamp. 

times  built  in  and  sometimes  external  to  the  lamp  proper. 

IM.  Appctndmate  elactrleal  data  of  long-bumlnf  ilame  are  lamps  of 
one  manufacture 


Amperes 

Volts 

Term- 
inal 

watts 

Powei^ 

factor, 

percent 

Term- 
inal 

Arc 

Term- 
inal 

Arc 

llO-volt  (compensator) 

Alternating-current  series 

Atteroating-current  series  (com- 
pensator) 

Alteroating-ourrent  series  (com- 
pensator) 

Direct-current  multiple  110- 
volt. 

7.6 

lO.O 
7.5 

6.6 

6.6 

10.5 

10.0 
iO.O 

10.0 

6.6 

no 

60 
86 

98 

no 

47 

47 
47 

47 

67 

540 

465 
500 

500 

715 

66 

78 
78 

78 

Id.  Life  of  electrodes.  Carbons  for  enclosed  flame  arc  lampe  are  usu- 
ally of  I  in.  diameter  and  are  14  in.  long.  The  unused  portion  oi  the  uoper 
is  used  for  trimming  the  lower.  A  life  somewhat  in  excess  of  100  hr.  is  nad. 
The  mechanism  of  an  alternating-current  enclosed  flame  arc  lamp  of  ons 
make  is  illustrated  in  Big.  31. 

*  Blaka  and  Couobey.  "  Area  and  Electrodes,"  Oen.  Blec  Betit*,  1918, 
p.  497. 
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IM.  Bffloieiiie7  valuM  may  b«  ttetod  only  in  a  geDeral  w&y.  Tlie 
ciencies  of  c&rboos  6i  different  makes  vary.  Abo  the  effiaency  of  a  jpm 
make  of  oarbona  varies  when  used  in  lamps  of  different  makes.  Approximal 
values  for  these  lamps  are  indicated  in  Par.  lOT,  but  the  di^  shcn^d  b 
applied  in  a  qualified  way. 

lOT.  Bfficlenclei  of  10-amp.  lonc-^uminff  flame  arc  lamps  vtii 
"whits"  alectroUat  arc  aa  follows:  Mean  spherical  csjadle-powcr,  TOCk 
watts,  520;   watts  per  mean  spherical  candle-power.  0.74. 

THX  MSTALUC-BUIOTKODB  AEO  LAMP 
106.  Nature  of  arc  and  slsctrodst.  This  lamp  differs  rsdieslly  froa 
other  arc  lamijs  in  that  light  is  produced  by  luminescence  of  vapor  brooch 
into  the  arc  stream  by  electro-conduction  from  the  cathode.  The  are  of  ooS 
form  of  this  lamp  is  illustrated  in  Fig.  32.  *  The  cathode  consists  of  macwLW 
oxide  of  iron  with  titanium  as  the  chief  liifht-fiviDc  element,  and  oib« 
inci^edients  to  serve  as  steadiers  and  vaporisation  retarders.  The  anode  is  el 
copjper.  The  arc  is  fixed,  and  a  Bmall  re6ector  is  located  advsntac^oialy 
within  the  lamp,  directing  downward  and  outward  much  ol  the  lifht  whaes 
emanates  from  the  arc  in  a  direction  above  th«  borisoDtsl.  llie  metsUit 
electrodes  are  maintained  at  a  relatively  low  temperature,  and  the  are  viS 
not  re-establish  itself  every  half  cycle  as  with  hot  carbon  electrodes,     "nil 


Small  Crmtar 
SntAc' 
"▼•IT  U<bl  Y«»ew  Vapoi 
loMOMlr  WUta 
Urc*  Mollvii  Pool 


Fia.  32. —  Magnetite  arc. 

limits  the  lamp  to  operation  upon  direct  current  or  rectified  current.  With 
lower  current  values  the  lamp  is  more  effective  than  the  carbon  arc  lamp,  4 
amp,  being  standard,  with  a  current  value  of  6.6  amp.  growini  in  popv- 
larity.  A  most  recent  development  provides  a  5-amp.  system,  and  hicfacr- 
efficiency  electrodes  for  operation  at  ul  three  current  values. 

IM.  Mstallic-slectrode  lamps  for  series  clrcultc 


Type 

VolU 

Wmu 

Terminal 

Are 

Termiiul 

Masi^tite"— Standard 

4.0 
6.6 
4.0 
6.6 
4.0 
6.6 

78 
78 

76 
76 

313 

515 

Metallic  Flame — Standard 

78 
73 
68 

76 

71 
66 

515 
290 
450 

110.  Candle-powsr  and  sf&clsncT.  Par.  Ill  shows  photometric  data  oi 
metallic-electrode  lamps  as  produced  early  in  1014.  The  manufacture 
call  attention  to  the  fact  that  the  natural  distribution  of  light  from  the  arc  ii 
not  unlike  that  from  a  Maida  lamp,  but  tbut,  in  adapting  the  lamp  for  com- 
mercial street-lighting  service,  a  reflector  is  placed  over  the  arc,  and  the  li^l 
distribution  is  modified  as  shown  in  two  of  the  curves  of  Fig.  33  at  the  expense 
of  from  20  to  25  per-cent.  loss  of  light. 

*  Blake  and  Couchey.    Oen.  Blec.  Review,  1913,  p.  407. 
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XX.  Vhotoin«tri«  date  on  macn*tita  are 

lunpa,  atendard  alaetrod* 

Volta 

Watts 

Mean 
spherical 
candle- 
power 

Watts  per 
mean 

ephcriral 
candle- 
power 

I— »nip,^-tjlear  j^obe , 

78 
78 
78 

312 

515 
515 

240 
695 
725 

1.30 
0.74 
0.71 

1 .  6-<imp — opaTglobe,  Internal  reflector 
J.  e-amp. — ornamental-alabuter  globe 

Nora. — The  new  (Autumn,  1914)  electrodes  result  in  a  fain  of  about  45 
3er  cent,  in  efficiency,  over  that  shown  atwve  for  etandard  eleetrodee.     A. 
>-ainp.  lamp  has  been  added  to  the  schedule,  givins,  with  the  new  eleo- 

lis.  LIcht  diitrlbutlon  characterlitlci.  The  distribution  of  light 
bout  three  types  of  magnetite  arc  lamps  is  shown  in  Ftg.  33,  manufacturer*' 
ata  being  employed. 

lis.  Bagulatlnc  meohanlani.  In 
i^  34  are  shown  the  essential  regu- 
btins  features  of  the  magnetite  lamp.  * 
"he  eleetrodee  are  separated  when  no 
oltase  is  applied  at  the  lamp  ter- 
liDali.  When  the  circuit  is  ener- 
ised,  the  electromagnet  O  raises  its 
are  D,  bringing  the   lower  or  nega- 


^lo.  33. — Distribution  of  light  in  ver- 
ieal  plane  about  magnetite  are  lamps. 


Fia. 


34. — Regulating  mechanism 
of  magnetite  arc  lamp. 


ive  electrode  A  into  contact  with  B,  starting  the  arc.  This  closes  the  circuit 
hrough  series  coil  5  and  short-circuits  OR,  releasing  D  and  allowing  the  lower 
lectrode  A  to  drop  into  its  position  ss  fixed  by  the  clutch  Q.  As  .^  is  con- 
UTned,  the  shunt  magnet  P  is  strengthened,  withdrawing  core  F  until  finally 
be  shunt  circuit  OR  is  dosed  at  MN  and  the  arc  is  restruck.  This  mechanism 
egulates  for  constant  arc  length. 

114.  The  omamentel  magnetite  lamp  is  a  modification  of  the  standard 
orm.  the  regulating  mechanism  being  placed  below  the  arc.  In  efficiency 
nd  operating  oharacteristioa  it  is  quite  similar  to  the  standard  pendant 
tmp. 


*  Stehunets.     "  Radiation,  Light  and  Illumination,"  p.  158. 
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lit.  The  tItAlliumoeArMd*  lamp  waa  brought  to  an  interestinf  Bta«e  d 
development  in  1900,  but  did  not  enter  into  commercial  prmcUoe.*  Ai 
compared  with  the  magnetite  lamp  it  waa  of  higher  efficiency  and  was  avaO^ 
able  in  smaller  unite.  It  waa  withdrawn  for  further  development  witboal 
having  reached  the  commercial  stage.  At  this  writing  it  is  understood  tfcsl 
the  lamp  has  been  improved  and  is  still  under  development.  No  pubtiifaed 
description  of  the  new  form  is  available.  It  is  undenttood,  however,  that  witk 
an  electrode  life  of  100  hr.  or  more,  the  lamp  efficiency  corrnponds  witfe 
about  0.65  watts  per  candle,  its  distribution  characteristic  being  similar  ta 
that  of  the  magnetite  lamp.  The  light  is  yellower  than  that  of  the  mar 
netite  lamp. 

TXniB  LAMPS 

llf  Vaouam  area.  The  volt-ampore  characterbtics  of  a  Tacuum  an 
differ  from  those  of  an  are  in  air.  Within  certain  limits  the  voltage  ia  mvd> 
stantially  constant  throughout  a  range  of  current  variation. 

IIT.  Low-pressnra  mereury  arc.  In  the  mercury-vapor  lamp,  mcrnnr 
which  is  the  cathode,  is  vaporised  aa  soon  as  the  arc  ia  struck.  In  the  eolnmi 
of  vapor  formed  within  the  tube  and  attaining  a  pressure  of  1  to  2  mm. 
light  IS  produced  by  luminescence,  the  arc  being  relatively  cool,  of  the  orde 
oi  200  to  250  deg.  cent,  for  the  low-pressure  glass-tube  lamp.  The  anodi 
located  at  the  other  end  of  the  tube  is  of  iron  or  graphite,  and  the  tube  at  tU 
end  is  enlarged  to  form  a  condensing  chamber  from  which  the  condensed 
mercury  6nda  its  way  back  to  the  cathode. 

118.  Starting  the  mercury  arc.  In  starting  the  lamp,  the  tube  may  h 
Ulted  until  a  thin  stream  of  mercury  connects  the  two  electrodes.  When  tlu 
tube  resumes  normal  position  breaking  of  this  stream  starts  the  arc.  Th( 
tilting  may  be  done  manually  or  automatically  by  means  of  an  electromar 
net.  An  alternative  methcd  of  starting  the  arc  consists  in  effecting  a  momeD^ 
tary  high-voltage  discharge  by  means  of  an  induction  coil.  Other  mcaa 
have  been  tried  with  some  success. 

119.  Alternating- current  mercury  arc.  The  mercury  are  ia  a  aB> 
directionnl  conductor  and  is  essentially  suited  for  direct-current  oi>erati<% 

For  operation  upon  iJternating  cumnt,  ii 
is  necessary  to  maintain  the  correct  polar 
ity  and  toadoptsome  expedient  which  vtl 

Srevent  the  current  at  the  cathode  fron 
eoreasing  to  such  a  low  value  each  haH 
cycle  that  the  arc  cannot  be  restarted 
One  way  of  accomplishing  this  ia  to  co» 
nect  the  cathode  through  a  resist wace  aac 
an  inductance  to  the  middle  of  a  tra 


Fio.  36.- 


„,     .  .     ,  ..         former   winding  placed  across  the  auppli 

-Electrical  connections  ^^^     j^^  anodes  are  provided  in^ 

of  alternating-current  mercury  arc  tube ^  one  connected  to  each  aide  of  tfai 

lamp.  ^         -  -  -    -    - 


..  y,  while  a  third,  for  starting  pmposea 
is  connected  through  a  resistance  to  one  side.  With  this  arrangement  (Fig.  351 
the  cathode  is  negative  with  respect  to  one  or  the  other  anode  throughout  tfai 
entire  cycle.  Tne  inductance  maintains  the  current  well  above  aero.  .1 
ballast  is  sometimes  used  to  steady  the  arc  under  conditions  of  fluctnatiai 
potential. 

ISO.  Data  on  low-preaeure  mercury-vapor  lampg 
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•  Birge.    "  The  Present  Statua  of  the  Arc  Lamp."  Pnt—diita»  N.  E.  L.  A  , 
1000. 
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LSI.  Sftta  on  low-prMiore  meroury  ato  lunpi.  Data  upon  commer. 
I  iorism  of  Cooper  Hewitt  low-preasure  lamps  are  given  in  Par.  HO.  The 
»e8  employed  are  about  1  in.  in  diameter  and  are  in  length  about  1 
for  one  and  one-third  volte  of  the  vapor  ooluipn.     A  life  of  about  4,<)00 

is  claimed  for  the  tubes,  with  a  candle-power  decline  of  about  25  per 
it.  in  .the  first  1,000  hr. 

BS.  Color.  The  H^ht  given  by  the  low-pressure  mercury  vapor  lamp  is 
enish-blue,  and  is  without  red  rays  (Fig.  4,  Per.  S).  This  bars  the  lamp 
m  use  for  many  pun>oeefl.  It  has  been  found  to  be  well  adapted  for  use, 
vever,  in  instaUations  where  color  values  are  of  little  importance,  as  in 
at  shops,  warehouses,  some  factories,  drafting  rooms,  etc.  It  has  been 
nd  to  have  peculiar  value  in  work  where  fine  detail  discrimination  is 
uired. 

JU.  Correcting  tho  color.  Attempts  have  been  made  to  correct  the 
ar  value  of  the  mercury  vapor  lamp.  Other  materials,  tungsten  for  exam- 
,  have  been  employed  with  mercury.  The  meroury  lamps  have  been  used 
combination  with  incandescent  lamps.*  Ivest  reports  that  one  candle- 
ver  mercury  vapor  light,  mixed  with  0.64-candle-power  tungsten-lamp 
it,  yields  a  pood  white  light  for  general  purposes.  Hewitt  has  employed  a 
>resoent  paint  to  transform  some  of  the  rooiatlon  in  the  green  portion  of 

spectrum  into  radiation  oi  longer  wave  length. 

.S«.  Hlffh-presaure  morourjr  are  l&mp.  In  order  to  benefit  by  the 
ber  efficiency  obtainable  at  high  vapor  pressure  an  evacuated  tube  of 


Fig.  36.^-High-pressure,  quarts-biiVner  meroury  arc  lamp. 

ed  quarts  is  used,  as  glass  softens  at  a  lower  temi}erature  than  that 
[uired.  The  lamp  is  operated  upon  the  same  basic  principles  as  underlie 
I  operation  of  the  low-pressure  lamp.  The  cathode  is  of  mercury  and  the 
xie  is  of  mercury  or  tungsten.  The  quarts  tubes  (burners)  are  5  to  10 
long.  The  operating  mechanism,  illustrated  in  fig.  30,  is  equivalent 
that  of  the  low-pressure  lamp. 

*  Marshall.     Trana.  Illg.  Eng.  Society,  1900,  p.  240. 
1  Bulletin,  Bureau  of  Standards,  Vol.  VI.  p.  205. 
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In  •tarting,  the  tubs  i*  tilted  by  an  eleotromacnet,  whieh  U  short-eireistel 
u  «oon  IB  tne  arc  it  struok  by  the  breaking  of  the  conduotinc  atream  of  no- 
eury.  At  fint  the  current  is  hich,  about  three  timea  normal,  and  the  ■« 
voltace  is  very  low,  the  exeeaa  voltase  being  taken  up  by  the  ballast  ra 
aaoe.  The  lamp  givea  relatively  little  light  and  that  of  an  abnormally  gi 
odor.  The  heavy  current  quickly  vaporiiea  the  meroury,  increasing  tiie 
vapor  jmeeaure  and  resiatance  of  toe  arc.  Gradually  a  condition  of  nornil 
operation  is  approached,  and,  after  about  15  nun.  current  and  voltagt 
at  the  are  are  of  eubetantiBlty  correct  values.  It  is  understood  that  laBsps 
are  being  developed,  or  have  been  developed,  for  alternating-ciirrent  semes 
and  for  aeries  service, 

111.  Data  on  hlgh-preiiure  mareuiy  Tapwr  lampa 
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IM.  Bflloleaey  and  Ufa  of  quart!  laaaps.  But  little  ia  pubiishst 
regarding  the  efficiency  of  the  quarts  lamp.  Difficulty  in  photometry  ol  its 
greenish  Ught  may  account  for  this,  at  least  in  part.  Expenenee  in  this  covf 
try  shows,  Dowever,  that  early  reports  oi  very  high  eflfjeiency,  which  emanated 
from  Europe,  are  not  being  realized  in  the  forms  of  thin  lamp  which  have  ben 
developed.  Six-tenths  of  a  watt  per  mean  spherical  candle-power  aeems  indi. 
oated  as  the  initial  specific  consumption  of  a  220-volt  direct-current  xnultipk 
lamp^.  About  throe  quarters  of  a  watt  per  candle  is  required  for  the  110-vdt 
multiple  direct-current  lamp.  _  In  a  series  type  a  somewhat  higher  efficacacf 
should  be  reaUsed.     A  burner  life  of  2,000  hr.  is  claimed  by  the  manuf  adnrsc. 

UT.  Moore  tubal — nitrogen.  The  Moore  tube  for  general  licfatiii 
purposes  is  manufactured  in  lengths  up  to  200  ft.  from  ^lasa  tubes  abost 
1.75  in.  in  diameter.  This  is  filled  with  nitrogen  which  is  replaced  aa  in- 
quired by  an  ingenious  automatic  valve  which  feeds  the  tubes  at  interTsb 
of  about  1  min.  The  tube  ends  are  enclosed  in  a  sheet-metal  box  ccsk- 
taining  the  tube  electrodes,  the  gas  tank,  the  gas  valve,  step-up  transformer, 
etc.  The  efficiency  of  the  nitrogen  tube  is  of  the  order  of  100  lumena  per  ft. 
and  the  consumption  ia  about  2.5  watts  per  c-p.  The  power-factor  is  aboal 
75  per  cent.     The  life  of  the  tubes  is  very  long. 

lis.  Moore  tubaa — oarbon  dioxide.  Tubes,  which  are  usually  ahorlK 
when  employing  carbon-dioxide  gas,  yield  light  which  very  closely  approi^ 
mates  average  daylight.  As  the  efficiency  is  quite  low,  the  use  of  tneae  tnbci 
ia  practically  confined  to  color-matching  purposes.  Carbon-dioxide  tnlxs 
have  been  manufactured  in  lengths  of  the  order  of  10  ft.,  devised  to  form  a 
daylight  window,  and  also  in  the  smaller  aises. 

in.  Kaon  tubal.  A  six-meter  tube  operates  at  about  800  volta.  Tt( 
tubes  are  of  about  1.76  in  diameter.  The  electrodes  are  relative^  large  ia 
order  to  reduce  vaporisation  and  avoid  exhaustion  of  the  gas.  The  tabes 
have  a  limited  life,  which,  however,  is  said  to  be  sufficient  for  oommenaal 
purposes.  The  life  is  longer  for  long  tubes.  The  specific  consumption  ia 
about  0.6  watt  per  candle.  The  light  of  the  neon  tube  is  distinctly  laekiB| 
in  blue  radiations.  In  order  to  correct  for  this,  a  little  mercury  is  employee 
in  some  of  the  tubes,  with  the  neon.  Such  tubes  are  said  to  operate  at  aboet 
l.U  watt  per  candle.  When  used  in  certain  combination  with  tubes  contain- 
ing pure  neon,  a  light  which  closely  aimulates  daylight  in  appearance  is 
obtained.  A  modified  form  of  neon  tube  in  which  tubea  of  much  smaller 
diameter  are  employed,  is  arranged  to  form  script  letters  which  awve  fcf 
electric  signs. 

ACCESSORIES  FOR  ILLUMINANTS 

aSNERAL  FRIMCIPLU 
ISO.  Tha  purpoMi  oommonlr  Mrred  by  Uchttnc  aeoaiaorloa  u«  a* 

follows:  (a)  redirection  of  hght;  (b)  concealment  (partial  or  complete)  d 
light  source:  (c)  decoration.  Local  conditions  peculiar  to  the  inataltatioi 
determine  choice  and  the  weight  to  be  given  of  tnese  factors. 
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Sec:  14-132  ILLUMINATION 

m.  Reflectors.  Since  lisbt  Bources  commonly  are  located  in  the  impff 
parte  of  rooms,  and  sinoe  the  light  is  utilised  chiefly  in  the  lower  part  of  tte 
room*  the  most  common  form  of  auxiliary  consists  of  an  inverted  boiri  ori 
cone-ehaped  cover  for  the  lamp,  provided  with  an  inner  reflectinc  snrfse* 
deusned  to  redirect  more  or  less  of  the  light  downward.  Such  reflecrtots  vt 
available  in  great  variety ;  Par.  ISl  indicates  the  more  common  types  claasifisd 
with  reepeot  to  various  characteristics. 

m.  Redirection  of  light.  A  large  proportion  of  the  light  emitted  by  s 
source  may  be  intercepted  and  much  of  it  ma^  be  redirectedin  the  denred 
direction.  The  ezteDt  to  which  redirection  la  effected  depends  upon  U» 
following  factors  :  (a)  proportion  of  total  flux  intercepted  by  reflecting  sur- 
face ;  (b)  shape  of  reflecting  surface;  (c),  properties  of  reflecting  surface. 

154.  Llifht  intercepted.  Assume  that  opaque  reflectors  are  made  d 
various  shapes  and  with  a  reflecting  surface  which  absorbs  25  per  cent,  of 
incident  light,  whatever  its  direction.  A  reflector  which  is  substantia 
flat  intercepts,  say,  40  per  cent,  of  the  total  light  flux.  Another  wbira 
covers  the  lamp  fairly  well  intercepts  say  80  per  cent,  of  the  flux.  The  fM 
reflector  therefore  occasions  a  loss  of  10  per  cent,  of  the  total  light  flm. 
while  the  other  results  in  a  loss  of  20  per  cent,  but  is  rauc^  more  effective  is 
redirecting  a  goodly  proportion  of  the  flu^ 

155.  Reflector  design.  An  ever-present  obstacle  in  the  design  of  Feflcet- 
ors  for  general  illumination  purposes  is  the  relatively  large  area  of  the  ligbt 
source  (lamp  filament)  as  compared  with  the  surface  area  of  the  reflector. 
If  the  light  source  were,  in  ofiFeot,  a  point,  the  reflector^esign  problem  wo^ 
be  simplified.  Dealing  with  a  source  of  considerable  area,  the  reflectias 
surface  must  be  so  designed  as  to  redirect,  in  the  desired  direction,  the  Va^i 
which  it  reflects,  while  allowing  a  minimum  of  flux  to  fall  a  second  tins 
upon  a  part  of  the  reflector.  Improper  shape  of  reflecting  surface,  howent 
favorable  the  reflection  coefficient  of  the  surface,  may  impair  eflScieney  tos 
large  extent  by  directing  some  of  the  flux  bade  into  Uie  reflector  inat^d  d 
out  and  in  the  desired  direction. 

ISC.  Reflecting  surfaces.  ^  A  glossy  or  polished  surface  may  reflect 
specularly  or  regularly,  rendering  an  imperfect  image  of  the  source.  Such 
surfaces  are  mirrors,  polished  aluminum,  enamel  and  some  glasses.  Or 
the  surface,  if  mat  or  depolished.  may  reflect  the  light  irregularly  or  diJBTusslT, 
as  aluminumised  steel,  etched  glass,  etc.  As  a  rule  surfaces  of  the  fomier 
class  are  the  more  effi  cient  reflectors.  Amoxig  surfaces  employed  for  refleetocf 
differences  in  absorption  range  from  25  to  7fi  per  cent.  Usually,  the  mon 
efficient  surfaces  permit  of  more  accurate  control  of  light  redirection. 

1$T.  Oonceahnent  of  liffht  sources.  ^  This^  has  long  been  regarded  si 
an  essential  of  good  illumination  when  bright  light  sources  are  employed. 
Exposed  light  sources  occasion  glare  and  decrease  visual  power.  Oni 
of  the  serious  difficulties  encountered  among  the  earlier  designs  of  refleeton 
was  the  exposure  of  the  light  souroee.  During  recent  veare  this  tandcDcy 
has  been  overcome  to  a  great  extent*  and  the  great  majority  of  reflectors  nov 
produced  conceal  the  source  at  least  from  ordinary  view.  Devioae  whois 
primary  funcUon  is  the  concealment  of  the  light  source  are  often  referred 
to  as  snades.  This  term  is  likewise  applied  to  many  lighting  auadliarics 
in  which  the  decorati^re  feature  is  dominant  to  the  exclusion  of  efficieoey 
in  redirection  of  light.  For  most  purposes  a  reflector  may  be  of  value  is 
concealing  the  light  source  as  well  as  in  redirecUng  the  light. 

1S8.  Distribution  characteristics.  In  Fig.  37  are  indicated  the  shapM 
and  relative  sises  of  three  reflectors,  and  the  character  of  the  distribution  c^ 
light  when  used  with  a  Masda  lamp.*^ 

"Reflector  A  resembles  a  parabola  in  shape  with  the  lamp  so  placed  st 
to  obtain  the  greatest  degree  of  concentration,  and  its  ang^  of  cut-off  il 
considerably  smaller  than  for  B\  consequently,  one  might  expect  this  unit 
to  produce  by  far  the  higher  candle-pnwer  in  a  limited  sone  near  the  tip. 
It  is  seen,  however,  that  from  the  standpoint  of  efficiency,  even  throughoul 
a  narrow  sone,  nothing  can  be  gained  by  the  use  of  an  enamel  reflector  of 
small  diameter.  The  maximum  intensities  produced  by  units  A  eund  B 
are  practically  identical,  but  the  efficiency  of  B  in  the  50-deg.  or  wider  loaesit 
considerably  higher  than  the  corresponding  value  for  A. 

*  Bulletin  20,  National  Electric  Lamp  Association. 
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"The  distribution  shown  in  curve  A  may  be  nInnnnH  m  intennTe.  By 
(larJM  the  lamp  somewhat  lower  in  the  reflector,  a  more  extensive  distribu- 
ion  of  light  may  be  secured  which  mil  be  preferable  for  most  locations  re- 
lairins  a  general  illumiaatioQ.  This  form  of  curve,  so  far  as  distribution 
n  the  lower  hemisphere  is  conoemed,  ia  practically  ideal  for  industrial  light- 
Df  purposes  where  the  lamps  are  suspended  at  usual  heights.  The  form  of 
his  curve  is  desirable  both  because  it  tends  toward  a  uniform  illuminatioQ 
to  the  work,  and  because  the  lamp  filaments  are  well  screened.  On  the 
»ther  band,  it  must  be  remembered  that  the  wider  reflector.  B,  will  in 
vactically  all  cases  supply  10  or  15  per  cent,  more  useful  light  than  can  be 
ibtained  from  a  bowl-shaped  unit  in  either  the  intensive  or  extensive  pomtion. 
^irthermore,  the  shadows  resulting  from  the  use  of  a  light  source  of  large 
hameter,  such  as  B,  are  less  sharp  than  those  from  A.** 
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FiQ.  37. — Light  redirection  by  reflectors  of  various  shapes. 

m.  Dftta  on  refleetort.  In  Par.  140  are  given  statistics  of  reflectors 
tsed  with  100-watt  Masda  lamps,  showing  the  tight  absorbed  by  the  reflectors, 
ome  characteristics  of  the  distribution  obtained,  and  some  physical  data  on 
he  reflectors. 

asTLBOToms  pom  ikdustkial  uaHmra 

lit.  Forcelaln-enftmeled  reflectors.  *  "Any  practical  reflecting  surface 
.beorbs  a  considerable  percentage  of  the  light  incident  upon  it.  When 
ncandescent  lamps  were  first  used  in  industrial  lighting,  the  eflSciency  of 
lorcelain  as  a  reflecting  surface  was  recognised,  and  various  translucent 
eflecton  of  this  material  came  into  extensive  use.  However,  they  were 
lot  found  entirely  successful  because  they  were  lacking  in  mechanical 
trength;  in  many  locations  breakage  resulted,  causing  the  loss  of  the 
eflector  and,  which  was  more  serious,  often  damaging  material  or  injuring 
mployees.     It  was  largely  for  this  reason  that  they  were  replaced  by  the 

*  Bulletin  20,  National  Electric  Lamp  Association. 
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ILLVUlNATtON  S«e.  U-142 

tuailiar  tia  oona  nflMtora  which,  thou^  Ie«  efficient,  had  the  actv>nUi«e  of 
(raster  mechanical  atrength.  The  diffieultlM  that  were  met  in  the  first 
Kttenxpta  to  enamel  a  metal  aurfaoe  with  porcelain  which  has  a  hiih  reflect- 
ac  power  and  adheres  without  eraekinc,  have  been  overcome,  and  to-day  the 
poreelain-enameled  steel  units  are  most  frequently  employed  in  industrial 
planta.  They  combine  with  the  strencth  of  a  metal  aheU  tne  high  reSectinc 
power  of  porcelain.  Such  a  surface  aosorbe  approximately  35  i>er  oent.  of 
the  incident  light." 

14S.  Light  abiorption.  The  most  effective  porcelain-enameled  re- 
Bectors  intercept  the  light  which  is  more  than  60  deg.  above  the  nadir  and 
redirect  it  with  a  loss  of  about  30  per  cent,  of  the  totalflux.  The  absorption, 
however,  variee  considerably  with  the  quality  of  the  enameling. 

14S.  Snunal-pktnt  ra<l«etais.  "Metal  refleotors  with  a  surfaee  of 
white  enamel  paint  are  available  at  prices  materially  lower  than  those  uked 
U>r  the  porcelains-enameled  products.  However,  owing  to  the  relatively 
rapid  depreciation  of  this  surface  and  to  the  fact  that  these  refleotors  are 
iUaoin  desired  with  proper  regard  for  the  efficient  distribution  of  light, 
their  use  is  likely  to  result  m  the  waste  of  a  considerable  portion  of  the  money 
annoally  expended  for  lighting.  A  loss  of  even  10  to  20  per  oent.  of  the  light 
In  this  manner  wiU  each  year  amount  to  several  times  the  added  cost  for  the 
meet  efficient  equipment. 

144.  AlumlntiiniMd  TsAaetoTS.  "  Aluminnmiaed  refleotors  have  ap- 
proximately the  same  initial  efficiency  as  the  porcelain  enameled,  and  allow 
«  better  control  of  the  direction  of  li^nt  rays.  Moreover,  their  cost  is  lower 
than  that  of  porcelaiB^nameled  equipment.  On  the  other  hand,  reflectors 
of  this  class  have  heretofore  failed  to  maintain  their  high  initial  emeieney  in 
eervice.  Their  uae  is,  thsrefore,  to  be  recommended  only  where  a  better 
eontrol  of  the  light  flux— for  example,  a  conoentratsa  distribution — is 
desired.  An  aliuninumiaed  surface  has  recently  been  developed  which  is 
superior  to  the  older  forms  in  maintaining  efficiency, 

14i.  "Kiirarsd-rlau  refleotors  form  another  class  of  opaque  units 
whioh  find  some  application  in  industrial  lighting.  These  refleotors  make 
possible  a  control  of  light  ravs  even  better  than  that  secured  with  the  alumi- 
nnmiaed units.  They  excel!  in  efficiency  the  other  classes  of  equipment 
discussed,  and  the  best  mirrored  reflectors  appear  to  retain  their  efficiency 
with  practically  no  loes  throughout  life.  Their  cost,  however,  is  higher 
than  tor  the  otlier  units,  and,  in  common  with  all  glass  reflectors,  theyare 
limited  to  those  locations  where  breakage  is  not  a  serious  matter.  They 
are  especially  valuable  where  a  concentrated  light  is  required."* 

IM.  Frlsmatio-glau  rsAeoteri.  Like  other  relatively  fragile  reflect- 
ors these  may  be  tised  only  where  danger  of  breakage  is  small.  I'hey  are 
not  subject  to  ths  action  of  fumes  or  gases  as  some  metal  reflectors.  They 
are  extremely  efficient,  and  where  high  concentration  of  light  is  desired,  they 
are  superior  to  white-glass  reflectors. 

14T.  Opaque  refleeton.  Certain  further  comments  of  an  impartial 
nature  are  excerpted  from  a  paper  by  Fowell.f  and  an  article  by  Stickney 
and  Powell.!  "The  great  majority  of  industrial  reflectors  are  of  the  opaoue 
diffusely  reflecting  types.  The  reflecting  surfaces  may  be  of  enameled 
porcelain,  white-enamel  paint,  or  aluminum  either  painted  or  ^mat.  The 
enameled  porcelain  reflectors  are  especially  advantageous,  if  of  a  high  quality, 
because  of  ease  of  cleaning,  resistance  to  acid  fume,  resistance  to  heat, 
and  ability  to  withstand  ^weather  in  outdoor  service.  These  reflectors  are 
perliaps  not  quite  so  efficient  when  new  as  those  finished  in  white  paint  and 
as  usually  designed  do  not  yield  so  wide  a  range  of  distribution  character- 
istics as  do  some  other  types  of  reflectors. 

"Aluminum-finished  reflectors  offer  a  wide  range  of  distribution  char- 
acteristics, and  are  efficient  and  satisfactory  when  new.  In  most  forms  they 
are  liable  to  serious  depreciation  due  to  the  collection  of  dust,  and  as  a  result 
of  cleaning.     One  manufacturer  now  markets  an  aluminum-finished  reflector 

*  Bulletin  20,  National  Electric  Lamp  Association. 
.  tAo  Inveatigalion  of  Reflectors  tor  Tungsten  Lamps,  Qeneral    Elactnc 
Review,  1913,  p.  717.  _ 

X  Data  Concerning  Incandescent  Lamp  Heflectors,  mUctneal  World, 
September  6,  1913,  p.  477. 
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which  ha«  a  ooat  ol  laoquer,  which  is  said  to  facilitate  deanins  axid 
the  surface  permanently  effioieat. 

"  Mirror  reflectors  are  of  hieh  efficiency  and  offer  OM>ortuiuUea  for  a  «i^ 
range  of  design,  as  to  light  aistribution.  Gomparea  with  other  induetw 
refleoton*  they  are  however  somewhat  costly  and  fra^le." 

RKFLxcTOES  POK  ooKMxaciAi  uoamf  a 

148.  Tranalucant  reflecton.  In  commercial  lighting  opaque  reflecUKt 
are  rarely  used  except  in  show  windows.  It  is  a  usual  requirement  that  eoa- 
nderable  light  shall  be  thrown  upon  the  ceiling  and  walls  which  dietatn 
the  employment  of  translucent  reflectors.  As  commercial  lightini;  offen. 
perhaps,  the  readiest  field  for  the  sale  of  new  types  of  lighting  auxHiariea^  a 
wide  variety  of  translucent-glass  reflectoro  has  been  designed.  This  type 
includes  prismatic  glass  and  a  great  variety  of  white  glass,  as  o|w],  phoephate 
glass,  etc.  In  each  type  theee  reflectors  are  to  be  found  in  various  aises  aal 
shapes,  dLfTering  in  light-distribution  characteristic.  The  severai  typea  mad 
makes  of  reflectors  differ  among  themselves  in  efficiency,  light  trsLnsmissioe, 
etc.  Where  high  concentration  of  light  is  requiredt  the  prisnuitie-^aa 
reflectors  offer  some  advantage.  Among  many  of  the  white-glaaa  refiectotf 
there  is  little  choice,  except  in  appearance.  The  differences  are  those  largelj 
of  appearance  of  the  glass  itself,  and  of  ornamentation.  Negleeting  tbest 
two  features,  the  white-glass  reflectors  of  various  makes  are  to  be  Krooped 
naturally  in  regard  to  the  amount  of  light  transmitted*  it  being  the  geaeid 
order  that  those  which  transmit  the  most  light  reflect  less  light  dovnwmnL 
As  in  the  industrial  reflectors,  commercial  reflectors  may  be  procured  witk 
either  glossy  or  mat  reflecting  surfaces,  the  latter  being*  preferaole  for  almost 
all  purposes  from  the  illuminating  standpoint,  though  they  require  some- 
what more  cleaning  than  do  glossy-surface  reflectors. 

149.  DeeorifctiTe  qoallttet.  Many  of  the  translucent  reflectors  are  rf 
such  good  design  and  are  so  ornamented  that  they  are  very  plearang  in  appesr- 
anoe,  and  entitled  to  a  place  in  the  class  of  decorative  glaasware.  SUB, 
ol^re,  more  appropriatdy  classed  as  shades,  are  designed  predominaatlr 
itut  decorative  effect;  these  are  of  very  little  value  where  the  tllamiiiAtioa  is 
to  be  utilised  otherwise  than  for  purposes  of  decoration.  Amonst  the  laMer 
are  shades  of  "art"  glass  and  metal  or  pottery,  and  of  various  Mkbriea.  Il 
would  be  futile  to  attempt  to  show  data  on  such  shadea.  On  all  reflecfco* 
intended  for  industrial  and  commerciiU  lighting  including  many  which  an 
very  decorative  in  appearance,  definite  enjdneering  data  are  availaUa 
Typical  information  ot  this  kind  appear*  in  Par.  IfO. 

IfO.  Dtttributlon  of  light  In  vnrioat  Bonet  about  Masdn  lamps 
and  Inverted  bowl  r«fleotora* 


Type  of  reflector 

Typical  aonai  distribution            j 

0to60 

deg, 

per  cent. 

0to90 

deg.. 

per  cent. 

0  to  180 

deg., 
per  cent. 

aorbed. 
per  eent. 

Prifimatic— focuring 

SO 
44 
40 
61 
52 
87 
40 
40 
41 
34 
33 
16 

68 
65 
60 
68 
61 
67 
64 
62 
69 
67 
66 
47 

87 
87 
87 
58 
61 
87 
83 
86 

l\ 
88 
100 

13 
13 
13 
42 
39 
13 
18 
14 
28 
9 
13 

Prismatic — intenai  ve 

Prismatic — focusing  (satin  finieh) . 

Aluminized  steel — intensive 

Aluminizcd  steel — extensive 

Prismatic — intensive  (satin  finishl . 

Prismatic — extensive 

Heavy  density — opal  (depolished) . 

Prismatic — extensive  (satin  finish). 
Bare  lamp  (for  comparison) 

*  Sweet.  "The  Choice  of  Reflector,"  Illg.  Eng.  Society,  New  York  SeotioB. 
Feb.  8,  1912. 


1128 


yGoogle 


ILLUUt  NATION 


Sec.  14-161 


US..  DopracUtloB  diM  to  dut.  Certain  infomution  haa  been  pnbliabed 
riiowing  the  depreciatioa  in  reflecting  efficiency  due  to  collection  oi  dust  on 
LampH  and-reflectorB  in  industrial  service.  Perhaps  the  moet  comprehensive 
data  applicable  to  modem  equipments  of  reflectors  and  Masda  lampa  is 
that  shown  in  Bulletin  20  of  the  National  Lamp  Works  of  the  Qenerat 


8 


12 


U         W        21 
KUpiedTims  [a  Wsekl 
Fio.  38. — HednctioD  in  light  due  tg  dust. 

A,  Dome  enameled  steel.  C.  Dense  opal  glass. 

B.  Bowl  enameled  steel.  D.  Prismatic  glasa. 

S.  Light  density  opal  glass. 

Electric  Company  published  October,  1913.     This  is  summarised  in  Fig.  38. 
Th^  eurves  show  decrease  in  illumination  on  the  working  plane. 

m.  Xmeloainr  glawwar*.  The  sphere  commends  itself  for  many 
purpoaas  of  ornamentation  and  is  therefore  a  ^pular  form  in  design  of 
lighting  auxiliaries.  It,  with  various  modifications  as  to  shape,  forms  an 
important  class.  Obviously,  light  absorptions  run  higher  and  light  control 
is  ujae  definite  than  is  the  case  with  open-mouth  refleotors.  In  the  matter 
of  redirection  of  lighlf,  much  may  be  accomplished  in  an  ordinary  glass  sphere 
b;|r  varying  the  location  of  the  light  source  within  the  sphere,  but  the  tendency 
with  such  glassware  is  always  to  yield  distribution  characteristics  which 
approach  a  circle.  There  are  some  forms  of  enclosing  glassware,  however, 
in  which  special  attention  has  been  given  to  this  phase  of  the  subject  with 
very  notable  succees  in  the  Redirection  of  light.  Par.  Iff  gives  some  data 
upon  enclosing  glassware  of  various  types. 

IM.  PhotonMtele  dkta  upon  encloiinx  glauwara  employed  with 
1,000  lumen  Masda  lamp ' 


Description 

Lumens  with  glassware 

Per  cent, 
light  ab- 
sorbed 

gi^ai;.- 

ware 

0  to 
60 
deg. 

Oto90 
deg. 

90  to 
180 
deg. 

Total 

lO-ln.,  2-piece  pressed-Alba  ball    . . . 
14-in.,  2-piece  preesed-Alba  baU    ... 
12-in.,  1-piece  blown-Alba  ball 

182 
190 
223 
243 
181 
206 
412 
455 

379 
384 
469 
476 
396 
484 
589 
618 

385 
335 
395 
347 
321 
419 
180 
103 

764 
719 
864 
822 
717 
903 
769 
721 

24 

28 
14 
18 
28 
10 
23 
28 

12-in.,  cased  Melilite  ball 

14-in.,  prismatic  reflector  bowl 

12-in.,  prismatic  reflector  ball 

*  "Characteristics  of  Enclosing  Glassware."  Lansingh,  TrantacHont  Illumi- 
nating  Engineering  Society,  1913,  p.  447. 
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Dark  cream 

I'pper  )  light  cream 

Lower  Ifumed  oak 

Dark  ivory 

Vallow  buff 

Flat  white 

Flat  while 

Light  buff 

Cream 
Flat  white 

Cream 

Dark  green 

Light  in  tone 

Light 
Light 
Light 
.Medium 
Dark 

1 

■ 

? 

s 

s 

J 

1 

Source  of  data                          Type  of  unit                     Area  illuminated 

1 

Office    loO  by    170   ft 

School  auditorium  5,936 

«q.  ft. 
Display  room  201.5  by 

68. 5  ft. 
Hospital  ward  20  by  15 

ft. 
Hospital  ward  20  by  32 

ft. 
Hospital  ward  33. 5  by 

74  ft. 
Private  hospital  ward 

14.5  by  16.5  ft. 
Nurses  duty  room  10  by 

16  ft. 

Operating  room  20  by 

24  ft. 

Church  auditorium 

Small  room  (parlor)  15 

by  15  ft.  2  in. 
Small  room  (bedroom) 
12  ft.  8  in.  by  12  ft.  9  in. 



Special                          Small  room 
Special                           Hmall  room 
Special                              Hmall  room 

s 

1 

i 

w4 

X-ray  E-200,  lOO-watt 

l»mp^ 
X-r:(>    i  -i.'."i.T.  11)1 )-  and 

Alexalite.  500-watt 

lamps 

X-ray    lOO-watt  lamps 

X-ray  E-lOO,  60-watt 

lamps 
X-ray  £-200,   100-  and 

60-watt  lamps 
X-ray   £-60,   40-watt 

lamps 
X-ray   E-60,   40-watt 

lamps 
X-ray  E-200,  150-watt 

lamps 
X-ray   100- and   250- 

watt  lamps 
X-ray  lOO-watt  lamps 

X-ray  lOO-watt  lamps 

X-ray 

■a-i  -■  ago  go  c%C%c%c%  c%c    ja-'4"'-5'g  tit 

liiiiiif  fi'-rf  1 1 1  ^'- 
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BOWU   rOK   IXDIBICT   LIOHTIHa 

LM.  Cov«  UffbUnf.  Recognition  8om«  years  ago  of  the  need  for  cod- 
klin^  briUiant  light  aources  from  view  ted  to  ByatemB  of  indirect  lighting 
which  the  light  was  thrown  ul;)on  some  reflecting  surface  which  became 
secondary  source  of  illumination.  One  method  consisted  in  locating  the 
nps  within  a  cornice  or  cove  concealed  from  view  and  illuminating  the 
>m  via  the  ceiling.  By  this  system,  control  of  the  light  was  largely  lost, 
d  efficiency  of  utilisation  was  very  low.  In  one  case  reported,  only  15 
r  cent,  of  the  total  light  produced  by  the  lamps  was  delivered  upon  a 
rrldztg  plane.*  While  this  low  efficiency  was  perhaps  an  extreme  and 
tier  Tslues  have  been  realised,  yet  the  cove  lighting  system  was  so  in- 
rently  low  in  efficiency  as  to  be  unsuccessful. 

lis.  Indirect  llffhtlnc  flxturei.  A  more  recent  development  of  indirect 
htiojg  is  one  in  which  the  lamp  is  located  within  bowls,  usually  hung 
atrally  in  a  room  or  bay.  By  backing  the  lamps  with  effioiont  reneotorH. 
d  controlling  the  direction  of  light,  a  higher  order  of  efficiency  may  bu 
toined  and  a  more  desirable  direction  of  the  light  secured.  Indirect 
hting  Bystems  possess  the  advantage  of  high  diffusion,  and  are  therefore 
lued  where  freedom  from  shadow  and  glare  is  a  consideration  of  primary 
portance.  Some  statistics  showing  the  proportion  of  the  total  light  pro- 
oed  which  may  be  delivered  upon  a  working  plane  by  this  system  of 
hting  are  given  in  Par.  IM. 

1ST.  Lumlnoas-bowl.  A  recent  development  is  the  luminous-bowl 
iirect-lighting  unit.  In  this  fixture  the  bowl  is  rendered  luminous  for 
rposes  of  decoration  only,  it  usually  being  of  the  same  order  of  brightneta 
the  ceiling  immediately  above  it,  which  is  the  principle  secondary  light 
Lirce.  In  some-fixtures  in  which  as  much  as  possible  of  the  light  is  directed 
on  the  ceiling,  small  auxiliary  lamps  are  employed  for  the  purpose  of 
idering  the  bowl  luminous.  Thesemay  be  wired  separately,  providing, 
Bmsetves,  a  feeble  illumination  which,  as  an  alternative  to  tne  use  of 
indpal  lamps,  may  be  useful  for  special  purposes  in  certain  installations. 


sua-nrDiSBCT  uaHTiKO  units 

m.  TranBluMnt  bowls.  A  development  of  the  past  few  years  eonsists 
the  use  of  glMs  bowls  enclosing  the  light  source  and  reflecUng  most  of  tbe 
ht  to  the  ceiling,  as  in  the  indirect  lighting  system,  while  transmitting  in 
rious  proportions  enough  light  to  give  an  appreciable  direct  component. 
me  data  upon  bowls  oi  this  type,  of  one  manufacture,  are  presented  in 
it.  IM.  Referring  to  the  data  in  this  table  it  will  be  seen  that  tbe  authors 
ve  made  a  study  of  the  influence  of  contour  of  bowl  upon  the  diBtribu- 
m  of  light,  and  likewise  of  the  influence  of  optical  density  of  glassware. 
leir  conclusions  from  these  figures  and  others  given  in  the  paper,  follow 
Par.  IH.      Data  on  semi-indirect  installations  appear  in  Far.  lU. 

IM.  Iffeot  of  ohuiir«  of  llfht  gourcs  and  bowl  contour.    "The 

itribution  of  light  is  materially  affected  by  changes  in  the  position  uf 
B  lamps  within  the  bowl;  changing  from  a  single  lamp  to  a  closely  clustered 
3up  of  two  or  three  lamps  does  not  introduce  large  variations  in  the  distri- 
,tion  characteristics,  although  the  single  lamp  results  in  a  somewhat  wider 
Itribution  above  the  horisontal.  The  ratio  of  light  above  the  horiiontal 
that  below  the  horisontal  in  the  four  types  of  glass  of  the  contour  3,  chosen 
r  this  purpose,  vary  from  1.26  for  the  least  dense  (etched  glass)  to  6,4 
-  the  most  dense  (Cula) ;  and  the  effect  of  change  in  the  contour  of  the  bowls 
that  with  the  shallower  bowls  the  distribution  both  above  and  below  the 
riaontal  is  not  so  wide,  more  light  being  centred  near  the  bowls  while 
th  the  deeper  bowls  there  is,  of  course,  a  larger  ratio  horisontal." 


'The  Elements  of  Inefficiency  in  Diffused  Lighting  Systems."    Millar. 
Illuminating  En^neering  Society.  1907,  p.  583. 
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IM.  Pbotometrie  date  of  Mml-lndlraet  glau  bowb  amidoysd 
with  on«  Maida  Ump* 


Description  of  glassware 


Contour. 

see  Fig. 

39 


Per  cent,  of  total  li^ht  from  lamp 

which  is  distributea  «ithtn  stateo 

Eoneaf 


180  deg. 

to  12U 

dcg. 


180  deg. 

to   90 

deg. 


90  dec. 
to  0 
deg. 


Total 


Etched      crystal      gli 
with  new  cut  design. 

Druid 

Veluria 

Calla 


22 
27 
36 
3« 
30 
28 
44 
4« 
41 


47 

37 

SI 

M 

30 

S4 

60 

25 

8S 

S8 

24 

83 

67 

24 

82 

60 

24 

84 

68 

11 

79 

71 

11 

82 

68 

11 

79 

"^   ^Iz    ^^7    \^ 


12  3  4 

Flo.  39. — Contours  referred  to  in  Par.  160. 

Iftl.  B«fl06ton  In  rattway  coaehet.     Some  information  upon  the  d»- 
tribution  of  light  in  a  typical  rulway  day  ooach  haa  been  made  available  br 
the  Committee  on  Illumination  of  the  Association  of   Railway  Rlectiiral 
EQmneer8.t     While  railway-car   illumination  is   to  some   extent^  a  spedii 
problem,  yet  the  behavior  of  most  reflectors  in  such  servioe  is  an  importaat 
indication  of  what  may  be  expected  in  other  lines.     In  the  teats  viucb  an 
here  recorded,  the  car  was  equipped  with  Masda  lamps  located  in  the  centre 
deck  or  monitor,  and  spaced  at  intervals  of  two  and  three  scale  respectivelr.  i 
Conditions  in  all  reapeclB  were  favorable  to  lighting  efficiency  because  tibe  ' 
equipment  was  new  and  clean  and  operated  under  correct  coDditiona.     At  ! 
indirect  and  semi-indirect  equipments  were  used,  it  is  important  to  note  that 
the  coefficient  of  diffuse  reflection  of  the  oar  ceiling  was  65  per  cent.  ' 

IM.  Data  on  railway-ooaoh  Ughtlttf .     Results  an  summarised  ii 
Par.  IM  which  shows  a  description  of  the  auxiliaries,  the  total  light  produced 


bv  the  lamps,  the  average  intensity  of  illumination  throughout  a  faorisontaJ 

Elane  33  in.  above  the  floor,  the  per  cent,  of  the  total  light  produced  whidi 
delivered  to  such  horisontal  plane  and  the  angle  above  the  nadir  at  whidi 


the  lamp  filament  is  screened  from  view  by  the  reflector.     The  total  horisontal 
area  ligntcd  was  660  sq.  ft. 

In  these  railway-car  testa  open-mouth  reflectors  are  shown  to  ddUver  upos 
the  horisontal  plane  of  reference,  proportions  of  the  total  light  which  range 
from  a  maximum  of  59  down  to  a  minimum  of  25  per  cent.  Indirect^ghtiu 
equipments  with  ceiling  of  the  qualitv  stated,  deliver  upon  the  plane  <1 
rnerenoe  about  25  per  cent,  of  the  total  light  produced  in  the  ear.  lightly 
better  values  are  shown  for  the  enclosing  and  the  semi-indirect  equipmenta. 

**' A  Photometric  Analysis  of  Diffusing  Bowls  with  Varying  Indirect 
Component."     Rowe  and  Magdeick,  Traiu.  Illg.  £ng.  Soc.,  1914. 

f  ISO  deg.  is  the  Zenith;  0  deg.  is  the  Nadir. 

i  Railway  BUctrieal  Eruiineer,  October.  1913,  and  Report  of  1914  Coo^ 
mittee  of  Association  of  Railway  Electrical  Engineers. 
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ILLVMISATtON 
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Sec.  14-1G5 


ACOntOBIM  roB  spioial  pubposu 

IM.  Ihow-wlndow  Ufhttnc.     For  show-window  lightinc  and  oerUin 
otber  purposM  an  asymmetrical  dia- 
Mbnuon  of  light  ia  naually  required. 
Example    of  reflector  deaisned  for 
■ach  •  inirpose  ia  ahown  in  Fig.  40. 

Xt».  ttTMt  Ufhtinf.      Various 


Buziliariea  for  rediraeting  part  of  the 

UKht  produced  by  atreet  ilh 

liATe  Deen  dereloited.     Some  of  the  ' 


ino«t  effectiTe  in  this  reapect  are  to 
be  found  among  the  newer  designs 
of  auziliariea  for  Masda  type  C  (ga>- 
filled)  aaries  lamps.  Illustration  of 
thia  ia  (iven  in  Fig.  41,  In  some 
street  iUuminants,  aa  the  magnetite 
and  metallic-flame  arc  tampa,  a  re- 
flector ia  built  in  the  lamp  casing. 
In  others,  the  difTuaing  globes  witn 
whicb  tlie  lamps  arc  equipped  are 
ao  dutped  aa  to  modify  the  diatribu- 
tioB  eharaeteriatie  materially. 
Theae  are  ineonapicuoua  methods  of 
aoeomplishing  a  measure  of  light  re- 
direction whiui  uaually  ia  leaa  marked 
iit»a  that  accompliahed  by  the  use 
of  external  reflectors. 

1ST.  Olaia  platai.  Tranaluoent 
^aaa  plates  consisting  either  of 
uoated  fdas^  opal  glaaa,  so-called  art 
Klaaa,  nbbea  glaaa  or  priamatic  glass 
are  largely  employed  aa  akylit^hta  and 
aa  diffuaiiig  screena  for  artificial  light- 
ing. Some  data  upon  the  tranamis-  Fia.  40. — Aaymmetrical  diatribution, 
aion  coefficient  of  such  glasses  are  adapted  to  ahow-window  lighting, 
given  in  Par.  IW. 

lU.  Olail  for  radiraetinf  daylight.     Ribbed  and  prismatic  glaaa  is 
uaed  to  a  large  extent  in  industrial  lighting  for  directing  into  large  rooms  a 


i 


Pio.  41.~-Dlatribution  of  light  in  vertical  plane  about  lamp  equipped  nitb 
priamatic  refractor  for  street  lighting. 

greater  amount  of  akylight  than  would  otherwise  be  available.     Some  teata 
oy  Professor  Norton  are  commented  upon  in  the  Johns  Hopkins  University 
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Sec.  14-169 


ILLUMINATION 


IllumtDAting  EngiDoering  Society  Lecture  Courae  on  lUuminftung  Enrw 
ing*  lu  follows: 

^*We  may  increase  the  efTective  light  in  a  room  30  ft.  (9.14  m.)  detf 
more,  to  from  three  to  fifteen  times  by  using  factory-nhbed  glaai  iuned 
plane  glass  in  the  upper  .Muh  of  the  window.     By  using  prisms,  inetei^ 

glane  glass,  we  ma;^,  under  certain  conditions,  increase  the  efTective  Kg 
fty  times.  The  gain  in  efTective  light  on  substituting  ribbed  glass  oTpdm 
for  plane  glass,  is  much  greater  when  the  sky  ansle  is  small,  as  in  tbea 
of  windows  opening  upon  light  shafts  or  narrow  alleys.  The  increue  ai 
strength  of  tne  light  directly  opposite  a  window  in  which  ribbed  ^^M' 
prisms  have  been  substituted  for  plane  glass  is  at  time  such  as  to  lights^ 
or  table  50  ft.  (15.24  m.)  from  the  window  better  than  one  20  ft  (&1  a 
from  the  window  had  previously  been  lighted." 
IM.  Lirht  from  Uftdsa  l»mpi  traaimlttad  through   glua  pUM 


Mounting 

height  to 

Trans- 

No. 

spacing  dis- 
tano*  (ratio 
necessary  for 
elimination 
of  spotting) 

miasioD 
efficiency 
per  cent. 

Character 
of  glasa 

Trade  name 

1 

19 

45 

Light  opal 
Yellow   and 

Alabaster  Cathedral 

2 

t 

46 

Iridescent  No.  6 

iridescent. 

3 

3 

39 

Opal 
Clear 

Alabaster  Tlluminal 

* 

4 

66 

Criatallia  Illuminal 

5 

2 

35 

Very  light 

opal 
Clear 

Alabaster  Moss 

6& 
«a 

7 

11 

63 

Deflex  No.  1 

8 

44 

Yellow 

Deflex  No.  1| 

8 

5 

43 

Opal  light 
Clear 

Opalescent  No.  139,  Gi-L 

g 

2 

54 

Cristallia  No.  40 

10 

2 

33 

Opal 
Clear 

Pattern  No.  40,  Opsl  Na«S 

11 

3 

50 

Pattern  No.  41 

12 

2 

40 

Yellow 

Pattern  No.  41,  Amb«f 

13 

3 

29 

Opal 
Clear 

Pattern  No.  41,  Opsl  No  S> 

U 

3 

36 

CristallU  No.  42 

15 

3 

37 

Opal 

Pattern  No.  42,  Opsl  No  «• 

10 

2 

22 

Violet 

Pattern  No.  42,  Violet 

17 

3 

41 

Clear 

Cristallia  No.  43 

18 

3 

39 

YeUow 

Pattern  No.  43,  YeUow  hn 
21. 
Pattern  No.  43,  Opal  No. « 

19 

3 

30 

Opal 
Clear 

20 

2 

34 

Cristallia  No.  45 

21 

4 

28 

Opal 

Pattern  No.  45,  Opal  No.  0 
Pottern  No.  45,  Vello»  3» 

22 

3 

18 

Dark  yellow 

23 

4 

41 

Clear 

Cristallia  No.  46 

24 

4 

31 

Opal 
Clear 

Pattern  No.  46,  Opsl  No.  65 

25 

4 

66 

Multiflora  Crvst&l 

26 

4 

48 

Opal  light 

Multiflora  Opal  No.  65 

27 

3 

37 

Yellow 

Multiflora  Yellow 

28 

3 

35 

Opal 

Multiflora  No.  68 

20 

• 

36 

Opal 

Opal,  light 

30 

« 

35 

Opal 

Opal,  medium 

31 

2 

28 

Opal 
cH-ar 

Opal,  dark 

32 

. 

69 

Deflex  No.  6 

33 

• 

46 

Clear 

Pattern  No.  6,  Ho*y  Con* 

34 

3 

36 

Clear 

Pattern  No.  7,  Bee  Hi«  . 

35 

5 

35 

Opal 
Clear 

Pattern  No.  44.  Opal  Naw 

36.. 

ir. 

57 

Rinole  No.  3 

•  Marks.    "  Principles  and  Design  of  Interior  Illumination,"  Vol.  ll.p-*' 
t  Impossible  to  climioate  spotting  with  any  reasonable  ratio, 
t  Edwards.     "The  Lighting  of  Rooms  through  Translucent  GlaMOr 
ings,"  I.  E.  8.  Trantaelioiu,   1914,  p.  1014. 
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Sec.  14-170 


70.  H«»dUffbta  may  be  conaidered  in  tbia  connection  but  only  in  a 
eral  way  because  the  design  of  headU|j;?:Ts  is  a  specialty  in  itself  and  has 

little  application  in  general  iUuminatin/  practice.  An  excellent  syinpo- 
n  on  the  nubjcct  is  to  be  found  in  recent  ;n  tirU-sby  Messrs.  Suke,  Dcnning- 

and  Porter.*  Much  attention  has  been  (^iven  to  the  subject  of  locomo- 
>  headlights  and  an  excellent  r^sum^  of  etntc  laws  on  thifl  subjeet  together 
ti  comments  is  to  be  found  in  the  report  of  the  Committee  of  Locoiuotive 
Ldlighta  of  the  Association  of  Railway  Electrical  Engincers.f 

ILLUMINATION  CALCULATIONS 

QKNKRAI.  CONSIDERATIONS 

71.  Liffht  fluz.  According  to  approved  concept,  light  is  regarded  as 
dnouB  nux.J  The  output  of  a  lamp  is  im  total  luniinous  flux.  The 
Ehtneas  of  a  diffusely  reflecting  or  transmitting  surface  is  proportional 
its  ipacifle  lumi&OUi  flux.  The  intensity  of  itluniination  received  on 
'  surface  is  thefluxiiviuity.  Thus 
linoua  flux  is  analogous  to  magnetic 
1  electrostatic  flux.  Comprehen- 
1  of  light  flux  is  facilitated  By  con- 
aring  a  point  source  to  be  located  at 

centre  of  an  imaginary  non-reflect- 

sphere.  The  total  luminous  flux 
■duced  by  a  source  of  1  c-p.  radi- 
d  uniformly,  is  divided  by  the  num- 
of  unit  solid  angles  or  steradians  in 

sphere  in  order  to  arrive  at  the 
i  of  luminous  flux  which  is  the  lu- 
n  "equal  to  the  flux  emitted  in  a 
t  solid  angle  (steradian)  by  a  point 
iroe  of  1  o-p." 

i7S.  Dlitribntion  of  Uffht.  In 
kctice,  light  la  rarely  radiated  uni- 
mly,  and  it  is  therefore  necessary  to 
isider  the  flux  to  be  distributed  m  a 
at  variety  of  ways.  The  deter- 
nation  of  fight  distribution  charac- 
istica  of  sources,  is  a  regular  part  of 
iminating  engineering  practice,  and 
«t  calculations  performed  involve 
B  distribution  characteristic.  In 
[.  42  are  illustrated  four  different 
tributiona  of  a  given  luminous  flux, 
e  curves  show  a  section  of  revolution.  The  circle  (curve  A)  indicates  uni- 
m  distribution  from  apunctiform  source;  curve  B  shows  distribution  from  a 
ioretical  line  source,  distributing  no  light  at  the  poles.  Curve  C  (nhows  the 
tribution  from  a  uniformly  radiating  circular  disc,  and  curve  D  shows  a 
bt-^listribution  characteristic  typical  of  a  certain  class  of  reflectors. 

coKPtrrATioH  or  total  flux,  or  mean  spherical 

CANDLE-POWER 
L7S.  ZonJd  ftreu.  In  Fig.  43,  curve  B  from  Fig.  42  is  reproduced.  The 
lar  diagram  at  the  left  shows  the  flux  density  or  inien»ity  in  any  direction, 
the  vertical  plane,  considered.  Referring  to  the  representation  of  a  sphere 
the  right,  it  will  be  noted  that  the  total  area  of  a  zone  of  a  given  altitude  at 
;  equator  is  much  greater  than  the  total  area  of  a  similar  zone  near  the 
le.  The  flux  density,  or  intensity,  of  the  light  distributed  throughout 
ch  xone,  is  indicated  in  the  distribution  curve  to  the  left.  The  area  of 
?h  xone  roust  be  multiplied  by  the  mean  flux  density,  in  order  to  obtain 
e  total  flux  distributed  througnout  the  zone. 


^P 

^S 

^^ 

^ 

w^ 

m^ 

/V/Ty 

'X\^x 

7^^ 

^^xK 

Via.    42.- 


-Four    distributions 
given  flux. 


of 


'BUctrical  World,  October  U,  1913.  pp.  741-745. 

\  Railway  Bl'-etrical  Engineer,  October,  1 1)1  :t. 

[Sharp.    "  The  Concepts  and  TermiDolosy  of  IlluminatiDg  Enfcineering,' 

WM.  Illg.  Eng.  Society,  1007,  p.  414. 
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Sec.  U-174 


IhLUMJSATIOS 


174.  EousMau'l  method.     Rouaseau'B  method  of  detemumoc  tbt  tota 

flux  distributed  through  the  sone,  is  the  basis  of  most  such  commitfttioai 
This  method  is  indicated  in  the  middle  of  the  diagram.  The  sons  latitadH 
as  represented  upon  the  sphere,  are  projected  upon  a  rectilinear  diagram,  iqNi 
which  the  sone  widths  then  become  proportional  to  the  areas  of  the  som  spoi 
the  sphere.  The  curve  of  light  distribution,  when  plotted  upon  this  diains 
in  the  manner  indicated,  wiU  comprehend  an  area  proportional  to  the  toU 
luminous  flux.  The  mean  altitude  of  such  a  cur^'e  Is  proportional  to  the  mea: 
flux  density  (which  is  to  say,^  the  mean  spherical  candle-power).  Furtba 
more,  the  area  comprehended  in  any  sone  by  the  curve,  is  proportionsl  to  tb 
lonal  flux,  and  the  mean  altitude  of  the  curve  within  that  sone  is  proportioH 
to  the  mean  flux  density  or  candle-power  within  that  sone.     The  ares  eosi 

Crehended  by  the  curve  may  be  obtained  by  the  use  of  a  planimetct,  < 
y  averaging  altitudes  at  short  equal  intervals.    It  ia  apparent,  thcrefoi 


■  i 

z^ — =^^ 
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I 
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Fio.  43. — RelktioD  between  flux  and  intensity. 

that  flux  valuea  may  be  obtained  Irom  the  light  diatribution  curve  vithoi 
the  preparation  of  a  Rousseau  diagram,  by  averaging  the  flux  densiiy 
caaale<powor  values  at  angular  intervals  corresponding  to  equal  interr 
on  the  Rousseau  diagram.  8uch  angles  are  given  in  Par.  171.  Maebd 
has  prepared  polar  coordinate  paper  on  which  such  angular  intervals 
indicated. 

ITl.  Ancles  {rom  vertioal  azla  at  whioh  Taluss  may  b*  tkksa  from 
light  diitrlbutlon  ourr*  and  aTerscxI  to  obtain  moaa  flu 
donilty  or  mean  candlo-power  In  oach  homUphar* 


Ten  points 

Six  poinU 

18  deg.  63  deg. 

24  deg. 

32  deg.  70  deg. 

41  deg. 

41  deg.  76  deg. 

54  deg. 

49  deg.  81  deg. 

85  deg. 

57  deg.  87  deg. 

75  deg. 

85  deg. 

1T(.  Mean  lonal-oandle-power  constants.  When  photometric  valwi 
of  li|[ht  distribution  are  available  but  have  not  been  plotted  to  form  a  fifbt 
distnbution  diagram,  the  flux  computation  may  be  carried  out  by  the  appt 
cation  of  the  constants  in  Far.  ITT,  which  are  proportional  to  the  areas  ol  tlH 
several  sones  of  which  the  teat  angles  are  representative.  In  using  tbcM 
constants,  find  the  product  of  each  candle-power  value  and  the  constant  ftf 
its  angle.  Divide  the  sum  of  all  such  products  by  two  to  determine  mess 
spherical  candle-power.  Multiply  the  mean  aphencal  candle-power  by  12.S' 
to  obtain  total  lumens.  To  determine  mean  hemispherical  eandls-powA 
employ  same  oonatants  except  for  the  QO-deg.  value  where  the  given  eos- 
atant  abould  be  divided  by  two.  In  this  case,  do  not  divide  the  sum  of  tlx 
products   by   two. 
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in.  ConitMiU  for  eempuUtiOB  «f  bmhi  tphMtte*!  CMidte-power 
or  total  flns  from  llf  ht-digtrlbuOon  d»to 

10  deg.  tones 

15  deg.  lonee 

aO  deg.  lones          1 

Angles  from 

iC 

Angles  from 
vertical  axis 

K 

Angles  from 

K 

75  deg.     S  deg. 
BS  deg.  15  deg. 
55  deg.  25  deg. 
45  deg.  35  deg. 
35  deg.  45  deg. 

0.016 
0.046 
0.074 
0.100 
0.124 
0.142 
0.158 
0.168 
0.174 

180  deg.    0  deg. 
165  deg.  16  deg. 
150  deg.  30  deg. 
135  deg.  45  deg. 
120  deg.  60  deg. 
105  deg.  75  deg. 
90  deg. 

0.009 
0.067 
0.131 
0.184 
0.226 
0.253 
0.261 

180  deg.     0  deg. 

150  deg.  30  deg. 

120  deg.  60  deg. 

90deg. 

0.034 
0.2S9 
0.448 
0.518 

25  deg.  65  deg. 

15  deg.  66  deg. 

05  deg.  75  deg. 

95  deg.  85  deg. 

"■, .:,•:■•■ ;""" 

in.  XaniMllr'l  method.     Kennelly  has  devised  a  graphical  method  of 

BtiUnear  construction  for  determinationB  similar  to  tnoee  carried  on  by 

eans  of  a  Kousaeau  diagram.* 

IT*.  Whita-WoUauw  method.     The  "Fluzolite"  diagram  facilitates 

e  same  kind  of  computations,  but  yields  total  lumens  instead  of  mean 

ndle-power.t 

OOKPITTATIOlf  OF  ZOK AL  FLUX 
UO.  Zonal  flux.  This  does  not  differ  from  ealculatioo  of  total  flux.  In 
A  most  determinations  of  total  Buz  or  of  flux  in  one  hemisphere  are  mersly 
ditiona  of  sonal-flux  values.  The  Rousseau,  Kennelly  and  White 
dilauer  methods  yield  sonal  flux  readily.  Constants  (or  use  in  determin- 
t  mean  sonal  candle-power  directly  from  angular  candle-power  valuee  are 
ren  in  Par.  lU  for  certain  sones.  Multiply  tne  sum  by  2t  (6.28)  times  the 
flference  between  cosines  of  limiting  angles  to  obtain  corresponding  lumens. 


LSI. 


Coiutantf  tor  use  with  oandle-power  values  to  ylald  approzi- 
''     maan  sonal  eandlA-nowar 


I  lor  use  witn  oanaie-power  values  \ 
mat*  moan  lonal  eandlo-powor 


Angle  from 

ertical   axis   at 

rhich     e-p.     is 

known 

Constants 
75-deg.  sons 

Constants 
60-deg.  sone 

Constanta 
4&-deg.  sone 

Constants 
30-deg.  sone 

10-deg.  intervals 

70  deg. 

0.221 
0.204 
0.180 
0.151 
0.117 
0.080 
0.041 
0.006 

60  deg. 
SO  deg. 

0.147 
0.267 
0.224 
0.174 
0.119 
0.060 
0.008 

40  deg. 
30  deg. 

Odeg. 

0.383 
0.297 
0.203 
0.104 
0.013 

0.301 
0.446 
0.226 
0.029 

IS-deg.  intervals. 

75  deg. 
60  dec. 
46  deg. 
■  30  deg. 
IS  dec 
Oder 

0.170 
0.304 
0.249 
0.178 
0.090 
0.012 

0.219 
0.369 
0.261 
0.136 
0.017 

0.295 
0.446 
0.230 
0.029 

0.432 
0.604 
0.064 

*  Kennelly.    Steetrieal  WarU,  March  28,  1908. 

t  Wohlauer.    Iltuminatitv  Bnginttr,  Vol.  Ill,  p.  ASS. 
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18t.  Zonal  oonst&nU  approximate  only.  In  uung  sonal  coii«Ufitait  { 
must  bo  remembered  that  the  candle-puwer  is  assumed  to  repreeent  the  men  ^ 
intenmty  throughout  the  zone.  In  many  caHCH  thia  aBsumption  is  not  sthctty  ] 
juHtifiabto.     Hence  thin  is  only  an  approximation  method.  i 

19s.  Typical  zonal  Taluet.     Fig.  44  ie  a  reproduction  of  a  tyrncal  totr-  \ 
data  itheeb  bearing  on  the  right  a  graph  of  the  light  distribution  in  a  mm 
vortical  plane  about  a  source,  and  on  tne  left  corresponding  sonal-flux  Talocs. 

Lamp  •  360-\ratt  Bowl-Froited  Metallized  Kilament 
Holder  -  Form  "A" 
PbotumetricDlitance  •  10  Foet 
Oouditlout  -  Lamp  and  Auxiliary  Botated 

130°  176*  MS*"  156* 


DlmentioDt  of 
Lamp  and  AuxiUar 

..d.-li'M   iu. 

.Jb..S'/.n.. 

.C.J8 

d    I'/M  

5! 

.»...8 

/  11 

.^1. 

V. 

Mid- 

aone 

Angles 

Distribution 
Mean  Yertlcia 

App.Gandl«powei 

Zoual  LumeDl    | 

Lu.p 

AlOD. 

.lib  Aui. 

al... 

U.p 
.Itb  Aaz. 

ISO-Zo.M. 

ai.9 

23 

175° 

31.2 

20 

3 

2 

IM" 

4'i8 

31 

12 

9 

155" 

55 

36 

2J 

10 

115° 

C9 

39.1 

43 

25 

135° 

77 

45 

CO 

35 

13° 

S« 

49 

77 

4) 

115" 

00 

50 

69 

50 

105 -■ 

01 

51 

90 

53 

115° 

S7 

45.5 

95 

51 

00'  Uutli, 

liC 

40 

85° 

S5 

47.5 

93 

52 

■5° 

19 

53 

S4 

50 

66° 

71 

71 

71 

71 

55° 

6S.5 

93.5 

52 

64 

15° 

52 

90 

40 

77 

35° 

45.0 

Iffi 

29 

01 

2S» 
15° 
B° 

1-2.7 
^.7 
30.0 

105 

20 

49 

107 

12 

30 

112 

< 

n 

0°a»lli 

39.1 
72.0 

lis 

02.0 

906 

779 

1K°     g' 


Fio.  44. — Photometric  test  sheet  showing  light  distribution  and  va 
intensity  and  flux. 

184.  Spherical  reduction  factor.  In  rating  some  tjrpes  of  illuminanti. 
notably  incandescent  lamps,  it  has  unfortunately  been  customary  to  adopt 
as  a  basis  the  moan  flux  density  or  candle-power  in  a  horiiontal  plane  throufb 
the  source.  Whether  rated  in  this  way  or  by  the  candle-power  in  some  olh« 
direction  or  plane,  it  in  always  desirable  to  reduce  the  values  to  totalUfbt 
flux  for  some  purposes.  Hence  reduction  factors  are  commonly  given  wiA 
some  illuminantK,  and  the  term,  "spherical  reduction  factor,"  has  come  to  be 
applied  oBoecinlly  to  the  ratio  between  mean  ppherical  candle-power  and  meftfi 
horisontal  candle-power  oX  incandescent  electric  lamps.     (See  Par.  M.) 
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OALOTTLATIONS  Or  HXUHDTATIOH  INTSKBITT 
IM .  OUulflc&tlon  of  mothoda.  AasunuDg  that  light  diatribution  data, 
ucti  aa  those  preaeated  in  Fig.  44  are  available,  it  becomes  possible  to  com- 
ute  the  iUumioatioa  produoed  upon  any  given  plane  by  the  light  uource  in 
ny  given  location.  For  the  sake  of  simplicity  it  will  be  considered  that  the 
ght  source,  whose  distribution  is  indicated  in  the  diagram,  ia  mounted  over 
be  centre  of  a  horiiontal  plane  which  is  to  be  illuminated.  For  such  com- 
utationa  there  are  three  customary  methods.  The  flux  of  light  delivered 
pon  the  horiiontal  plane  will  be  the  sum  of  that  directed  toward  the  plane 
rom  the  souroe  and  that  reflected  to  the  plane  from  ceiling  walls,  etc. 

IM.  Flux  mtthod  (direct  light).  For  many  purposes  an  approximate 
alculation  of  the  flux  deliverea  upon  the  plane  of  reference  is  adequate, 
n  such  cases  it  may  servo  to  determine  the  approximate  square  feet  of  the 
lane  to  be  illuminated  and  to  estimate  the  total  flux  which  will  reach  such 
lane.  For  example,  assume  that  a  certain  room  has  a  floor  area  12  ft.  7  in. 
y  12  ft.  2  in.,  and  that  it  is  desired  to  estimate  the  light  flux  delivered  upon  a 
orixontal  plane  36  in.  above  the  floor  from  a  light  source  located  over  tJic 
entre  of  the  ar^  and  0  ft.  4  in.  above  the  plane  ofrefcrence.  *  Roughly,  tho 
ux  delivered  within  an  angle  of  45  deg.  above  the  horisontal  will  fall  upon 
hiaplane.  Applying  lonal  constants  (Par.  181)  to  the  candle-power  values 
1  Fig.  44,  we  nave  either  or  both  of  the  following: 


Angle 

Const&nt  c-p. 

Angle 

Constant  c-p. 

40 
30 
20 
10 
0 

0.383X100-38.3 
0.207X102-30.3 
0.203X105-21.3 
0.104X110-11.4 
0.013X113-    1.51 

45 

30 
IS 
0 

0.29SX  99-29.2 
0.446X102-45.4 
0.230X107-24.6 
0.029X113-   3.3 

Mean  lonsl  c-p 102.81 

Mean  lonal  c-p 102. 5 

Vith  a  mean  candle-power  of  103  distributed  throughout  a  lone  extending 
rom  the  nadir  to  45  deg.,  the  flux  in  lumens  is  found  by  multiplying  103  by 
be  number  of  unit  solid  angles  in  the  45.  deg.  sone  or  103X2r  (cos  ffa  — 
OS  ffu)  — 190  lumens. 

187.  nuz  method  (indlrtot  llfht).  Referring  to  report  of  test"  of 
he  installation  described  it  will  be  seen  that  the  lumens  directed  to  the  plaue 
f  reference  hy  the  lifting  unit  are  191  in  number,  with  which  value  the 
hove  determination  is  in  accord.  The  light  source  produces  779  lumens. 
Lsl91  lumens  reach  the  plane  of  reference  (779  —  191  —)  688  are  incident  uprm 
eiling  and  walls,  where  they  are  partly  absorbed  and  partly  reflected 
ither  toward  the  plane  of  reference  or  elsewhere.  The  greatest  uncertainty 
a  estimating  total  flux  on  a  plane  is  arriving  at  the  amount  of  Buch  indireot 
ght.  The  test*  ahows  that  189  lumens  or  (189/588=*)  32  per  cent,  of  this 
lux,  which  the  lighting  unit  directed  elsewhere,  ultimately  reached  the  piano 
i  reference,  thus  equalliag  the  light  directed  toward  the  plane  by  the  lighting 
uoit.  In  this  case  the  room  was  amall  and  the  reflection  from  ceiling  and 
rails  was  more  effective  than  usual.  If  instead  of  a  room  the  area  is  a  bay  in 
•  larger  room,  the  light,  which  here  falls  upon  the  walls,  will  add  to  the  illunii- 
latioD  of  adjoining  bays,  and  the  bay  under  consideration  will  profit  LikewiAO 
rom  adjoining  bays.  In  an^  installation  this  indirect  light  must  be  esti- 
Hated  taking  into  consideration  the  flux  directed  elsewhere  than  upon  the 
•lane  of  reference  and  the  reflecting  qualities  and  location  of  the  reflecting 
urfoces.     Some  data  on  this  subject  are  given  in  Far.  166. 

imcnNCT  or  utilization 

166.  Definition.  Where  the  illumination  of  such  a  plane  is  the  principal 
lurposeof  the  lighting  installation,  the  ratio  of  flux  delivered  upon  the  plane 
0  total  flux  produced  by  the  illuminant  is  sometimes  called  the  "eflScicnry  of 


*  Actual  conditions  described  by  Sharp  and  Millar, 
Vms.  lUg.  Eng.  Soo.,  1910,  p.  391. 
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ILLVUINATION 


utiliution."     In  thii  oaae,  mmiTiiing  that  tha  reflefltor  uied  \rftli  tbcUbii^ 
nant  ubioibB  20  per  oent.  of  the  total  flux  produoed,  there  will  be  aa 
of  utiliiation  of  376/(779/0.8)  -30  per  cent. 

tM.  Katlmstei  of  effideney  of  utUiutlon.  In  many  easai  vbcn 
mation  of  this  character  ia  undertaken,  practitionen  beaome  n  famiKar 
the  effeote  produced  that  they  do  not  take  the  trouble  to  aeparate  direct  L 

the  indirect  components  of  the  light  which  reaehea  Hm  plane  of  retereiiee. 

approximate  a  total  ratio  of  flux  upon  the  plane  of  reference  to  flux  prodaoat 
by  the  illumination.  Suoh  percentagea  nauaily  range  from  26  for  indinA 
lighting  ayatenu,  to  60  for  the  beat  direct  lighting  ayetama.  Some 
fumiahed  by  Cravath  are  of  inteieat  in  thia  connection, 

IM.  B«Uo  lluz  dellTered  upon  SO-in.  horiaontal  plane,  to  total  flnt 
produoed  by  Uluminant 
(Deduel  25  to  SO  per  cent,  far  dirt,  etc) 
(.Compiled  by  J.  g.  Craxaih)  


Equipment 


Direct;  priamatic,  or  opal  reflectors  at 
ceiling. 


Direct;  troated  globea  at  ceiling. 


Direct:  bare  lamps  at  ceiling 


Indirect;  cove,  enameled. 


Indirect;  efficient  conical  reflectora  on 
central  fixturea 


Light-reflect- 
ing quality 


Walls     Ceiling 


Light 
Dark 
Light 
Dark 
Dark 


Light 
Dark 
Light 
Dark 
Dark 


Light 
Dark 
Light 
Dark 
Dark 


Light 
Light 


Light 
Dark 
Light 
Dark 


Light 
Light 
Light 
Light 
Dark 


Light 
Light 
Light 
Light 
Dark 


Light 
Light 
Light 
Light 
Dark 


Light 
Light 


Light 
Light 
light 
Light 


Shortest 
dimenaian 

of  room. 

divided 
by  height 


3  or  more 
3  or  more 
1-3.5 
1-2.5 
1-2.5 


3  or  more 
3  or  more 
1-2.5 
1-2.6 
1-2.5 


3  or  more 
3  or  more 
1-2.5 
1-2.5 
1-2.8 


3  or  more 
1-2.5 


8  or  mor« 
3  or  more 
1-2.6 
1-2.5 


Ratia 


SS-9S 
SO-Vt 
SO-«0 
45-JS 

3O-I0 


35-45 
30-10 
30-40 
25-35 
15-21 


40-60 
37-47 
38-48 
3O-I0 
20-30 


15-» 
10-30 


34-44 
33-43 
30-M 
25-35 


L 


191.  Data  on  eflleieno^  of  utUiaatlon.    Sweet*  bos  worked  out  vsiT 
complete  data  upon  the  efficiency  of  utilisation  of  light  in  small  and  xnedinv  ' 
siaeci  rooms  illuminated  by  Masda  lamps  with  reflectors  selected  to  gire 
approximations  of  uniform  diatribution  of  light  over  a  horisontal  plane  30  in.  . 
above  the  floor.     Hia  teat  room  was  13  ft.  6  in.  by  23  ft.  6  in.  with  a  oeibi(  | 
height  10  ft.  4  in.     One  side  of  the  room  was  given  over  to  window  apace; 
wafls  and  oeiling  surfaces  wore  of  mat  white  cardboard.     His  results,  whaA 
are  in  part  test  data  and  in  part  values  derived  from  test  data  by  (imputa- 
tion, are  presented  in  Figa.  46  to  47,  showing  ratio  of  lif  ht  delivered  upon  the 
plane  of  reference  to  total  light  produced  bv  the  illuminants  with  the  liAt 
source  over  the  centre  of  the  room,  with  ceilings  having  respectively  ligm- 
reflecting  coefficients  of  60,  40  and  20  per  cent.,  and  with  wall-reSectioa 
coefficients  as  stated.     Thus  in  Fig.  46,  which  presents  data  applicable  to  a 
40  per  cent,  reflection  ceiling,  it  will  1m  observed  tnat,  with  a  light-density  opal 

*  Illg.  Eng.  Soc.,  February  8,  1912. 
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Sec.  14-192 


■fleetor,  42  per  cent.  o(  tiw  total  lisht  piodaeed  is  deUrerad  upon  th«  plan* 
f  ref  ereDce  il  the  walb  1uit«  reflection  coeffidente  of  30  per  cent.,  wUle  46  per 
tax%.  is  deliTered  upon  the  plane  if  the  reflection  coefficienta  of  the  walls 
BtouKt  to  60  per  cent.  These  very  comj^te  data  should  be  helpful  in  form- 
DC  a  oomect  eetimate  of  the  net  ratios  of  liffht  utiliiation  in  small  and 
■edium  eised  rooms  with  oentral-eeiling  equipments. 


^ 

^ 

^ 

IQ 

nr' 

5^ 

' 

s»Sl 

tiS 

«JJ. 

■^ 

gs 

i 

^ 

jiS 

•'^ 

11 

1 

^ 

1 

•2 

1 

i 

1 

i 

^ 

' 

-fii 

.IV» 

^ 

>" 

<f 

,«i*^ 

■V 

e»S 

l-* 

^ 

-^ 

^ 

>,^ 

■^ 

K 

^ 

^ 

»'5 

^ 

^ 

£ 

-^ 

> 

H 

80 

•* 

^ 

.«* 

s^ 

,^ 

y^ 

11)*' 

pS= 

UiS 

i>vi: 

-- 

26 

^ 

-^ 

>^ 

ri' 

;-a 

*i- 

Ijljl 

ly. 

^ 

-^ 

.J 

ij«! 

BJJ 

»> 

» 

^ 

— ' 

0         lonioisuuiD 

CseSclent  of  aaBKtlon  of  Wklla 
Fio.  46. — Per  eent.  flux  delivered  upon  working  plane  when  reflection  coeffi* 
eient  of  ceiling  is  0.60. 

IM.  Inflnsne*  of  wall  riAsetton  on  effloleney  of  utUlaation.  A 
study  of  these  data  of  Sweet  (Par.  Itl),  indicates  that  with  60  per  cent. 
eeilinKS  the  loss  in  flux  on  the  plane  of  reference  involved  in  clianging  from 
40  p«r  cent,  to  10  per  cent,  reflection  walls,  ranges,  for  the  several  eauip- 
ments,  from  6  per  eent.,  in  the  case  of  opaque  reflectors  where  very  little  light 
is  inddent  upon  the  wuls,  to  a  maximum  of  20  per  cent,  in  the  case  of  a  rare 
lamp.     The  details  of  these  losses  are  given  in  Far.  IM. 

m.  C«min«it  on  flux  mstbod.  From  the  foresMng  (Par.  IM  to  IM) 
a  reasonably  accurate  eetimate  of  the  influenoe  of  eeiung  and  walls  may  be 
formed.  As  the  flux  directed  toward  the  plane  of  reference  by  the  lighting 
unit  may  be  computed  quite  accurately  where  a  light  distribution  curve  is 
available,  and  as  this  direct  lighting  is  usually  the  greatest  proportion  of  the 
total  which  reaches  such  plane,  it  will  be  seen  that  estimates  of  the  illumina- 
ti<u>  produced  ma^r  be  maide  very  quickly  by  this  method,  and  will  be  usually 
as  preoise  as  conditions  require.  The  computation  of  the  angle  below  which 
an  of  the  flux  is  directed  toward  the  plane,  is  asimple  matter  of  triangulation. 
Moat  recent  light-distribution  data  are  accompaued  by  sonal-flux  data  (Fig. 
44}  which  nases  the  approximation  of  the  total  flux  within  the  directly 
applied  sone  a  mere  matter  of  addition.  Where  sonal  values  are  not  avail- 
able eomputation  of  the  flux  from  the  light  distribution  curve  is  reasonably 
simple  (Far.  IM). 
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Fia.  40. — Per  cent,  flux  delivered  upon  working  plane  when  re6eetion  coeffi- 
cient of  ceiling  is  0.40. 

104.  Reduction  in  flax  on  SO-ln.  horisontal  plane  involTod  In  rodue- 
Ing  reflection  coefficient  of  walli  from  40  to  10  per  cent. 

(Rejl^ction  coefficient  ofctiling  being  taken  aa  00  per  cent. — Inmp  awer 

centre  of  room) 


Lamp  uacd  with 


Per  cent.  lo«« 


Opaque  reflector 

Heavy-denaity  opal  (depolished) . . 
Medium-density  opal  (nigh  glaie). 

Prismatic  extensive 

liight-density  opal 

Prismatic  intensive 

Priamatic  intensive  (natin  finish), . 
Prismatic  extensive  (satin  finish) . . 

Semi-indiroct 

Indirect  mirror  reflector 

Bare  lamp 


5 
8 
9 
10 
10 
11 
12 
13 
15 
IS 
20 


195.  nnz  to  produce  given  illumination.     In  many  cases  of  illumins- 

tion  practice  it  is  desirable  to  invert  the  order  of  computation  and  beginnhic 
with  the  flux  density  or  foot-candles  required  upon  the  plane  of  r^erenoe, 
to  determine  by  this  method  how  much  light  flux  must  be  produced.  Taking 
the  case  assumed  above  (Par.  186),  and  assuming  further  that  an  illumination 
intensity  of  2.5  foot-candles  or  2.5  lumens  per  sq.  ft.  is  required,  the  &r«&  of 
the  room.  153  sq.  ft.,  is  multiplied  by  2.5,  giving  382  lumens  which  should  b* 
applied  upon  the  plane  of  reference.     It  may  oe  assumed  that  this  can  bt 
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kceompllshed  by  using  a  reflector  which,  while  directing  most  of  tho  light 
»ward  the  plane,  will  still  transmit  sufficient  to  light  the  ceiling  and  walls 
icoeptably.  With  auch  equipments  it  is  reasonable  to  expect  that  50  per 
»nt-  of  the  light  may  be  (ieiivercd  vipon  the  plane  of  reference.  yVt  once  it  is 
stablished  that  764  lumend  should  be  generated  within  the  room.  This  will 
»  produced  by  a  100-watt  Mazda  lamp,  which  produces  about  1,000  lumens, 
eaving  a  margin  of  25  per  cent,  for  absorption  by  reflector,  depreciation  due 
;o  dust,  eto. 
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20  30  40  50 

Coefficient  of  Ei-flcction  of  Wells 
Flo.  47. — Per  cent,  flux  delivered  upon  working  plane  when  reflection  coeffi- 
cient of  ceiling  is  0.20. 

IM.  AblOTption-of-ligbt  method.  .\n  aUernntive  method  of  com- 
puting light  flu.x  for  an  illumination  installation  is  the  ",\bsorption-of-Iight" 
method.*  This  is  ba-iicd  upon  the  fundamental  consideration  that  all  of  the 
ii^ht  within  a  room  being  absorbed,  the  illuminanls  must  produce  Iho  sum  of 
the  light  Bus  absorbed  b.v  the  various  surfaces.  That  is  to  say,  the  ayer- 
ftge  incident  flux  upon  each  surface  multiplied  by  the  coefficient  of  light 
absorption  characteristic  of  that  surface  and  by  the  area  of  the  surface?  will 
field  the  total  flux  absorbed  by  that  surface,  and  the  sum  of  the  flux  absorbed 
by  all  expoeed  surfaces  within  a  room  must  aggrogate  the  total  flux  to  be 
produced  by  the  lighting  unit.  (In  such  civse,  of  course,  the  absorption  of 
[ight  involved  in  the  use  of  an  auxiliary  nmst  be  added  to  this  aggregate  to 
ucertain  the  total  amount  of  light  to  be  produced  by  the  illuminant  proper.) 
Referring  to  the  room  already  mentioned, t  we  find  the  data  necessary  to 
verify  this  method.     These  are  summarized  in  Par.  197. 

•McAllister.  "The  Absorption-of-light  Method  of  Calculating  Illumina- 
tion," Bfccfri'co;  TTwW,  November  21 ,  1908.  ,„       .       .        „, 

t  Actual  condition  described  by  Sharp  and  Millar '■Illumination    I  ests, 
rroiM.  lUg.  Eng.  Soc,  1910.  V 
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Sec.  14-197  ILLUMINATION 

1*T.  Abiorptlon  of  Ilf ht  ta  a  flTan  room 


Surface 

Lumena 

Incident  from  all 
directiona 

Coefficient  of 
abaorption 

AlMorbtd 

C-AitiTlff 

280 
672 
376 

0.14 
0.67 
1. 00 

3t 
382 
376 

Walla 

30-in.  horiaontal  plane. . . 
Total 

797 

4»ri' 


S  • 


L 


Fia.  49. — Illustration  of  00- 
«in«  law. 
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Its.  Point-by-polnt  method.  The  third  method  of  computing  illumi- 
nation, the  "point-by-point"  method,  is  laborious  but  it  ia  best  calculated  to 
yield  results  which  are  accurate  in  detail.  By  thia  method  an  exact  oompo- 
tation  is  made  of  the  intensity  of  luht  directea  upon  any  surface  bv  the  li(Dt- 
ing  equipment,  and  to  this  is  added  an  estimated  amount  for  tne  diffused 
and  indirectly  leBected  light  which  aupplementa  the  dix«et  light. 

IM.  Illumination  intensity.  The  determination  of  intensity  at  aajr 
point  when  the  distribution  of  light  is  known,  involves  the  application  of 
two  fundamental  laws,  the  inverse-square  law  (Par.  SOO)  and  I^ambert'i 
cosine  law  (Far.  Ml). 


(«) 


Fig.  48. — Illustration  of  inverse-square  law. 


iOO.  The  InTaru-square  law  (Far.  Itt)  is  demonstrated  in  Ftg.  48 
in  which  it  ia  apparent  that  at  twice  the  distance  the  given  flux  of  tight  radiat* 
ing  from  a  point  source  covers  four  times  as  great  an  area  and  therefore  its 
density  is  one-quarter  as  great.  Proof  of  this  law  is  as  follows:  let  i7  —  Ift> 
tensity,  in  foot-candles;  J*  —  Flux,  in  lumens;  S  — Surface,  in  sq.  ft. 

*       S        4Trt 
El-    .-^.  (7)  or 


(« 

ft-    r.  ® 

that  is  B  varies  as  1/r.' 

Ml.  Lambert'i  ooilne  law  (Far.  IM). 
If,  however,  the  plane  surface  upon  which  the 
Ughtfallsis  inclined  from  the  normal,  the  flui 
of  light  incident  upon  the  surface  will  -vvy 
as  the  Cos  of  its  angle  of  inolinaUon.  This 
ia  known  as  Lambert  s  cosine  law. 


/CosJ 
"d" 

where  lis  the  candle-power,  8  is  the  angle  of  in- 
clination to  normal,  and  d  is  the  distance  from 
source  to  surface.  This  reduction  in  incident 
flux  due  to  inclination  of  the  surface  is  iUuc 
trated  in  Fig.  49  in  which  itis  seen  that  if  thr 
surface  is  inclined  60  deg.  from  the  normal,  tht 
incident  flux  will  be  halved  (Co*  60  dec.  -  0.S). 
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tM. 

T»bU  of  iquarad  and  oub«d  ootlaM  (Far. 

MM) 

Coaine 

Cosine                  1 

Angle 

Angle 
(deg.) 

(de,.) 

Squared 

Cubed 

Squared 

Cubed 

1 

1.000 

1.000 

21 

0.871 

0.813 

2 

0.999 

0.098 

22 

0.859 

0.797 

3 

0.997 

0.006 

23 

0.847 

0.780 

4 

0.995 

0.993 

24 

0.834 

0.762 

5 

0.992 

0.088 

25 

0.821 

0.744 

S 

0  989 

0.083 

26 

0.808 

0.726 

7 

0.985 

0.078 

27 

0.794 

0.707 

8 

0.980 

0.071 

28 

0.780 

0.688 

9 

0.976 

0.963 

20 

0.764 

0.668 

10 

0.970 

0.955 

30 

0.750 

0.649 

11 

0.963 

0.945 

31 

0.735 

0.630 

12 

0.956 

0.935 

32 

0.719 

0.610 

13 

0.949 

0.925 

33 

0.703 

0.590 

14 

0.941 

0.913 

34 

0.687 

0.570 

15 

0.933 

0.901 

35 

0.671 

0.550 

16 

0.924 

0.888 

36 

0.654 

0.529 

17 

0.914 

0.874 

37 

0.638 

0.509 

18 

0.904 

0.860 

38 

0.621 

0.489 

IS 

0.894 

0.845 

30 

0.604 

0.469 

20 

0.883 

0.820 

40 

0.587 

0.449 

41 

0.569 

0.420 

60 

0.166 

0.0673 

42 

0.552 

0.410 

67 

0.153 

0.0596 

43 

0.535 

0.391 

68 

0.140 

0.0526 

44 

0.516 

0.372 

89 

0.128 

0.0460 

45 

0.500 

0.353 

70 

0.117 

0.0400 

46 

0.483 

0.335 

71 

0.106 

0.0346 

47 

0.465 

0.317 

72 

0.0955 

0.0296 

48 

0.448 

0.300 

73 

0.0855 

0.0250 

49 

0.430 

0.282 

74 

0.0759 

0.0209 

50 

0.413 

0.265 

75 

0.0669 

0.0173 

31 

0.396 

0.240 

76 

0.0585 

0.0142 

32 

0.379 

0.233 

77 

0.0506 

0.0114 

53 

0.363 

0.218 

78 

0.0432 

0.00900 

54 

0.345 

0.203 

79 

0.0363 

0.00693 

55 

0.329 

0.180 

80 

0.0300 

0.00523 

56 

0.312 

0.175 

81 

0.0244 

0.00383 

57 

0.297 

0.161 

82 

0.0194 

0.00270 

58 

0.281 

0.140 

S3 

0.0149 

0.00181 

50 

0.265 

0.137 

84 

0.0109 

0.00114 

60 

0.250 

0.126 

61 

0.235 

0.114 

62 

0.221 

0.103 

63 

0.206 

0.0036 

64 

0.192 

0.0842 

65 

0.179 

0.0764 
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JLLVUIftATION 


tot.  ConwutaUan  of  illumination  intaiuttirak  any  peiafc.    In  con 

puting  the  ilTuimaation  intenaity  or  flux  density  upon  any  surface,  tbe  dij 
tanoe  from  the  light  source  to  the  surface  is  computed,  the  candle-jpower  i 
divided  by  the  square  of  the  distance  in  order  to  obtain  the  normal  illuniiui 
tion  intensity,  which  is  multiplied  by  the  Cosine  of  the  an^e  of  indinatsol 
of  the  surface  in  order  to  obtain  the  flux  density  or  illununation  intensitj 
for  any  desired  incUnatian. 

7,Cost»      .    , 

1?        „  _z m  f  t.-candles  or  lumens  t\A 

A'  per  sq.  ft.  "^ 


I,  Cost » 


Sur.  — 


kx 


Ewtrl. 


IfCoa'tiin$ 
hi 


in  fL-«andles  or  lumens  aw 
per  sq.ft.  "" 


in  fU-oandles  or  lumens  tfi 
persq.  ft.  "^ 


where  /.  is  the  candle-power  at  stated  ancle,  t  is  the  as^  from  the  rerticsl, 

and  h  is  the  height  in  feet  above  plane  of  reference.  In  such  computation, 
the  distance  is  obtained  by  triangulation  and  the  formula  is  such  as  to  lean 
the  Cos' 9  thesignificant  factor  for  computations  of  horisontal  illumioatioo 
and  the  Goe*  0  for  computations  of  vertical  illumination.  In  Par.  Mf  ars 
given  values  of  Cos*0  and  of  Cos*  6  which  will  be  of  servicein  this  connertioo. 
10<.  Aids  to  computation  of  illumination.  A  number  of  Eraphicsl 
and  mechanical  aids  to  the  computation  of  illumination  have  been  aensed.' 

BKiaHTNKBS  * 

IM.  Definition  of  brifbtneu.     In  Tig.  50  a  diffusely  reflMting  surfan 
which  is  uniformly  illuminated,  is  viewed  from  position  P  through  an  aper- 


Fio.  SO. — Illustrating  brightness  characteristic  (Par.  tOI). 

ture  in  a  screen.  The  surface  is  located  successively  In  three  poaitioM 
S,  St  and  St.  In  all  positions  it  appcare  of  the  same  brightness.  It«  bright' 
ness  is  independent  of  indination  or  distance  from  the  eye.     The  brightneM 

*  **  Theory  and  Calculation  of  Illumination  Curves,*'  Benford,  111^.  Eng. 
Soc.,  1912. 

'*  Graphic  Solution  in  Problems  Involving  Plane  Surface  Lighting  Source," 
McAllister,  EUctrical  World,  December  8,  1910. 

"  Graphic  Solution  for   Illumination  Problems,"   Dickinsen,    Bltctritai 
World,  September.  20,  1913. 

"Tables  for  the  Computation  of  Illumination,"  published  by  Wro.  H.  King, 
Dorchester,  Mass. 

Weinbeer  (Slide  rule)  IHq.  Enaintrr  (London),  1908,  p.  550. 

Macbeth  (CalculatoiO  Hv-  Engineer,  1908,  p.  21. 

Computing  Device,  Eng.  Dept.,  National  Lamp  Works,  I9I3. 
These  are  of  much  assistance  in  work  where  numerous  oomputationa  are  to 
be  made. 
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I  ft  lurface  which  U  not  a  perfect  diffiuer  may  vary  with  angle  of  view,  but 
!  it  is  large  enough  to  cover  the  field  of  view,  ita  apparent  brightness  will  not 
ary  with  diatanoe. 
S06.  Relation  of  brlghtneii  to  incident  light.  This  may  bo  stated 
nly  for  a  projected  area  of  a  perfectly  diffuBiug  piano  Burfaco  for  which 
^mE  where  b  is  the  brightnessj  m  is  the  coefficient  of  diffuse  reflection; 
nd  B  la  the  incident  flux.  Brightness  is  expresHod  in  candle-(>owcr  per 
q.  cm.  or  in  candle-power  per  sq.  in.  Interiors  as  illuminat<-d  at  night  have 
iri^tneoa  values  of^Uie  order  oi  0.0005  candle-power  per  eq.  cm. 

APPLIED  ILLUMINATION 

THS  rimDAMKNTALS  OF  VISION 
107.  Contrait  Tiaion.  We  see  things  by  reason  of  contour,  relief  uud 
olur,  t.^.,  shade  perception  and  color  perception.  According  to  Fechuer'a 
aw  of  Heosations  we  perceive  a  fixed  fractional  differeuce  of  the  total,  irre- 
pective,  within  limita,  of  the  amount  of  the  total  etMisation,  and  the  sensa- 
lon  ia  proportional  to  the  logarithm  of  the  stimulus.  Thia  minimum  per- 
»ptible  contrast  is  usually  of  the  order  of  1  per  cent.,  and.  ^^ith  increasing 
inghtnesa  within  wide  working  limits,  the  visual  power  increases  but  slowly. 
908.  Color  lenaationi.  Ocular  discernment  an  presented  in  the  Young- 
Selmholtz  theory  is  based  upon  three  primary  sensations :  red,  green  and  blue- 


Fia.  51. — Primary  color  sensatic 


riolet,  respectively.  These  overlap  much  as  shown  in  Fig.  51,  the  curves  of 
irhioh  show  what  color  sensations  will  be  stimulated  by  radiation  of  any 
pven  wave  lengths  within  the  visible  spectrum.  The  seat  of  color  sensation 
B  said  to  lie  in  the  cones  of  the  retina  which  are  found  almost  exclusively  in 
the  fovea,  the  rods  beinp  limited  largely  to 
emj4oyment  in  twilight  vision. 

109.  Prot«etlTe  equlpntent  of  eye.  The 
protective  apparatus  of  tne  eye  against  exces- 
nve  radiation,  consists,  first,  of  the  pupil, 
whose  automatic  response  to  changes  in  inten- 
lity  of  light  under  certain  conditions  are 
ihown*  in  Fig.  52.  It  will  be  seen  that  the 
ftrea  of  the  pupil  aperture  does  not  alter  suf-  _ 
fidently  to  protect  ^e  eye  against  elTecls  of  £l  20 
the  large  cbangeainillumination  which  it  must 
encounter;  the  second  protective  element  is 
to  be  found  in  retinal  adaptation. 

HO.  OtlieroeuUrcharacterlBtici.  Some 
of  the  physiological  characteristics  of  the  eye 
which  are  of  importance  inillumination  work 
areaifjllows:  (a)  adaptation,  the  slow  reti- 
nal  change  which  supplements  the  rapid  pu* 
pillary  change  both  tending  to  adjust  the  eye 
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Fin.  52. — Reaction  of  pupil 
to  variations  in  light. 


*  Lambert's  Experiments  as  reproduced  in  the  "Art  of  Illumination" 
by  Bell. 
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for  b«st  viaion  under  anv  oondition  ol  liiiht  inteiuity;  (b)  taAviMaa,  th 

name  applied  to  that  effeot  of  contrast  which  oauM*  a  dark  surface  to  amai 
darker  when  in  juztaporition  with  a  brighter  surface  or  via  scrca;  (e)  TVF 


kin]a  eflaet,  the  tendency  of  the  eve  to  twoome  more  aensitive  to  li^t  a 
short  wave  lengths  than  to  Uibt  of  long  wave  lengths  when  the  intenaty  it 
low.  Due  to  the  last-mentioned  effect,  with  the  same  low  intensity  of  litfit 
blues  and  greens  appear  brighter  than  does  red.     See  tlso  Par.  U^IS. 

111.  Tbreihold  Tlaion.     In  many  oculu  tests  the  point  of  mi: 

perception  is  the  bans  adopted.     These  ara  known  as   "threahoid"  oa 

limen'*  testSj  and  are  apphed  to  determine  Tlaual  acultj,  flicker,  etc. 
Visual  acuity  is  generally  expressed  in  terms  inversely  proportioiia]  to  tAi4 
visual  angle  subtended  by  the  observed  object  at  threehold  value,  unity  being 
taken  as  an  angle  of  £  mio.  Visual  acuity  is  tested  by  determination 
of  the  smallest  discernible  object,  as  a  letter,  under  a  0Ven  low  intensity  ui 
illumination;  or  the  ^atest  distance  at  which  a  given  object  under  a  giraa 
intensity  of  illumination  may  be  discerned;  or  the  minimum  illumination  at 
which  a  given  object  at  a  given  distance  may  be  discerned.  Flicker  teats' 
usually  consist  in  the  determination  of  the  minimum  change  in  intcnaty' 
upon  an  observed  object  which  may  be  perceived  with  a  given  rata  of  ffiekec. 
or  the  minimum  rate  of  flicker  which  may  be  detected  with  a  ^ven  chance  in 
intensity.  Threshold  teats  of  shade  perception  are  also  applied.  The  Kb* 
of  division  between  such  tests  and  visual  acuity  teste  is  not  clearly  iiidicated« 
since  some  visual  acuity  tests  in  one  sense  are  shade  perception  testa.  In 
all  such  tests  the  accuracy  attained  is  of  a  lower  order  uian  that  attained  in 
comparison  tests  where  one  surface  is  brought  to  the  same  brightnes  as 
another  surface  in  Juxtaposition  to  it. 

til.  Piychology  of  villon.  Vision  is  a  combined  nhysiolocioal  and 
psychological  proeeae.  For  example,  the  eye  as  an  optical  instrument  pro- 
duces upon  the  retina  an  inverted  image  of  an  object  viewed.  Thia  applies 
the  stimulua  to  produce  the  sensation.  The  mind  interprets  before  tlia 
object  is  rightly  perceived.  Therefore  the  subjecUve  phenomena  associated 
with  vision  are  of  prime  importance;  unfortunately  they  are  but  Uttle  under- 
stood by  lighting  practitioners.  The  obeerver's  conception  of  the  appear- 
ance of  objects,  images  of  which  are  impressed  upon  the  retina,  depends 
upon  the  mental  interpretation  of  such  images  in  the  light  of  trscutioii, 
memory  and  experience. 

OHASAomusnoB  or  iLLuxnrATioir 

lit.  Steadineu  ▼■.  fluctuation  In  llgbt.  Reliability  in  an  illuininatioB 
system  is  a  first  re<fuisite.  Of  a  like  obvious  character  is  stsftdineea.  Un- 
steadiness is  distressing  and  perhaps  injurious  to  the  eyee  in  spite  of  the  pro- 
tective features  with  which  they  are  provided.  Unsteadiness  of  licJht.  as 
enoounterod  in  flames  which  fluctuate  with  atmospheric  disturbances,  is  not 
found  in  electric  illuminsnts  as  a  rule,  though  aro-lampe  exhibit  somewhat 
similar  tendencies.  Unsystematio  fluctuations  in  ^e  arc  may  be  due  to  a 
wandering  of  the  arc.  This  propensity  changes  the  li^t-distnbution  char- 
acteristics, notably  in  the  open  carbon-arc  lamp;  or  reaults  in  vapotiang 
a  more  or  less  luminous  material  from  the  electrode,  as  in  the  flame-are  lamp 
and  metallic-electrode  lamp.  Requirements  in  indoor  lighting  are  such  as 
to  bar  badly  fluctuating  light  sources  from  general  use.  The  requirements 
for  exterior  lighting  are  less  rigorous  in  this  respect,  and  therefore  aro-Iamp 
fluctuations  which  could  not  be  tolerated  for  moat  indoor  purpcaee,  do  not 
constitute  serious  objections  for  so^me  classes  of  exterior  lighting. 

Incandescent  lamps  are  subject  {o  unsystematic  light  fluetuationa  only 
when  operated  upon  a  circuit  which  carries  a  varying  power  load  as,  for 
example,  elevator  motors.  Byitemmtie  light  fluetuationa  occur  oa 
alternating-current  service.  Incandescent  lamps  are  characterised  by  creater 
thermal  stability  than  arc-lamps,  and  these  cyclic  light  fluetuationa  are 
therefore  less  senous.  For  incandescent  lighting,  35  cycles  appeals  to  be  the 
approximate  lower  frequency  limit  for  satisfactory  servioe  of  all  dasees, 
though  for  many  purposes  2S  cycles  Ughting  has  been  found  satisfactory. 

tl4.  Intantltr  or  fluz  denaity  is  an  all-important  fundamental  to  be 
considered  in  illuminating  practice.  SufGcient  intensity  of  light  must  be 
provided  to  serve  utilitarian  purposes,  to  enable  the  eyes  to  aoeomplish  their 
■  unction  without  undue  fatigue,  and  to  create  pleasing  sfTects — three  purpoees 
which  must  be  served  in  the  order  of  their  importance  in  all  installations.     To 
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aoeomptiah  thU  it  may  be  neeeas&ry  to  |>rovide  an  illuminatioo  of  uniform 
Intensty,  or  the  flux  may  have  to  be  distributed  diasymmetoioidly.  Shadows 
are  important,  oontrasta  must  be  correct  and  a  caraul  study  of  the  inten- 
ntiea  neoenary  to  produce  brightneu  of  the  right  order  is  essential  to  succeas 
LQ  lighting  installations. 

SIS.  Inteniitiei  for  ▼arioui  olaaaes  of  Mrrloo.  For  the  more  usual 
rlsimnn  of  work,  inteositiea^  of  Ulumination  range  from  1  to  7  foot- 
eaodlev.  In  some  classes,  as  in  draughting  rooms,  10  to  20  foot-candles  are 
reauired.  In  other  classes  of  lighting,  very  much  higher  values  must  be  pro- 
riaed,  notably  in  show-window  lighting  where  the  demand  for  great  bril- 
liancy fixes  a  standard  of  25  ot  30  foot-candles  for  general  purposes  and  in 
industrial  work,  as  in  sewing  upon  dark  garments  where  tne  work  is  done 
3ver  limited  areas,  values  as  nigh  as  100  foot-candles  may  be  denrable. 
Fbe  standard  to  be  set  in  any  ^ven  installation  must  be  reached  after  careful 
itudy  of  the  local  conditions  and  of  the  requirements  peculiar  to  that  instiUla- 
Lion^  Pronouncements  of  various  writers  on  this  subject  are  of  value  in 
■ennng  as  a  general  guide,  but  they  should  not  be  regarded  as  final  for  any 
particular  installation.  A  compilation  of  pubUshed  data  on  intensities  is 
presented  in  Par.  S19. 

S19.  Direction.  The  best  direction  for  the  strongest  component  in  any 
:nuxnlnation  system  ia  peculiarly  a  matter  for  determination  after  study  of 
local  conditions.  In  natural  hghting  there  is  usually  a  strongly  cUrected 
component,  the  only  exception  being  a  condition  of  diffusea  light  such 
■■  that  produced  by  mists,  rain,  etc.  A  great  variety  of  directions  for  this 
principal  component  is  experienced,  ranging  from  one  almost  directly 
downward  at  mid-day  in  the  summer  to  one  which  is  almost  horiaontal  just 
liter  sunrise  or  just  before  sunset.  It  is  probable  that  the  moat  pleasing 
Hreetion  for  daylight  conditions  lies  well  between  these  two  extremes.* 
Ilie  direction  of  ught  in  interiors  illuminated  from  side  windows  ia  unnatural 
uid  in  many  instances  is  neither  plessing  nor  comfortable.  This  is  especially 
true  of  offices  in  high  buildings  where  nothing  but  the  sky  is  visible  Uirougb 
the  window  from  a  point  well  in  the  interior  of  the  room. 

SIT.  XMrectiott  of  Ught  aflects  appearance.  A  suiuble  direction 
For  Ufl^t  is  very  important  in  industrial  work  where  the  avoidance  of  shadows 
and  the  avoidance  of  glare  are  of  paramount  importance.  The  appearance 
of  a  room  is  very  largely  dependent  uix)n  the  oirection  of  the  hgat-f  In 
i>mamentation«  relief  designs  are  absolutely  dependent  upon  the  relation  of 
ligbt  and  shade.  {  Usualljr  they  reouire  not  only  a  noticeable  directed  com- 
ponent but  also  they  require  that  the  direction  of  that  component  shall  be 
correct.  So  ^also,  in  the  general  appearance  of  a  room  and  of  the  objects 
contained  in  it,  shadows  are  important  and  their  proper  direction  is  a  promi- 
nent factor  in  determining  the  final  appearance  of  the  room.  The  direction 
of  incident  light  is,  to  some  extent,  a  determining  factor  in  the  extent  and 
chaiacterifltic  of  the  reflection  from  surfaces.  U 

SIS.  Dtffoslon.  See  Par.  SSO.  If  light  from  a  point  source  passes 
through  cr^tal  glass  or  is  reflected  by  a  mirror,  the  rays  are  uniformly  diver- 
■ent,  that  is  characteristically  radiating.  If  the  crystal  glass  or  the  mirror  be 
replaced  by  an  etched  glass  and  a  mat  reflecting  surface  respectively,  the 
umforrn  radiating  characteristic  is  lost,  the  rays  are  scattered,  and  further 
propagation  takes  place  in  a  multiplicity  of  directiona.  Such  light  is  called 
(fiffuaed  light.  If  the  surface  which  occasions  the  diffusion  ia  of  large  area 
and  the  illuminated  object  is  relatively  close  to  the  diffusing  surface,  it  is 
illuminated  by  diffused  light.  If,  however,  the  object  ia  relatively  far 
removed  from  the  diffusing  surface,  it  is  illuminated  bv  light  from  easentially 
one  direction,  the  raya  are  nearly  parallel,  and  the  light  ia  but  little  difTused. 
Henoe,  diffusion  is  a  relative  term,  and  the  subject  is  difficult  to  treat  in  a 
definite  way. __^ 

*  **  Diatribution  of  Luminosity  in  Nature."  Ives  and  Luckieah,  Trans. 
Dig.  Eng.  Soc.,  1911. 

Tlves.  "Some  Home  Experiments  in  Illumination,"  fr«n<»  Illg.  Eng. 
Soc.,  1913,  p.  238. 

X  Luekiesh.    ''Importance  of  Direction,  Quality  and  Diatribution  of  Light, 
rrajiwWnff    American  Oss  Institute,  1913. 

I  **  llieEffeot  of  Variation  of  the  Incident  Angle  on  the  Coefficient  of  Dif- 
fuse Raflection.*'     Gilpin,  rrww,  lUg.  Eng.  Soc,  1910. 
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no.  Various  deffr«M  of  difliuion.  See  Par.  118.  Perfect  diffusion 
ol  light  is  obtained  writhin  a  hoUow  sphere  whose  inner  reflectiog  surface  is 
mat.  Some  plane-reflecting  surfaces  arc  nearly,  if  not  quite,  perfect  diflusere 
of  light.  Perfect  diffusion  may  be  represented  graphically  by  a  circle,  tangent 
upon  the  diffusing  surface.  Imperfectly  diffused  transmission  or  reflection 
may  be  represented  by  various  curves  having  radials  elongated  in  the  direc- 
tion of  regular  transmission  and  reflection,  indicating  correspondingly  lesser 


i 


distribution  in  other  directions  than 
A  variety  of  reflection  characteristics 
is  illustrated  in  Fig.  53,  ranging  from 
perfect  diffusion  to  a  combination  of 
regular  and  diffuse  reflection  charac- 
teristic of  glossy  paper. 

111.  Need  for  difluiion.  Diffusion 
tends  to  avoid  glare  and  to  soften 
shadows.  I  ts  accomplishmen  t  i  n- 
volvea  the  substitution  of  secondary 
lightsources  which  are  relatively  large 
and  therefore  of  low  brightness  when 
compared  with  the  source  of  light. 
Artificial  lighting  is  usually  inferior  to 
natural  light  in  respect  to  diffusion. t 
In  practically  every  installation  there 
is  a  real  necessity  for  introducing  arti- 
ficial means  of  diffusing  the  light. 

SSS.  Color  in  its  physical  aspects 
has  been  treated  in  the  discussion  of 
the  production  of  light  (Par.  17).  The 
spectrophoto metric  values  of  ^  light 
from  the  several  common  illumtnnnts 
have  been  supplemented  by  color-sensa- 
tion values  as  determined  with  color- 
mixing  instrumentrt.  Referring  fur- 
ther to  the  subjcpt  in  its  physioloKical 
relations,  it  may  be  noted  that  there 
are  three  primary  colors,  namely:  red, 
green,  and  blue- violet,  using  pure 
spectral  light.  With  these  three  colors, 
light  of  any  desired  color  value  may  bo 
produced.  In  his  ability  to  modify 
the  color  of  light,  the  illuminating  en 


perfect  diffusion.* 


Fig.  53. — Various  degrees  of  diffuse 
reflection.  Lightincident45deg.  be- 
low hortsontal.  surface  being  verti- 
cal. A,  perfect  diffusion;  B,  reflec- 
tion from  glossy  paper :  C,  reflection 


gineer  has  at  bis  disposal  a  means  of    from  semi-glossy  paper;  D,  reflection 

enhancing  the  attractiveness  of  an  in-    from  mat  paper. 

tcrior  as  will  be  brought  out  more  in 

detail  under  discussion  of  congruity  in  illumination,  Par.  111.      It  also  is  a 

field  in  which  there  is  an  opportunity  for  profiting  by  certain  peculiarities  of 

vision  (Par.  108). 

PHTSIOLOaiCAL  AND  P8TCROLOOICAL  ETrSCTS  Or 
ILLUMINATION 
MS.  Contraat.  Once  the  correct  general  intensity  of  light  (Par.  116) 
is  secured,  all  other  aspects  involved  in  direction  (Par.  IIT),  diffusion  (Par. 
118^  and  color  (Par.  Ill)  as  well  as  in  the  distribution  of  the  light  to  produce 
various  intensities,  must  be  so  manipulated  as  to  secure  the  proper  degrees 
of  contrast.  The  more  the  subject  of  good  illumination  is  considered,  the 
more  prominently  does  contrast  force  itself  upon  attention  as  a  fundamental 
which  must  be  ser\'ed  if  an  installation  is  to  be  successful.  This  applies 
both  to  contrast  of  light  and  shade  and  to  contrast  of  color.  Contrast  of 
light  and  shade  resolves  its4*lf  into  a  question  of  varying  brightness,  embrac- 
ing the  range  of  brightness  values  from  a  brilliant  incandescent-lamp  fila- 
ment or  an  arc,  down  to  the  deepest  shades  within  view.     The  unshaded 

*  Nutting.  **  The  Diffuse  Reflection  and  Transmission  of  Light,"  Tranmc- 
Km*  nig-  Eng.  Soc,  1912. 

fLuokiesh.  *' Investigation  of  I>iffusing  Glassware."  Electrical  World, 
Nov.  16,  1912  and  April  26,  1913. 
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inoandescent  lamp  glowing  outdoors  in  the  daytime  doe*  not  appear  Ttry 
bright  against  a  baokground  of  sky,  and  may  be  viewed  directly  wiUunii 
dUoomfort.  The  same  unshaded  lamp  burned  at  night  in  a  room  whi^  ii 
decorated  in  light  colors,  will  prove  annoying,  while  if  burned  in  a  room 
of  which  the  decorations  are  of  low  reflecting  quality,  as  dark  woodwork, 
the  lamp  will  prove  positively  intolerable.  In  the  thr«e  oases  the  brifhtacM 
of  the  lamp  remains  the  same,  and  it  is  the  varying  contrast  with  tts  ta> 
roundini^  which  explains  in  the  one  case,  absence  oi  discomfort  and  in  the 
other  extreme  case,  the  most  serious  kind  of  ocular  discomfort. 

114.  Need  for  ooneealliur  Ufht  tovroes.  In  Par.  SI  brightiisH 
values  for  various  unshaded  light  sources  are  ^ven.  It  will  be  observed,  for 
example,  that  these  range  from  less  than  one  candle-power  per  sq.  is. 
for  the  Moore  tube  to  4,000  pandle-power  persq.  in.  for  the  macnetite  are. 
This  is,  indeed,  a  wide  range  in  brightness.  When,  however,  it  is  remembwed 
that  the  brightness  of  a  very  well-lighted  wall,  decorated  in  some  li^t 
tone  is  of  the  order  of  O.CM)3  candle-power  per  sq.  in.,  it  will  be  seen  that  the 
variations  in  brightness  of  commercial  light  sources  are  small  in  eompari- 
son  with  the  contrasts  between  any  of  them  and  the  surfaces  with  whieh  they 
are  likely  to  be  surrounded  in  practice.  Herein  lies  the  neceesity  forahadiag 
light  sources  in  order  to  protect  the  eye  a^nst  excessive  contrasts.  Entirely 
capable  of  protecting  itself  against  excessive  brightnen,  the  eye  is  not  aUs  to 
see  the  objects  of  relatively  low  brightness  ancTat  the  same  time  Buard  itidf 
agMnst  the  very  high  brilliancy  of  an  exposed  light  source.  There  still 
remains  the  necessity  for  avoiding  the  intrusion  of  reflected  images  of  the 
light  sources  in  the  ordinary  field  of  view.  A  well-shielded  light  souree  may 
be  exposed  in  the  direction  of  a  polished  table  top,  the  surface  df  which  may 
reflect  an  image  of  the  light  source,  subjecting  Uie  eye  to  almost  as  great 
strain  as  though  the  actual  source  were  exposed.  Glossy  paper,  shioy 
materials  to  be  worked  upon,  polished  woodwork,  etc.,  are  likely  to  introduce 
this  sort  of  difficulty.  Nature's  surfaces  as  a  rule  are  not  sniny;  artificial 
surfaces  are  likely  to  be  shiny.  In  abolisUng  glossy  paper,  polished  wood- 
work, etc.,  a  Xonj^  step  is  taken  toward  the  elimination  of  exceesive  contrasts 
in  artificial  lighting.  It  is  not  possible,  however,  to  abolish  all  such  surfaces, 
and  in  other  cases  it  is  not  done.  It  is,  therefore,  desirable  to  oonoeal  the 
light  source  further.  Accordingly,  the  improvement  of  a  few  3rears  since  in 
providing  translucent  reflectora  which  largely  cover  inoandescent  lamps  and 
shield  them  from  direct  view,  has  been  supplemented  more  recently  by  frost- 
ing the  lower  part  of  the  bulbs  of  the  lamps  and  the  interior  surfaces  Ckf  the 
reflectors  in  order  to  soften  and  diffuse  the  light.  Consequently,  whea 
reflected  images  are  encountered,  their  brightness  is  rendered  of  as  low 
an  order  as  practicable.  More  recently  still,  bowls  have  been  employed, 
either  opaque  or  translucent,  which  intervene  between  any  point  of  obsw-v«- 
tion  ana  the  light  source  proper,  softening  and  diffusing  the  light  and  direct- 
ing a  part  or  all  of  it  toward  the  ceiling,  whence  it  is  further  diffused  and 
reflected  downward. 

ns.  Olaro  duo  to  Ufht  loure*.  Excessive  brightness  of  surfaces  or 
objects  within  the  field  of  view  gives  rise  to  glare.  Where  the  light  sonree 
itself  is  within  view,  or  a  more  or  less  imperfect  image  is  viewed  upoo 
some  shiny  surface,  the  effect  is  much  the  same  and  is  a  manifestation  of 
the  same  difficulty,  namely  excess  of  contrast  (Par.  tftS).  Glare  or  exoeii 
of  contrast  may  actually  reduce  one's  visual  power  temporarily;  it  may  occa- 
sion discomfort  and  eye-strain;  or,  if  continued  long  enough,  may  seriously 
impair  visual  organs.  In  the  way  of  reduction  in  visiud  power,  observa- 
tions have  been  made  of  the  extent  of  the  effect.*  Such  studies  are  so 
complicated  and  difficult  that  definite  results  can  be  obtained  only  under 
very  extreme  conditions.  In  fig.  54  is  shown  the  reduction  in  visusj  power 
due  to  the  presence  of  an  exposed  lamp  in  a  dark  room.  The  obsenreil 
viewed  a  dimly  illuminated  test  object.  The  presence  of  a  l&-candle-power 
bare  lamp  2  deg.  from  the  test  object,  reduced  the  obeervers*  ability 
to  discern  the  test  object  to  about  the  same  extent  as  would  follow  a  reduetioo 
in  the  illumination  to  20  per  cent,  of  that  which  was  provided.  As  the 
light  source  was  placed  more  and  more  distant  from  the  oraerved  object,  its 
influence  became  leas  marked,  falling  off  rapidly  until  the  angle  of  separatioii 
was  4   deg.  and   thereafter  at  a  slower  rate   until,  at   about   15aeg.,  the 

*  Sweet.  "  An  Analyas  of  Illumination  Reqmrements  in  Street  Lighting," 
Journal  of  the  Franklu  Institute,  May,  1910. 
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effect  cUsappeared.  Because  of  the  very  exaggerated  eonditiona  of  dark 
Burroundinips  and  dimly  illuminated  teet  object,  the  results  here  obtained 
show  diminished  visual  power  far  beyond  that  which  would  likely  be  ezperi- 
enoed  la  practice.  They  illustrate  the  effect,  however,  and  are  suggestive 
<rf  the  need  for  concealing  the  light  source.  It  is  to  be  noted  that,  though  no 
reduction  in  visual  ability  could  be  measured  when  the  source  was  removed 
15  deg.  from  the  centre  of  the  field  of  view,  yet  the  discomfort  and  annoyance 
due  to  its  presence  were  very  severe. 


12 


14 


2  4  «  8  10 

Tttaal  Anfte-Decresi 

Fig.  54. — Influence  of  glaring  light  source   in   decreasing   visual  power. 


IM.  QUra  due  to  reflected  image  of  light  source.  Glare  due  to  images 
of  light  sourcea  reflected  from  shiny  surfaces  is  probably  more  productive 
of  harm  in  the  present  stage  of  practice  than  is  glare  directly  due  to  expoeed 
light  sources.  While  the  imperfect  rendering  of  the  image  by  the 
usual  polished  surfaces  decreases  the  brightness  materially,  yet  the  loca- 
tion of^the  reflected  image  is  often  so  near  the  centre  of  the  field  of  vision  as 
to  be   much  more  serious  than  an  expoeed  light  source  further  removed. 


Yiewinje  a  glossy  paper  at  the  critical  angle  in  which  the  image  of  the  light 
■ource  IS  reflected  to  the  eve,  it  may  be  im^possible  to  read  print.  This  effect 
is  diminished  by  altering  tne  position  of  the  object  or  of  the  observer,  but,  due 
to  minute  irregularities  of  the  surface  of  the  paper,  there  is  still  likely  to  be 
ao  appreciable  regular  reflection  toward  the  eye.  Likewise,  paper  which 
is  only  slightly  glossy  may  reflect  regularly  toward  the  eye  an  appreciable 
Beetion  of  the  image  of  the  light  source  without  introducing  so  serious  an 
effect  as  to  prompt  the  observer  to  change  position.  Such  conditions  are  the 
■ource  of  much  discomfort  and  dissatisfaction  experienced  in  artificial  light- 
ing. If  they  are  to  be  avoided,  fight  sources  must  be  shielded  both  from 
immediate  obeervation  and  from  iKwsibilitiee  of  reflection  from  glossy 
surfaces. 

ttT.  Cocflldents  of  raHectloii.  If  it  be  assumed  that  softly  diffused 
ligbt  is  distributed  generally  throughout  an  interior  producing  uniform 
illumination,  contrasts  are  dependent  wholly  upon  the  reflecting  qualities 
of  the  illuminated  surfaces.  As  these  are  usually  less  readily  changed  than 
tha  distribution  and  quality  of  the  light,  it  is  desirable  to  conslaer  them  before 
ttetermining  upon  the  degree  of  uniformity  which  should  be  achieved  in  light 
diatribution.  Uaiform  illumination  with  uniform  decorations  in  an  interior 
would  be  undesirable  from  every  standpoint.  Uniform  illumination  with 
beAvUy  contrasted  decorations  and  fittings  may  be  acceptable.  It  is 
therefore  of  interest  and  value  to  obtain  information  on  the  coefficients 
of  reflections  of  varioua  iurfaoee»  such  are  contiuned  in  Par  tSt. 
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SS8.  Coafflelenti  of  dlffuie  rafleetlon* 


Reflected  flux 

in  per  cent. 

of  incident  flui 

Kind    of 
paper 

Finish 

Color 

With   incident    an 

gle    det. 

60 

45  1  30 

15 

0    'Arc. 

Per  cent. 

Pulp  tint 

Matt  (smooth) 
Matt  (smooth) 

White 

56 

61 

58 

57 

55 

57 

Pulp  tint 

Light  buff 

46 

47 

46 

44 

43 

45 

Pulp  tint 

Matt  (smooth) 

Light  orange 

yellow 

43 

44 

43 

43 

42 

43 

Silk  6bre 

Semi-gloss 

Orange 

yellow 
French  gray 

.38 

36 

33 

31 

30 

34 

Silk  fibre 

Semi-gloss 

38 

32 

26 

23 

21 

26 

Silk  -fibre 

Semi-gloss 

Light  pea 

green 

28 

26 

21 

19 

18 

22 

Silk  fibre 

Semi-gloes 

Dark  pea 

green 

23 

19 

14 

11 

9 

15 

Silk  fibre 

Semi-gloss 

Light  brown 

17 

15 

12 

11 

10 

13 

Silk  fibre 

Scmi-glosa 

Light  blue 

15 

13 

10 

9 

8 

11 

.Silk  fibre 

Semi-glo88 

Cherry  rod 

14 

12 

9 

7 

6 

10 

Imported 

Fibrous 

Tan 

19 

19 

17 

16 

16 

17 

stock 

Imported 
Block 
Duplex 

Fibrous 

Light  blue 

13 

13 

12 

11 

10 

12 

Rough 

Light  blue 

13 

12 

11 

9 

8 

10 

Duplex 

Rough 

Cherry 

6 

6 

6 

6 

6 

6 

Plain 

Rough 

Yel.  buff 

31 

34 

36 

36 

35 

34 

Plain 

Rough 

Light  pea 

green 

21 

20 

20 

19 

18 

20 

Plain 

Rough 

Dark  i>ea 

green 

13 

13 

11 

11 

9 

12 

Plain 

Rough 

Deep  red 

7 

7 

6 

5 

5 

« 

Varnished 
tile 
Imported 

Glossy 

Cream^ 

66 

71 

73 

72 

71 

71 

Embossed  glass 

Gilt 

5^1 

50 

44 

38 

27 

42 

White 

blotter 

73 

80 

74 

73 

71 

74 

SS9.  Shadows.     Further   contrasts   are  encountered  in  shadows.    Tbe 

more  generally  the  li^ht  is  diatributed,  the  lighter  are  the  shadows;  the  nu»e 
generally  the  light  is  difTused,  the  leas  sharp  are  the  shadow  cont^ar«> 
Both  depth  of  shadow  andBharpnesa  of  outline  are  of  importance  in  contribat* 
ing  to  the  efleet  of  contrast.  When  properly  treated,  relatiyely  deep  shadovt 
are  of  importance  in  contributing  to  perspective  and  in  producing  a  aatisfyiof 
effect.  In  some  kinds  of  industrial  work,  in  ofhco  work  and  in  some  other 
classes  of  work  all  but  very  soft  shadows  should  be  avoided.  Rolpht  bu 
concluded  that  for  working  surfaces  when  the  shadow  hassharply  defined 
outline,  it  should  not  be  more  marked  than  15  per  cent.,  while  if  the  outlioe 
is  quite  indefinite,  as  with  well-difTufted  lighting,  it  may  be  as  much  as  50  per 
cent. 

SSO.  Color  contrast.  The  remaining  aspect  of  contrast  is  the  important 
one  of  color.  Pleasing  color  contrasts  are  of  value  in  affording  rest  for  the 
eye,  in  lending  perspective,  and  in  preventing  monotonous  effects.  The 
color  effect  of  a  given  surface  depends  to  no  little  extent  upon  the  color  of 
other  surfaces  in  the  field  of  view  with  which  it  is  contrasted.  Also,  v«ry 
slight  modifications  of  the  light  may  produce  marked  changea  in  the  appetr> 
ance  of  the  colored  surfaces.  The  cnoice  of  the  correct  color  for  the  li|ht 
employed  in  a  particular  case  is  therefore  essential  to  successful  illuniinatwi 
from  the  decorative  standpoint. 

•Gilpin.     Tran:  Illg.  Eng.  Soc,  1010.  p.  854- 
tRoIph.     rran«.  Illg.  £ng.  Soc,  1012,  p.  242. 
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tSl.  Permiiiible  oontraiti.  In  generiLl,  authorities  state  thut  bright 
objects  to  which  the  eye  ia  subjected  ahould^ot  exceed  4  or  5  c-p.  per  sq.  in. 
(0.62  to  0.78  c-p.  per  sq.  cm.)  if  physiological  requirements  are  to  be  met. 
TbiB  applies  to  interiors  at  night.  The  limitation  is  relative  rather  than 
absolute.  One  authority,*  while  asserting  the  impraoticability  of  fixing  any 
standard,  sugeeats  that  if  the  brightness  of  the  object  upon  which  the  ey«i  are 
employed  is  of  the  order  of  10  times  that  of  surrounding  objects,  physiological 
requirements  will  be  met  satisfactorily. 

SSS.  Congruit^.  The  requirements  of  esthetics  are  for  illumination 
and  an  illuminating  equipment  which  shall  be  pleasing  to  the  senses  and  in 
harmony  with  the  character  of  the  premises  illuminated.  In  buildings  of 
notable  architectural  design  the  equipment  should  not  only  be  suitable  for 
its  surroundings  but  the  illumination  should  produce  such  combinations  of 
light  and  shade,  such  contrasts,  such  color  effects  as  will  bring  out  in  true 
proportions  the  important  architectural  features  of  the  building,  and  will 
Tenaer  its  ornamentation  in  the  manner  conceived  by  the  architect.  In 
rhurches  the  illuminating  equipment  and  the  illumination  must  be  of  a 
character  which  is  in  keeping  with  the  religious  purposes  for  which  the 
building  is  designed.  In  manufacturing  establishments,  effective  illumina- 
tion should  be  provided  from  simple,  practical  equipments.  Incongruity 
of  fixture,  auxiliary,  or  illuminant;  or  unsuitability  of  light  in  quality,  in- 
tensity, direction,  etc.,  may  mar  an  otherwise  efficient  illuminating  system. 

tS3.  Pl^T^nentAzy  colon.  Color  of  light,  like  color  in  decoration,  is  an 
aspect  which  afTords  many  opportunities  for  skillful  use  by  the  illuminating 
engineer.  In  pigments,  red,  yellow,  and  blue  of  certain  kinds  and  in  certain 
proportions  will  produce  white  or  any  other  desired  color.  They  are  Bome- 
timea  referred  to,  therefore,  as  the  primary  colors,  though,  in  a  scientifio 
sense,  pure  prismatio  colors,  respectively,  red,  green,  and  blue-violet,  are  the 
primary  colors.  The  colors  used  for  decoration  are,  however,  dependent 
for  their  appearance  upon  the  quality  of  the  light  by  which  they  are  illu- 
minated. 

It  will  be  obvious,  of  course,  that  pigments  which  appear  to  the  eye 
similar  as  regards  color  ma^  be  quite  ainerent  physically,  and  that  there- 
fore their  rendering  under  hsht  of  various  colors  may  be  marke<lly  different 
from  that  here  indicated.  This  is  a  field  of  application  in  which  nothing 
may  be  taken  for  granted;  only  by  trial  can  the  appearance  of  a  given  pig- 
ment under  a  given  light  be  determined.  In  decoration,  therefore,  a  knowl- 
edge of  the  quality  of  the  light  employed  is  of  first  importance.  It  is 
essential  that  light  be  provided  of  such  color  value  as  will  produce  the 
effect  desired  in  decoration. 

SS4.  mtra-Tlolet  llffht.  Some  alarm  has  been  felt  by  physiologists 
lest  ultra-violet  light  from  our  ordinary  illuminants  should  prove  harmful  to 
the  visual  organs.  It  appears  to  be  quite  clear,  however,  that  nothing  of  this 
kind  is  to  be  feared.  Recent  investigationst  show  that  little  is  to  be  appre- 
hended on  this  score.  The  ultra-violet  radiation  from  commercial  illumi- 
nants is  shown  in  Par.  tSS. 

The  data  in  this  table  arrange  illuminants  according  to  their  ultra-violet, 
radiation.  Luckiesh,  studying  the  same  subject  at  about  the  same  time, 
arrived  at  the  following  conclusion: 

"It  appears  that  when  glass  is  used  over  any  commercial  light  source  there 
canbe  very  little  harmful  effect  when  moderate  intensities  are  used.  Consid- 
ering the  greater  intensities  of  daylight,  protection,  if  necessary  in  any  case,  is 
really  needed  against  it  rather  than  against  artificial  illuminants  except  in  the 
ease  of  sperial  use  of  the  latter  light  sources." 

BCSTHOD8  OF  ILLUMINATION 

SM.  Direct  lighting.  The  fact  that  light  sources  are  usually  placed 
higher  than  the  surfaces  to  be  illuminated  and  that  a  downward  direction  of 
the  light  is  rather  generally  desirable  under  such  conditions,  has  led  to  the 


*  Cobb.     "PbyMological  Points  Bearing  on  Glare,*'  Trans.  Illg.  Eng.  Soc.. 
1911. 
t  Bell.     BUctncat  World,  April  13.  1012. 
Luekieeh.     Bhdrieal  Warn,  June  15,  1012. 
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tM.  Vltra-Tiolet  radUtlon 


Light  source 

Ergs  per  sec.  per  aq. 
cm.  per  {oot-ea»Il« 

Quarti  arc  ("  Alba"  globe) 

4.3 
11.7 

" Gem"  lamp,  lOO-watt 

Cooper  Hewitt  (giaaa) 

Sunlight  (direct) , 

Aftetylenfl  flaipi^ 

14.8 
15.S 
16.1 
18.4 

Tungsten  lamp  (lOO-watt) 

Nrnnat  lamp  (globe) 

22.7 
2S.6 

Magnetite  (glaaa) 

30.3 
36.3 
38.3 
87.6 
91.0 

Old-quarti  lamp  (bare) 

Carbon  arc  (Quarts) 

oommon  use  of  inverted-bowl  or  oooe-shaped  refleeton.  Thew  kftre  b«ca 
diBcuBsed  at  length  in  Par.  ISl  of  this  section.  The  fact  that  much  of  the 
lifht  of  Buoh  oquipmenta  is  reflected  toward  the  objeota  to  be  illuminated 
without  the  interposition  of  reflecting  or  transmittins  media,  has  led  to  the 
adoption  of  the  term  *' direct  lighting"  for  installations  so  equipp4ML  The 
em^oyment  of  direct-lighting  equipments  usually  facilitates  the  delivery  of  a 
maximum  percentage  of  the  total  light  upon  the  surfaces  to  be  illuminated. 
So  important  has  it  oeen  considered  to  promote  thu  end,  that  the  term  **  effi- 
ciency of  u^sation"  (Par.  IBS)  has  sometimes  been  anpliod  to  the  ratio  of 
Ught  delivered  upon  a  working  plane  to  total  light  produced  within  a  room. 
This  term  has  sometimes  been  applied  to  such  ratios  in  installations  wImtc 
the  importance  ci  illuminating  other  surfaces  is  as  great  or  greater  than  thst 
oi  illuminating  a  working  plane.  Such  misuse  of  the  latio  of  light  deliveRd 
upon  the  working  plane  to  light  generated  has  brought  it  into  disrepuU. 
wnich  has  been  the  greater  because  of  occasional  application  of  the  tern 
"illuminating  efficiency."  This  term  is  especially  inappropriate  by  reason 
of  the  fact  that  other  coDsiderations  than  intensity  of  bght  nave  oome  to  be 
regarded  as  of  perhaps  equal  importance,  though  they  are  disregarded  la 
arriving  at  the  "illuminating  emciency"  by  the  method  indicated  above. 
The  ratio  of  utilisation,  or  the  per  cent,  of  light  flux  delivered  upon  a  working 
plane,  other  things  being  equal,  is  greater  when  direct-lighting  equipment  is 
employed  than  under  other  circumstances.  It  is  more  mffioult,  however,  to 
obtain  that  degree  of  diffusion  of  light  which  is  essential  to  the  avoidaace  of 
glare  and  the  elimination  of  excessively  deep  shadows.  Direct-lightaac 
equipment  does  not  always  yield,  therefore,  the  moet  effective  illumination 
obtainable  from  a  given  amount  of  light  produced  within  a  room. 

187.  Indirect  lighting.  Bomeof  the  worst  difficulties  encountered  in  the 
use  of  direct-lighting  equipments  were  eliminated  by  the  use  of  so-called 
"indireot>Ughting  equipments,"  ih  which  the  light  sources  are  entirely  eon- 
oealed  from  view  and  the  light  is  directed  upon  a  reflecting  surface  sudi  m 
the  ceiling,  which  reflects  and  diffuses  it.  The  reflecting  surface  in  such  sv»- 
tems  becomes  the  apparent  light  source,  and^  being  of  large  area,  its  brignt- 
ness  is  very  much  lower  than  that  of  the  real  source.  In  oonsequencw,  shsd- 
OWB  are  softened,  immediate  glare  effect  is  much  diminished,  and  glare  das 
to  reflection  from  speoular  surfaces  is  likewise  diminished.  Indirect-Ughtiac 
equipments  produce  conditions  which  are  much  more  condudve  to  comfort- 
able vision  than  are  those  usually  attending  the  use  of  direct^ighting  equip- 
ments. It  is,  however,  much  more  difficult  to  control  the  light,  and  a  much 
greater  portion  of  the  ught  is  usually  lost  before  becoming  effeotive. 

tSS.  8eml-lndlrect  Uffhtlnf.  Equipments  intermediate  between  thew 
two  in  respect  to  effectiveness  of  light  direction,  diffusion  of  light,  sc^t- 
ening  d  shadows  and  reduction  of  glare,  have  been  classed  brcMuUy  as  "semi- 
i&direot  lighting"  equipments.  These  oonsist  usually  of  translucent  bovb. 
translucency  varying  widely  and  bri^tness  of  bowl  varying  in  a  correapond- 
ing  manner.  In  point  of  fact  there  is  verjr  Uttie  difference  between  lighting 
effects  obtained  with  some  indirect-lighting  eqtdpmentB  and  some  ssnt- 
indirect  lighting  equipments  because,  in  both,  large  proportions  of  the  li|^t 
MS  directed  toward  the  ceiling,  whence  they  are  diffused  throaghout  the 
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room.  Enoiomnc  globea  also  are  likely  to  produce  results  of  much  the  same 
order.  W^ben  the  tranaluoency  of  the  semi-indirect  bowl  is  so  low  that  iu 
brightDeas  of  trananutted  light  is  not  greater  than  that  of  the  ceiling,  the  light- 
ing effects  are  likely  to  be  quite  similar  to  those  which  obtain  when  indireot- 
Uglkting  fixtures  are  employed. 

tSt.  Intermediate  typei  of  lighting  oquipment.  In  brief,  opaque 
reflectors  which  allow  little  light  to  be  distributed  elsewhere  than  upon  the 
working  plane  are  dlBtinotively  direct-lighting  equipments  and  form  one 
extreme  of  a  range  upon  the  other  extreme  of  which  indirect-lighting  equip- 
ments may  be  placed.  Between  these  two  extremes  are  a  great  variety 
of  equipments,  all  of  which  distribute  part  of  the  light  upon  the  ceiling  and 
part  of  it  downward,  it  is  difficult  to  cufferentiate  among  these  intermediate 
equipments  from  the  standpoint  of  illuminating  results.  Most  such  equip- 
ments, however,  may  be  located  in  one  of  three  classes,  namely  :  (a)  inverted 
bowls  or  cones;  (b)  totally  enclosing  glassware;  (c)  translucent  bowls. 

140.  Locftl  illumination.  The  tendency  in  recent  years  has  been  to 
depend  upon  general  lighting  as  far  aa  possible  and  to  supplement  it  by  local 
illumination  only  where  unavoidable.  It  is  well  to  do  so  oecause  with  local 
iilamination  it  is  difficult  to  avoid  glare  either  from  the  source  directly  or  from 
the  illuminated  surface.  When,  however,  it  is  necessary  to  illuminate  locally 
some  surface,  which  must  be  very  brightly  lighted,  every  precaution  should  be 
taken  to  avoid  the  evils  just  named.  The  application  oi  diffusing  media  and 
care  in  locating  the  light  source  will  so  far  toward  acooraplishing  this*  and 
satisfaction  is  doubly  assured  if,  in  additiont  there  is  an  ample  general  Ulumi- 
nation  supplementing  the  local  illumination. 

ILLUMINATION  DSSION 

S41.  The  purpoM  to  b«  gerred.  In  laying  out  an  installation  a  first 
step— eo simple  and  obvious  that  its  mention  mi^t  appear  unneoessarsr — is  to 
deternune  the  puipoees  to  be  served  by  the  liKhting  installation.  Usually  one 
does  not  simply  'Hight  a  room."  He  provides  lighting  in  order  to  make  a 
store  attractive  to  the  prospective  customer  and  to  promote  the  sale  of  goods: 
to  illuminate  the  worlLon  the  machine  and  promote  its  prompt,  accurate  and 
safe  accomplishment;  to  facilitate  clerical  work,  promoting  speed  and  accur- 
acy without  fatigue  to  the  clerks;  or  to  enhance  the  beauty  and  charm  of  a 
room  in  a  residence.  As  a  rule  there  are  two  or  more  principal  objecte  to  be 
attained  in  every^  installation.  And  the  practitioner  who  familiarises  him- 
self thoroughly  with  the  conditions  underlying  the  requirements  established 
by  these  objects  takes  the  first  essential  step  in  successful  lighting  design. 

MS.  Choice  of  Uluminant.  Usually  general  conditions  narrow  the 
choice  to  two  or  three  illumlnadts.  In  a  residence  any  other  illuminant  than 
incandescent  lamps  would  be  unsuitable.  In  a  steel  mill  the  choice  vrould 
probably  be  narrowed  to  Type  C  Masda  lamps  and  flame  arc  lamps.  In 
a  store  either  Masda  lamps  or  intenufled  carbon  arc  lamps  would  oe  em- 
ployed, etc.  In  a  street  either  magnetite  or  Type  C  Maida  lamps  would 
prcoably  be  considered.  Reliability,  simplicity,  efficiency,  color  of  light, 
8t<»dinesB,  coat  (firat,  operating  and  maintenance)  and  sise  usually  determine 
this  choice. 

S4S.  Choice  of  MiTJUary.  Cost,  ease  of  cleaning,  niggedness,  efficiency 
new  and  maintained,  light-directing  qualities,  diffusion,  color,  sise  and  appear* 
ance  have  to  be  considered.  Obviously,  the  importance  of  each  qualification 
depends  upon  the  nature  of  the  installation. 

S44.  Bpftdng  and  height.  In  industrial  and  commercial  lighting  it  is 
generally  considered  that  the  spacing  should  be  something  like  S>  per  cent, 
greater  than  the  vertical  distance  from  the  plane  of  illumination  to  the  light 
source.  This  is  a  sufficiently  good  relation  to  form  a  point  of  departure  in 
planning  an  installation.  In  large  rooms  it  is  useful  to  divide  the  floor  area 
into  s<iuares  or  approximate  squares.  Desirable  sises  of  these  squares  are 
given  in  Par.  Ml.  *  One  light  source  may  be  placed  over  the  middle  of  each 
such  square.  Often,  however,  the  sauares  or  rectangles  which  form  the  unit 
of  apace  to  be  lighted  are  eBtablishea  hy  the  confines  of  the  room  or  by  the 
ptQara  or  beams  which  make  the  division  of  the  room  into  bays.  In  such 
eases  it  may  be  practicable  to  treat  the  space  aa  a  unit  or  it  may  De  necessary 

'"Handbook  on  Incandescent  Lamp  Illumination,"  General  Elec.  Co.,  1913. 
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to  subdivide  it  into  say  four  rectangles.  Where  uniformity  of  illumination of 
a  distinctly  downward  direction  for  the  light  is  desired,  smaller  rectancJM 
should  be  adopted.  Other  things  being  equal,  smaller  rectanglea  should  be 
used  for  direct  lighting  and  larger  ones  for  indirect  lifting  beoauae  in  the 
latter  caae,  the  actual  Ught  source   (ceiling)   is  higher  and   the  diffusion  is 

f;realer.  In  general,  the  adoption  of  smaller  rectangles,  which  means  mon 
requently  spaced  smaller  light  sources,  results  in  greater  uniformity  l«u 
marked  Bhadow»  and  less  glare,  while  larger  rectangles  and  larger  iflumi- 
nanls  afford  more  pleasing  appearance.  Biuance  between  these  two  depeadi 
upon  local  conditions. 


246.  Desirable  ilxei  of  iquaroa 

Kind  of  room 

Ceiling  height 

Desirable  length 
of  side  of  square 

12  to  16  ft. 
12  to  16  ft. 
Over  16  ft. 
Over  16  ft. 

8  to  11  ft. 

11  to  15  ft. 
Over  15  ft. 
10  to  20  ft. 

9  to  12  ft. 

12  to  16  ft. 
Over  10  ft. 

12  to  16  ft. 
12  to  16  ft. 
15  to  26  ft. 
15  to  26  ft. 
8  to  11  ft. 

10  to  16  ft. 
14  to  22  ft. 
12  to  18  ft. 

7  to  11  ft. 
g  to  14  ft. 

11  tol8fu 

Public  halls 

Rinks. 

Stores 

Stores 

Offices — without  desk  lighu 

Offices — without  desk  lights 

IM.  Amount  of  light  to  be  provided.    Assume  that  it  is  desired  to  ligfat 
a  room  which  is  20  by  12.5  ft.  and  12  ft.  high.    The  ceiling  is  white  and  the 

walls  are  buff.  An  average  horixontal  illumination  of  4  foot-candle  ot 
lumens  per  aq.  ft.  is  desired.  Under  such  conditions  it  is  reasonable  to  esti- 
mate that  60  per  cent,  of  the  light  flux  produced  in  the  room  can  be  delivered 
upon  a  horizontal  plnne  with  sufficient  diffusion  for  most  purposes,  and  witli 
ample  liglit  upon  ceiling  and  walls.  About  30  per  cent,  should  be  allowed  foi 
deterioration  due  to  dust,  etc.  Therefore  the  light  to  be  delivered  upon  the 
30-in.  horizontal  plane  is  to  be  considered  as  about  35  per  cent,  of  the  total 
light  to  bo  produced.  The  area  of  the  room  is  250  sq.  ft.  (20  by  12.6  ft.). 
Tnis  multiplied  by  4  foot-candles,  or  lumens  per  sq.  ft.,  yields  l.OOD 
lumens,  which,  being  35  i>cr  cent,  of  the  total  to  be  produced,  gives  2,860 
lumens  as  an  approximation  of  the  total  flux  required. 

A  check  upon  the  correctness  of  this  estimate  is  had  by  the  absorpuon  of 
light  method  (Par.  19$). 


Surface 

Area 

Estimated 

average  foot- 
candles 

Estimated 

coefficient  of 

absorption 

Lumens 
Absorbed 

Ceiling 

Walln. 

2.50  sq.  ft. 
780  sq.  ft. 
250  sq.  ft. 

1 

li 

4 

0.3 
0.6 
0.9 

75 
702 

Floor 

900 

Total 
Allowance 
Allowance 

for  20  per  cent, 
for  .30  per  cent. 

loss  in  reflector 
deterioration 

1,677 
419 
898 

Total 

2,994 

An  Maxda  lamp?  produce  about  10  lunien.<!i  per  watt  it  would  appear  that 
the  required  illumination  could  be  obtained  in  the  hypothetical  room  from 
cither  three  100-watt  or  two  150-watt  lamps.  To  permit  symmetrical 
arrangement  the  latter  would  probably  be  chosen  and  would  be  installed, 
each  over  the  middle  of  a  10-ft.  rectangle  with  a  separation  of  10  ft.  If  a 
plane  of  reference  be  chosen  as  30  in.  above  the  floor  and  the  lamps  b« 
mounted  0  to  10  ft.  above  the  floor,  no  difficulty  will  be  met  in  selecting  trans- 
lucent reflectors  whose  light  distribution  will  provide  subetantially  unifom 
illumination  over  the  plane  selected.     To  study  in  detail  the  curve  of  Ulo- 
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ination  to  be  obtained  apply  methods  of  point  to  point  calculation  as 
ascribed  in  Par.  198  and  aad  a  uniform  increase  of,  say,  10  per  cent,  of  the 
rerage,  to  represent  the  hght  reflected  from  ceiling  ana  walls. 
S47.  niumination  of  several  clataes  of  Installations.  No  attempt 
in  bo  made  here  to  disouHH  the  special  design  foaturcs  of  the  several  classes  of 
^ting  installation.  Thone  intereiited  in  the  subject  are  referred  to  the 
ransactiona  of  the  Illuminating  Engineering  Society  and  to  the  technical 
reas  for  descriptive  articles.  An  index  to  some  of  the  more  important  ar- 
cles  which  may  be  consulted  in  this  connection,  is  given  in  Par.  290. 

COSTS 
MS.  Caleulation  of  total  operatinff  cost.  *    *' In  determining  the  total 

peratinx  cost  of  any  system  of  lighting,  three  items  should  be  considered: 
\)  6xed  charges,  wnicn  include  interest  on  the  investment,  insurance  and 
Lxes,  depreciation  of  permanent  parts,  regular  attendance,  and  other 
Epeoses  which  are  independent  of  the  number  of  hours  of  use;  (b)  mainte- 
uu9e  charges,  which  include  renewal  of  parts,  labor,  and  oU  coets,  except  the 
Mt  of  energy,  which  dei>end  upon  the  hours  of  burning;  (cj  the  cost  of 
iiercy*  which  depends  upon  the  hours  of  burning  and  the  rate  charged. 

"If  data  are  compiled  under  these  heads  in  convenient  units,  such  as  in 
0  an  annual  charge,  in  (b)  a  charge  [>er  1,000   hr.   operation,   and  in   (o) 

charge  per  1.000  hr.  operation  at  unit  cost  of  energy,  the  several  items 
lay  easily  be  calculated  for  any  given  set  of  conditions,  and  the  total  annual 
perating  cost  of  any  lighting  system  obtained  as  their  sum. 

"Under  fixed  charges,  the  items  of  depreciation  and  attendance  may  be 
lentioned  particularly.  Depreciation  should  be  charged  on  permanent 
art«  only,  and  not  upon  parts  the  renewal  of  which  is  provided  for  in  the 
laintenance  cost.  The  rate  for  depreciation  should,  in  many  cases,  be 
igher  than  the  current  practice,  for  obsolescence,  rather  than  the  wearing  out 
f  parts,  determines  the  life  of  a  lighting  system.  There  are  many  installa^ 
ions  in  use  to-day  which  are  in  good  order  and  giving  a  fair  measure  of  satia* 
iction.  but  which  could  be  replaced  at  a  large  saving. 

"  Too  much  emphasis  cannot  be  given  to  the  desirability  of  regular  attend- 
oee  for  those  illuminants  which  do  not  require  trimming  from  time  to  time. 
t  is  essential  for  satisfactory  operation  that  such  lamps  and  reflectors  be 
leaned  at  regular  intervals,  hence  a  fixed  charge  should  always  be  included 
w  this  service.  Lamps  which  require  frequent  trimming  are  cleaned  at  the 
ame  time,  and  the  cost  is  included  under  the  maintenance  charjte. 

"The  energy  cost  can  usually  be  readily  computed,  but  will,  in  the  cose  of 
ome  electric  illuminants,  depend  upon  the  voltage  of  the  circuit,  since  this 
etermines  either  the  wattage  or  the  power-factor.  The  effect  of  powcr-fac* 
DT  is  seldom  considered,  although  it  governs  the  investment  in  generators, 
ransformere,  and  wiring,  and,  in  a  small  degree,  energy  required.  To  the 
entral  station  or  isolated  plant,  the  volt-amperes  required  by  a  given  lamp 
re  perhaps  as  close  a  measure  of  the  cost  of  service  as  the  actual  wattage 
onsumed.  When  the  consumer  is  purchasing  energy  on  a  kilowatt-hour 
asis  this  factor,  of  course.  Is  eUminated  so  far  as  he  is  concerned." 

Principles  of  cost  accounting  in  illumination  may  be  laid  down  and  with 
ischminating  application  may  serve  to  yield  correct  cost  values.  8o  largely, 
o*ever,  are  costs  in  lighting  dependent  upon  local  conditions,  and  so  gretufy 
\Q  these  conditions  vary,  that  it  is  unsafe  to  apply  in  one  inntaJlation  cost 
lata  obtained  somewhere  else,  unless  the  differences  in  condition  are  first 
onsidered  and  allowance  is  made  in  the  data  for  differences  in  such  condi- 
ions.     But  Uttte  in  the  way  of  reliable  impartial  cost  data  has  been  published. 

S4f .  Coit  of  light  In  relation  to  other  ezpenies.  The  total  cost  of 
.rtihcial  hght  as  a  part  of  the  cost  of  living  or  as  a  part  of  the  total  cost  of 
peration  of  a  business  enterprise  is  very  small.  In  1912  the  Department  of 
ximmerce  and  Labor  in  a  burtctin  entitled  "Retail  Prices  189.0  to  1911" 
bows  that  as  an  average  of  2,507  workingmen^s  famiUes  in  1901,  the  average 
oet  of  lighting  per  annum  was  $8.15  out  of  a  total  cost  of  $708.54,  or  1.06 
ler  cent,  expended  in  lighting.  The  report  of  the  Commission  of  Labor  for 
903,  as  presented  at  the  58th  Congress,  offers  statistics  compiled  from  the 
xpenditurea  of  11,156  workingmen's  families;  these  show  that  the  cost  of 


*  Harrison  and  Magdsick. 
D  niuminating  Engineering," 


*The  Anfilysis  of  Performance  and  Cost  Data 
Trans.  Illg.  Soc,  1911. 
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lighting  in  workingmen's  homes  Bveragsd  then  1.13  per  cent.     The  average 
for  any  group,  in  a  olassification  accorcBog  to  wages  earned,  was  found  not  to 
depart  from  this  value  to  any  great  extent. 
Ml.  Proportion  of  Ughtlng  eoaU  to  total  op«r»tin(  eoitg.    (1913) 


Claas  of  lighting  installation 

Approximate  cost  of 

artificial  lighting  in 

proportion  to  total 

operating  costs 

Small  wage-eamer'i  home — ratio  of  coot  of  light- 
ing to  total  income 

1  per  cent. 

Well-ronduct«d  large  manufacturing  establish- 
monta  which  are  well  lighted  with  modern  ilium- 
inants — ratioof  costof  artiBcinl  lighting  to  total 
cost  of  output  exclusive  of  selling  expenses 

i  to  )  of  1  per  cent. 

Large  retail  mercantile  estsblishments — ratio  of 
total  lighting  cost  to  total  sales 

Probably  less  than 
1 . 0  per  cent. 

Small  stores — ratio  of  total  lighting  cost  to  total 
sales 

2  per  cent. 

Modern  loft  buildings 

1  to  2  per  cent. 

Street  lighting  appropriations  by  municipalities  are  of  the  order  of  60 
cenln  to  $1  i>er  inhabitant  per  year. 

PHOTOMETRY 
FUNDAMBNTAL  PEINCIPLB8 
Sit.  DiiappAaranco  or  dUerimlnfttlon  photomeUrt.  Various  pho- 
tometers have  been  devised  based  upon  determination  of  the  threahold  of 
viHion.  Some  involve  the  diBcrimination  of  fine  detail  and  are  known  a^ 
Tltual-acuity  photomotcrs.  A  well-known  example  is  the  "iUuminometer" 
or  reading  distance  instrument,  which  has  been  employed  to  some  extent  for 
street-lighting  work.  In  this  instrument  the  criterion  is  the  maximum  dis- 
tance from  the  light  source  at  which  a  given  fine  print  may  be  read  or  the 
sise  of  print  which  may  be  deciphered  at  a  given  distance  from  a  light  sourer. 
In  another  type  the  criterion  is  the  perception  of  a  given  contrast,  and  may 
involve  cither  the  adjustment  of  the  eontrn-st  for  disappearance  or  the  adjust- 
ment of  the  illumination  for  disappeuranre  of  contrast.  An  example  of  tlib 
is  the  "iUuminometer"  of  Konnclly  and  Houston.*  Still  a  third  type  of 
disappearance  photometer  has,  as  a  crit-erion,  the  minimum  perceptible 
flicker,  and  involves  adjustment  of  the  rate  of  flicker  to  determine  aisap- 

Bcarance  or  adjustment  of  the  illumination  to  determine  disappearance  of 
ickcr.  These  several  types  of  photometers  and  others  involving,  in  a 
modified  form,  the  upplicstion  of  the  same  principles,  are  impracticabie 
lor  measurement  of  illumination  because,  like  any  threihold  or  Umen  test 
apparatus,  they  arc  subject  to  errors  which  are  ocular  or  mental  in  origin  and 
are  of  an  order  so  great  as  to  make  the  instruments  useless  as  photometers. 
These  errors  may  be  reduced  by  oircumHcribing  the  use  of  the  instrument 
with  precautions  which  limit  the  physiological  variables.  Even  when  the 
utmost  precautions  are  taken,  errors  of  the  order  of  25  per  cent,  are  to  be 
expected.  It  is  sometimes  asserted  that  discrimination  photometers  are  to  be 
looked  to  for  the  ultimate  determination  of  illuminating  value.  This  has 
not  been  demonstrated  however.  The  true  field  for  such  apparatus  and  one 
in  which  their  utility  is  considerable,  is  in  the  study  of  vision. 

IBS.  Physical  laws  underlying  photometry.  Regarded  as  a  pbysical 
measurement,  photometry  rests  upon  the  application  of  the  law  that  light 
from  a  point  source  varies  inversely  as  the  square  ol  the  distance  (Par.  »•) 


•  Electrical  World,  March  9.  1895. 
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and  that  the  illumination  of  a  plane  surface  varies  aa  the  coaine  of  the  an^le 
of  incUnation  to  the  incident  ray  (Par.  tOl),  These  laws  must  be  applied 
with  discrimination  and  with  strict  regard  for  their  practical  limitations. 
The  inverse-square  law  holds  good  only  when  the  light  source  is  relatively 
small  with  reference  to  the  distance  from  the  source  to  the  illuminated  sur- 
face. If  the  distance  is  less  than  five  times  the  maximum  dimension  of  the 
source,  material  divergence  from  the  inverse-square  law  will  result.  The 
law  may  not  hold  good  for  relatively  short  distances  when  reflecting  or 
refracting  devices  are  emtfloyed  to  concentrate  the  light  in  a  particular  direc- 
tion, as,  for  example,  when  a  parabolic  reflector  is  ejnployed  with  an  incan- 
descent lamp  or,  aa  a  more  extreme  example,  a  search-light.  The  cosine 
law  applies  to  any  plane  surface  insofar  as  the  incident  light  is  concerned. 
In  many  cases,  however,  the  incident  light  is  judged  by  the  reflected  or  the 
refracted  light.  In  such  applications,  the  copine  law  holds  good  only  if  the 
surface  is  a  true  diffusing  surface,  altogether  free  from  regular  reflection 
characteristics. 

M4.  Ocular  charact«riatlct  •ffectlnff  photometry.  In  the  com- 
parison of  lights  of  similar  color,  the  process  is  not  unlike  other  physical 
measurements  since  visual  peculiarities  do  not  afTect  the  result.  In  hetero- 
chromatic  photometry,  in  which  lights  of  different  colors  are  compared* 
ocular  characteristics  must  be  borne  in  mind,  and  the  measurements  must  be 
carried  out  with  due  regard  to  the  requirements  which  they  impose.  The 
three  characteristics  of  greatest  importance  are  as  follows:  (a)  the  Purkinje 
effect  (Par.  SSBj;  (b)  yellow-spot  vision  (Par.  tM);  (c)  psrtial  color  blind- 
ness (Par.  tB7). 

SM.  The  Purklzije  effect  is  the  name  applied  to  the  ^eater  sensibility 
of  the  human  eye  to  blue  and  green  light  at  very  low  intensities  than  to  red  or 
yellow  light.  In  accordance  with  this  characteristic,  if  a  mercury-vapor 
lamp  is  adjudged  equal  in  illuminating  power  to  a  tungsten-filament  lamp 
when  the  two  are  compared  at  a  distance  of  10  ft.,  the  meroury-vapor  lamp 
would  be  adjudged  of  nigher  illuminating  power  than  the  tungsten  lamp  if 
the  comparison  were  to  be  made  at  a  great  distance, 

SM.  Tellow-ipot  TUion.  The  central  portion  of  the  retina  of  the  eye, 
the  yellow  spot,  comprehends  a  \'i8ual  angle  of  6  to  8  deg.,  throughout 
which  the  eye  is  less  sensitive  to  green  and  blue  light  than  is  the  surrounding 
portion  of  the  retina.  If  a  comparison  of  a  mercury-vapor  lamp  and  a 
tungsten  lamp  of  equal  power  were  to  be  made  upon  a  surface  so  small  as  to 
fall  within  a  visual  angle  of  6  deg.,  the  mercury-vapor  lamp  would  be  adjudecd 
of  lower  illuminating  power  than  the  tungsten.  While  a  relatively  higher 
evaluation  would  be  accorded  the  mercury-vapor  lamp  if  the  illuminated 
surface  were  to  be  exUarged  so  as  to  comprehend  a  visual  angle  of  say  24  deg. 

MT.  Partial  color  bUndzxeM  is  often  encountered.  Eyes  of  certain 
individuals  are  found  to  be  less  sensitive  to  light  of  a  given  color  than  are 
normal  eyes.  The  characteristic  sensibility  of  the  eye  to  li^ht  of  different 
colors  and  of  a  given  intensity  when  plotted  diagrammatically  is  known  as  the 
luminosity  curve*  (Par.  10).  If  an  observer's  sensibility  to  red  is  low,  aa 
shown  by  the  luminosity  curve  for  his  eye,  he  would,  of  course,  adjudge  the 
illuminating  power  of  a  mercury-vapor  lamp  to  be  relatively  high  as  com- 
pared with  that  of  a  tungsten  lamp. 

SU.  Psychology  in  photometry.  In  all  photometry  and  especially  in 
beterochromatic  photometry,  observers  whose  eyes  may  have  quite  similar 
characteristics  sometimes  secure  markedly  different  results,  due  to  the  fact 
that  they  form  different  concepts  of  the  appearance  which  two  illuminated 
surfaces  must  assume  when  they  are  bnUnccd.  Usually,  an  observer  forms 
a  concept  and  adheres  to  such  concept  until  persuaded  that  it  is  improper. 
This  is  a  matter  of  memory,  tradition,  and,  sometimes,  of  external  innucnce. 
It  is  common  experience  that  observers  who  work  together  in  photometry 
tend  to  form  similar  concepts  and  to  agree  in  their  observations  under  all 
conditions.      Sometimes  the  concept  agreed  upon  by  such  obsorvert*  is  the 

eobable  correct  concept  reached  as  a  consensus  of  opinion.     On  the  other 
knd  it  may  be  the  concept  of  one  observer  which  another  observer  hue  been 
influenced,  unconsciously,  to  accept. 


*  Ives.    PhUoaophical  Magazine,  December,  1912. 
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m.  Bttoroebronuktle  photometry.  No  Soal  detenninatioii  of  tk 
relative  iUumuutting  power  of  light*  of  different  colore  has  b«en  nude.  It 
seema  probable  that  there  oansot  be  any  one  factor  to  exiireM  thia  relatjia 
because  the  illuminatine  power  of  light  of  different  colors  depends,  fint« 
upon  the  intensity  at  which  it  is  employed  and  second,  npon  the  pnrpcn 
for  which  it  is  employed.  Conditions  are  ripe,  however,  tor  the  eatabuak- 
ment  of  arbitrary  standards  of  light  of  different  colors  to  serve  for  pniuesw 
of  heterochromatio  photometry.  Much  work  is  being  done  on  the  siujcot 
and  reliable  standards  rspresentiitg  the  beet  ■s<igninents  of  viJiise  wmib 
have  been  made  will  shortly  be  available.  With  such  standards,  eonsiatiaf 
either  of  sources  yielding  lignt  of  varioua  colors  or  of  color  filtors  for  modifyiag 
the  light  of  a  mven  source,  heterochromatic  photometry  is  reduced  to  the 
comparison  of  lights  of  similar  colors,  under  which  conditions  the  oeidsr 
oharaoteiistics  affecting  the  problem  may  be  largely  ignored. 

BTAITOARDS  Or  LTTKINOTn  IKTEKSmr 

tW.  Primary  standards  now  In  use.  All  primary  standards  wUdi 
are  employed  in  practical  photometry  are  flame  standards.  Flame  standard! 
are  esteemed  rather  highly  in  the  gas  industry  because  their  candle-power  is 
considered  to  vary  more  or  lees  as  does  the  illuminating  gas  flams  with 
changes  in  atmospheric  conditions.  Flame  standards  include  the  Hrfaer 
lamp,  the  Pentane  lamp,  the  Caroel  lamp  and  candles.  All  are  capable  cf 
yielding  accurate  results  when  employed  with  strict  regard  for  their  limita- 
tions. The  material  of  combustion  must  be  carefully  selected  in  aeoardanca 
with  strict  speciflcations.  The  construction  must  be  accurate;  good  venti- 
lation and  freedom  from  drafts  is  essential;  accurate  adjustmenta  and  ooi^ 
rections  for  variationa  from  standard  atmospheric  conditions  are  tvai^ 
mentally  important.  For  detailed  description  see  any  teztF^MMk  oa 
photometry. 

Ml.  Proposed  nrimary  standards.  The  need  for  a  primary  standsid 
of  light  which  shall  have  a  definite  value  and  be  absolutely  reproduoiblekss 
led  to  a  number  of  interesting  proposals.  Without  referring  to  a  number  of 
proposals  which  have  been  given  a  trial,  without  attaiaing  suffieieDt  snceas  ts 
warrant  their  adoption,  it  may  be  said  that  there  are  two  recent  pnqjMsah 
of  oonsiderable  merit.  Steinmeti*  has  suggested  that  the  red,  neen  and 
blue  line  radiation  of  the  mercury  arc,  aggregating  one  watt,  be  adopted  as 
a  standard  of  light.  Ivesf  has  recommended  one  watt  radiated  in  energy 
of  maximum  luminosity.  Both  suggestions  depend  for  sueoessful  applieatioa 
upon  the  accurate  measurement  ox  radiant  energy,  and  Ives'  suggestioe 
involves  further  the  accurate  transfer  from  green  to  white  light  thraagli 
heterochromatio  photometry. 

Mt.  International  oaadla  and  ita  e<|t>iTaI*nti.  An  important  step 
toward  international  agreement  upon  a  umt  of  light  waa  taken  through  the 
cooperation  of  the  Illuminating  Engineering  Society  and  the  Bureau  of 
Standarda  in  lOOS.  While  the  Hefner  lamp  is  the  official  nnit  of  light  is 
Germany,  yet  the  simple  relation  1  Hefner  — 0.9  international  oa&dle  was 
agreed  upon  ss  the  result  of  the  same  international  cooperation.  The  fel- 
lowinp  relations  now  hold:  1  international  candle  —  1  Fentane  oandle'l 
Bougie  decimale  —  1.11  Hefner  unit—0.101  Caroel  unit. 

163.  BejnresentatlTe  itandards.  Seasoned  incandescent  lamps  caS- 
brated  in  international  candles  and  held  in  the  custody  of  the  QovemmeDt 
labcratoriee  in  En^and,  France  and  the  United  States  are  for  all  practical 
purposos  the  official  standards  of  light  in  these  countries.  Aoourately 
calibrated  lamps  derived  from  these  standards  may  be  procured  from  the 
Bureau  of  Standarda  and  from  testing  laboratories  for  use  as  referenn 
standards. 

SM.  Beferenee  standarda.  It  is  customary  in  important  photometric 
work  to  procure  a  number  of  reference  standarda  calibrated  in  internatioiMtl 
caudles  and  to  use  these  occasionally  for  the  verification  of  other  standards 
which  are  in  daily  use  and  which  are  known  as  working  stantiards.  Thsaa 
in  turn  are  used  for  the  occasional  calibration  of  comparison  standards  whi^ 
are  burned  continuously  in  a  photometer.  All  electric  incandeeoent  lamp 
standards  have  a  limited  life;  hence  lamps  which  are  used  for  continuoat 


*  Transaotions  A.  I.  £.  K.,  190S,  p.  1319. 
t  Traosaotions  Illg.  Eng.  Soc,  1912,  p.  376. 
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tomparison  purpoww  xniist  be  verified  oeeasionftUy  and  the  repeated  um  of 
lie  workinc  atandarda  employed  in  such  verificationa  in  turn  limita  their 
Nriod  of  oonataney.  A  eomplete  range  of  reference  standards  and  working 
itandards  ia  important  if  eompariaon  standards  are  to  be  relied  upon  for 
tocuraey. 

PBOTOHXTS3U  AlTD  PHOTOMXTUC  APPAKATUS 
SW.  Phyiieal  or  non-oeulAr  photoukoton.  In  the  measurement  of 
"adiant  energy  there  are  employed,  at  various  times,  the  thermopile,  the 
■adioineter.  and  the  bolometer.  These  are  affected  by  radiation  of  various 
rare  lenstba  in  several  oharaeteristic  ways,  and,  for  some  classee  of  phsrsical 
nvestigfttion,  have  very  important  usee.  The  photo-electric  cell,  the 
lelenium  cell,  and  the  photographic  plate  also  have  been  investi^ted  with  a 
riew  to  employment  as  subetitutes  tor  the  eye  in  oonjunetion  with  a  photo- 
netric  device.  In  addition  to  characteristics  which  impose  serious  umita- 
ions  to  their  use  for  practical  work,  these  devices  are  open  to  the  further 
>bjection  that  radiation  within  the  visible  spectrum  does  not  affect  them  in 
>he  s&me  proportions  as  it  does  the  human  eye.  Their  sensibility  character- 
sties  do  not  conform  to  the  luminoaity  curve  of  the  human  eye.  The  photo- 
metric cell,  for  example,  ia  most  sensitive  in  the  region  of  0.44^  in  ttw  violet 
ind  of  the  sp«otrum;  the  selenium  oell.  on  the  other  hand,  is  meet  sensitive 
K>  radiation  in  the  region  of  0.7mi  which  is  in  the  orange-red  region  of  the 
rpectrum.  It  is  poaeible  to  correct  these  devices  by  eraploving  color  screens 
x  such  characteristics  as  to  alter  the  sensibility^  curve  to  the  desired  extent. 
[t  ia  understood  that  those  who  are  engaged  in  the  study  of  these  devices 
^eel  encouraged  to  hope  that  they  may  yet  prove  their  value  in  some  classes  of 
^hotometeio  work.  Up  to  the  present  time,  however,  they  have  been  of 
leientifie  interest  rather  than  of  utility,  in  so  far  as  ordinary  photometry  is 
soDeerned. 

SM.  Photomvtric  devloas — ocular.  It  is  a  characteristic  of  the  human 
»3ro.  termed  *'lndaotlon"  that  a  uniform  dark  surface  placed  next  a  lighter 
ninaoe  a.ppears  darker  in  the  region  immediately  adjacent  to  the  lighter 
mrfaoe  than  it  does  in  the  region  farther  removed.  It  foUowi  that  in 
lirin^ng  two  surfaces  to  equivalent  briEhtness,  the  contrast  will  appear 
more  marked  if  the  surfaces  can  be  brought  into  close  juxtaposition,  and,  if 
the  eoiitrast  is  more  marked,  equivalency  can  be  established  with   greater 


Fio.  55. — Lummer-Brodhun  photometer,  comparison  type. 


soeuracy.  Utmost  precision  in  such  adjustments  is  attained  if  the  sarfaces 
sre  made  continguous  and  without  distinguishable  separation.  A  photo- 
metric device  Csometimes  called  a  sight  box)  is  an  appliance  for  promoting 
the  brightnoas  equivalency  adjustment  which  is  the  essence  of  photometry. 
The  more  usual  typea  may  be  classified  as  comparison  devices,  contrast 
deviees,  and  flicker  devices. 

tiT.  Compariton  deficsi.     For  a  description  of  many  simple  photo- 
metric devices  which  are  of  historic  interest,  see  text-books.  •    The  comparison 

'Especially  "Illumination — Its  Distribution  and  Measurement,"  Trotter. 
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devtoo  Id  moat  general  use  at  the  present  time  is  the  simple  Lammw-Brodke 
cube,  which  la  illustrated  in  Fie.  65.  Light  from  lamp,  L,  falls  upon  one  aid 
of  white  plain  surface,  S,  anaia  in  part  reflected  through  nurrtv,  M,  am 
that  part  of  the  two  prisma,  P  and  P\,  which  are  in  optical  oontact,  to  ib 
eye,  O.  Light  from  the  other  lamp,  L\,  falls  upon  the  other  side  of  S,  i 
reflected  from  the  mirror^  Mi,  to  the  priam.  Pi.  That  part  of  it  which  fall 
upon  the  part  of  the  prism  which  is  in  optical  contact  with  prism  P,  p>a^ 
through  P  and  is  absorbed,  while  that  which  falls  upon  the  remainder  of  tb 
hypothenuse  face  of  Pi,  is  reflected  to  the  eye  O.  Portiona  of  the  tw 
BUilaoes  of  S  are  therefore  brought  into  juxtapoeition,  aa  indicated  in  th 
diagram,  and  without  perceptible  lino  of  separation.  Thia  form  of  photc 
metric  device  is  excellent  where  rapid  aettinga  are  deeired,  but  ia  not  quit 
equal  for  precision  work,  to  the  Lummer-Brodhun  oontraat  device. 

tCt.  The  Lammer-Brodhun  contrut  priim  is  employed  in  the  aam 
manner  aa  the  oompariaon  prism  illustratea  in  Fig.  55.  Ita  constmrtio 
IB  different,  however,  aa  illustrated  by  the  plan  in  Fig.  56.  The  hypothenue 
face  of  one  prism  is  ground  away  in  three  placea,  as  indicated,  and  the  altei 
nate  halves  of  the  outer  facea  of  the  two  prisms  are  covered  by  thin  glac 
plates,  0  and  Gi,  which  absorb  7  or  8  per  cent,  of  the  light  which  pmaati 
through  them.  The  photometric  field  apx>eara  aa  illustrated  in  Fie.  55,  tfa 
light  from  one  side  of  photometric  surface  S  being  represented  on  the  mt  c 


Fio.  56. — Lummer-Brodhun  contrast  prism. 


the  diagram  and  by  the  tra[>eBoid  located  in  the  right  half  of  the  field,  thi 
bein^  7  or  8  per  cent,  less  bright  than  the  other  half  of  the  field.  Similarli 
the  light  from  the  other  photometric  surface,  S\,  ia  represented  by  the  aem 
circle  in  the  right  of  the  figure  and  by  the  trapesoid  in  the  left  half  of  tl 
figure,  the  latter  a^ain  being  7  or  8  per  cent,  less  bright.  With  the  tiontrai 
cube  in  proper  adjustment  and  of  proper  optical  characteristics,  a  phot< 
metric  balance  should  bring  to  equivalent  brightness  trapeioids,  S  and  L 
and  also  semicircle  S  and  iSi;  in  addition,  the  contrast  between  trapeioi 
•Si  and  semicircle  iS  should  equal  the  contrast  between  trapesoid  S  andsem 
circle  Si.  Devices  of  this  type  have  highest  known  sensibility  for  phi 
tometry  where  no  considerable  color  di£forence  is  involved. 

tt9.  Bunian  contrait  photometer.  In  the  Bunaen  photometer 
translucent  screen  normal  to  the  photometric  axis  is  rendered  (^  high) 
translucency  at  the  centre,  and  the  appearance  of  the  opposite  surface 
when  illuminated  by  the  two  lam^w  between  which  it  is  located,  is  observe 
through  mirrors  placed  about  HO  dcg.  from  one  another,  as  illuatrated  i 
Fig.  57.  The  greater  translucency  of  the  centre  of  the  screen  may  be  mad 
by  the  application  of  hot  paraffin,  or,  as  in  the  Leeson  disc,  may  be  aeoon 
plished  by  cutting  a  round  or  star-shaped  hole  in  the  disc  itself  and  pastic 
thin  rioe  paper  over  both  surfaces.     Care  and  skill  in  the  cooBtruotion  of  th 
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Fio.  57. — Buneeo  photometer. 


due  are  easential  to  preeuion  of  operBtion.  A»  In  the  Lummer-BrodhuD 
contrast  photometer,  the  Bunsen  photometer  presenta  to  view  two  cnntraBt 
fields.  If  properly  ooiutrueted  with  mirrors  of  equal  absorbing  power,  a 
eonditioa  irf  balance  should  bring  equality  of  brightneaa  and  equality  of 
contrast. 

The  Bunsen  photometer  is  pre- 
ferred by  some  for  routine  lamp 
testins  where  highest  precision  in 
indiTidual  measurements  is  not  so 
important  as  good  maintenance  of 
accuracy  throughout  the  day's 
work.  It  is  in^rior  to  the  Lum- 
iper-Brodhun  photometer  in  sen- 
aitivenesa  at  low  intensities.  It  is 
somewhat  eanier  to  make  settings 
with  the  Bunsen  photometer  than 
with  the  Lummer-Brodhua  pho- 
tometer in  comparison  of  lights 
of  markedly  different  colors  for 
the  reason  that  the  illumination 
of  each  surface  of  the  disc  ia  due 
in  part  to  transmitted  light  from 
the  other  surface.  Where  colors 
differ,  there  is  a  tendency  to  blend 
and  decrease  the  color  contrast  be- 
low the  actual  eontrastencountered 
with  a  photometer  like  the  Lum- 
mer-Brodhun,  where  the  lights  are  not  mixed. 

STO.  Flicker  photometer.  In  flicker  photometry  the  criterion  of  ad- 
justment is  the  disappearance  of  the  flicker  effect,  or  rarely,  the  eauality  of 
two  flicker  effects.  The  flicker  photometer  is  used  as  a  rule  only  where 
lighls  of  markedly  different  colors  are  to  be  compared.  Due  to  pcraistence 
of  vision,  the  colors,  though  markedly  different,  tend  to  blend  when  pre- 
sented to  the  eye  in  rapid  alternation,  and  the  color  differences  cease  to  be 
perceptible,  while  differences  in  brightness  of  the  two  surfacefl  arc  still  risible. 
It  is  thus  possible  to  make  comparisons  of  markedly  different  lights  with 
much  less  difficulty  than  when  the  equality-of-brightness  method  ia  employed, 
and  different  observers  are  much  more  likely  to  secure  similar  results,  because 
the  criterion  rests  upon  a  physiological  effect  and  leaves  room  for  less  differ- 
ence of  opinion  or  less  variation  of  concept  than  does  the  equaJity-of-bright- 
ness  method.  Ives,  who  has  made  the  most  recent  and  extensive  investi- 
gations of  the  subject,*  has  found  that  with  the  flicker  photometer,  blue  and 
peen  lipht  ia  adjudged  of  lower  illuminating  power  when  compared  at  low 
intensities  with  red  and  yellow  light.  This  is  a  reversal  of  the  Purkinje 
effect  (Pur.  SM)  which  obtains  in  equal! ty-of-brightne-sn  measurements  at 
Tery  low  intensities.  He  concludes,  as  the  result  of  hitt  invHtigations,  that 
Uie  flicker  photometer  offers  the  best  means  of  dealing  with  hrterorhromatic 
photometry,  but  its  use  should  bo  limited  by  specifying  a  standard  intensity 
at  which  comparison  shall  be  made,  a  standard  visual  angle  for  the  (>ho- 
tometric  field,  and  observers  who  arc  free  from  peruliaritirs  of  color  vision. 
Incidentally,  a  similar  prescription  applied  to  any  kind  of  photometry  would 
do  much  toward  stanaordization.  Ultimately,  heterochromatic  photome- 
try must  be  based  upon  the  illuminating  power  as  judged  by  some  such 
criterion  as  equality  of  brightness  or  power  to  reveal  detail.  The  disappear- 
ance of  flicker  cannot  be  considered  as  an  ultimate  criterion.  However,  a 
ffioker  photometer  once  verified  and  accepted  in  a  given  form  as  a  reliable 
device  for  heterochromatic  photometry,  should  prove  very  useful  in  that 
daas  of  work  because  of  the  readiness  with  which  settings  can  be  made. 

Ttl,  7orxni  of  flicker  photometer.  Roodf  devised  tho  first  flicker 
photometer,  which  consistea  of  a  wedge,  the  two  faces  of  which  formed  the 
photometric  surfaces,  which  were  viewed  alternately  through  a  revolving 
lens.  The  Whitman  photometer  is  provided  with  a  wheel,  portions  of 
whose  rim  are  inclinea  in  opposite  directions.     As  the  wheel  revolves,  it 

*  PkiloMopkicaX  Maaaxine,  November,  1912. 
t  Science,  Vol.  VII.  p.  767. 
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preMuto  to  the  ftye  photomatrio  lurfaoes  iUtuninAtad  in  turn  by  e*eli  d  thi 
Bouroet  \uai6utt  oomparisoa.  The  Simm&noe-AbMly  photometer  ie  Hmi]«, 
but  differa  in  that  alternation  of  the  inolination  of  tne  rim  of  the  wheel  k 
gradual  rather  than  abrupt.  The  Schmidt  and  Haenach  flicker  phoiometa 
IB  a  refinement  of  the  original  Rood  photometer.  The  optical  oonatmction  ii 
such  that  both  surfaces  are  continuously  observed,  one  surfaee  appeariai 
first  as  the  centre  and  then  as  the  outer  riu  of  the  photometric  field  h 
illustrated  in  Fig.  58.  Wildf  has  devised  a  form  of  flicker  photometer  ii 
which  a  disc  having  two  different  degrees  of  tranducenoy  is  rotated  whih 
its  opposite  sides  are  viewed  much  as  in  a  Buneen  photometer.  Bettini 
with  this  photometer  is  made  by  adiuatiiii 
for  equality  of  decree  of  fUeker  instead  of  di» 
appearance  of  flicker. 

in.  Keuui  of  changiny  Inteiudtr  ^ 
llfht  for  photometric  adjiutmant.  TIm 
principal  methods  of  adjustment  of  the  inten 
sity  of  iltumiaation  upon  a  photometric  Bnrf  an 
are  variable  distance,  variable  inclination  ot 
the  Buriace,  variable  rotating  sector  disc.  Tan 
able  diaphragms,  polarising  devices. 

ITS.  ▼ariabU  distance.  This  adjustmeni 
may  be  accompllBhed  by  moving  the  photo- 
metric device  between  fixed  lampsTby  fixmg  tbi 
photometrio  device  and  moving  the  compari 
son  lamp;  or  by  joining  the  photometrio  de- 
vice with  the  comparison  lamp^  and  movini 
both  as  a  unit.  Tne  first-mentioned  metboc 
is  that  ordinarily  employed  in  commercial  pho 
tometr>^  of  incandescent  lamps.  The  morini 
comparison  lamp  is  often  used  in  portable  pho 
tometers  and  in  tests  of  lighting  auxiKarie! 
where  it  is  desired  to  maintain  a  fixed  distana 
bet  ween  the  photometer  and  the  light  aourv< 
under  test.  The  movement  of  the  photo 
metric  device  and  the  comparison  lamp  as  i 
unit  is  sometimes  employed  in  precision  pho 
tometry  where  it  is  desirable  to  maintain  i 
fixed  intensity  of  illumination  upon  the  pho 
tometrio  suriace.  In  ail  applications  of  tbi 
variable-distance  method  of  adjustment,  it  k 
necessary  to  keep  in  mind  the  limitations  ci 
the  inverae-Bguare  law  (Par.  IM)  and  to  piarc 
carefully  against  errors  due  to  light  reachini 
the  photometric  suriace  after  being  reflected  or  refracted  from  other  surf  aco 
in  such  a  manner  aa  to  interfere  with  adherence  to  the  inverse-square  law. 

S74.  Variable  rotating  sector  disc.  Serious  mechanical  difficulties  an 
encountered  in  constructing  a  rotating  sector  disc  whoeeaperturea  may  bi 
varied  precisely  during  rotation.  Even  if  such  a  device  is  eonatructec 
successfully,  it  is  inherently  of  low  precision  In  the  emaller  aperture  adjust 
ments  where  a  slight  angular  adjuatment  error  may  involve  a  large  error  ii 
the  total  pereontage  of  light  transmitted.  One  of  the  interesting  api>Hcatioa 
of  this  idea  is  embodied  in  the  Beckstein  photometer  (Par.  U4)  in  whiel 
the  beam  of  light  is  rotated  about  the  centre  of  a  stationary  sector  diac  whow 
angular  openings  are  adjusted  as  desired. 

S7I.  Variable  diaphragms.  Unlike  the  variable-distance  method  anc 
the  variable  rotating  sector  disc  method,  the  vuiable  diaphragm  method  ii 
dependent  exclusively  upon  empiric  calibration.  However,  when  used  iz 
conjunction  with  a  uniformly  bright  surface,  as  a  difl'uaing  Buriace  or  lens 
it  is  a  very  useful  device,  and  capable  of  very  accurate  calibration.  Iti 
principal  use  in  commerical  photometry  is  in  portable  photometers. 

STt.  Methods  of  employing  photometric  apparatus.  The  photo 
metric  devices  which  have  been  described  may  be  used  upon  bars  for  Um 
measurement  of  candle-power  in  one  direction,  or  with  integrating  devicec 
for  the  measurement  of  total  flux,  or  in  portable  photometers.     In  all  audi 

t  IUumii%aiing  Engineer,  London,  Vol.  I,  p.  825. 


Fio.    58. — S  c  h  m  i  d  t     and 
Haensoh  flicker  photometer. 
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tppUeationa,  any  of  the  methods  of  varying  the  ictensity  which  have  been 
Aesoribed,  may  Se  employed.  The  principles  are  the  same  and  the  appUca- 
Liona  differ  only  in  accordance  with  the  dictates  of  convenience  and 
prsetioability. 

SIT.  Photomatar  ban.  In  the  measurement  of  horisostal  candle-power 
and  in  the  measurement  of  distribution  of  light  about  a  source,  it  is  eustomsry 
to  employ  a  track  upon  which  carriages  supporting  lamps  or  photometric 
devices,  may  travel  smoothly  and  easily.  The  Baiahtanttalt  bar  is  an 
approved  type  which,  with  various  modifications,  may  be  procured  from 
any  manufacturer  of  photometric  appliances. 

ITS.  Ught-dlatributlon  apparatus.  A  considerable  variety  of  appli- 
anoea  for  facilitating  the  determination  of  radial  distribution  of  light, 
b  available.  These  appliances  include  the  Dibdin  photometer;  devices 
employing  respectively  one  mirror,  tw<>  mirrors  and  three  mirrors;  the 
Matthews  photometer,  emplosring  a  ring  of  mirrors  and  apparatus  in  which 
the  teat  plate  is  revolved  about  the  source.  For  detailed  description  see 
text-books  on  photometry  and  manufacturers'  eatslogues.  All  such  appli- 
ances are  designed  to  facilitate  the  deterrnination  of  the  intensity  of  light  at 
various  angles  in  the  vertical  plane.  Since  the  inverse-square  law  does 
not  always  appl:^  strictly  to  light  from  reflectors  at  the  short  clistances  at 
which  the  light  is  utilised,  it  is  good  practice  to  maintain  a  fixed  distance 
between  the  surfaces  of  the  photometric  device  and  the  centre  of  the  light 
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tra.  Qanaral  dsicription.  An  integrating  photometer  yields  in  a  single 
measurement  the  value  of  the  total  flux  of  light  or  the  mean  spherical  candle- 
power  of  a  light  source.  In  general,  most  such  devices,  by  optical  or 
neehanical  means,  reduce  the  intensity  of  the  light,  at  various  angles  to 
the  verticsl  of  the  light  source,  in  proportion  to  the  area  of  the  sone  which 
the  an^e  biaects,  and  provide  a  summation  of  such  reduced  intensities  for 
tlie  several  antfes  throughout  the  vertical  plane  of  the  source.  The  lata- 
gratinc  sphar*  intercepts  snd  provides  an  indication  of  the  total  light 
nrodneed  by  ihe  aource. 
Perbapa  the  earliest  inte- 

fating  photometer  waa 
londal'i  lumater.* 
Kennellyt  also  devised  an 
apparatus  for  mechanical 
integration.  The  instru- 
menta  of  Matthewa  and 
Ulbrieht,  and  especially  the 
latter,  which  are  used  at 
the  present  time  are  de- 
scribed in  text-books. 

no.  mbricbtlntagrat- 
inX  iphare.  The  inte- 
mting  sphere  devised  by 
Ulbrient  nss  been  found  to 
be  the  most  accurate  and 
practical  form  of  integrat- 
ing photometer  It  has 
been  shown  that  if  a  light 
source  be  located  within  a 
hollow  sphere  having  a  dif- 
fusing inner  surface  and  be 
screened  from  a  given  ele- 
ment of  that  surface,  the 
illumination  of  such  ele- 
ment, l>eing  due  entirely  to 
diffuse  reflection,  will  be  in- 
dependent of  the  location 

*  Blonde.  **La  Determination  de  I'intensite  moyenne  spherique^  des 
iourcca  de  lumiere,"  Compfes  vendue,  March  and  April,  1895  and  L'Sctairofff 
Siti.tt  I'ciws. 

t  HotMton  and  Kennelly.    "  Electric  Incandescent  Lighting,"  p.  461. 


Fio.    50. — Integrating    sphere    for  measuring 
total  lumens  or  mean  spherical  candle-power. 
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of  the  lisbt  source  and  iu  distribution  characteristic.  In  practice  the  Ut 
bricbt  photometer  is  a  hollow-  sphere,  usually  30  or  80  in.  in  diatneter.  It 
is  equipped  to  facilitate  the  introductioa  of  tue  light  sources  to  be  mrasurrd 
It  is  provided  with  a  suitable  screen  which  is  located  between  the  li|J)t 
Hource  and  a  window  which  forma  one  surface  of  the  photometric  device. 
The  general  arrangement  of  the  sphere  is  indicated  in  Fig.  59.  The  inte- 
grating sphere  is  now  recognised  as  the  approved  appliance  for  the  detemu' 
nation  of  total  light  flux  or  mean  spherical  candle-power. 

POBTABLS  PHOTOMITKKS 
t81.  Deicrlption.  In  recent  years  the  use  of  portable  photometers  hai 
increased  due  largely  to  the  development  of  illuminating  engiiieerinc  whirfa 
has  created  adomandfor  illumination  data  as  determined  by  measuremeDts  is 
actual  installations.  Portable  photometers  involve  precisely  the  sanM 
principles  as  do  larger  laboratory  photometers,  and  embody,  in  smaller  sise. 
practii-uUy  the  same  features  of  construction.  They  differ  chiefly  io  thai 
they  arc  enclosed  and  are  provided  with  a  test  plate,  either  attached  oi 
detached,  which  may  be  used  for  measuring  the  total,  illumination  on  i 
plane,  irrespective  of  the  direction  of  incident  light.     A  number  of  portabk 

Fthotonietcrs  have'borne  or  still  bear  more  or  loss  fanciful  names,  as  lumeter, 
uxometcr,  illuminometer.  All,  however,  arc  photometers,  and  may  Im 
subjected  to  the  test  of  ordinary  photometry  in  the  measurement  of  the 
candle-power  of  lamps  in  a  laboratory,  in  order  to  determine  their  afMruracy, 
A  few  years  ago  a  number  of  instruments  were  constructed  without  dw 
regard  for  accuracy  requirements.  Kxperience  has  shown,  however,  that  i 
photometer  may  be  ma«le  in  a  small  sise  and  designed  for  universal  apiji* 
cation  without  undue  sacrifice  of  accuracy,  and  the  recent  tendency  has  Men 
to  embody  in  portable  photometers  all  needed  precision. 

88S.  Teit  plate  for  iUumination  measure  menu.    In  the  ordinary 
photometer,  judgment  is  based  upon  the  brightness  of  two  surfaces,  om 

illuminated  by  a  standard  lamr 
and  the  other  by  the  lamp  un- 
der test.  The  brightnef«  of  the 
flurfnces  is,  of  course,  dependent 
upon  the  intensity  of  the  illumi- 
nation, and  the  measurement  it 
therefore,  one  of  illuminationin- 
tensity.  However,  in  most  such 
photometry  (integrating  photom- 
eters excluded)  a  determinatioB 
is  made  of  the  intensity  in  oni 
direction  only,  and  the  peatecl 
care  is  exercised  to  exclude  Ughl 
from  any  other  direction.  Ie 
the  measurement  of  illumination, 
on  the  other  hand,  it  is  usually 
desired  to  measure  all  light  in- 
cident upon  a  given  plane,  irre- 
spective of  its  direction.     Unlike 


ordinary    photometry,  every  ef- 
fort, therefore,  is  made  toserurt 


Fig.  60, — Light    reflection   characteristic 
of  simple  photometer  test  plate. 


a  proper  representation  of  tb€ 
light  from  ever^  direction  above 
the  plane  studied.  Whereas  i1 
is  a  defect  of  many  unidirec 
tional  photometers  that  lighl 
other  than  that  from  ths  particti- 
lar  direction  desired  falls  upon  the  photometric  surface,  it  is  a  deferi 
of  some  illumination  photometers  that  all  of  the  light  which  falls  upon 
the  photometric  surface  does  not  secure  full  evaluation.  The  photometric 
surface  on  the  test  side  of  the  comparison  device,  is  frequently  called  the 
"test  plate."  An  ideal  test  plate  has  a  perfect  diffusing  surface  (Par.  UO), 
the  reflected  light  or  the  brightness  of  the  siirfnce  varying  as  the  cosine  d 
the  argle  of  inclination.  The  characteristic  of  such  a  surface  may  be  indi- 
cated, as  in  Fi^.  60,  by  a  circle  tangent  to  the  surface.  This  ideal  may  be 
approximated  in  practice  by  the  light  reflected  from  an  opaque  plata 
coated,  (or  example*  with  magnesia. 
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Surfacee  which  conform  meet  cloeely  to  this  requirement  are,  however, 
not  pormukeni  in  character.  Also,  any  opaque  surface  is  undesirable  for 
■om«  classes  of  work  because  it  must  be  viewed  from  above,  under  which 
condiuons  it  is  almost  impossible  to  avoid  some  obetruotion  of  light  by  the 
photometer  and  the  observer.  The  most  satisfactory  simple  test  plate  for 
iDeasureraent  of  illuminiition  under  most  oonditions,  consists  of  a  tbin  milk 
class  which  is  free  from  selectivo  absorption  and  provided  with  fine  diffusiDK 
Borfaces,  and  viewed  from  below,  its  brightness  being  judged  by  transmitted 
lieht.^  Such  plates  do  not  conform  exactly  to  the  cosine  law  of  perfect 
diffusion,  but  the  variation  of  the  best  plates  from  that  law  is  immaterial  in 
moat  classes  of  work.  The  broken  line  curve  in  Fi|c.  60  illustrates  the  vari- 
ation of  a  typical  translucent-glass  test  plate  of  s  simple  type. 

18S.  Weber  portabto  photometer.  The  Weber  photometer,  Fig.  61, 
was  perhaps  the  first  portable  photometer  embodying  most  of  the  features 
whicn  have  been  found  to  be  essentia  to  this  class  of  apparatus.  In  its 
latest  form  it  consists  of  a  rotating  tube  containing,  at  one  end,  the  ocular 
aperture,  0.  at  the 'centre  a  Lummer-Brodhun  cube,  P,  and  at  the  other  end 
either  an  attached  test  plate  or  a  diaphragm  for  use  with  a  detached  test 
plate,  T.  This  tube  revolves  upon  the  end  of  a  fixed  boriiontal  tube  con- 
taining at  the  other  end  the 
comparison  lamp,  C.  A  trans-  Tg^y^ 
lucent  glass,  G,  IS  moved  along 
the  axis  nf  this  tube,  its  bright- 
ness varying  inversely  as  the 
square  of  its  distance  from  the 
eomparison  lamp.  Looking 
through  the  ocular  aperture, 
one  sees,  as  the  centre  of  the 
photometric  field,  a  portion  of 
either  the  attached  or  the  de- 
tached test  plate,  and  sur- 
rounding it  a  portion  of  the 
comparison-lamr)  glass,  the 
bright  oess  of  both  being,  of 
course,  independent  of  their 
distance  from  the  eye.  The 
value  corresponding  to  the  lo- 
cation of  the  comparison-lamp 
glass,  is  indicated  upon  an  ex- 
ternal scale.  This  photometer 
is  provided  with  some  absorb- 
ing glasses  to  increase  the  range, 
and,  in  addition,  has  ^p'een  and 
red  glasses  for  insertion  in  the 
ocular  tube  in  order  to  assist 
inb<rterochromatic  photometry 
in  accordance  with  a  two-color 
method.    This  method  of  color  photometry  has  very  limited  application. 

S84.  Beckitein  photometer.  This  instrument  is  semi -portable.  It 
employs  a  Lummer-Brodhun  cube,  an  incandescent  comparison  lamp,  a 
variable  sector  disc,  about  which  a  beam  of  light  ia  rotated  (Par.  ST4),  the 
prisms  being  driven  by  a  small  attached  motor.  It  is  provided  with  a 
multiplicity  of  attachments  and  adjustments  which  render  it  perhaps  more 
suitable  for  academic  purposes  than  for  practical  photometry. 

SSI.  Sharp-Millar  photometer.  This  is  the  form  of  portable  pho- 
tometer which  is  most  generally  used  in  this  country.  It  is  available  in  three 
lisee,  respectively  12,  24,  and  39  in.  long.  Fig.  62  shows  the  essential  features 
as  embodied  in  the  smallest  sixe.  The  photometric  device,  P,  consists  of  a 
Luznmer-Brodhan  cube  or  a  microscope  glass,  mirrored  except  for  a  central 
»I>vture.  Looking  through  this  aperture  from  ocular  aperture  O,  the  observer 
lees  either  the  attached  test  plate,  T,  which  is  upon  the  end  of  a  rotating  tube, 
or  the  detached  test  plate,  Ta.  The  photometno  surface,  as  seen  throuKh  this 
tube,  is  surrounded  in  the  photometric  field  by  a  portion  of  translucent  glass 
comparison  window,  W .  The  illumination  of  window  W  varies  inversely  as 
the  square  of  the  distance  to  moving  comparison  lamp  C.  The  values  of  a 
setting  is  indicated  upon  a  direct -reading  translucent  scale,  illuminated  from 
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Fio.  61. — Weber  portable  photometer 
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within  by  the  comparison  Ump.  A  system  of  baffle  ■ereens,  8~  I,  ste^  pn- 
teot  the  window  ssainst  stray  li^t.  The  range  of  the  instrument  is  (restly 
extended  by  tlie  use  of  the  absorbing  screens,  A  and  Ai,  which  may  be  rotated 
about  the  photometrio  device,  P,  reducing  either  the  test  or  the  eomparisos 
light.  For  the  measurement  of  candle-power,  a  part  of  the  rotating  tube  Jt 
wnioh  oarries  the  test  plate  is  reversed,  thereby  j>roviding  a  protection  for  tkt 
test  plate  against  all  extraneous  light,  iwrmittitmg  it  to  be  illuminated  by  the 
light  source  alone.  For  the_  measurement  of  brightness,  the  tube  £  is  n- 
moTsd,  end  any  object  B  is  viewed  directly  through  the  photometric  device. 
The  constancy  of  the  oompsrison  lamp  is  assured  by  the  employment  of  s 
bridge  within  the  photometer,  the  Ismn  forming  one  arm.  A  senaitire  tde- 
phone  receiver  or  a  galvanometer  is  used  to  determine  the  point  of  balance  of 
the  bridge.  When  no  dick  is  heard  upon  the  interruption  of  the  telenboBi 
circuit  or  when  the  galvonometer  ceases  to  deflect,  the  bridge  is  balanced,  and 


^^H@3 


Fig.  02. — Small  Sharp-Millar  photometer. 

the  resistance  of  the  comparison  lamp  is  that  reauired  by  the  calibration  of 
the  photometer.  The  resistance  characteristic  of  a  tungsten  lamp  ia  sock  M 
to  make  this  method  of  control  sensitive. 

sncnopBOTomTiBS  amd  coloumctisb 

M<.  Bpaetrophotonwtan.  The  essential  features  of  a  spectropho- 
tometer sre  indicated  in  Fig.  S3.  Some  light  source  is  adopted  as  a  basis  tl 
comparison  and  is  located  at  the  end  of  collimator  tube  C,  where  it  isesi- 
ployed  to  illuminate  a  diSusin«^glass  plate.  The  light  source  to  be  tested 
IS  permitteil  to  illuminate  a  similar  diffusing-^ass  plate,  which  is  fif* 
from  selective  absorption  and  is  located  at  the  ena  of  collimator  tube  C^.  A 
variable-opening  slit  is  located  at  the  end  of  each  collimator  tube.  At  the 
intersection  of  the  azee  of  the  two  collimator  tubes,  the  photometrie  device, 
P,  is  locsted.  The  light  from  the  two  sources  which  is  transmitted  and  n- 
flected  from  the  photometrio  device,  passes  tiirough  a  disperung  prism,  D, 
and  into  the  ocular  tube,  O.  This  tube  may  be  moved  through  an  are  about 
the  dispersing  prism,  and  so  located  as  to  intercept  light  of  any  wave  leaglk 
throughout  the  visible  spectrum.  At  any  desired  wave  length  a  oomparisoa 
may  be  effected,  and  the  light  from  either  source  may  be  varied  to  seeun 
equality.  This  adjustment  may.  be  made  by  means  of  the  slits  at  the  end 
of  the  collimator  tubes  or  by  means  of  a  variable  rotating  sector  disc,*  « 
by  varying  the  distance  between  the  light  source  and  the  transluoent-|[bss 
plate  at  the  end  of  the  collimator  tube.  In  most  speetropfaotomatry  it  ii 
diffioult  to  obtain  suCBcient  light  to  make  it  possible  to  attain  high  preeisioBi> 
settings  This  is  especially  the  ease  with  msasurements  made  near  eitfcf 
end  of  the  spectrum.    To  an  extent  not  encountered  in  ordinary  pbotomati}, 

'Hyde.     Ai<r«pAv<tca{y««<rnaI,  May,  1912. 
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•pcetrophotometi;  it  liable  to  ■ytomntin  and  aocidental  errora,   elleeta  of 

■tray  lisht  being  notable  among  the  error*  of  tba  farmer  clan.     Reenlt*  of 

■paetrophotometiio  teat*  ahoirrclativeintenaitiea 

at  ligiit  in  the  aereral  wave  lengtlia  throtuhout 

tl>B  viaible  apeetnun  (Par.  IT).    Thaee  aiv  diffieult 

to  eomprehend  and  interpret  nnleai  one  i<  well 

versed  in  aueh  work.     Uaualiyit  ia  neeeaaary  to 

refer  apeotrophotometriedifferenoeatodifferenoee 

in  color  with  which  one  ia  well  acquainted  (a*  that 

between  the  Maida  and  carbon  lamiie)  in  order 

to  form  a  fairly  good  concept  of  magnitude. 

SS7.  Colorlmater.  It  ia  Knarally  eonaidered 
that  there  are  three  primary  color  aencationa  (Par. 
90S).  In  oolorimetry,  three  plaaaea  correaponding 
to  tbeee  seoaationa,  raepectively  red,  green  and 
Una,  are  interpoeed  between  the  light  aource  to  be 
atodisd,  and  a  davica  which  mizea  the  tranamitted 
licbta  and  brinip  the  reaultant  combined  lightinto 
iuztapoaition  with  aome  oompiarison  light  for  color 
en.    Diaphragm*,  or  rariable-width  aliti,  are 


s 
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Fio.    63. — Scheme    of 
apeetro-photometer. 


match  ... 

•naployed  to  aecure  the  proper  relative  proportion* 

of  r«d,  green  and  blue  light.     In  the  Ive*  eolorim- 

etor*  variaUe  width  alita  are  employed  with  the 

e(do«edgIaa*ea.     The  adjuatment  acale  for  each  alit  i*  calibrated  from  0  to 

100.     With  each  alit  opened  to  the  maximum,  the  reeultant  mixture  appear* 

wbita  when  average  daylight  i*  received  upon  the  colored  glaosea.     Color 


Fio.  64. — Color  triangle.     For  key  to  numbm  *ee  Par.  tT. 

■anaation  yduaa  are  expressed  in  terms  of  such  maxima.     The  colorimeter 
may  be  employed  in  the  study  of  light  from  line  apectrum  aourcee,  whereas 

•  Ives,     /ournal  jVanJUt'n  Iiutilute,  1B07,  p.  164. 
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the  spectrophotometw  i*  limitttd  to  the  study  of  continuous  ■pectruzn  or  apr 
proximately  oontinuoua  spectrum  sources.  JJsnsstion  values  (Par.  IT)  niay 
be  shown  with  the  aid  of  the  Maxwell  triangle,  Fig.  64. 

In  this  diagram,  several  illuminants  are  locatea  as  to  color,  and  are  diOT& 
in  comparison  with  the  theoretical  black  body  at  several  temperatures.  The 
sum  of  the  expressionB  of  color  sensations  is  unity.  The  sum  of  the  per- 
pendicular distanrns  from  the  three  sides  of  an  equilateral  triangle  is  equal  to 
the  altitude  of  the  triangle,  which  also  in  taken  as  unity.  Hence,  th«  thrw 
color  sensations  for  any  illuminant  may  be  indicated  by  a  point  on  the  tit* 
angle.  The  dotted  line  represents  the  ocrfor  of  the  bliusk  oody  at  several 
temperatures. 

PBOTOmTBXC  ADJUHCTS 

S8S.  Standardising  equipment!.  An  adeouate  supply  of  referenrs 
standard  lamps  is  important.  As  far  as  practicable,  these  should  be  of  the 
same  types  and  sites  as  tho  lamps  to  be  tasted.  For  use  with  a  portable 
photometer  there  should  be  a  standard  lamp  box,  in  which  the  lamp  is 
enclosed  and  in  which,  preferably,  there  is  some  device  for  facilitating  the 
establishment  of  a  standard  distance  between  the  lamp  and  the  photometer. 

tt9.  Photometer  icalei.  In  practical  photometry,  the  desirability  of 
having  all  photometers  direct-reading  will  be  obvious.  Id  the  case  of  a  fixed 
photometric  device  and  a  moving  comparison  lamp,  the  scale  is  computed  ia 
accordance  with  the  simple  application  of  tho  inverse-square  law.  A  funds- 
mentiU  distance  is  established  at  which  a  givcD  light  intensity  will  be  indi- 
cated.  Distances  for  other  intensities  are  obtainea  by  the  simple  application 
of  the  inverse-square  law,  thus: 

In  the  case  of  a  fixed  distance  between  the  test  and  comparison  lamps  and  a 
photometric  device  moving  between  them,  the  midway  point  is  assigned  the 
value  at  which  it  is  desired  to  maintain  the  comparison  lamp.  All  other 
points  are  determined  in  accordance  with  the  following  equation: 

J •>— 

where  d  is  the  distance  between  the  test  lamp  and  the  photometric  device,  D 
is  the  distance  between  tamps.  /« is  candle-power  of  the  comparison  lamp  aivl 
/( is  tho  candle-power  of  the  test  lamp. 

tM.  Color  fUteri.  Where  light  sources  of  a  varieW  of  types  are  to  be 
tested,  it  is  desirable  to  have  an  adequate  range  of  color  filters  wnich  will  tend 
to  eliminate  most  of  the  problems  of  hoterochromatio  photometry.  These 
should  have  authoritative  calibration.  Both  glass  and  liquid-solution  color 
filters  are  being  developed  on  comprehensive  scales. 

Ml.  Kequlred  accuracy  in  electrical  inatrumenta.  Too  much  care 
cannot  be  devoted  to  the  electrical  measuring  instruments  employed  in  pho- 
tometry. To  emphasise  this  it  is  necessary  only  to  repeat  that  with  Masda 
lamps  the  candle-power  error  involved  in  a  1-per  cent,  voltage  error  is  4 
per  cent.,  and  that  the  correspondiDK  error  due  to  a  1-per  cent,  ampere  errw 
18  6  per  cent.  Practically  all  portable  voltmeters  and  ammeters  have  apptv 
ciable  scale  errors.  The  extent  of  such  errors  should  be  determined  by  secur- 
ing calibration  curves  for  the  iostruments,  and  corrections  should  he  mads 
accordingly.  Some  instruments  have  temperature  coefficients  which  ii  tro- 
duce  material  errors  at  times.  Also  some  voltmeters  and  ammeters  an 
influenced  appreciably  by  external  fields.  All  the  precautions  taken  in 
electrical  measurement  should  be  applied  in  the  use  of  electrical  instruments 
for  photometric  work. 

SM.   Rotating  sector  diici.     In  most  laboratorv  photometry  it  has  been 

found  desirable  to  use  a  number  of  sector  discs  which  are  interchangeable 
on  the  rotating  shaft  and  which  have  fixed  angular  openings,  yielding  trans* 
mission  coefficients  of  roapoctively  0.1,  0.01,  etc.  Such  employment  of  th« 
rotating  sector  disc  promotes  ultimate  acruracy,  since,  if  adjustable  discs 
are  used,  the  opportunity  for  undetected  adjustment  errors  is  considerable, 
and  the  adjustment  accuracy  is  low  with  small  angular  openings. 
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MS.  Abtorbinf  iotmiu  form  a  valuable  adjunct  to  photometric  equip- 
ment. Their  traDsmiBsion  coefficient,  however,  is  not  accurately  oontroU- 
able.  and  a  simple  decimal  value  is  therefore  rarely  obtained.  Abeorbing 
scrreens  should  transmit  without  diffuaion,  and  should  be  free  from  serious 
selective  absorption.  Unfortunately,  the  usual  absorbing  screens  having  low 
coefficients  of  transmission,  have  considerable  selective  absorption. 

S94.  Baffle  screens.  In  practically  all  photometry  it  is  essential  to|[uard 
the  photometric  device  against  stray  hght.  Opaque  screens  having  suitably 
proportioned  apertures  are  largely  employed  for  this  purpose.  A  series  of 
these  screens,  paiated  black  (for  most  preciso  work  they  may  be  covered 
with  black  velvet;,  is  used,  for  example,  on  a  photometer  bar.  Where  the 
photometric  device  or  the  comparison  lamp  travels  alony  a  traek,  these 
Bcreeos  must  be  re-located  as  occasion  requires.  A  most  satisfactory  method 
is  to  so  iuBtall  them  that  they  will  bo  adjusted  automatically  to  the  movement 
of  the  lamp  or  photometer  carriage.  This  may  be  accomphshed  by  mounting 
them  upon  lasy  tongs,  as  in  several  types  of  commercial  lamp-testing  pho- 
tometers, or  allowing  them  to  slide  upon  the  track,  being  pushed  in  front 
of  the  lamp  as  it  approaches  the  photometric  device,  and  drawn  after  the 
lamp  by  cords  or  otherwise  as  it  recedes,  as  in  the  Sharp-Millar  photometer. 
An  alternative  to  the  use  of  bafilo  scroens  is  the  employment  of  black  velvet 
to  cover  all  surfaces  which  may  possibly  reflect  stray  light  to  the  photo- 
metric device. 

MS.  Kheoitatl.  The  easy  fine  adjustment  of  the  current  or  voltage  of  a 
lamp  is  important  to  precise  work  in  photometry.  Too  much  care  cannot  be 
expended  in  providing  thoroughly  satisfactory  rheostats  for  this  purpose. 
Step  rheostats  are  unsatisfactory  unless  the  stops  are  of  such  low  reeistanoe, 
in  relation  to  the  magnitude  of  the  current,  that  the  change  per  step  is 
extremely  small.  A  helix  of  resistance  wire,  with  the  coils  well  insulated, 
wound  u|;>on  an  insulated  tube  and  mounting  a  sliding  collar  having  a 
multiplicity  of  contact  points,  is  the  most  generally  acceptable  form  of 
rheostat  for  photometric  work. 

SM.  L&mp  rotators.  It  is  usually  desired  to  obtain  mean  angular  inten- 
sity of  light  rather  than  the  light  in  some  particular  direction  at  a  given 
ansle.  Wherever  the  nature  of  the  illuminant  permits,  it  is  desirable,  there- 
fore, to  rotate  the  light  source  during  test,  allowing  the  eye  to  integrate  the 
iDtensiti'js  to  obtain  a  mean.  Most  forms  of  illumioants  can  be  rotated. 
Xhe  speed  of  rotation  of  course  depends  upon  the  extent  to  which  the  light 
distribution  is  asymnnetrical.  If  the  distribution  is  approximately  symmet- 
rical, a  low  speed  of  rotation  will  sufl&ce.  This  being  the  case,  it  has  been 
found  practicable  to  rotate  almost  all  typos  of  illumioants,  including  most 
arc  lamps  and  some  forms  of  gas  lamps.  The  lamp  rotator  therefore  be- 
comes a  valuable  adjunct  in  a  photometric  laboratory.  It  must  be  good 
both  mechanically  and  electrically.  As  the  moving  electrical  contact  re- 
quired for  the  supply  of  the  lamp  may  involve  some  potential  drop,  it  is 
customary  in  the  best  construction  to  provide  auxiliary  moving  contacts 
either  of  the  brush  type  or  of  the  mercury-cup  type,  in  order  to  allow  the 
measurement  of  voltage  immediately  at  the  lamp  terminals. 

PHOTOMKTBIC  TKBTING 
StT.  Tb«  Kubatitution  method  of  photometry  consists  in  calibrating 
a  photometer  by  means  of  a  standard  lamp  of  as  nearly  as  poesible  the  same 
characteristics  as  the  lamps  to  be  tested,  and  substituting  the  lamp  to  be 
tested  for  the  standard  lamp.  A  skilled  photometrist  employing  a  pho- 
tometer of  exact  construction  which  is  periectly  screened  and  is  used  with 
correct  electrical  instruments  for  determining  the  electrical  conditions  of  cir- 
enits  which  are  free  from  potential  drop,  may  obtain  correct  results  in  the 
practieaJ  comparison  of  a  test  lamp  against  a  standard  lamp.  Whatever  the 
methoda  employed,  every  care  should  be  exerciHed  to  secure  those  favorable 
conditions  for  photometry,  but  if,  in  spite  of  care,  some  conditions  exist 
which  are  not  exactly  as  they  should  be,  it  is  quite  possible  that  the  substitu- 
tion method  may  result  in  cancelling  the  efToet  of  such  conditions  and  avoid- 
ing erroneous  results.  By  using  standard  lamps  of  the  same  sise  and  type  as 
the  lamp  to  be  tested,  the  substitution  method  results  incorrcctini^  both  er- 
rors of  illumination  and  errors  of  electrical  measurement.  If  stray  light  from 
a  100-candle-power  lamp  adds  5  per  cent,  to  the  illumination  of  a  photom^^ 
rie  aurfaoa  woen  a  moving  photometric  device  is  set  at  100  on  a  scale,  it  v"^ 
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have  the  tame  effect  when  a  standard  lamp  of  the  same  sise  is  OMd.  If  tben 
%  oomparison  lamp  be  calibrated  fcv  temporary  uee  by  means  of  the  100-oan- 
dle-power  standard  lamp,  it  will  be  adjusted  fi  per  eent.  too  hiffh.  When 
the  lOO-oandle-power  test  lamp  hm  measured,  the  light  of  the  eomparsson  laiiq» 
against  which  it  is  balaneed  and  the  light  from  the  test  lamp  will  both  be  5 
per  cent,  too  high.  The  result  will  be  a  correat  setting.  If  a  voltmeter  bs 
employed  which  has  an  error  of  1  per  cent.,  the  effect  of  the  «rror  wiD  bs 
canoelied  in  the  same  way  if  the  subBtltution  method  is  followed.  Where 
considerable  photometric  work  is  to  be  done,  the  provision  of  an  ample  rang* 
of  reference  standard  lamps,  in  OTder  to  permit  the  extensive  application  of 
the  substitution  method,  is  true  economy. 

SM.  Oood  prftotloe  In  meacnrlng  lllamlnaUon.  It  is  well  to  be  pro- 
vided with  reference  standard  lamps  and  a  box  equipped  with  baffle  screens  or 
black  velvet  to  prevent  stray  light,  in  ordsr  to  produce  illumination  of  knowv 
Intensities  from  the  standard  Tamp  upon  the  photometer  test  i>late.  It  is 
well  to  have  sufficieDt  standardiiing  equipment  of  this  kind  to  permit  of  the 
verification  of  the  photometer  scale  at  a  few  points  throughout  its  range  and 
also  the  verification  of  photometer  abswbinf  screens.  The  same  equipment 
may  be  used  in  verifying  the  brightness  oahbration  of  the  photometer,  pro- 
vided a  standard  surface  of  known  qualities  is  obtaioed  with  the  stanaard 
lamps.  In  such  calibraUou,  light  of  a  known  intensity  is  thrown  upon  the 
standard  surface  and  the  corresponding  brightness  of  the  surface  is  computed 
(Par.  tOi),  employing  its  coefficient  ofdiffuse  reflection. 

In  some  illumination  work  it  is  sufficient  to  measure  the  intenaity  of  illumi- 
nation at  certain  points  in  a  room,  and  it  is  usually  sufficient  to  meaeure  the 
brightness  of  certain  objects  in  the  room,  as  far  as  data  on  brightness  are 
oonoerned.  More  frequently,  however,  it  is  desired  to  know  the  aversgs 
maximum  and  minimum  illumination  intensities  on  certain  planes,  and  to 
derive  the  coefficient  of  utilisation  (Par.  188),  In  such  instances  it  is  cui- 
tomi^y  to  divide  the  plane  of  reference  into  rectangles,  usually  providing  90 
to  30  such  rectangles  for  the  room,  or  for  each  bay  in  the  room.  A  det«- 
mination  of  the  illumination  intensity  is  then  made  at  the  centre  of  each  sudi 
rectangle.  The  mean  of  such  values  is  usually  a  fair  approxima*^ioD  of  the 
average  intensity  for  the  entire  plane.  Where  a  detached  test  plate  is  em* 
l^oyed  in  the  measurement  of  inumination  on  a  horisontal  plane  or  at  aiqr 
^ven  anple  of  inclination  to  the  horiiontal,  it  is  often  desirable  to  employ  as 
automatic-leveling  test  plate.  In  the  measurement  of  horisontal  illumins- 
tion  in  interiors,  a  plane  30  or  30  in.  above  the  floor  is  usually  selected.  A 
complete  study  of  a  room  used,  for  example,  for  office  purpoees^  should 
include  the  average  horisontal  illumination  on  such  a  plane;  the  umformitr 
of  such  illumination  intensities;  the  brightness  of  the  walls,  light  sources  awl 
other  especially  prominent  objects  within  view;  and  measurements  of  either 
illumination  intonsities  or  brightness  on  desks  to  show  depth  and  nature  d 
shadows  encountered. 

199.  Preoftutions  for  avoldanee  of  error.  The  following  suggestioni 
are  commended  by  experience,  and,  if  followed,  are  likely  to  result  in  the 
avoidance  of  some  of  toe  most  common  errors. 

Reduce  color  differences  by  the  use  of  authoritatively  calibrated  color 
filters  (Par.  S90). 

Follow  the  substitution  method  (Par.  99D  as  closely  as  praeticsble- 
provide  reference  or  working-standard  lamps  of  the  same  sise  and  type  ss  the 
lamps  to  be  tested. 

Consult  the  characteristics  of  the  light  source  under  test  and  adapt  pn^  . 
iice  accordingly.  For  example,  allow  an  arc  lamp  or  a  large  series  incandes- 
cent lamp  to  Durn  for  a  short  period  in  order  to  attain  working  temperature 
before  making  measurements.  In  testing  arc  lamps  whose  nUues  vsrr 
through  a  cycle  corresponding  with  the  feeding  period,  make  certain  thst 
results  are  average  fw  such  period. 

Verify  photometer-scale  ualibration  by  tests  of  standard  lamps. 

Repeat  verification  at  reasonable  intervals  even  though  photometer  hss  not 
been  used  in  interim. 

Verify  indications  of  electrical  instruments  used. 

Observe  strict  cleanliness  of  apparatus.  Dust  on  transmitting  glsi>M 
increases  coefficient  of  absorption.     Dust  on  black  velvet  reflects  UvQt. 

Verifv  a  few  test  results  by  tests  upon  other  appar^us.  It  is  relatively 
simple  for  an  observer  to  repeat  setting  with  a  pven  phoitometer.    Msk* 
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eartain  thai  suoh  Mttin^  ar*  in  soocvd  with  results  determined  by  others 
emcioying  different  eqiupment. 

In  teate  of  refleotora  make  certain  that  the  light  ^uroe  ia  etriotly  in  accord 
with  the  manufacturer's  standard  of  oonstruotion,  both  as  to  type  and 
dimenaionB. 

Aasure  eorre<;t  location  of  the  reflector  with  reference  to  the  light  source. 
Sli^t  variation  in  any  of  these  conditions  may  affect  the  result  materially. 

In  teste  for  candle-power  and  in  light-distribution  testa,  look  Uong  the 
photometric  axis  from  the  position  of  the  photometric  device  to  the  test 
himp  and  to  the  comparison  lamp.  Make  certain  that  all  of  the  light 
emanating  from  the  light  sources  in  the  direction  of  the  photometric  device, 
reaches  the  photometric  surface.  Make  certain  that  no  other  light  reaches 
the  surface,  that  is,  avoid  stray  light. 

SOO.  Sampling.  In  sampling  for  test  purposes^  whether  the  samples  be 
lamps,  lighting  auxiliaries,  or  illumination  insuUataons,  it  ia  important  that 
the  aamples  be  unquestionably  representative  of  the  product  which  is  to  bo 
judsed  by  the  resmta  fA,  the  test.  It  is  also  essential  that  the  samplee  bo 
Bumcient  in  number  to  guard  against  the  exertion  of  undue  influence  upon  the 
final  reault  due  to  the  presence  of  an  eccentric  individual  among  the  samples. 
It  ia  hardly  possible  to  Judge  intelligently  in  these  matters  unless  one  is 
thoroughly  acquainted  with  the  characteristics  of  the  product  which  is  being 
aam^ed.  No  small  part  of  expertness  in  testing  lies  in  the  auooessful  sam- 
pling td  the^  woduot  to  be  tested.  Lamps,  reflectors,  etc.,  are  not  uniform, 
and  very  misleading  results  may  follow  upon  injudidoua  sampling. 

Ml.  Prlnciplea  of  eomparUon.  In  comparing  illuminants  it  la  impor- 
taat  to  bear  in  mind  first,  that  some  illuminants  require  more  adaptation  and 
auffor  in  effidency  more  in  adaptation  for  a  given  service  than  do  other  illumi- 
nanta;  and,  aoeond,  that  some  illumiziants  deteriorate  more  largely  in  e£B- 
oency  during  life  than  do  others.  For  example,  a  magnetite  arc  lamp  as 
equipped  is  well  adapted  to  street-lighting  service,  and  its  efficiency  in  the 
eonmtion  delivered  by  the  manufacturer  is  substantially  its  service  efficiency. 
On  the  other  hand,  incandescent  lamps  may  ha^  to  be  equipped  with  globe 
or  reflect<xv  or  both  before  application  to  atreet-li|Ehting  service,  and  their 
efficiency  as  shipped  by  the  manufacturer  ia  materially  higher  than  ia  their 
eervioe  efficiency.  As  another  example,  the  oandle-powerdepreoiation  of  a  25* 
watt  Masda  lamp  ia  leas  during  its  life  than  is  the  candle-power  depreciation 
of  a  lOO-watt  Masda  lamp.  ConcluBions  based  upon  initial  laborat<»7 
valoee  should  be  modified  where  neoeasaxy  before  oeterminin^  upon  rela- 
tive merit  of  two  different  kinds  or  sises  of  illuminanta  iw  a  given  class  of 
sarrioa.  Likewise^  lifting  auxiliaries  are  not  always  directly  comparable  on 
tlie  basis  of  their  initial  laboratory  values.  The  deterioration  of  reflecting 
surfaces  may  be  rapid.  8ome  aurfaoes  collect  and  retain  dust  more  lar^y 
than  do  othm,  and,  in  consequence,  their  deterioration  of  light  is  greater  in  a 
S^ven  period. 

W%.  Discussion  of  results.  In  discussion  of  test  results  it  ia  rarely 
poasible  to  draw  unqualified  conclusiona  as  to  relative  merit  between  apph- 
anoea  or  installations  which  are  of  more  or  less  the  same  order  of  merit.  In 
any  teat  all  that  ia  demonstrated  is  that  a  sample  or  a  set  of  samples  or  an 
iiwtallation  has  been  found,  in  a  ^ven  instance,  to  be  superior  in  certain 
respects.  It  ia  dangerous  to  draw  sweeping  coDclusions  from  testa.  To  do  so 
may  mislead  when  test  data  are  applied  to  appliances  or  installations  which 
have  not  actually  been  tested.  In  discussin^E  results  of  tests  and  drawing 
oonclu^ottS  from  tests  it  is  well  to  be  cautious  in  accepting  the  basis  m 
meaeurament  as  a  final  indication  of  value.  The  candle-power  of  an  incan- 
deacent  lamp  ia  one  direction  or  in  one  plane  ia  not  neceasarfly  an  indication  of 
the  illuminating  power  of  the  lamp.  In  the  long  run.  the  total  light  flux  or 
the  mean  apbwical  candle-power  is  moat  nearly  a  correct  indication,  but  even 
ihia  moaaurement  may  fail  to  indicate  the  real  value  of  an  illuminant  for  a 
certain  olaas  of  service.  It  may  be  shown  that  the  minimum  normal  illumi- 
nation intenaitiea  provided  by  two  installations  of  illuminants  for  street- 
lighUng  service  are  equal,  but  this  does  not  demonstrate  that  the  two  ays- 
tema  are  of  equal  value.  One  may  dbliver  twice  as  much  light  as  the  other 
upon  the  street.  The  mean  horiaontal  illumination  may  be  in  the  long  run  a 
reasonably  good  measure  of  street-lighting  effectiveness,  but  even  this  meas- 
ure may  fail  to  indicate  the  facts  for  certain  classes  of  service.  Id  short,  tests 
of  iBumiaation  should  be  conducted  and  conclusions  should  be  drawn  from 
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euoh  testa  in  koconUnoa  with  the  dictate*  of  oomcaon  Miies  and  good  env- 
neeriog  practice. 
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Theory  and  Practice."     Frederick  J.  Drake  4  Co.,  1912. 

MoLEswoRTH,  H.  B. — "Obstruction  to  Light."  Spon  and  Chamberlaio, 
1902. 

*  Taken  from  liat  compiled  by  N.  D.  Macdonald  for  Committee  on  Edu- 
cation, Illuminating  Engineering  Society. 
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Tatior,  Fbedebio  H. — "Private  House  Eloctrio  Lighting."  Percival 
Marshal  A  Co.,  London,  Spon  and  Chamberlain. 
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BoHLE,  Hkbman. — "Electrical  Photometry  and  Illumination."  J.  B.  Lip- 
pincott  Company,  1912. 

Tbotter,  Alexander  Pelhau. — "Illumination:  Its  Distribution  and 
Measurement."     Macmillan  Company,  1911. 

WicKENDEN,  Wm.  E. — "Illumination  and  Photometry."  McGraw-Hill 
Book  Company,  Inc.,  Ist  Ed.,  1910. 

Stink,  Wilbur  M. — "Photometrical  Measurements."  Macmillan  Com- 
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INDUSTRIAL  MOTOR  APPLICATIONS 

MACHINE  TOOLS 

BT  LKON  P.  AUORD 

Editor  American  Machinist,  MembVy  American  Soci^y  of  Mechanical 
Bnffinwra 

1.  Definition.  The  term  "  machine  tools"  cannot  be  accurately  defined. 
Broadly  they  are  maohiaea  lued  to  work  and  shape  metals.  A  leKsl  definitioo. 
taken  from  the  Underwood  tariff  law.  Par.  107,  reads  as  follows:  "Machior 
tool  as  used  in  this  paragraph  shall  be  held  to  mean  any  machine  operated 
by  other  than  hand  power  wnich  employs  a  tool  workinc  on  metal.** 

S.  The  two  principal  olauei  into  which  they  divide  are  distanguished 
by  the  kind  of  motion  of  the  work  or  outtin^  tools.  This  motion  may  be  either 
rotating  or  reciprocating.  In  the  former  instance  the  speed  is  usually  coin 
stant  throughout  each  operation,  and  the  energy  absorbed  is  used  in  ovtt- 
coming  the  friction  of  the  machine  and  in  doing  useful  work  in  cutting  or 
forming  metals.  The  exceptions  are  machines  that  accelerate  during  the 
cutting  operations,  such  as  squaring-up  lathes  and  lathe-type  cuttin^ff 
machines.  In  the  second  class  the  power  is  subject  to  great  6uctuatioDi 
during  a  working  cycle.  For,  in  addition  to  the  friction  losses  and  useful 
work  done  there  are  large,  regular  demands  for  energy  with  which  to  retard 
and  accelerate  heavy  parts  of  the  machine,  or  the  pieces  which  are  beiii« 
shaped. 

t.  The  friction  lossei  in  rotAtiny  maoblnet,  such  as  lathes,  borim 
mills,  drilling  machines,  milling  machines,  grinders,  and  the  like  vary  almost 

directjy  as  the  speed,  the  gear  ratio  re- 
maining constant.  The  loss  in  the  gear- 
ing ana  feeding  mechanism  comprises  the 
larger  part  of  toe  friction  losses. 

4.  The  friction  Iosmi  in  redpro- 
eating  machlnee,  such  as  planets, 
shapers.  Blotters,  and  the  like,  are  very 
small  in  comparison  with  the  losses  due  to 
inertia.  In  fact  the  inertia  losses  often 
exceed  the  useful  work  to  such  an  extent 
as  to  determine  the  sise  of  motor  (this  is 
especially  the  case  with  shortr^troke  ma- 
chines). Fiff.  1  shows  a  power  curre 
taicen  by  G.  M.  Campbell  for  a  60  X  60 
in.  X  20  ft.  Pond  planer.  It  shows  the 
power  input  when  running  light  plotted 
with  time.  The  cutting-stroke  speed 
was  25  ft.  per  min.  (7.6  m.  per  min.)  and 
the  return-stroke  speed  60  ft.  per  min. 
(18.3  m.  per  min.). 
B.  Oroup  drive  and  Individual  driT*. 
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Fio.  1. — Power  curve  of  a  60  by 
60-in.  planer. 


Motor  applications  to  machine  tools  divide  into  two  classes,  group  drives  and 
individual  drives.  It  is  impossible  to  lay  down  a  generu  principle  to  be 
followed  in  the  selection  of  drive  for  a  given  case,  for  tnere  are  manj 
modifying  factors.  Very  large  machines  (those  located  under  a  crane)  ana 
all  machines  requiring  variable-speed  drive  are  commonly  provided  with 
Individual  motors.  Small  and  medium-sised  machines  are  usually  arranged 
m  groups  and  driven  from  a  line  shaft  which  in  turn  is  driven  by  a  oonstsnt- 
speed  motor.  If  there  are  a  number  of  reciprocating  machines  in  the  group* 
It  IS  not  uncommon  to  add  a  fly*wheel  to  the  motor. 
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f.  A  eomparison  of  liiMihaft  uid  Individual- motor  drlTM,*  for 

i»<;hiiiff  toolfl  u  given  in  the  foUowinc  table: 


Item 


Lineshaft  drive 


Individual  motor 
drive 


Advantage  of  in- 
dividual motor 


1.  Power  con- 
sumption. 


2.  Speed  con- 
trol. 


Constant  friction 
loss  in  shaft,  belts 
and  motor,  power 
for  cutting. 


Friction  loss  (motor 
and  tool  only)  use- 
ful  power  only 
while  working. 


Less  power  re- 
quired. 


No.  speeds  —  No. 
cone  pulleys  X  No. 
gear  ratios. 


No.  speeds —  No. 
controller  points  X 
No.  gear  ratios. 


More  speeds  pos- 
sible: time  saved  in 
speed  adjustments. 


3.  Revernng. 


Clutch  and  crossed 
belt. 


Reversible  oon- 
troller. 


Time  saved  in  re* 
versing. 


4.  Adjusting 
tool  and 
work. 


Stopping  at  any 
definite  point  very 
difficult. 


Can  be  started 
either  direction 
and  stopped  at  any 
point. 


Time  saved  in  set- 
ting up  and  lining 

up. 


5.  Speed    ad- 
justment. 


Large  speed  incre- 
ments between 
pidley  steps. 


Small  speed  incre- 
m  e  Q  t  s  between 
controller  steps. 


Time  saved  by  ob- 
taining proper  cut- 
ting SpCNKi. 


6.  Size  of  cut. 


Limited  by  slipping 
belt;  large  belts 
hard  to  shift. 


Limited  by  strength 
of  tool  and  sise  of 
motor. 


Time  saved  by  tak- 
ing heavier  outs. 


7.  T i m e  to 
complete 
a  job. 


Much  less  time  re- 
quired as  indicated 
for  previous  items. 


8.  Liability 
to    acci 
dents. 


Slipping  or  break- 
ing belt;  injury  to 
machine  tools,  cut- 
ting tool  or  prime 
mover. 


Injury  to  machine 
tool,  cutting  tool 
or  motor. 


Much  less  liability 
to  accident. 


9.  Checking 
economy 
of  opera- 
tions. 


Close  supervision 
required,  very  dif- 
ficult to  locate 
causes  of  delay. 


Accurate  tests  pos-  Causes  of  delay  and 
sible  by_  raeana  of  remedies  easUy  lo- 
graphic    meter  cated  without  per- 


which  records  au- 
tomatically all  de- 
lays and  rate  of 
cutting. 


sonal  supervision. 


10.  Flexibility 
of  loca- 
tion. 


Location  determin-  Location  deter- 


ed  by  shafting,  and 
changes  difficult. 


mined  by  sequence 
of  operation 
changes  readily 
made. 


Greater  conveu' 
ience  in  handling 
and  increased  eoou' 
omy  of  operation; 
more  compact  ar- 
rangement possible. 


T.  Hotors  for  Individual  drives  have  been  tentatively  standardised 
hf  a  committee  of  the  National  Machine  Tool  Builder's  Association  confer- 
inig  with  a  committee  of  the  American  Association  of  Electric  Motor  Manu* 
Ncturers.  Although  the  design  data  were  agreed  upon  in  substance  early  in 
1910,  the  motor  manufacturers  have  failed  to  use  it  in  the  manufacture  of 
wir  product.  An  abstract  of  the  report  of  these  committees  appears  in 
nr.  8. 
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S.  •tandanUMd  ipMUestioiii  for  ImdMdnal-drir*  motors. 

(»)  BoTM  powar.  Ten  siiea  an  oonaderad  niminnry  far  praetinlhr 
•U  raqiiitemenU  of  deotrie  drive  for  machine  took.  Tbeae  naee  are  ■*  fat ' 
lows:  1, 1.5  (for  diieot  ourrent  only).  2,  3,  8,  7.8, 10, 18,  20  and  26. 

(b)  VOltefW  for  direot-eurrent  motora  ahoiild  be  118  and  230  ToHa 
For  alternatuig-«unent  motors  the  voltasns  ihoold  be  1 10  and  220  Tolta 
,  (e)  BoTM-power  rating*.  Where  approximately  itandard  load  eonili- 
tiona  exiat,  motors  are  to  be  siven  a  conbouous  oonetant  horse-power  rating. 
For  variable-epeed  motors  used  under  intermittent  eervioe  oonditiona,  tM 
standi^d  2-hr.  continuous-duty  rating  is  to  be  used  for  orcUnary  shop 
conditions. 

(d)  Diract-euirant  motor  ipoeda.  Variable-speed  motors  an  to  b* 
staadardised  for  two  ranges,  namely,  2  to  1,  and  3  to  1 .  The  foUowins  tabb  . 
includes  the  recommended  speeds  for  variable-speed  direct-euRent  moton.  > 


Horse  power 

Speeds 

Speeds 

Ratio  2:1 

Ratio  3 : 1 

1 

I' 

3 

8 

i5» 

18 
20 
28 

r.p.m. 
1.800-780 
1.800-780 
1.800-780 
1.800-780 
1.200-eOO 
1.200-600 
1.30<MX)0 
1.30<y-600 
900-460 
900-480 

l.'800-800 
1,800-800 
1,800-SOO 
1,300-400 
1,200-400 
1,200-400 
1,200-400 
000-300 
900-300 

(•)  Altamatinc-eurrent  motor  ipoodi.    The  following   table  ihm 
the  recommended  speeds  for  polyphase  OO-cyde  altematinc-mirrent  motets 


Horse 

power 

SP^                     ^^ 

Speeds 

1 
3 
3 
8 
7» 

1,800  and  1,200         |         10 
1,200                           1         18 
1,200                           i        20 
1,200                                    25 
1,200  and  900 

1,300  and  600 
900  and  600 
900  and  600 
900  and  600 

(()  Vraquenoy.  In  considering  constant-speed  altematinc-current  moton 
60  cycles  is  to  be  used  as  the  basis, 

t.  Hathods  of  applytnc  moton  to  machine  tools.* 

(»)  Bsnell  latbss  should  be  driven  from  a  countershaft  attaehed  to  tiis  ' 
benen  and  driven  in  its  turn  by  motor.     Any  type  of  motor  may  be  wed 
except  the  series-wound  or  the  heavily  compounded  motors.     It  is  essentitl 
to  looate  the  machine  in  the  moat  advantageous  manner  without  regard  to 
the  poaition  of  the  shaft. 

(b)  Spoed  lathes  should  be  driven  from  a  self-supported  counterahsft 
or  by  a  direct-connected  motor.  In  the  latter  case  a  vanable-«peed  nrr**'"* 
is  to  be  preferred. . 

(e)  Engine  tethos.  For  these  both  variable-speed  and  oonstao^sneii 
motora  are  used  although  engine  lathes  are  usually  group-driven.  When 
individual  motors  ar«  used,  each  is  placed  on  a  bracket  attached  to  the  iatbe. 
and  connected  to  it  with  a  geared  or  chain  drive. 

(d)  Heavy  engine  lathes,  forging  lathes,  etc..  should  be  driven  hi 
direct-connected  aireet-euirent  motora.     The  position  of  the  motor  sbonH  ' 
be  low  to  reduce  vibrations  in  its  support.     The  output  of  theeo  lathes  may  b« 
increased  from  20  to  25  per  cent,  by  motor  drive. 

•  DeLeeuw,  A.  L.    fraiu.  A.  S.  M.  E.,  Vol.  XXXII,  page  187. 
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(•)  Ada  UthM,  wbMl  UtbM  and  drlTliix-whMl  UthM  ihould  b* 
drirea  by  airaet'«umnt  motors. 

(O  OboeUnc  tathM  iwudly  are  not  motor-driven.  If  moton  are  lued 
ther  ihoold  be  of  variable  epeed. 

(r)  Automatlo  lercw  machlnaa  in  email  uea  ahould  be  croup-driven; 
in  VM  larger  liaea  they  should  preferably  be  driven  by  variable-speed  motors. 

(h)  Sanaltiva  drlmnf  inar.hliias  in  Keneral  should  not  be  motor-driven. 
Howev«,  if  machine  is  placed  in  an  isolated  location,  a  motor  may  be  directly 
Kifdied  to  the  machine  itself  or  the  machine  may  be  driven  through  a  counter- 
shaft, from  a  motor  on  the  flooi*. 

0)  Vartloal  and  radial  drilling  maehinaa  are  usually  group-driven  un- 
less they  are  isolated.  If  such  machines  are  motor-dnven,  tne  variable- 
speed  tyi>e  should  be  selected.  The  motor  may  be  direct  connected  to  the 
machine  itself  or  set  up  to  drive  the  machine  countershaft. 

(J)  Boiinx  maeUnM,  if  used  for  specialised  work,  are  preferably  belt- 
driven.  If  used  for  a  variety  of  operations,  a  variable-speed  motor  is 
desirable. 

(k)  Orindara  should  be  driven  by  constant-speed  motors  belted  to  the 
grinaer  countershafts. 

(1)  PlAnan,  particularly  those  of  small  sise,  if  located  under  a  crane, 
should  be  driven  by  variable-speed  motors.  A  recent  development  is  the 
reversing-motor  planer  drive  which  is  now  being  extensively  tested,  and 
promises  to  prove  sucoeseful. 

(m)  Sliapara,  alotters,  ete.,  should  usually  be  group-driven. 

(n)  Xnae  and  column-type  milling  maehlnei  m  the  large  siies  should 
be  driven  by  variable-speed  motors,  especially  if  used  in  "gang  "  operations. 

(o)  nanar-typ*  milHng  maehinaa  should  be  motor  driven.     Either 
the  oonatant-apeed  or  the  variable-speed  types  will  prove  satisfactory. 
10.  Valuaa  of  horaa  power  required  to  cut  metal* 
Lathe-type  tools 


Material 

Horse  power  required  to  remove 
I  eu.  in.  per  min. 

O.StoO.S 
0.3  too. 5 

0.6 

l.OOtol.25 
1.5 

Cast  iron '. 

'^rougbt  iron 

Mad  steel  (0.30-0.40  per  cent,  carbon) 

Hard  steel  (0.60  per  cent,  carbon) 

Very  hard  tire  steel 

Drills 


Material 

Horse  power  required  to  remove 
1  cu.  in.  per  min. 

0.4  too. 8 

o.etoi.o 

1.2 

2.0to2.6 
3.0 

Cast  iron 

Wrought  iron 

MQd  steel  (0.30-0.40  per  cent,  carbon) 

Hard  steel  (0.60  per  cent,  carbon) 

Very  hard  tire  steel 

11.  D«t6nnia*tlon  of  bone  power  required  for  machines  under 
'Up  drlTO.  A  table  of  power  values  for  maohine  tools  U  given  in  Par.  IS. 
Me  values  are  the  result  of  tests  made  by  the  aathor  under  aotu^  shop 
eonditaons,  and  apply  to  small  and  medium-sised  machines  only.  The 
outpot  of  the  factory  where  the  investigation  was  made  was  light  automatic 
machinee.  The  parte  operated  on  during  the  tests  were  iron  and  steel 
caetinca.  drop  forgings  and  bar  stock.  Manufacturing  conditions  were 
kil^y  developed,  ana  the  degree  of  finish  allowed  was  small.  Because  of 
theee  conditions  tne  power  values  are  still  useful  although  they  were  obtained 
before  the  common  use  of  high><peed  steel  in  cutting  tools.     The  values 

«  Robbim,  Charies.    Tront.  A.  S.  M.  E.,  Vol.  XXXII,  pp.  199  to  309 
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have  been  checked  by  their  application  to  a  number  of  faotoriea  whose  tot 
power  load  was  known.  This  showed  that,  for  a  group  of  machinea,  the  nu 
of  the  power  values  siven  in  the  table  is  about  20  per  cent,  higher  than  tl 
average  working  load.  This  is  because  of  the  intermittent  aervioa  of  too 
for  various  reasons,  or  the  departmental  slip. 

1>,  Poww  machine  tooU  in  groixps  (see  Par.  11) 


Kind 

Site 

Obaenred 

horse 

power: 

msximum 

Observed 

borse 

power: 

aver&ce 

Boring  Machines: 

36  in. 
42  in. 

No.  2 
No.  4 
No.  5 

0.7S 

1.72 

0  52 

I  08 

Cam  Cutters: 

0  67 

Brainard 

0.48 
0.48 

0  32 

Brainard. ., ., 

0  32 

0  32 

Lathe  type,  double  head 

0  SO 

Cutting-on  Machines. 

Hurlbut- Rogers 

3  in. 

No.O 

No.  1 
Sensitive 

single- 
spindle 
2-spindle 
Sensitive 
S^pindle 
4-spindle 
e-spindle 

16  in. 

18  in. 

20  in. 

22  in. 

24  in. 

26  in. 

28  in. 

30  in. 

34  in. 

36  in. 

46  in. 

SO  in. 

No.  4J 
No.  3 
No.  3 

No.  3 

No.  4 
No.  U 
No.  2 
No.  3 
No.  1 
No.  2 

0  12 

0.28 
0.34 

0  14  to  0  U 

0. 20  to  0  2i 

Drilling  Machines: 

0  72 

Prentice  Bros,  radial 

3.18 

1   12 

Woodward  &  Rogers 

Dwight-Slate 

[  0  31 

0  32 

Woodward  &.  Rogers 

Woodward  A,  Rogers 

}0.35 
0  48 

0.71 

Prentice  upright 

0  25 

0.3S 

Prentice  upright 

0  42 

0  59 

0  47 

0  22 

0  25 

0  30 

0  45 

0  63 

Blaisdcll  upright 

0  83 

Gear  Cutters: 
Brai  nard 

0  15  to  0  32 

Gould  &  Eberhardt 

0  20 

Brown  A  Sharpe 

0  20 

Grinders: 
Brown    ft    Sharpe    cutter    and 

C.    H.    Besly    &   Co.    Gardner 

1.42 

0  80 

Brown  &  Sharpe  surface 

Brown  &.  Sh&rpe  surface 

Brown  &  Sharpe  universal 

Brown  &.  Sharpe  universal 

Diamond  wet  tool  grinder 

0.40 
0.50 

0  60 

0  76 

3.29 

0  97* 

Leland  &  Faulconer  wet  grinder. 

0  41  toO  82 



t 

*  Carrying  1  20-in.  wheel. 


t  Carrying  2  24-in.  wheels. 
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U.  Powar  maehina  toola  in  (roups. — Continutd 


Kind 

Siie 

Observed 

horse 

power: 

maximum 

Observed 

horse 

power; 

average 

Drop  Hammers: 
BlondeU 

40  1b. 

250  1b. 

400  1b. 

600  1b. 

800  1b. 
1,000  lb. 
1,500  lb. 

100  lb. 
150  1b. 

No.4. 

20  in. 
30  in. 
12  in. 
14  in. 
16  in. 

16  in. 
18  in. 
20  in. 
22  in. 
24  in. 
24  in. 
28  in. 
38  in. 
10  in. 

14  in. 

15  in. 
Siie  H. 

No.  1. 
2X24  in. 

No.  1 
No.  3 
No.4 
No.  4J 
No.  6 
No.  7 
No.  14 
No.  15 
No.  3 
No.  5 
No.  3 
No.  1 
No.  2 
No.  5 
No.  7 
No.  1) 

17  in. 
22  in.  X  5  ft. 
22  in.X5  ft. 
21  in.X6  ft. 
2Sin.X6ft. 
30  in.  X6  ft. 
30  in.  X  8  ft. 
38  in.  X 10  ft. 
50  in.  X9  ft. 

0.10 
2.00 
2.50 
3.00 
3.50 
4.00 
5.00 

1.50 
1.76 

0.28  to  0.32 

0.35 
0.41 
0.24 
0.26 
0.34 
0.36 
0.39 
0.44 
0.32 
0.26 
0.31 
0.31 
0.58 
0.10 
0.12 
0.25 
0.70 

0.33  toO.63 
1.20tol.80 

0.30 

0.26 
0.19  to  0.29 
U.13  to0.19 

0.26 

0.83 

0.25 

0.25 

0.26 

0.56 
0.17  to  0.25 

0.15 

0.25 

0.30 

0.83 

0.20 

1.00  toO.43 
1.16  to  0.53 

0.70 

0.84 

0.81 

1.31 

1.56 

1.60" 

1   14 

Pratt  &  Whitney 

Pratt  &,  Whitney     .   . 

Pratt  &.  Whitney 

Pratt  A  Whitney 

Power  Rammers: 
Bradley 

Bradley 

Keyaeater: 
Baker  Bros. 

0.04 

Lathes: 

Reed  lathe 

0.48 

Prentice 

Reed 

0.48 

Blaiadell 

Blaiadell 

Reed 

0.37 

Reed 

Blaiadell 

Draper 

Reed  speed  lathe                  .    ... 

Putnam  squaring-up  lathe 

Gisholt  turret  lathe 

1.63 
1.97 

0.47 
0.64 

Brainard 

Becker  vertical 

Reed 

Pratt  &  Whitney  hand        . .    . . 

2.01 
2.34 
1.44 

Whiteomb              

1.59 
4.91 
•  5.46 
4.00 
2.04 

Pond 
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Sec.  16-12     INDVaTRlAt  UOTOR  APPLICATIONS 

11.  P«ww  m— Wn«  tool*  in  groapi. — ContiHtud 


Kind 


Siw 

ObMrred 

hone 

power: 

maximum 

Obwrred 

hone 

power; 

BTence 

No.  8 

1.00 

No.  S 

I.  IS 

No.  3 
No.  I 

2.S9 

1.26 
O.SO 

No.  6 

0.40 

13  in.  to  14  in. 

0.06 

No.  1 

O.SO 

No.  2 

0.37 

No.  2 

0.72 

No.  8 

0.80 

No.  3 

0.80 

No.  3-0 

No.  3-B 

No.  00 

i.64 
1.04 

0.90 
O.M 
0.36 

(in. 
2  in. 

0.40 

0.87 

21  in. 
No.  2 

1.04 

0.»0 
0.43 

No.  2i 

0.47 

No.  3 

0.50 

14  in. 

0.3S 

20  in. 

O.SO 

24  in. 

0.53  to  0.70 

28  in. 

0.52  to  0.70 

No.  2 

0.10 

Poliahing  Stand*: 

Brown  &  Sharpe 

Diamond 

P>ineb  Preaaea: 

Blisa 

Profiling  Machines: 

Garvin 

Pratt  A  Whitney 

Hack  Saw: 

Screw  Machinea: 

Brown  &  Sharpe  automatic. 

Pratt  A  Whitney  automatic 

Pratt  A  Whitney 

Pratt  &  Whitney 

Brown  A  Sharpe  automatic. 

Pratt  &  Whitney  automatic. 

Pratt  &  Whitney 

Brown  &  Sharpe 

Cleveland 

Cleveland 

Cleveland 

Pratt  &  Whitney  hand 

Pratt  &  Whitney  hand 

Pratt  A  Whitney  band 

Sbapers: 

Lodge  A  Davis 

Hendey 

Hendey 

Hendey 

Tapping  Machine: 

Pntt  A  Whitney 


It.  The  hone-power  valuei  tor  imdivlduallT  drlTen  "«"'»«««««  tooh 

B'ven  in  the  following  paragraphs  are  recommended  by  the  WeetingfaouM 
lectric  and  Manufacturing  Co.  As  these  values  are  baaed  on  aversgi 
practice,  they  may  be  decreased  for  very  light  work  and  must  often  be  iih 
creased  for  very  heavy  work.  The  recommended  type  of  motor  is  indicated 
by  the  symbols  A.  B,  C.  (A)  Adjustable-speed,  shunt-woimd,  direct-curreol 
motors  are  used  wherever  a  number  of  sprcds  are  essential.  (B)  ConataDt 
speed,  shunt-wound  direct-current  motors  are  used  where  the  speeds  arc 
attainable  by  a  gear  box  or  cone-pulley  an-angoment  or  where  only  one 
speed  is  required.  (C)  Squirrel-cage  induction  motors  are  used  where  direel 
current  is  not  available.  A  gear  box  or  cone-pulley  arrangement  must  be 
used  to  obtain  different  speeds. 


14.  Borinc  nutehinei 

Motor  A,  B  or  C  (Par.  It) 

Diameter  of  spindle 
(in.) 

Maximum  boring 
diameter  (in.) 

Horse  power 

4 

6 
8 

20 
30 
40 

i2» 

15 
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INDVSTKIAL  MOTOR  APPLICATIONS     SeC.  IC-iri 
If.  Bolt  »nd  nut  machinery 


(a)  Bolt  outtera — motor  A,  B  or  C  (Psr.  11) 

Style 

Siie  (in.) 

Horae  powtr 

Binde 

Doable 
Triple 

1.  li 

2,    2( 
1.    11.2 

1  to2 
2to3 
Sto5 
5to7i 

2  to3 
3to5 
3to7J 

(b)  Bolt  pointera — motor  B  or  C 

li.2» 

lto2 

(c)  Nut  Utppera — motor  A,  B  or  C 

1,2 

2 

2 

3 
3 
5 

Ten-epindle     

(d)  Nut  faoer — motor  B  or  C 

1.2 

2  to  3 

IC.  Bolt  iMMllnc,  uputtiiix  uid  forrlnf  maohinei 


Motor  A,«  Bt  or  CJ  (Par.  U) 

Site  (in.) 

Horse  power 

toli 

1  to2 

2  to3 
4    to6 

5  to    7} 
10  to  16 
20  to  25 
30  to  40 

IT.  Borlnc  and  tumlnc  mllla 


Motor  A,  B  or  C  (Psr.  It) 

Siie  (in.)              1                           Bone  power 

1         Averice  work 

Heavy  work 

37  to  42 

50 
60  to  84 
Siie  (ft.) 
7  to    9 
10  to  12 
14  to  18 
IB  to  25 

5    to    7i 

7J 

7}  to  10 

10    to  15 
10    to  15 
15    to  20 
20    to  25 

71  to  10 

7)  to  10 

10    to  15 

30    to  40 

'Speed  variation  is  ■ometimee  deeired  when  different  aiiea  of  bolta  itr.' 
headed  on  the  same  maohine. 

t  Compound-wound,  direct-current  motor. 

i  Wound  secondary  or  squirrel-cage  motor  with  approiimately  10  per 
cent.  dip. 
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SeC.lfr-18      IlfDVBTRIAL  MOTOR  APPLICATIONS 


IS.  BuUdosm 


Motor  B*  or  Ct  (Par.  U) 


Width  (in.) 


Head  movement  (in.) 


Horse  power 


29 
34 
39  V 
4S 

63 


14 
16 
16 
18 
20 


5 

7» 
10 
IS 
20 


II.  Srillinc  msehliMi 


Motor  A,  B  or  C  (Par.  1<) 


(a)  SenaitivB  mBohinee  up  to  i  in.  drill  CMNwity   0 .  25  to  0 .  75  hotae  po«« 


(bt  Vertical  drillins  maobinee 


Siie  (in.) 


HoTBe  power 


12  to  20 
24  to  38 
30  to  32 
36  to  40 
SO  to  60 


1 

3 

3 

S 

5  to7i 


(c)  RadiftI  drilling  machines 


Length  of  arm — ft. 

Horse  power 

Average  conditiona  . 

Heavy 

3 

4 
5,  6  and  7 
8,  8  and  10 

1  to2 
2to3 
3to6 
8to7J 

3 
6    to    7 
S    to    7 
7J  to    10 

10.  DrilUnff,  borlnB  and  mllHtiy  machines 


Motor  A,  B  or  C  (Par.  U)                                             1 

Site  of  spindle  (in.) 

Horse  power  for  single  apindle 

3  to4 

4  toS 

5  to6 

5    to    7| 
7}  to  10 
10    to  15 

For  tnachineB  with  double  spindles  use  motors  of  double  the  horse  power 
given. 


*  Compound  wound  motor. 

t  Wound  secondary  or  squirrel-cage  motor  with  approximately  10  per  cent. 

slip. 
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INDUSTRIAL  UOTOH  APPUCATtdUB     WttTO^ 

Motor  A,  B  or  C  (Par.  11) 

Siw  of  driU«  (in.) 

No.  of  apindlea 

Horee  power 

it  to 

A  to 

A  to 

\  to 

|to 

2 

2 

2 

6  to  10 
10 
10 
10 
10 
4 

e 

8 

3 
fi 

iS* 

lOtolS 

iS' 

IS 

a.  Ctow  ottttan 


— 

Motor  A,  B  or  C  (Par.  M) 

Siie  (in.) 

Hone  power 

SOX  0 
48X10 
30X12 
80X12 
72X14 
04X20 

2  to    3 

3  to    6 
5    to    7t 
5    to    7{ 
7i  to  10 

10    to  15 

tt.  OfiadM* 


(a)  Tool,  snagging,  etc. — motor  B  or  C  (Par.  11) 

WheeU 

No. 

ISAmeter  wheel  (in.) 

Horae  power 

2 
2 
2 
3 
2 
2 

» 
10 
12 
18 
24 
26 

i  to    1 

2 

3 
6    to    71 
71  to  10 
7t  tolO 

(b)   Cylindrical — motor  A,  B  or  C  (Par.  U) 


Dia.  wheel  (in.) 

Length  woric  (in.) 

Horse  power 

1     Average  work 

Heavy  work 

10 

50 

6 

7 

10 

72 

fi 

7 

10 

96 

S 

7 

10 

120 

S 

7 

14 

72 

10 

IS 

18 

120 

10 

IS 

18 

144 

10 

IS 

18 

168 

10 

18 
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Sec.  16-23     INDUSTRIAL  MOTOR  APPUCATIONS 


M.  Orindwt.— CoaMniMii 

MiBoellaneoua — motor  B  or  C  (Par.  13) 


Wet  tool  grinder 

Flexible  awinipiui,  grindins  and  poliahing  machine. 

Angle-oock  grinder 

Piston-rod  grinder 

Twist-drill  grinder 

Automatic  tool  grinder 

M.  Hmminwg 

Motor  B*  or  Ct  (Par.  13) 


Horae  power 


2  to  3 
3 

3 
3 
3 

3  toS 


8iM  Ob.) 


16  to    75 
100  to  200 


Horte  power 


itoS 
5    to7i 


Drop-bammera  require  approximately  1  b.p.  for  every    lOO-Ib.  weigkt 
of  hammer  bead. 

tl.  Lathaa— motor  A,  B  or  C  (Par.  13) 

(a)  Engine  lathee 


Swing  (in.) 


12 
14 

16 

18 
20  to  22 
24  to  27 

30 
32  to  36 
38  to  42 
48  to  64 
60  to  84 


Horse  iwwer 


Arersge 


}to    1 

1  to    2 

2  to    3 
3 

5 

5    to    7} 

7i  to  10 

10    to  15 

15    to  20 

20    to  26 


HeaTX 


2 

3    to    3 

3    to    3 

3    to    6 

7i  to  10 

7i  to  10 

7{  to  10 

10    to  IS 

15    to  20 

20    to  25 

25    to  30 


(b)  Axle  lathes 

Horse  power 

Single 

6,    7J.  10 
10,  15,    20 

Double 

(c)  Wheel  lathes 


Sise  (in.) 

Hone  power 

Main-drive  motor 

Tail-stock  motor  t 

48 

61  to  60 

79  to  84 

80 

100 

IS  to  20 
IS  to  20 
25  to  30 
30  to  40 
40  to  SO 

5 

5 

6 
6  to  71 
6to7f 

*  Compound-wound  motor, 

t  Wound  secondary  squirrd-oage  motor  with  approximately  10  per  cent.  dip. 

t  Standard  maohino-tool  travaisa  motor. 
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INDUSTRIAL  MOTOR  APPLICATIONS     ScC.  16-26 

M.  MUUnc  BMoUiiM 
Motor  A,  B  or  C  (Par.  U ) 


Vertioal  dab  nulling  machines 

Width  of  work  (in.) 

Horse  power 

24 

32  to  36 

42 

i5' 

16 

Vertical  milling  machines 


Heisbt  under  work  Qn.) 

Horse  power 

12 
14 
18 
20 
24 

6 

iS* 

16 
20 

Plain  millinc  ntaebinee 


Table  feed  (in.) 

Ooaa  feed  (in.) 

Vertical  feed  (in.) 

Horse  power 

34 
42 
60 

10 
12 
12 

20 
20 
21 

iS' 

15 

Universal  milling  machines 


Machine  no. 

Horse  power 

1 

I' 

3 

4 
5 

1   to     2 
1    to    2 
3    to    6 
6    to    7} 
7}  to  10 
10    to  15 

Horisontal  slab  milling  macbinea 


Width  between  housings                                   Horse  power 

(In.) 

Average                             Heavy 

34 
30 
36 
60 
72 

7i  tolO 

7)  to  10 

10    to  15 

25 

26 

10  to  16 
10  to  16 
20  to  35 
60  to  60 

76 
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Sec.  16-27      INDUSTRIAL  UOTOH  APPUCATIONS 
t7.  Pip«  thnadinr  and  onttinc  oS  maotainra 

Motor  A,  B  or  C  (Par.  IS)                                             |i 

Siie  pipe  (in.) 

Hone  power 

ito    2 
{to    3 

1  to    4 
U  to    6 

2  to    8 

3  to  10 

4  to  12 
8    to  18 

24 

2 

3 

3 
8to5 
3to5 

5 

5 

tS.  Flamats 


Motor  B*  or  C  (Par.  li)                                             | 

Width  (in.) 

Distance  under  raQ 
(in.) 

Horse  power 

22 

22 

3 

24 

24 

3to    6 

27 

27 

3to    5 

30 

30 

5  to    71 

8« 

30 

10  to  15 

42 

42 

15  to  20 

48 

48 

15  to  20 

54 

54 

80to2S 

60 

60 

20  to  25 

78 

72 

25  to  30 

84 

84 

30 

100 

100 

40 

Normal  length  of  bed  in  feet  is  about  i  the  width  in  inches. 
89.  Botary  planers 


Motor  A,  B  or  C  (Par.  i()                                            1 

Dia.  of  cutter  (in.) 

Horae  power 

24 

5 

30 

7t 

36  to    42 

10 

48  to    64 

IS 

00 

20 

72 

25 

84 

30 

90  to  100 

40 

<0.  Poliihinx  uid  buffing  machinal 


Motor  B  or  C  (Par.  IS)                                             | 

Wheels 

Horse  power 

No. 

Diameter  (in.) 

2 
2 
2 
2 

6 
10 
12 
14 

ito    i 
1    to2 
8    to3 
3    to5 

For  brass  tubing  use  double  the  above  horse-power  values. 


*  Compound-wound  motor. 
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INDUSTRIAL  MOTOR  APPLICATIOSS     SeC.  16-^31 


SI.  FnuM ,  hrdroitetie  whaal 

• 

Motor  B  or  C  (Par.  IS) 

Site  (tons) 

Horse  power 

100 
200 
300 
400 
600 

S 

3 

15 

Presses  for  notching  sheet  iron  or  steel,  motor  A,  B  or  C,  i  to  3  horsis 
power. 

SI.  Punching  nuAhlnei 


Motor  B*  or  Ct  (Par.  IS) 

Dis.  (in.) 

Thickneaa  (in.) 

Hone  power 

1 
2    to    3 

2  to    3 

3  to    S 
5 

1 

5 

1 

7J 

11 

7J  to  10 

10    to  IS 

2 

10    to  16 

2i 

U 

IS    to  25 

SS.  Bolls — bending  and  itralchtaninf 


Motor  Bt  or  CI  (Par.  IS) 

Width  (ft.) 

Thiolcoesa  (in.) 

Hone  power 

4 

1 

S 

6 

A 

5 

6 

7. 

7J 

8 

IS 

8 

25 

10 

1 

35 

10 

1 

50 

24 

» 

50 

S4.  8>wi,  cold  and  out-oB 

Motor  A,  B  or  C  (Par.  IS) 

Siie  of  saw  (in.) 

Horse  power 

20 
26 
32 
36 
42 
48 

3 
S 

10  to  IS 
20 
25 

Compound-wound  motor, 
t  Wound  secondary  or  squirrel-cage  motor  with  approximately  10  per  cent. 
ilip  OD  the  larger  sises. 

t  Standard  bendins  roll  motor. 

I  Wound  secondary  induction  motor. 
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Sec.  lS-35     INDUSTRIAL  MOTOR  APPLICATIONS 
M.  aiup«n,  stncto  Iwad 


Motor  A,  B  or  C  (Par.  1<) 

" 

Stroke  (in.) 

Hor*e  power 

12  to  16 

18 
20  to  24 

30 

2 

2to3 
3to5 
Sto7J 

Trarene  bead  ebaper 


Stroke  (in.) 

Horee  power 

20 
24 

iS* 

<•.  Sheara 


MotorB'orCt  (Par.  1») 

Horee  power 

Width  (in.) 

Cut  |-in.  iron 

Cut  l-in.  iron 

30  to  42 

50  to  60 

72  to  as 

3 

4 
S 

S 

Bolt  shean. 
Double-angle  eliears. 


7i  hone  power 
10    horee  power 


Lever  aheare 


Motor  Bt  or  CI  (Par.  IS) 

Capacity  (in.) 

Hone  power 

1    XI 

5 

IJXU 

7J 

2   X2 

10 

8  XI 

2IX2J 

15 

1    X7 

2   X2J 

20 

1    X8 

3   X3i 

30 

4    round 

*  Compound-wound  motor. 

t  Wound  Kcondary  or  equirrel-oage  induction  motor  with  approximatd] 
10  per  cent.  slip. 

I  Compound-wound  motor. 

I  Wound  aeoondary  or  squirrel-cage  motor  with  approximately  10  per  cent 
■lip. 
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INDUSTRIAL  MOTOR  APPLICATIONS     SeC.  16-37 


PUto«hea» 


Motor— B*  or  Cf 

Km  of  metal  cut 
(in.) 

Cuts  per  min. 

Length  ot  stroke 
(in.) 

Horse  power 

IX   24 

35 

3 

10 

1    X  24 

20 

3 

16 

-2   X   14 

15 

4i 

30 

.       1    X   42 

20 

4 

20 

1    X  42 

16 

41 

60 

1    X   54 

18 

S 

76 

1    X   72 

20 

5) 

70 

1    XlOO 

10  to  12                       71 

75 

4 

4 

\ 


Tin-plate  squaring  shears 


Motor — B  or  C                                                       1 

8i*e  o{  pistes  (in.) 

Cuts  per  min. 

Horse  power 

64  by  54 
A  packs 

30 
30 

7i 
7J 

IT.  Blotton  and  k*7-iaatlaff  maehinai 


Motor  A,  B 

or  C  (Par.  1») 

Stroke  (in.) 

Horse  power 

Stroke  (in.) 

Horse  power 

S 

8 

10 

12 

14 

3 

3to6 

6 

6 

6to7i 

16 
18 
20 
24 
30 

7» 
7}  to  10 
10  to  15 
10  to  16 
10  to  15 

38.  Comparison  of  five  planer  drives 

shown  in  Figs.  2  to  6  incl.  is  as  follows: 

Figuie  numbers                1       2 

25.0 

8.0 

25.0 

45.3 

55.0 

7.2 
20.0 
27.2 
66.6 
24.0 

2.78 

25.0 

8.0 

24.0 

75.0 

36.0 

7.6 
10.5 
27.1 
63.2 
24.6 

2.57 

5 

6 

Drive,  horse  xiower 

25. 0 

8.0 

25.0 

55.5 

26.0 

7.2 
20.9 
27.2 
66.6 
24.0 

2.78 

25.0 

8.0 

26.0 

25.0 

15.0 

6.8 
16.0 
22.8 
70.5 
30.0 

2.35 

25.0 

8.0 

31.0 

20.0 

20.0 

6.6 
13.4 
19.0 
85.7 
35.8 

2.4 

Stroke,  feet 

Approziroato  cutting  load,  horse 

iower. 
Peak  load  reverse  to  return,  horse 

power. 
Peak  load  reverse  to  out,  horse 

power 

Time  return  sb-oke,  seconds 

Time  cutting  stroke,  seconds . . . 
Time  of  cycle,  seconds , 

Feet  per  minute,  return  stroke. . 
Feet  per  minuto,  cutting  stroke. . 
Ratio  cut  to'retum,  1  to 

*  Compound-wound  motor. 

t  Wound-secondary  or  squirrel-cage  motor  with  approximately  10  per  cent, 
•lip. 
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Sec.  16-38     INDUSTRIAL  MOTOR  APPLICATIONS 


Fio.  4. — Pneumitic-clutch  drive,  high  speed. 


IM 


il'uJl.Lo.lul. 


^3^ 


^ 


Fia.  5. — Pneumatic-clutch  drive,  slow  speed. 


160 


— Omting- 


g^ad  ^ 


^ 


Fio.  6. — Reversing  direct-conncotcd  motor  drive. 
1200 
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INDUSTRIAL  MOTOR  APPLICATIONS     SeC.  15-39 


M.  TIm  dir«et-eoim»eted  adjuitable-ipeed  r«T«rtlnff  motor  is  the 
Boat  recent  development  in  motora  for  machine  tooU.  It  has  been  applied 
to  planers,  dotters,  key-seatera,  wire  and  tube  drawing  machinea  and  larBe 
bonne  mills.  Its  advantages  lie  in  increased  production  and  saving  of 
power.  Figs.  2  to  6,  inclusive  show  five  planer  drives.*  These  curves  are 
irawn  to  the  same  scale  and  show  the  power  required  to  drive  "light"  and 
aith  normal  cuts,  see  Par.  38. 

40.  Power  required  by  portable  armature  drtlli 
(Andrew  Btewart,  before  Glasgow  Teohn.  College  So.  8oc.) 


Sii« 

Spindle 

Wt.  of 

Dism. 

Depth 
hole. 

Time 

Watts  per 

of 

rev.  per 

tool. 

hole. 

Metal 

Watts 

lb.  metal 

tool 

min. 

lb. 

in. 

in. 

sec. 

per  min.t 

Bmut 

800 

13 

1.5 

B5 

Cast  iron 

305 

7,200 

IMl 

4S0 

17 

1.0 

120 

Cast  iron 

330 

4,230 

1M2 

2S0 

30 

0.6 

40 

Steel 

495 

8,448 

1M2 

250 

30 

1.6 

70 

Cast  iron 

660 

3,300 

1M3 

150 

32 

1 

1.5 

120 

Cast  iron 

550 

3,666 

1M3 

150 

32 

1 

0.5 

80 

Steel 

495 

6,447 

IM3 

150 

32 

li 

1.5 

180 

Cast  iron 

440 

4,125 

1M4 

100 

62 

2 

1.6 

180 

Cast  iron 

900 

2,564 

3M3 

ISO 

48 

1 

1.6 

120 

Cast  iron 

770 

3,200 

3M4 

100 

68 

1 

2.76 

105 

Cast  iron 

1,320 

2,620 

3M4 

100 

68 

1 

3.0 

240 

Cast  iron 

1,540 

3,286 

3M4 

100 

58 

2 

2.0 

150 

Cast  iron 

1,880 

2,940 

3M4 

100 

58 

2M 

2.76 

240 

Cast  iron 

2,200 

3.040 

3M4 

100 

58 

2 

1.3 

150 

Mild  steel 

1.880 

4,650 

WOOD-WOBKINa  MACHINEBT 

BT  CHXSTXa  W.  DRAKE 

Commercial  Engineer^  Westinghouae  Electric  db  Manufaduring  Co.,  AttocitUe, 
American  Institute  of  Electrical  Engineers 

8AWINO 

41.  Band  tawi  are  replacins  circular  saws  in  most  saw  mills,  since  the 
lavins  they  effect  in  the  kerf  much  more  than  offsets  their  higher  first  cost. 
labor  and  maintenance  charges.  Band  saws  having  wheels  8  ft.,  9  ft.  and  10 
rt.  diameter  are  in  principal  use  and  their  power  requirements  vary  widely 
sith  the  kind  and  siie  of  logs  and  the  cutting  speed. 

4t.  Type  of  motor  suitable  for  band  tawi.  Induction  motors,  oither 
if  the  aqmrrel-cage  or  wound-rotor  type  may  be  used  for  driving  band  mills* 
but  Bpeoal  attention  to  the  motor  and  control  characteristics  are  necessary. 
Fhe  band  wheels  have  a  total  weight  of  several  tons,  and  when  running  at 
ksaw  specKl  of  10,000  ft.  per  min.  have  a  very  large  fly-wheel  effect.  Con- 
Koaently,  a  motor  is  rcauired  which  has  a  high  starting  torque  and  is  able 
to  bring  the  mill  to  speed  in  about  a  minute.  A  aquirrel-cage  motor  with  a 
liifh  slip  (7  or  8  per  cent.)  will  develop  a  high  torque  at  starting,  and  besides 
^Aiis  has  the  additional  advantage  due  to  its  slip  of  allowing  fhe  band  saw  to 
dow  down  at  times  of  heavy  load,  and  give  up  some  of  its  stored  energy. 
In  thia  way  the  load  fluctuation  on  the  motor  and  the  system  may  be  con- 
liderably  redueed.  A  slip-ring  motor  gives  a  high  starting  torque,  but  with 
Ihe  secondary  short-circuited  naa  a  low  slip,  and  consoquontly  the  motor  is 
mbiected  to  all  the  instantaneous  peaks  of  load.  A  permanent  resistance 
nay,  however,  be  connected  in  the  secondary  circuit  to  give  any  desired  slip. 
In  advantage  of  this  method  is  that  the  heat  thus  generated  is  external  to 

*  Fair.  Charles.     Amtrican  Machinist,  Vol.  XXXVIII,  page  103. 

t  These  figures  include  losses  in  the  motor.  Careful  teats  in  which  the 
notor  losses  were  separated  showed  that  the  power  utilised  at  the  drill 
[Miint  varied  from  3.13  to  4.1  kw.  per  lb.  of  mild  steel  per  min.  and  from  1.57 
lo  2.69  kw.  per  lb,  of  cast  iron  per  min.,  the  low  figures  referring  to  2-in. 
bole*  and  the  high  ones  to  small  holes. 
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Sec.  16-43    INDVUTRIAL  MOTOR  APPUCATIONS 


) 


tbe  motor.  The  squirrel-eAge  motor  is  Ampler  and  Bomevhat  move  n^fed, 
but  has  the  disadvantaces  of  having  a  fixed  slip,  of  requirins  a  oomparatirdy 
large  current  at  starting  and.  with  high  slip,  of  radiating  a  large  amonat si, 
heat.  Both  types  are  in  satisfactory  service  and  local  conditions  of  ennff ' 
supply,  labor,  etc.,  should  dictate  the  proper  type  to  be  used. 

4S.  The  averace  hone  power  required  by  band  milli  usually  vsries 
from  75  to  125  h.p.  but  to  take  care  of  heavy  cuts  and  maintain  the  spsMt 
motors  of  from  150  to  250  h.p.  are  usually  supplied  for  each  saw.  Tbeie 
motors  should  preferably  be  of  the  3-bearin^  belted  type  and  with  speeds  froo 
about  570  to  850  rev.  per  min.  The  following  table  shows  the  characteriflMi 
of  motors  which  are  now  installed  in  saw  mills  and  giving  satisfactory  aenraee. 


Motor 

Baodnw                       | 

Uorae  power        1  Rev.  per  min. 

Wheel  diam.  (ft.) 

Width  of  Mtw  (ia.) 

200 
150 
•150 
200 
200 

580 

570 
075 
850 
580 

9 
8 
9 
9 
10 

15 
14 
14  double  edce 

44.  Circular  lawi.  When  the  head  saw  is  of  the  circular  type,  botk 
saws  are  usually  driven  by  one  belted  motor,  and,  due  to  the  larger  kerf, 
more  power  is  usually  required  than  for  band  mills.  The  following  drircs 
are  in  actual  operation. 


Motor 

Sawa 

Hor*e  power      Rev.  per  min. 

Diameter 

250 
300 

680 

850 

2-60  in. 

2-60  in.  with  carriage  and  live  roUa 

48.  Reiawi.  Time  can  usually  be  saved  by  cutting  planks  and  timber 
at  the  head  saw  and  then  resawing  to  the  desired  dimensions.  Band  resaas 
are  in  almost  universal  use,  but  circular  resawa  are  sometimes  installed. 
One  72-iD.  circular  resaw  in  operation  is  belt-driven  by  a  100-h.p.,  ItUO- 
rev.  per  min.  squirrcl-coge  motor.  Band  resaws  are  generally  arivea  in 
the  same  manner  as  the  head  saws  although  for  the  smaller  fises  the  pvllcy 
speed  is  sufficiently  high  so  that  coupled  motors  bceome  practicable.  The 
following  band  resaws  are  in  successful  operation  in  saw   mills. 


Motor 

Band  resaw 

Drive 

Horse  power  Rev.  per  min. 

Wheel  diam. 
(in.) 

Width  of  saw 
(in.) 

125 
78 
60 
35 

850 
850 
880 
580 

72 

10 

g 

0 
8 

Belted 
Belted 
Belted 
Coupled 

4€.  Edffara  may  in  most  cases  be  economically  driven  by  eoupled  sqoinel- 
eage  induction  motors.  There  is  practically  no  fly-wheel  raeot  in  ed^rs,  and 
motors  are  subjected  to  a  severe  and  rapidly  fluctuating  toad.  Smoe  oM 
self-feed  rip  saw  on  2-in.  stock  may  easily  require  25  h.p.,  it  is  seen  that  ss 
edger  with  six  or  eight  saws  cutting  2-in.  to  4-in.  stock  may  at  times  reqairf 
from  150  to  200  h.p.  The  actual  load  depends  orincipaUy  upon  the  kind  of 
wood,  feed  and  number  of  saws  in  the  cut.  The  following  motoiMlrivra 
edgers  are  installed  in  saw  mills. 


*  High-slip  squirrel-cage  motor, 
t  These  are  hoiisontal  resaws. 
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Motor 

Sawa 

Drive 

Remarks 

Hone  pomr 

Rev.  per  min. 

200 

ISO 

76 

50 
SO 
30 

860 

8S0 

1.700 

1,700 

8S0 

3.480 

6-32  in. 
8-32  in. 
8-24  in. 

/  4-18  in. 
\  4-24  in. 

6-24  in. 
2-6    in. 

Belted 

Coupled 

Coupled 

Coupled 

Belted 

Coupled 

Larger  motor  required 

for    stock    over    2-in. 
thick. 
See  test  below 

Sawa  run  1,590  rev.  per 

min. 
Lath  edger 

Test  on  the  above  50-b.p.  ooupled  motor  showed  a  friction  load  of  6  kw. 
With  a  feed  of  from  180  to  190  ft.  per  min.,  on  hemloek  stook,  the  following 
reaulta  were  obtained: 

4  euta  in  3-in.  stock 68  kw..  peaks  reaclung  75  and  80  kw. 

2  cuts  in  6-in.  stock 68  kw.,  peaks  reaching  76  and  80  kw. 

47.  Trlmmtrs.  The  driving  shafts  of  trimmers  can  be  readily  driven 
by  coupled  squirrel-cage  motors  and  8];>eeds  of  680  to  850  rev.  per  min.  are 
customary.     The  following  are  instances  of  successful  applications. 


Motor 

Saws 

Drive 

Remarks 

Horae  power 

Rev.  per  min. 

60 
50 

30 
5 

680 
850 

850 
1.120 

20-30  in. 
21-32  in. 

12-24  in. 
2-18  in. 

Coupled 
Coupled 

Coupled 
Coupled 

Also      drives      tranafer 
chaina. 

Lath  bundle  trimmer 

4t.  81&ih«ri  are  best  driven  by  standard  squirrel-cose  motors  coupled 
to  the  saw  shafts.  The  speed  is  determined  by  the  saw  diameter  since  it  is 
not  desirable  to  use  a  cutting  speed  much  higher  than  10,000  ft.  per  min. 
The  following  are  typical  installaUons. 


Motor 

Sawa 

Drive 

Horse  power         Rev.  per  min. 

50 
40 
30 
25 
20 

850 
580 
850 
1,120 
850 

14-40  in. 
6-36  in. 
6-46  in. 
6-38  in. 
4-36  in. 

Coupled 

Belted 

Coupled 

Coupled 

Belted 

tt.  Hoga.     The  rotating  element  of  a  hog  is  very  heavy  and  the  discussion 
of  squirrel-cage  versus  slip-ring  motors  (Par.  41)  applies  here  also. 
Diamond  Iron  Works'  hogs 


No. 

Style 

Rotor 

Capacity 

Horse 
power 

Dism.  (in.) 

Rev.  per  min. 

Cords  per  hr. 

i' 

3 

B 
B 
B 

8 

60 
48 
34 
48 

650 

825 

1,000 

825 

16 
12 
10 
16 

65 
SO 
40 
75 
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See.  16-n50     ISOVSTMAt  motor  APPtlCATJONa 


Test  on  &  No.   1  hog  driven  by  a  75-h.p. 
coupled  motor  gave  &  friction  load  of  25  kw. 
two  band  mills,  40  to  50  kw.     Peaks  90  kw. 

ITnleaa  the  hog  is  carefully  fed  the  motors  are 
fluctuations. 

M.  MUoellaneoua 


p«r  min.,  slip-n] 
Average  load  with  feed  Ira 


690-rev. 


subject  to  severe  loi 


Drop  cut-off  saw.  72  in.  diam.,  510  rev.  per  min.;  20-b.p.  570-rev.  per  rou! 
motor,  belted. 


Swing  saw.  20  in.  dism.;  7.5-b.p..  1,120-rev.  per  min.  motor,  coupled  to  eoui 

Icr-shaft. 


Lath  bolter.  5  12-in.  saws;  40-h.p.,   1,700-rev.  per  min.  motor,  couple<j 


Self'feed  rip  saw.  14  in.  diam.;  15-h.p.,  850-rev.  per   min.  motor,  belted 


Log  haul,  230  ft.  total  length.  100  ft.  on  60  per  cent,  grade;  30-h.p.,  1.13fl 
rev.  per  min.  motor,  belted. 


Log  haul.  245  ft.  total  length.  200  ft.  on  25  per  cent,  grade;  50-h.p.,  850 
rev.  per  min.  motor,  belted. 


Burner  conveyor.  14  in.  wide  X  200  ft.  long,  about  25  per  cent,  srade;  20 
h.p.,  580-rev.  per  min.  back-geared  and  belted  motor. 


Conveyors  in  mill;  5  to  15  h.p.  according  to  conditions,  usually  back-geared 
or  belted  through  a  counter-shaft. 


Covel  band  saw  grinder;  3-h.p.,  l,120~rev.  per  min.  motor,  back-geared. 


PLAMIMO  MILLS 

ftl.  Selection  of  motor.  Standard  squirrel-cage  induction  motors  a 
satisfactorily  applied  to  almost  all  machines  used  in  planing  and  other  woo< 
working  establishments  with,  perhaps,  the  exceptions  of  large  band  reui 
of  ^reat  inertia,  heavy  planers  and  matchers  with  considerable  static  frietic 
which  must  be  overcome  at  starting,  and  in  cases  where  each  individu 
motor  requires  a  large  percentage  of  the  generator  capacity.  For  tha 
special  cases  Blip-ring  motors  are  used.  The  data  in  the  following  paragrapl 
give  the  average  siies  and  the  power  requirements  of  machines  as  mpplu 
by  several  of  the  leading  manufacturers.  Nearly  all  of  the-se  machines  nai 
met  practical  service  with  the  motors  as  indicated,  although  for  very  ligl 
or  for  very  heavy  service,  smaller  or  larger  motors,  respectively,  are  somi 
times  used. 

8S.  Band  i&wi 


Scroll  and  rip 

Wheel  diam. 
(in.) 

Max.  width  of 
naw  (in.) 

Foed  (ft.  per  min.) 

Aver,  horae 
power 

30 

34-38 

40 

42 

42 

48 

.1 

3 

1 

Hand 

Hand 

60-lSO 

Hand 

60-200 

Hand 

2 
3 
10 
5 

15 

n 

Resaw  and  combination  BcroU  and  reaaws 

38 

2 

20-42 

^\ 

40 

3 

20-42 

10 

44 

4 

18-60 

IS 

48 

5 

20-120 

20 

54 

6 

24-140 

30 

00 

8 

.   24-145 

40 
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INDUSTRIAL  MOTOR  APPLICATIONS     ScC.  15-53 


44-ui.  band  rip  and  resaw.  Berlin  No.  282  44-in.  X4-in.  wheel,  680  rev. 
crmin.,  geared  to  a  IS  h.p.  1,120  nv.  per  min.  squinvl-ea^e  motor.  Fric- 
ion  load  4  kw.  Resawing  6-in.  to  8-in.  poplar,  24  ft.  per  nun.;  average  load, 
2kw. 

54-in.  band  resaw.  MerBbon  flaw,  540  rev.  per  min..  belted  to  a  20-h.p 
,120  rev.  per  min.  aquirrel-cage  motor;  friction,  5.5  kw.     Resawing  oak 

in.  to  6  in.  wide,  70  ft.  per  min.;  average  load,  18  kw.;  peaks,   21  kw. 

Horisontal  band  resaw.  Berlin  No.  287  hopper  feed,  width  of  hopper 
8in.;  belted  toa40  h.p.,850-rev.  permin.  aquirrel-cage  motor;  friction  load, 

kw.;  testa,  sawing  oak. 


Width  (in.) 

Feed 
(ft.  per  min.) 

Load  (kw.)                      1 

Average          | 

Peaks 

13J 
24 

30 
22 

11 

30 
50 

n.  Circular  laws 


Cut-ofl  saws                          Combination  benches,  dado,  etc 

Diam.  (in.) 

Aver.  h.p. 

Diam.  (in.) 

Aver.  h.p. 

10-14 
16 
•16 

3 
5 

■P 

25 
15 

12-16 
20 

5 
7t 

24 

30 

t32 
36 

Rip  saws 


Diam.  (in.) 

No.  of  saws 

Feed  (ft.  per  min.) 

Aver.  h.p. 

12-14 
19-20 
14-16 

16 

36 

36 

1 
1 
1 
2 
■     1 
I 

Hand 
Hand 
65-200 
50-160 
Hand 
50-160 

5 

7» 

10-15 

20 

20 

30 

Self-feed  rip  saw.     13-in.   saw,  2,250-rev.  per  min.,  bolted  to  a  10  h.p.. 
.lOf^-nv.  per  min.  squirrel-cage  motor;  friction  load,  2.5   kw. 


stock 

Feed  (ft.  per  min.)    {       Aver,  load  (kw.) 

1  in.  oak 
1  in.  oak 

1  in.  oak 

2  in.  hemlock 

73 
116 
1.50 
150 

5 

7.5 
9.2 
12.5 

Resaws 


Diam.  (in.) 

Feed  (ft.  per  min.) 

Aver.  h.p. 

24-30 

36-42 

48 

30-80 
30-80 
30-80 

15 
20 
30 

*  Double  cut-off  or  trimmer, 
t  Double  automatic  eut-off. 
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M.  Joiatan 


Width  (in.) 

Aver.  h.p. 

8-12 

16-24 

30-36 

Qlue  jointers 

2 
3 

5 
3-8 

M 

.  BoztMecB 

Capseity  (in.) 
width  and  height 

No.  of 
feed  rolls 

No.  of 
beads 

Feed 
(ft.  per  min.) 

Aver.   h-p. 

18X6 

2 

1 

22-32 

S 

24X7 

4 

1 

18-32 

7.S 

24X8 

4 

2 

20-35 

10 

24X6 

6 

2 

30-46 

IS 

24X8 

6 

2 

40-80 

30 

24X8 

4 

2 

40-80 

20 

30X6 

4 

2 

30-50 

20 

30X8 

6 

2 

40-100 

30 

30X7 

4 

2 

16-50 

IS 

U. 

Capacity  (in.) 

No.  of  rolls 

No.  of  heads 

Feed 
(ft.  per  mitt.)       Aver.  h.p. 

9X8 
15X6 
16X8 
24X6 
24X8 
30X8 

6 
6 

4 
6 
6 
6 

4 
4 
4 
4 
5 
4 

40-80                    30 
40-102                  40 
30-45                    30 
50-104                  40 
40-80         1           40 
40-80         I           40 

Planers  and  matchers.  Berlin  No.  94  15-in.  P.  te  M.  with  a  30-h.p.. 
1,120-rev.  per  min.  squirrel-caBe  motor  coupled  to  countershaft;  friotiaa 
load,  2  heads,  8  lew.  Double-surfacing  12-in.  wet  oak  at  60  ft.  per  min., 
reducing  from  li-in.  to  }-in.,  required  average  of  30  kw.,  peaks  40  kw. 

Hoyt  No.  33  IB-in.XS-in.  P.  A  M.  belted  to  a  30-h.p.,  1.120-rev.  per 
min.  squirrel-cage  motor;  friction  load,  2  heads,  8  kw.;  4  heads,  12  kw. 
Double-surfacing  cypress  12  in.  wide,  reducing  from  1-in.  or  IJ-in.  thick  to 
{  in.  thick,  feed  50  It.  per  min.;  sversge  load,  18  kw.;  oak,  same  cut  as 
above,  22  kw.,  peaks  32  kw. 

•T.  Timber  iiaen 


Cap.  (in.) 

No.  of  rolls 

8 
6 
8 

No.  of  heads 

Food 
(ft.  per  min.) 

Aver.  h.p. 

20X12 
20X16 
30X20 

4 
4 
4 

35-8S 
25-86 
3S-85 

SO 
40 
50 



For  extra-heavy  service,  75  h.p.  is  sometimes  required, 
n.  Tanonlnx  maebinM 


Aver.  h.p. 


Single  end,  hand  feed,  average  duty i  5 

Double  end,  hand  feea,  average  duty i  10 

Double  end,  power  feed,  average  duty 15 

Automatic  bhnd  slat  tenoner j  3 
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M.  Oataid*  mooldan  or  itieksn 


Cap.  (in.) 

No.  of  heada 

Feed  (ft.  per  min.) 

Aver.  h.p. 

4X4 

lands 

13-68 

6 

Sash 

2  and  3 

20-3ft 

5to7.S 

4X4 

3  and  4 

12-68 

7.6 

6X4 

15-86 

10 

10X4 

10-60 

15 

10X8 

14-80 

20 

12  XS 

10-60 

20 

14X8 

10-60 

20 

M.  Mortiiinf  maohinai 


SiM  of  chiael  or  bit  (in.) 

Description 

Aver.   b.p. 

3 
3 

5 

7.6 

3 

tol 
tol 
to  11 
Upto2i 

HoUow  chisel  sash 
Chisel  mortiser  with  borer 
Horiiontal  automatio  hoUowchisel 
Vertical  automatic  hoUow  chisel 
Chain  mortiaers 

•1. 

Sanding  machlnu 

Drum  Banders 

Face  of  drum,  (in.) 

No.  of  drums 

Aver.  h.p. 

30 

3 

7.5 

36  42 

3 

10 

48-64 

3 

15 

e»-M 

3 

20 

72 

3 

25 

84 

3 

30 

30-36 

2 

7.5 

42-48 

2 

10 

30-36 

1 

5 

42 

1 

7.5 

Sanders.     Berlin  42-in.  3-roll  Invincible  belted   to  a  l&-h.p.,   1,120-rev. 
per  min.  squiiTel-cage  motor;  friction,  3.2  kw. ;  sanding  oak  6  in.  wide  ,  aver- 
aceload,  4  kw.;  sandins  oak  27  in.  wide,  average  load,  8  kw.,  peaks.  9  kw. 
Belt  Banders 


No.   and  width  of  belu 

Aver.  h.p. 

2-  6  in. 
1-  6  in. 
1-14  in. 
1-18  in. 

3 
2 
3 
5 

Combination  Banders 


Drum  and  spindle 

13  in.  Xl(>  in.  drum 

\\  to  4  in.  X7J  in.  spindle 

1 

1     Aver.  3  h.p. 

Column,    post    or    arm    sanders 

8  in.  diam.  diao 

Average  3  h.p. 

Disc  adndera 

Two  discs  36  in  to  48 

Average  3  h.p.   1 
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Sec.  16-62      INDUSTRIAL  MOTOR  APPUCATIONS 
U.  Slupan 


Single  spindle — 3  h.p. 


Double  spindle — 5  h.p. 


U.  Undsrmaii  kutonwtie  dOTetkU  (lue  Jointer.     This  maohine  ma 
be  driven  by  one  motor  and  countershaft,  or  by  three  motors.     Sisa 
given  by  the  maximum  length  of  lumber  which  can  be  jointed. 


Si»,  ft. 

Horse  power 

Group  drive 

Individual  drive 

Left          I        Ri(ht 

Saw 

3-4-8 

6-7-&-10 

12-14-10 

15 
2U 
25 

5 
7.5 

7.5 

7.5 
10 
15 

5 
5 
5 

M.  HalUn*  mMbine*.     (Mayea  Mach.  Co.,  N.  Y.) 
Sise  No.  1  drives  6  nails  1  in.  to  1}   in.  long,  any  gage;  will  nail  a  bo 
which  is  2  in.  to  18  in.  deep,  of  any  length:  average,  2  h.p.     No.  6  Combini 
tion  nailing  machine  and  clincher,  feeds  16  nails  1^  to  3|  in.  long,  an' 
clinches  li-in.  nails;  will  nail  a  box  40  in.  square:  average,  5  h.p. 
M.  Lathes. 

Speed  lathes 0.5  to  1  h*. 

Pattern  lathes  16  to  20  in.  swing 3  h.p. 

Pattern  lathes  24  to  32  in.  swing 5  h.p. 

Automatic  back-knife  lathea 5  to  15  h.p. 

M.  Carrlnc  maehiiMi: 

1  to  2  h.p. 
67.  KnUe  grinden. 
Automatic  self-feed  wheel  26  in.XU  in.,  30  in.  to  50  in.  long,  3  h.p. 
Automatic  cup-wheel  grinder,  wheel  8  in.  X4i  in.  29  in.  to  32 
in.  long,  3  h.p. 
W.  Panel  rkUer:  hand  feed,  3  h.p.;  power  feed  5  h.p. 
M.  Door  dkmpc  screw  feed,  3  to  5  h.p. 

70.  Kzeeliior  maehlnei.  I^ewia  T.  Kline  8-block  horiiontal  machine 
capacity  2  tons  of  wood  wool  or  5  to  6  tons  of  ooarae  excelsior  per  10  hr. 
average  load,  30  to  40  h.p. 


TRAVELmO  CRANES 
BT  ABTHUB  C.  KA8TWOOD 

Prendent,  Eleclric  Controller  and  Manufacturing  Co.^  FeUow^  American  Iw 
atiiute  of  Blectrtcal  Engineers 
71.  Standard  electric    oTcrhead    traTcUnc    cranci.     These  cranei 

are  in  general  characterized  by  the  fact  that  they  travel  ui>on  an  overheaii 
structure.  Usually  they  are  supplied  with  three  motora,  one  for  operatinf 
the  hoist,  one  for  propcUinK  the  oridge  along  the  runway,  and  one  for  propeU- 
ing  the  trolley  carrying  the  hoisting  mechanism  backward  and  forward 
across  the  bridge  girders  of  the  crane.  In  special  cases  the  trolley  may  be 
equipped  with  two  or  more  separate  hoisting  mechanisms,  and  in  some 
instances  two  entirely  separate  trolleys,  each  equipped  with  its  own  hoistini 
and  trolley  motor,  are  used. 

71.  Oantry  cranei.  These  cranes,  as  far  as  functions  are  concerned,  are 
similar  to  electric  overhead  traveling  cranes,  but  are  characterised  by  the 
fact  that  in  place  of  traveling  on  an  overhead  runway,  the  bridge  member 
of  the  crane  is  supported  on  structural  legs  of  suitable  height,  which  are 
provided  with  wheels  and  suitable  gearing,  so  that  the  crane  may  be  pro- 
pelled bodily  along  tracks  on  the  ground. 

7S.  Telpherage  lystema  are  treated  fully  in  another  portion  of  thb 
section,  Par.  tS7  to  SS9. 
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INDUSTRIAL  MOTOR  APPUCATION8     Sec.  15-74 

T4.  Jib  cr&nM  oompriae  amiable  jibs  or  booma,  provided  with  motor- 
drirai  hoisting  tackle.  In  some  cases,  also,  a  motor  with  suitable  gearing 
is  provided  for  swinging  the  jib  into  different  positions. 

Tl.  Xldctrie  locomotiTe  cranes  comprise  a  jib  or  boom,  usually  carried 
by  atuTft-table  which  is  mounted  upon  trucks.  Frequently  individual  motors 
are  provided  for  raisins  and  lowermg  the  boom,  for  rotating  the  boom,  for 
hoisting  the  load,  and  for  pro_pelling  the  machine  alon^  the  tracks.  In 
only  a  single  motor  is  used,  the  different  functions  being  set  into 


oilier 

operation  through  mechanical  clutches. 

TS,  HlaceUaneoua.  Under  this  head  may  be  mentioned  charging  cranes 
for  open-hearth  steel  furnaces,  skip  hoists  for  elevatins  and  dumping  ore, 
coke,  etc.,  into  blast  furnaces,  also  special  cranes  ana  unloaders  for  un- 
loading bulk  cargoes,  such  ss  ore  or  coal,  from  vessels. 

7T.  Types  of  motors.  The  type  of  motor  most  commonly  used  for 
operating  the  various  motions  of  cranes  is  the  series-wound,  directncurrent 
motor.  The  series-wound  motor  is  admirably  adapted  to  the  purpose 
because  under  heavy  load  it  has  the  tendency  to  slow  down,  thus  relieving 
the  pawer  station  of  a  heavy  load  fluctuation;  on  the  other  hand,  in  the 
esse  of  light  loads,  the  motor  speed  increases,  thus  producing  what  is  generally 
knoim  as  a  "hvely"  crane.  Compound- wound  direct-current  motors 
are  used  only  in  special  oases.  Where  alternating  current  is  available,  and 
iti  oonveraion  into  direct  current  would  entail  a  very  considerable  expense* 
alternating-current  motors  may  be  usckI.  The  preferable  type  of  alternating- 
current  motor  for  this  service  is  the  slip-ring  type,  in  which  reeistance  is 
introduced  in  the  rotor  circuit  in  order  to  obtain  variation  in  speed.  This 
type  of  motor  affords  much  better  results,  as  far  as  torque  and  speed  varia^ 
tions  are  oonoemed,  than  the  squirrel-cage  motor,  the  torque  of  which  de- 
orssses  very  ra4>idly  as  the  voltage  applied  to  the  terminals  of  the  primary 
winding  is  reduced.  The  speed  range  of  both  of  these  tyi>ee  of  alternating- 
current  motors  is  limited  and  hence  they  do  not  produce  nearly  so  active  a 
crane  as  one  equipped  with  direct-ourrent  seriea-wound  motors.  In  many 
largo  industrial  ntanta,  covering  considerable  areas,  energy  is  generated  and 
diitributed  in  tne  form  of  alternating  current.  The  motors  which  require 
but  sUght  speed  variation  are  operated  directly  from  the  alternating-current 
muns,  while  synchronous  converters  or  motor-generator  sets  are  installed  to 
produce  direct  current  for  the  operation  of  cranes,  hoists,  and  other  machines 
which  must  operate  through  a  wide  range  of  speed  and  under  greatly  varying 
kwd. 

TS.  Tho  Mlootion  of  the  proper  norxnaX  rating  of  holtt  moton* 
to  be  used  is  in  general  a  difficult  problem  on  aocount  of  wide  variations  in 
service  requirements,  pMtiouiariy  as  to  the  matter  of  frequency  of  operation. 
As  an  illustration,  two  extreme  cases  may  be  taken:  Ist,  that  of  a  crane 
installed  in  an  engine  room  or  pump  house,  the  crane  having  been  installed 
originally  to  assist  in  erecting  the  heavy  machinery,  being  subsequently 
used  only  at  varying  and  infrequent  intervals  for  lifting  parts  of  machinery 
when  it  becomes  necessary  to  make  adjustments  or  repairs;  2ud,  the  case  of 
s  travding  crane  provided  with  a  lifting  magnet  for  handling  pig-iron  or  other 
msffnetic  materiai  in  bulk,  or  equipped  with  a  grab  bucket  for  handling 
oosl,  sand,  slag,  etc.  There  are  instances  of  the  operation  of  cranes  of  this 
type  four  tiroes  per  min.,  practically  24  hr.  per  day  for  indefinite  periods,  the 
lifted  load  being  praotioally  constant  in  value  and  almost  equal  to  tho  rated 
capacity  of  the  crane.  It  is  obvious  that  in  the  first  case  cited,  the  heatinjg 
of  the  motor  windings  presents  a  small  problem,  while  in  the  latter  case  this 
item  is  of  paramount  importance.  Of  course  the  torque  exerted  by  the  hoist 
footor  in  lifting  the  maximum  load  which  will  be  encountered,  must  be  taken 
into  consideration  in  both  cases.  If  possible  the  cycle  of  operations  should 
be  considered  as  follows:  let,  the  time  required  to  hoint  with  inaximum  load; 
Sod,  the  period  of  rest  at  the  upper  limit  of  travel;  3rd,  the  time  of  lowering; 
4th,  the  period  of  rest  at  the  lower  limit  of  travel  before  the  next  cycle  is 
started.  The  onrrent  required  in  lowering  with  a  mechanical  brake,  or  the 
current  required  in  dynamic  braking  (Par.  88  and4M)  must  also  be  taken  into 
eoDwideration.  These  figures  known,  they  may  be  plotted  in  terms  of  time 
snd  current,  so  that  the  square-root  of  the  mean-square  current  may  be 

*  See  "  Horse  Power  of  Crane  Motors,'*  Maehiner)/,  Deo.,  1913,  page  286. 
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Sec.  15-79      INDUSTRIAL  MOTOR  APPLICATIONS 

determined.  Sinoe  praotieally  ftll  aeries-vouxid  motors  are  ciren  foiriy 
definite  ratings  in  terms  of  current  which  the  motor  can  carry  oontmuonolr 
for  1  hr.  without  overheating,  the  proper  motor  may  thus  be  seleetea. 
In  many  caaea,  however,  such  as  in  the  design  of  cranes  for  ordinary  machine* 
shop  service,  where  the  full  capacity  of  a  hoist  is  brought  into  play  inhe- 
quently,  the  judgment  of  the  crane  designer  must  be  relied  upon  to  determiBr 
tne  proper  sixe  of  the  hoist  motor.  Many  crane  builders  find  it  oonvenient 
from  the  viewpoint  of  standardlxation  of  manufacture,  to  build  trolleys  of 
a  given  hoisting  capacity  in  duplicate.  In  some  applications  of  these 
standard  cranes  the  hoisting  motor  may  have  much  greater  capacity  than  is 
required,  while  in  other  cases  the  work  which  must  be  performed  by  the  hoist 
may  prove  to  be  greater  than  was  anticipated,  necessitating  aajustnienU 
in  uie  field. 

Tt.  The  maffnetic  br&ke.  The  hoisting  motor  of  a  erane  is  usually 
|>rovided  with  a  magnetic  brake.  This  brake  is  so  arranged  that  only  when 
power  is  applied  to  the  hoisting  motor  is  the  brake  released.  At  aU  other 
times  the  brake  is  set  either  by  means  of  a  weight  or  a  sufficiently  powerful 
spring.  These  brakes  are  ordinarily  designed  to  apply  on  the  armature 
shaft  of  the  motor  at  the  commutator  end.  The  series-wound  brake  (in  ooo- 
nection  with  direct-current  motors)  is  by  all  means  the  safest  and  the 
most  reliable.^  Sfaunt-wound  brakes  of  course  are  necessary  in  connecticA 
with  alternating-current  hoisting  motors,  because  a  series-wound  brake 
would  act  as  a  choke  coil  and  materially  reduce  the  voltage  at  the  motor 
terminals. 

80.  Tjp«g  of  braJcM  in  oommoxi  use,  see  Par.  4H  to  MS. 

tl.  Brftke  lining.  In  present  practice  the  friotion  members  in  ,^l 
the  types  of  brakes  mentioned  above  are  lined  or  faced  with  a  composiUMi 
of  asbestos,  woven  together  with  bronse  wire.  This  material  affords  a 
very  much  higher  and  much  moro  eonstant  coefficient  of  friction  than  do 
the  leaUier,  wood  or  metal  brake  facings  used  in  the  past. 

M.  Th*  meohanioal  brake.  After  a  load  has  been  hoisted,  it  is 
usually  necessary  that  it  be  lowered,  at  least  a  certain  distance.  If  no  means 
were  provided  for  cheeking  the  lowerins  speed,  the  load  might  soon  attain 
almost  the  speed  of  a  freely  falling  body,  and  in  the  case  of  a  series-wound 
hoisting  motorr  might  soon  attain  a  speed  which  would  destroy  the  motor. 
On  electric  overhf>ad  traveling;  cranes  a  so-called  "mechanicM  brake"  hss 
been  employed,  this  brake  being  so  designed  as  to  prevent  tike  load  from 
appreciably  accelerating  the  hoist  motor,  when  it  is  running  in  the  lowerinc 
direction,  or  from  "overhauling"  the  motor,  as  this  action  is  oomnum^ 
designated.  Many  ingenious  designs  of  such  brakes  have  been  developeo- 
All  of  them,  however,  act  upon  the  common  principle  that  if  the  load  b^nt 
to  overhaul  the  motor,  the  brake  is  applied. 

88.  Dynamie  braking.  During  recent  years  this  method  of  retardinf 
the  speed  of  the  hoisting  motor  when  lowering  a  load  has  been  quite  generally 
adopted  on  electric  cranes.  The  hoisting  motor  is  driven  as  a  generator  by 
the  lowering  load,  and  is  cAused  to  generate  energy  which  is  either  returned 
to  the  line  or  dissipated  through  a  resistance,  or  both.  This  generation 
of  energy  imposes  a  magnetic  drag  on  the  machine  and  thus  retards  the 
downward  speed  of  the  load.  Dynamic  braking  with  a  series-wound  hoist 
motor  is  accomplished  by  connecting  the  fiela  winding  in  series  with  s 
resistance  across  the  supply  mains,  thus  giving  the  machine  the  charao- 
teristics  of  a  separately-excited  shunt-wound  generator.  In  some  esses 
the  armature  is  connected  in  a  local  circuit  containing  a  resistance  which 
may  be  varied  at  the  will  of  the  operator.  In  other  cases  the  armature  is 
connected  across  the  supply  mains  in  series  with  a  resistance  which  msy  be 
varied  by  the  operator,  this  latter  connection  being  the  one  most  generally 
used.     I^e  Par.  4«€. 

84.  Motor  control  in  dynamic  braking.  Fig.  7  is  a  diagram  of 
wiring  connections  of  a  face-plate  type  of  controller  arranged  for  dynsmie 
braking.  When  the  load  is  travehng  in  the  lowering  direction,  the  resist- 
ant^ in  series  with  both  the  armature  and  the  field  of  the  motor  may  be 
varied  by  the  operator  by  manipulation  of  the  lever  of  this  controller.  U 
hoisting,  the  motor  is  connected  as  an  ordinary  series-wound  motor,  the 
controlling  resistance  being  in  series  with  the  motor  circuit  and  varied  to 
vary  the  noisting  speed.     In  lowering,  however,  it  will  be  seen  that  the 
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^rmfttore  and  the  fidd  are  oonneoted  in  separate  oircuita.  On  the  fint 
{nint  of  the  controller,  in  lowering,  the  field  is  excited  through  a  reaistanoe 
frhioh  allows  praotioally  fuU-Ioad  ourrent  to  pass  through  the  field  winding; 
^•o  a  conaiderable  amount  of  resistance  is  included  in  the  armature  circuit. 
It  will  be  seen  that  on  the  first  lowering  point  the  armature  is  shunted  by 
the  field  winding  and  the  brake  winding.  This  naturally  produces  an 
extremely  low  speed.  As  the  controller  lever  is  moved  from  step  to  step, 
the  resistance  in  the  field  circuit  is  increased,  while  the  resistance  in  the 
armature  circuit  is  decreased.  Increase  in  resistance  in  the  field  circuit 
naturally  reduces  the  field  excitation  and  counter  e.m.f.,  thus  allowing  the 
•peed  to  increase.  The  resistance  in  the  field  circuit  is  ordinarily  so  pro* 
portioned  that  the  speed  can  increase  as  much  as  100  per  cent,  to  150  per 


Lover  ln| 
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JhwOj  li  pMUln 

Flo.  7. — Fae»-plate  type  controller  arranged  for  dynamic  braking. 

oent.  above  normal  full-load  8|>ecd.  It  will  be  seen  that  at  all  times  the 
field  is  supplied  with  current  from  the  mains,  and  at  fuU  speed  this  may 
amount  to  only  half  of  the  full-load  current.  On  the  other  hand,  the 
armature  is  also  connected  to  the  supply  mains,  and  as  soon  as  the  counter 
e.m.f.  reaches  a  value  sufficient  to  overcome  line  voltage,  current  is  actually 
returned  to  the  line,  so  that  the  net  current  required  in  lowering  the  load  is 
the  difference  between  the  ourrent  supplied  to  the  field  from  the  line  and  the 
current  returned  to  the  line  by  the  armature.  In  lowering  heavy  loads  the 
cnrrent  returned  to  the  line  is  greater  than  the  current  drawn  from  the  line 
by  the  field,  eo  that  the  lowering  load  is  made  to  do  useful  work. 

U.  Uow-holstlnff  nxotor  control.  This  type  of  control  differs  -  from 
the  one  illustrated  in  Fig.  7  only  in  tho  rennect  that  a  shunt  is  placed  around 
the  armature  in  order  to  reduce  the  speed,  thus  producing  an  extremely  slow 
hoisting  speed.  This  type  of  controller  ia  frequently  used  in  foundries 
where  extremely  slow  spl^ed3  are  required  in  lifting  patterns  from  fiasks,  etc. 

M.  Xilmit  gtopl  are  now  customarily  provided  in  connection  with 
the  hoisting  motion  of  cranes  and  hoists.  In  the  absence  of  a  limit  atop. 
the  hoistiiic  bloc^,  perhaps  carrying  a  load,  might  be  carried  upward  into 
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the  mechanism  of  the  trolley,  provided  the  operator  did  not  <H>en  hia  eo 

troller  at  the  proper  time.  Where  the  block  of  the  hoiat  muat  be  U 
quently  run  up  to  a  point  very  close  to  the  mechaniem  of  the  trolley, 
is  advisable  to  use  a  limit  stop  which  not  only  outs  off  the  current  from  tj 
motor,  but  includes  the  motor  in  a  dynamic  braking  circuit  of  auch  lo 
resiBtance  that  the  hoist  is  stopped  almost  instantly,  irrespective  of  tJ 
condition  of  the  brake. 

87.  Drive  of  the  crane  brldffe.  The  designed  speed  of  crane  bridf< 
varies  between  very  wide  limits.  In  the  case  of  cranes  used  in  machii 
shops,  structural  shops,  and  plants  of  like  nature,  it  is  advisable  to  hai 
the  bndge  of  the  crane  driven  at  a  speed  of  from  250  to  300  ft.  per  mil 
This  corresponds  to  between  3  and  3(  miles  per  hr.  which  is  a  spec 
at  which  a  man  can  walk  while  steadying  long  pieces  of  material  carric 
by  the  crane,  and  passing  through  a  busy  shop.  In  other  cases,  vuch  i 
the  handling  of  bulk  material,  where  long  runs  are  necessary,  the  brid| 
mechanism  may  be  seared  to  operate  at  or  above  1,000  ft.  per  min.  Tk 
power  required  to  drive  the  bridge  motion  of  cranes  varies  betwee 
ezceedingty  wide  limits,  depending  upon  the  span  of  the  crane  girder 
condition  of  the  rails  on  which  the  bndge  runs,  and  particulariy  upon  tb 
rigidity  with  which  the  end  trucks  are  fastened  to  the  girders  of  the  bridgi 
Unequal  wear  of  driving  wheels  is  also  a  factor  to  be  taken  into  aecouni 
because,  if  the  drivina  wheels  on  the  opposite  truck  frames  of  the  cran 
become  of  unequal  diameter,  one  end  of  the  crane  will  tend  to  travel  fastc 
than  the  other,  thus  producing  a  severe  torsional  strain  on  the  driving  shal 
and  the  bridge  structure.  Frequent  starting  and  stopping  are  also  factor 
which  should  bo  carefully  considered  in  designing  the  gearing  of  the  bridg 
drive.  Where  many  starts  and  stops,  and  particularly  short  moves  are  t 
be  made,  facility  in  starting  and  stopping  is  a  prime  requisite. 

As  an  example,  a  certain  crane  with  gearing  designed  for  a  bridge  spew 
of  500  ft.  per  min.  performed -a  regular  cycle  of  operations,  makini 
short  moves  of  approximately  24  in.,  24  times  in  succession,  and  then  re 
turning  to  the  starting-point,  this  cycle  being  carried  out  substantially  2 
hr.  per  day.  At  the  outset  the  performance  of  this  crane  was  extreme!] 
unsatisfactory,  as  the  operator  would  invariably  run  beyond  the  poio 
at  which  he  was  required  to  stop,  would  then  reverse,  and  perhaps  run  toi 
far  in  the  opposite  direction,  so  that  two  or  throe  attempts  were  required  ii 
each  case  to  reach  the  proper  position.  The  gear  ratio  oetween  the  bridgt 
motor  and  the  driving  shaft  was  altered  in  order  to  secure  a  gear  reductioi 
of  three  times  the  original  reduction.  Theoretically,  this  should  hav< 
materially  slowed  down  the  operation  of  the  crane,  but  through  greaiei 
facility  in  starting  and  stopping,  the  output  of  the  crane  was  incroued 
more  than  400  per  cent. 

88.  BrldM  drive  with  very  lonf  span.  In  this  case  two  drivini 
motors  are  frequently  provided,  one  being  placed  at  each  end  of  the  bridge 
and  driving  the  truck  wheels  directly;  the  motors  are  coupled  together  by 
a  line  shaft  carried  on  the  girder  of  the  crane.  In  such  cases  it  is  preferabu 
to  connect  the  two  driving  motors  in  parallel  and  to  provide  each  of  them 
with  a  separate  reversing  switch,  so  that  each  will  have  its  own  oonnectioni 
to  the  line. 

S9.  Safety  devloes.  Under  this  heafiing  might  be  mentioned  limit 
stops,  as  described  in  Par.  88,  and  also  what  are  known  as  crane  switchboards. 
These  boards  usually  include  two  solenoid-operated  switches  or  contactors, 
which  connect  all  of  the  circuits  of  the  crane  to  the  main  feed  wires.  When 
these  switches  are  open,  all  wiring  on  the  crane  is  disconnected  from  the 
line.  These  switches  are  controlled  by  a  plug,  which,  when  pushed  in, 
energizes  the  windings  of  the  switch  solenoids  and  causes  the  switches  to 
close;  when  pulled  out,  it  opens  the  switches,  thereby  interrupting  the  energy 
supply.  The  plug  is  also  provided  with  attachments  whereby  it  may  be 
positively  locked  in  the  open  position  by  a  padlock.  When  a  motor  in- 
spector or  repairman  mounta  the  crane  he  pulls  open  the  plug  and  locks  it 
positively  in  the  open  position,  so  that  the  crane  cannot  be  operated  until 
he  has  finished  his  work  and  removed  his  padlock.  In  addition  the  two  nis(- 
netic  switches  are  usually  arranged  for  overload  protection,  and  are  operated 
by  the  action  of  overload  relays  in  the  circuit  leads  of  each  motor  on  the 
crane.  In  case  the  overload  is  merely  temporary,  the  operator  is  simply 
required  to  reset  the  magnetic  switches,  which  are  conveniently  at  hand- 
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If,  however,  the  overload  relays  continue  to  act  when  energy  ia  applied,  the 
(^rator  xnuat  necessarily  look  for  trouble  in  the  mechanism  of  the  crane. 

to.  SnoTffT  lupply.  In  a  plant  in  which  a  large  number  of  cranes 
are  employea,  it  is  by  no  means  necessary  to  provide  generator  capacity 
equal  to  tne  total  rated  horse  ]>ower  of  all  of  the  motors  used.  In  a  large 
iDduBtrial  plant  in  which  127  cranes  were  installed,  generator  capacity  cor- 
responding to  25  per  cent,  of  the  total  rated  horse  power  of  motors  used  on 
the  cranes  was  found  ample  to  care  for  the  load.  Where  only  a  single  crane 
ia  installed  it  is  wise  to  provide  generator  capacity  sufficient  to  take  care  of 
fan4oad  on  the  hoist  and  bridge  motions,  leaving  it  to  the  overload  capacity 
of  the  generator  to  take  care  of  the  current  required  by  the  trolley,  in  oaae 
ail  three  motions  of  the  crane  should  be  operated  at  the  same  time.  Naturally, 
the  larger  the  number  of  cranes  installed  in  a  given  plant  where  a  definite 
cycle  of  operations  ia  not  carried  out,  the  smaller  may  be  the  proportion  of 
generator  capacity  to  the  total  horse  power  of  the  crane  motors. 

ELECTRIC  HOISTS 

BT  WILrBID  8TXI8 

General  Engineeft    Weatinghouae   Electric   and   M anvjaciuring   Co.,  Fellow, 
American  Xnttitute  of  Electrical  Engineer* 

91.  Drama.     Hoists   are   generally    classified    according    to    the    shape 
of  the  drum.     In  general  use  are  the  cylindrical,  the  conical  and  the  cylin- 
dro-conical  drums,  the  last  mentioned  being  a  com- 
bination of  the  first  two,  part  of  the  drum  being  >.  z  ^ 
cylindrical  and  part  conical  (Fig.  G).     The  object 
of  the  conical  drum  is  to  reduce   the   starting 
torque,  as  the  load  is  exerted  on  the  drum   at  a 
imaller  radius  when  the  cage  is  at  the  bottom  of 
the  shaft.    The  cylindro-comcal  drum  Is  used  with 
the  same  object.      AU  other  things   being  equal, 
the  ro[>e  wear  ia  less  with  the  cylindrical  drums 
than  with  other  types  of  drums. 

91.  FUt  ropes.  The  above  types  (Far.  91) 
use  round  roiws.  Flat  ropes,  generally  about  0.5 
in.  thick,  are  sometimes  used,  the  rope  being 
wound  upon  itself  on  a  reel,  so  that  the  radius  at 
which  the  load  is  suspended  gradually  increases, 
the  effect  being  similar  to  that  of  the  conical 
drum.  Flat  roptes  on  reels  are  used  only  to  a  very 
■mall  extent,  on  account  of  the  excessive  main- 
tenance charges. 

91.  Balanced  and  unbalanced  hoUti.  When  runniuK  balanced  the 
empty  cage  descends  as  the  loaded  cage  ascends,  the  ca^s  and  cars  balancing 
each  other.     When  working  unbalanced  only  one  cage  is  used,  and  the  load. 


OiflO 


Fio.  8. — Unbalanced 
hoista. 


Fia.  9. — Balanced  hoist*. 
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due  to  the  cac«  aad  the  car,  muat  be  added  to  that  due  to  the  weight  of  tl 
inftterial  hoisted  in  order  to  aaoertaic  the  load  on  the  motor.  See  FipL 
nod  9. 

94.  Fow«r  reguirementa.  In  the  case  of  small  or  medium-sued  hoivl 
it  is  usually  difficult  to  determine  a  definite  hoisting  cycle,  althouch  tJ 
maximum  load  to  be  hoisted  can  generally  be  assumed.  In  ouch  oaa 
the  rating  of  the  motor  required  is  usually  determined  from  the  foUowii 
formula: 

, LXK 

**'■  33,000X0.8  ^ 

Where  I>  —  total  unbalanced  load  and  V»speed  of  hoisting  in  ft.  per  mt 

For  large  hoists,  the  cycle  of  operation  is   usually  well  defined,  and  tl 
ri-(iuired  motor  rating  cun  be  accurately  determined.     The  calculation 
Iniia  diagrams  will  be  found  useful  in  such  investi^atioD.  * 

•8.  Meohanioal  efnclency.  The  over-all  emcienoy  of  the  raechiuuc 
parts  of  the  equipment  is  assumed  in  general  to  be  80  per  cent. 

94.  Serrlce  affecting  motor  ratine-  As  the  eervioe  is  iDtemuttei 
and  as  the  motors  have  an  opportunity  to  cool  during  the  intervals  betwec 
trips,  it  is  not  necessary  that  the  motor  should  be  capable  of  continuous^ 
cnrrving  the  load  as  determined  above  (Par.  94).  In  order  to  preseive 
Kc>oa  balance  between  the  maximum  torque  capacity  of  the  motor  and  r 
heating  capacity,  at  the  same  time  keeping  down  the  cost,  intermitten 
rated  motors  are  used  for  such  hoists.  Experience  has  shown  that  if  a  vaau 
lias  sufficient  capacity  to  carry  the  load,  as  determined  above,  for  half  a 
hour  continuously,  it  will  operate  the  hoist  under  ordinary  rondition 
I  n  cases  of  very  severe  service,  where  the  hoist  operates  a  large  portion  < 
the  time,  and  where  the  peak  loads  due  to  acceleration  may  be  high,  eucb 
simple  rule  cannot  be  used. 

9T.  Trpei  of  moton  adaptable  to  hoUta.  Dtreotrcurrent  motoi 
fur  small  hoists  are  usually  seriea-wound,  but  occaaionaUy  compoUDd-woun 
ruQtors  are  adopted,  in  order  to  simplify  the  control  it  dynamic  braking  : 
required.  With  an  alternating-current  supply,  slip^ring  motors  are  usee 
brinp  designed  for  great  momentary  overload  capacity.  The  high  value  < 
[DAximum  torque  for  which  these  motors  are  designed  necessitates  a  Ian 
magnetiiing  current,  and  usually  such  motors  cannot  be  run  oontinuouii 
even  at  light  load.  For  small  and  moderate-sise  hoists,  motor*  bavin 
speeds  from  300  to  500  rev.  per  min.  are  generally  used,  being  connecte 
to  the  drum  through  single-reduction  gearing.  Large  induction  motCKi 
designed  for  direct-connection  to  hoists,  have  been  built  in  a  few  ease 
where  the  speed  has  been  in  the  neighborhood  of  100  rev.  per  min.  Bud 
machines  are  very  expensive  and  rather  unaatisfactory  from  an  opcratini 
standpoint.  The  difhculty  of  controlling  large  machines  by  rheosia 
practically  confines  the  large  motors  to  direct-current  machines  used  i 
conjunction  with  a  fly-wheel  motor-generator  set,  or  a  plain  motor-generata 
set  (Par.  100  and  104). 

98.  Direct-connected  and  geared  moton.  Direct-current  machine 
can  be  built  in  all  sixes  for  comparatively  slow  speeds,  60  to  75  rev.  pe 
min.  being  quite  common  for  machines  of  500  h.p.  and  upward.  The  use  o 
machine;-cut  double-helical  gears  has  made  possible  the  gearing  of  large  hois 
moton  in  many  cases,  ana  the  very  satisfactory  operation  of  this  tvpe  o 
Koaring  when  properly  built  is  a  strong  argument  in  favor  of  using  moaerate 
Hoeed  motors  instead  of  the  extremely  alowHipeed  motors  necessary  hw 
cii  rect-connec  tion . 

99.  Balancing  aystema.  The  high  peak  loads,  caused  by  hoists  o 
lur^e  capacity,  especially  during  their  periods  of  acceleration,  make  ii 
desirable  in  many  cases  to  adopt  some  system  of  making  the  load  on  tfai 
line  more  uniform.  Practically  all  balancing  systems  uulise  a  fly-whsel 
the  speed  of  which  is  varied,  so  that  it  gives  up  or  absorbs  energy  accordini 
to  the  demands  of  the  hoist.  The  main  requirements  of  a  balancing  systen 
are  that  it  should  bo  capable  of  preventing  sudden  excessive  demands  foi 
rnergy  from  the  line,  it  should  be  automatic  in  operation,  and  that  Um 
losses,  due  to  it,  should  be  as  low  as  possible.  • 

*  Sykes,  Wilfred.  "Large  Electrically-driven  Hoists,"  TVansocfioai 
Amencan  Institute  of  Electrical  Engineers,  1010. 
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ItO.  ncsur  balanMnf  systom.  The  arrancement  now  most  widely 
uiedL  waa  deviKd  by  Mr.  Kan  Ilsner.  Ab  arranged  for  altematinc-current 
RiMily,  it  coDflute  of  an  induotaon  motor  with  a  wound  rotor,  coupled  mechan- 
iewy  to  a  direct-current  senerator,  which  in  turn  suppUee  energy  to  a  directs 
nurent  separately  excited  h<nat  motor.  The  motor-cenerator  set  is  supplied 
with  a  fly-wheel  of  sufficient  capacity  to  care  for  the  peak  loads.  The  field 
of  the  direct-<uiTent  generator  ia  separatelv  excited,  and  a  controller  is 
provided  ao  that  the  excitation  and  the  polarity  of  the  generator  can  ba 
variad  aa  desired.  The  field  polarity  of  tne  hoist  motor  remains  constant, 
•0  that  by  reversing  the  armature  current  the  direction  of  rotation  can  be 
changed.  By  vaiying  the  excitation  of  the  generator,  the  voltage  applied 
to  the  armature  ol  the  hoiat  motor  can  be  varied,  and  in  turn  the  speed  of 
the  hoist. 

101.  Action  of,  tha  automatic  rafulator.  A  regulator  is  provided 
for  automatically  inserting  resistance  in  the  rotor  circuit  of  the  induction 
motor,  thereby  reducing  the  speed  of  the  moior-senerator  set,  which  causes 
the  fly-wheel  to  give  up  part  of  the  energy  stored  in  it.  The  rate  at  which 
the  speed  ia  changed  cwpends  upon  the  difference  between  the  input  that  ia 
to  be  maintained  on  the  indueUon  motor  and  the  power  required  to  drive 
the  generator.  When  the  load  on  the  generator  is  reduced  below  the  value 
for  which  the  automatic  regulator  is  set,  the  fly-wheel  speed  is  increased  by 
automatically  removiuf  resistance  from  the  rotor  circuit,  energy  being 
stored  in  the  fly-wheel  in  coder  to  enable  it  to  carry  the  peak  load,  due  to 
the  saecaeding  es^* 


Flywbttc)  Motor 
OvDorkUir  Set 


I   VM     •c^iii' 


Xxcitex  Circuit 
Fia.  10. — Tlgner  balancing  system. 

101.  Dctalla  of  Xlfnar  bal aiming  iTstam.  This  system  provides 
not  only  for  power  equalisation,  but  also  for  the  control  of  the  hoist  motor 
by  the  manipulation  of  the  generator  excitation,  thereby  eliminating 
rheostatic  losses,  and  the  difficulty  of  controllins  large  maohines.  The 
general  arrangement  of  this  scheme  is  shown  by  Fig^  10.  In  practice  the 
speed  of  the  fly-wheel  set  ia  varied  from  15  to  20  per  cent,  during  a  hoisting 
cyde.  High-speed  fly-wheels  with  i>enpheral  speeds  reaching  26,000 
ft.  per  min.  are  used  in  order  to  minimise  the  weight. 

lot.  Th«  loiaai  with  tha  Ilffnar  systeiii  are  comparatively  high, 
and  it  ia  aeldom  that  an  over-all  efficiency  of  more  than  60  per  cent,  is 
cvalised  from  the  combined  electrical  ana  mechanical  equipment.  This 
affioieney  deoreaaea  when  the  hoist  is  operated  below  its  normal  capacity, 
due  to  the  oonstant  no-load  loss  of  the  fly-wheel  motor-generator  act. 
Hovavar,  for  important  hoiata,  the  advantage  of  equalising  the  input,  and 
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the  perfect  control  possible  with  this  type  of  apparatus  more  than  eom-  '. 
pensates  for  the  increaBed  power  consumption. 

104.  ConTerter  balandnff  lyatezn.  Another  system  has  been  devised. 
which  provides  for  equalising  the  input,  but  does  not  provide  for  ihe  control 
of  the  hoist  motor.  This  is  shown  in  Fig.  1 1.  In  order  to  render  the  demand 
on  the  line  constant,  the  equalising  system  is  connected  in  parall^  with  tba 
generating  station.  It  oonsista  of  a  synchronous  converter  and  a  direct- 
current  machine  which  is  coupled  to  a  suitable  fly-wheel. 

108.  Operation  of  the  converter  balancing  system.  The  s^mehronotts 
converter  acts  only  as  a  connecting  link  between  the  alternating-current 
system  and  the  equalizing  set,  which  consists  of  a  com  pound- wound  direct- 
current  machine  coupled  to  the  fly-wheel  (Fig.  11).  The  field  of  this  machine 
is  controlled  by  a  regulator,  operated  by  a  Berics-wound  solenoid  connected 
in  the  main-line.     At  the  beginning  of  a  trip  the  fly-wheel  is  running  at  fuO 


Automatic  Regulator 


^  Field  Hheostat ' 
Fia.   '  1. — Converter  balancing  system. 

speed,  and  when  the  load  current  exceeds  tKe  mean  value,  the  regulator 
automatically  strengthens  the  field  of  the  equalizing  machine,  so  that  it 
acts  as  a  generator  driven  by  the  fly-wheel.  The  amount  of  energy  delivered 
to  the  synchronous  converter  and  thence  to  the  line  will  depend  on  Uie 
excess  of  momentary  load-current  over  the  mean  value  of  load  current,  for 
the  regulator  will  continue  to  raise  the  excitation  of  the  direct-current 
machine  as  long  as  there  is  any  tendency  for  the  line  current  to  increase 
above  the  mean  value. 

When  the  current  demand  drops  below  the  mean  value,  the  regulator 
will  weaken  the  field,  thereby  causing  the  machine  to  run  as  a  motor,  which, 
taking  energy  from  the  line  through  the  synchronous  converter,  will  ac- 
celerate the  ny-whocl.  As  before,  the  rate  at  which  the  resistance  is  intro- 
duced in  the  field  depends  upon  the  excess  of  the  mean  ourreDt  value  over 
the  momentary  current  demand.  In  this  way  energy  is  stored  in  the  fly- 
wheel and  the  line  load  is  kept  approximately  constant.  The  synchronous 
converter  changes  either  direct  current  to  alternating  current,  or  vie*  verta, 
depending  upon  whether  the  fly-wheel  is  delivering  or  receiving  energy. 

106.  Comparison  of  Hgner  system  with  converter  system.  It 
will  bo  seen  that  the  fly-wheel  speed  variation  in  the  converter  method  is 
obtained  by  field  regulation  of  the  direct-current  motor,  so  that  the  loss  ia 
negligible.  With  the  Ilgner  system  the  loss  is  from  7.5  per  cent,  to  10  per 
cent,  of  the  input  to  the  driving  motor.  This  is  a  very  important  feature 
in  equalizing  systems  using  direct-current  machines,  as  a  much  greater 
fly-wheel^  speed  variation  can  be  economically  obtained  with  the  converter 
method,  it  being  the  usual  practice  to  allow  from  30  per  cent  to  25  per  oent.t 
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and  oonaequentiy  the  fiy-wheeb  cao  be  compvAtivriy  light.  The  intofaincia 
of  the  converter  eqtwiiwng  equipment  need  be  only  Urge  enough  to  deal 
vith  the  load  variations  from  the  mean  value,  and  under  ordinary  circum* 
■Uocea,  the  capacity  need  not  be  more  than  about  one-half  that  of  the 
notor-generator  set  for  the  same  duty.  The  equalising  equipment  is  quit* 
independent  of  the  hoisting  motor,  so  that  it  may  be  out  of  service  witnout 
ecMstion  of  hoisting.  However,  in  this  event  the  peak  loads  will  be  felt 
OD  the  Hue.  With  the  Ilgner  system  the  hoist  is  directly  dependent  upon 
tlw  motor-generator  set. 

UT.  Bigiklfleanctt  of^  th*  itertlnr  method.  The  main  difference  be- 
tween the  two  systems  is  that  the  Ilgner  method  provides  for  starting  the 
hoist  motor  by  voltage  control  without  any  rheostatic  losses  while  the 
converter  system  makes  no  provision  for  doing  so.  When  considering  the 
ectmomy  of  both  systems,  tnis  difference  must  be  taken  into  account  as 
starting  losses  are  often  a  large  proportion  of  the  total  input.  The  question 
of  starting  is  very  important  with  large  hoists,  and  on  this  account  the 
llgner  ssrstem  is  preferred  for  heavy  work. 

lOi.  Control  for  sltAmating-eurrent  moton.  Magnetio-ewiteh 
eontrollera  are  used  to  a  considerable  extent.  Liquid  controllers  for  the 
rotor  circuit  are  also  used,  and  these  have  the  advantage  of  providing  smoother 
tccderation  and  of  being  simpler  in  construction. 

,100.  TypM  of  twitches  in  use.  For  the  control  of  the  primary,  both 
cul  and  air-break  magnetic  switches  are  in  use.  For  circuits  of  550  volts  and 
under  ordinary  magnetic  switches  are  quite  satisfactory.  For  2.200-volt 
motors,  special  air-break  switches  are  in  use,  and  when  properly  designed 
are  preferable  to  other  typcH  on  account  of  the  accessibility  of  the  contacts 
and  their  ability  to  withstand  hard  service.  .Oil  switches  are  used  to  a 
eouiderable  extent  but  for  very  severe  service  they  must  be  very  liberally 
nted.  otherwise  there  is  danger  of  explosion,  due  to  the  heat  generated 
in  the  oil.  Drum  controllers  can  be  used  only  for  small  hoists  requiring 
motors  not  larger  than  75  h.p.,  and  are  not  at  all  suitable  for  severe  operating 
conditions.  Magnetic-switch  controllers  can  be  used  for  all  siies,  but 
:  liquid  controllers  are  used  only  for  motors  of  about  300  h.p.  and  above. 

110.  Control  for  direct-current  hoist  xnotors.  Drum  controllers 
are  satisfactory  for  direct-current  motors  under  100  h.p.,  providing  the 
service  is  not  too  severe.  Magnetic  switches  should  be  used  for  motors 
above  this  capacity.  Liquid  controllers  are  not  satisfactory  for  direct  ouiv 
rent.  In  cases  of  very  large  hoists  with  peak  loads  of  1 ,000  h.p.  and  above, 
rheostatic  control,  for  either  direct-current  or  alternating-current  motors 
is  not  very  practicable.  ,  When  power  equalisation  is  not  required,  a  motor- 
^nerator  set  is  used  without  a  fly-wheel.  In  every  respect  the  operation 
w  the  same  as  with  the  llgner  system,  except  that  the  speed  of  the  set  is 
Dot  vuied.  The  efficiency  of  such  an  arransement  is  often  greater  than 
that  of  the  hoist  with  rheostatic  control,  and  the  maintenance  is  usually 
leas  than  that  of  a^  large  rheostatic  controller,  although  the  amount  of 
apparatus  involved  is  greater. 

ELEVATORS 

BT  DATID  I..  UNDQUIST 

CkUf  Engineer  Oti$  Elevator  Company;  A$$oeiaU,   American   InetUtUe    of 
Electrical  Engineere 

111.  CUssifloation  of  eleotrlo  elerators.  There  arc  two  general  classes 
of  dectric  elevators,  namely,  those  with  winding  drums,  and  those  with 
traction  sheaves.  The, drums  of  the  former  type  are  spirally  grooved,  the 
cables  windin^E  or  unwinding  as  the  elevator  is  raised  and  lowered.  With 
elevators  havmg  winding  drums  it  is  advisable  to  restrict  service  to  car 
speeds  under  200  ft.  per  min.  and  for  travels  loss  than  100  ft.  For  eleva- 
tors of  the  latter  class,  the  sheaves  are  straight  grooved  for  receiving  the 
cables,  the  car  being  raided  or  lowered  because  of  friction  existing  between 
sheave  and  cables.  Elevators  of  this  cla.ss,  are  especially  adapted  to  service 
requiring  car  speeds  of  from  200  ft.  per  min.  to  700  ft.  per  min.  inclusive, 
regardless  of  length  of  travel. 

lis.  Boplng  end  counterbalancing  of  eloTators  with  winding  drums. 
Necessary  connections  are  usually  made  between  drum  and  car  and  counter- 
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bftlanoe  by  meaoB  of  two  rop«s  for  eaoh  oonnection,  thereby  < 
of  ropea  required,  the  increued  flexibility  permittini;  the  uie  of  ib 
diameter  druma  and  aheaves.  Fig.  12  indioatee  the  roping  arraniement  fal> 
lowed  when  a  aingle  or  back  drum  counterbalance  only  la  uaed;  while  Fift 
13  portrays  umilarly  the  arrangement  neceaaitated  by  the  use  of  a  doofaii 
counterbalance.  With  thia  latter  arrangement,  one  counterbalance  me- 
atitutea  the  back  drum  weight,  while  the  other  ia  attached  directly  to  the  cat. 


my/MW/y/M 


Fio.  1 2. — Roping  arrangement 
for  use  with  single  (back  drum) 
counter  balance. 


Fio.  13. — Roping  arrangement 
for  use  with  double  counter* 
balance. 


The  total  counterbalanoing  should  be  proportioned  to  the  average  losdf 
to  be  carried,  which  usually  range  from  30  to  40  per  cent,  of  the  rated  maxi- 
mum load.  When  only  one  counterbalance  is  used,  therefore,  its  wei^l 
should  equal  that  of  the  car  plus  from  30  to  40  per  cent,  of  the  maxirauro  load 
in  the  car.  With  the  double  counterbalance,  sum-total  weight  shoxild  also 
be  equal  to  the  weight  of  the  oar  plus  from  30  to  40  per  cent,  m  the  maximum 
load  in  the  oar.    In  thia  event,  the  oounterbalanoe  attached  to  the  car  ii 
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jToportioned  to  approximately  70  per  cent,  of  the  actual  weight  of  the  car, 
;fae  weicht  (^  the  back  drum  counterbalance  being  equal  to  the  difference 
tetween  the  total  weight  and  that  of  the  car  counterbalance.  Either  method 
if  eoanterbaJancing  impoeea  on  the  motor  a  net  maximum  load  of  approxi- 
Bately  two-thirda  the  rated  capacity  of  the  elevator. 

For  oar  travels  in  exeeet  of  100  ft.  it  is  advisable  to  compensate  variation  of 
oad  on  motor,  produced  by  change  in  position  of  cables  durinc  run,  by  means 
if  a  compensating  chain  attached  from  the  car  to  the  middle  point  of  the 
laichwsy,  as  shown  in  Fig.  12,  or  attached  from  car  to  counter- balance  as  in- 
licated  in  Fig.  13.  The  following  formulas  derive  total  compensating  weight 
'equired,  where  A  «  weight  of  hoist  ropes  per  ft. ;  dw  —  weight  of  drum  coun- 
wbalanoe  ropes  per  ft.;  rw>  weight  of  car  counterbalance  ropes  per  ft.; 
;— weight  of  compensating  chain  (or  ropes)  per  ft.  With  compensating 
^hain  attached  to  car  and  middle  point  of  hatch:  c  — 2(A+(/w+cui).  With 
Eompensating  chain  attached  to  car  and  counterbalance:  c«(A+dui+2cw)/2. 
Per  installations  employing  the  single  counterbalance  only;  cw^  0. 

lit.  Eopinff  Mid  oounterbalMiclng  of  elerfttort  wiUitraotton  ihear* 
Prom  Fig.  14,  which  dearljr  indicates  rojMng  required  by  what  is  known  as  the 
L :  1  trtction-sheave  tvpe,  it  wiU  be  noted  that  the  single  length  of  ropes  used 
ire  directly  connected  to  car  and  counterbalance  at  either  end.  By  the  use 
rf  a  seconoary  or  idler  sheave  these  ropee  are  passed  over  the  traction  sheave 
k  second  time  as  a  means  for  increasing  rope  contact,  which,  under  the  influ- 
ence of  the  combined  weight  of  car  and  counterbalance,  provides  the  adhe- 
lioa  requisite  to  elevator  service. 

The  foregoing  arrangement  corresponds  to  that  used  for  the  2  : 1  traction- 
tbeave  type  with  the  exception  that  the  ropes,  instead  of  being  directly  con- 
■eeted  to  car  and  counterbalance,  are  passed  under  traveling  sheaves  located 
kt  the  upper  end  of  both  car  and  counterbalance;  from  this  point  they  are 
Extended  vertically  to  the  top  of  the  hatchway  and  there  securely  and  per- 
nanently  anchored.  This  latter  roping  produces  a  decrease  in  car  speed  with 
I  consequent  increase  in  the  lifting  capacity.  Fig.  15  represents  the  2  :  1 
rofung  arrangement. 

One  of  the  striking  advantages  resulting  from  this  arrangement  of  ropes 
uid  method  of  drivins  them,  is  the  total  loss  of  traction  obtained  if  either  car 
ir  eoonterbalance  is  obstructed  in  its  descent,  or  bottoms  on  its  respective  oil 
Iraffer,  causing  complete  cessation  of  all  car  motion  even  though  the  driving 
Bkembier  may  continue  to  revolve.  This  property  of  the  traction-rsheave 
slevatOT'  constitutes  an  extremely  important  and  effective  safeguard  by  ena- 
tiling  the  absolute  fixinE  of  the  car  travel  between  two  given  limits,  inasmuch 
IS  with  proper  roping  the  car  will  be  brought  to  rest  on  its  oil  buffer  before  the 
Eoonterbalance  comes  into  contact  with  the  overhead  work  and  vice  wraa, 
k  farther  advantage  of  the  traction-sheave  elevator  lies  in  the  fact  that  the 
fsess  ctf  the  sheaves  are  entirely  independent  of  the  height  of  the  building. 

Counterbalancing  must  in  all  cases  be  proportioned  for  an  equal  mar^n  of 
nfeiy  to  counteract  the  tendency  to  slip  on  both  up  and  down  direction  of 
travel  under  maximum  load  conditions.  Where  there  is  a  considerable  sur- 
phis  of  traction,  however,  the  weight  of  the  counterbalance  should  be  made 
Sependent  upon  the  average  loads  in  the  car,  which,  for  this  type  of  elevator, 
nsaally  range  from  approxiniatcly  33  to  45  per  cent,  of  the  maximum.  Ordi- 
urily,  the  total  weight  of  the  counterbalance  should  equal  that  of  the  car 
plus  from  33  to  45  per  cent,  of  the  maximum  load  in  the  car. 

Elevators  with  traction  sheaves  should  in  all  cases  be  provided  with  rope 
compensation  and  with  connections  arranged  in  accordance  with  Fig.  14; 
Ibe  weight  per  hatchway  ft.  of  the  compensating  ropes  should  equal  approzt- 
nstidy  the  weight  of  the  hoist  ropes  per  hatchway  ft.  minus  one-fourtn  the 
weight  per  ft.  of  the  electric  control  and  lighting  cablea 

114.  Bleetrie  tltTfttor  machlnei.  The  machines  used  for  drivins  the 
two  typee  of  elec^c  elevators  mentioned  are  distinguished  by  their  methods 
of  power  transmission  between  motor  and  winding  drum  or  traction  sheave, 
B^mdy,  (a)  worm  gear;  (b)  worm  and  spur  gear;  (c)  helical  or  herring- 
bmie  gear;  (d)  1 : 1  gearless  traction;  (e)  2:1  gear  less- traction  machines. 
Ml  of  these  machines  are  preferably  arranged  for  location  over  the  hatchway 
is  each  and  every  case,  although,  under  certain  conditions,  they  can  tm 
vranged  for  location  at  the  base  of  the  hatchway. 

llf.  Worm-nar  maohlnei.  These  machines  are  used  for  both  pas- 
■enger  and  freignt  service  and  may  be  arranged  with  either  winding  drum  or 
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traotiou  iheftve.  For  the  smaller  eiiee,  known  as  dumbwaiter  machij 
duties  rangioc  from  SOO  lb.  at  100  ft.  per  min.  to  100  lb.  at  500  ft.  per  min. 
possible,  while  in  the  larger  sites  duties  rarely  exceed  from  10,0(K>  lb.  at 
ft.  per  min.  to  4.000  lb.  at  400  ft.  per  min. 

In  order  to  preserve  alignment,  all  parts  should  be  assembled  on  a  ribi 
bedplate  eatending  underneath  the  entire  machine.     The  armstnre  si 
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Fia.  14.- 


-Roping  arrangement  for  use  with 
traction  sheave. 


Fio.  15.— Two  tQ  on 
roping  arrangement 


of  the  motor  is  usually  coupled  direct  to  the  worm  shaft,  the  face  of  i 
coupling  being  uUliaed  as  the  brake  pulley.  The  worm  and  shaft  should 
solid  and  integral  and  of  high-grade  steel,  the  worm  meshing  with  a  brou 
rim  worm  wheel  attached  to  a  cast-iron  spider.  This  spider,  being  direc 
and  mechanically  connected  to  the  winding  drum  or  traction  sheave,  reod 
power  transmission  at  this  point  entirely  independent  of  keyi.  SeU-ali 
ing  baU  thrust  bearings  are  provided  on  the  worm  shaft. 
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114.  Worm  and  tpur-gear  machlnei.  The  two  types  may  be  classified 
as  safe  lift  machines  and  geared  freight  machines,  the  tormer  being  a  special 
adaptation  of  the  worm-gear  machine  when  it  is  desired  occasionally  to  lift 
joacu  greater  than  the  normal  and  at  considerably  reduced  speeds.  Tcis  type 
B  generally  installed  in  office  buildings,  where,  with  the  special  arrangement 
^;»plied  to  one  or  more  of  the  ordinary  passenger  elevator  machines,  the 
handling  of  safes  averaging  from  4,000  lb.  to  0.000  lb.  in  weight  at  a  slow  rate 
of  apeea,  is  rreatly  facilitated.  To  accomplish  the  increase  in  lifting  capa- 
city, a  special  provision  is  made  for  placing  necessary  gears  in  mesh  between 
the  armature  and  worm  shaft,  thereby  reducing  the  car  speed  and  increasing 
the  lifting  capacity  in  direct  proportion  to  the  ratio  of  tne  gearing  inserted. 
By  this  method,  therefore,  and  usually  with  a  slight  addition  in  counter- 
balance, the  safe-lift  loads  are  carried  without  requiring  more  current  from 
the  line  than  during  normal  operation.  Geared  freight  machines  differ  from 
the  worm-gear  type  by  the  addition  of  a  single  spur-gear  reduction  between 
the  worm  gear  and  the  winding  drum,  thereby  constituting  them  essentially 
l^w^peea  machines  with  relatively  large  lifting  oapaoities. 

UT,  BoUcal  rear  or  herringbone  gear  maohlnei.  These  machines, 
which  can  be  arranged  for  use  with  either  winding  drums  or  traction  sheavea, 
■re  itt'ovided  with  a  single  gear  reduction  to  the  motor  by  means  of  the  helical 
or  herringbone  type  of  gear,  usually  made  in  accordance  with  the  Wuest 
method.  Such  gears  permit  a  larger  ratio  of  reduction  with  greater  efficiency 
than  can  be  obtained  with  ordinary  spur  gears.  The  motor  speeds  usually 
range  from  300  to  600  r.p.m. 

US.  Oearleu  traction  mftohines,  1:1  rfttlo.  This  machine  represents  a 
etHnbination  of  extreme  simplicity,  maximum  economy  and  highest  efficiency. 
Briefly^  it  is  a  two-bearing  electric  machine,  the  armatiire,  traction  sheave 
and  brake  pulley  being  contained  on  the  same  shaft,  all  parte  being  compactly 
groaped  on  a  cast-iron  bed.  The  motor  is  of  the  plain  snunt-field,  slow-speed 
^pe  of  about  60  r.p.m.  transmitting  energy  direct  to  the  traction  sheave. 
Contrai^  to  i^neral  belief,  these  motors  have  theremukably  high  efficiency 
and  a  dtttinctive  procedure  has  been  to  arrange  design  with  a  view  to  realis- 
ing the  higheat  emcieney  (about  00  per  cent.)  at  half  rated  capacity.  This 
figure  correaponds  with  the  average  loads  for  this  class  of  service,  the  full- 
l<»d  efficiency  being  approximately  87  per  cent.  Frequently  these  maohioea 
■re  provided  with  ball  oearings  as  a  means  for  further  increasing  the  efficiency 
and  decreasing  the  space  required. 

Machines  of  this  type  should  be  located  over  the  hatchway  whenever  it  is 
■t  all  possible.  They  are  used  for  car  speeds  of  from  500  to  750  ft.  per  min. 
with  loads  ranging  from  2,000  to  3.500  lb.  inclusive.  To  date  only  machines 
enmloying  direct-current  motors  have  been  produced. 

By  means  of  a  special  arrangemeot,  the  regular  machines  can  be  converted 
10  as  to  enable  the  lifting  of  safes  weighing  from  5,000  to  8.000  lb.  This 
urangement  includes  the  placing  of  a  second  magnet  brake  in  operation  and 
■lao  the  adding  of  extra  weight  to  the  regular  counterbalance.  When  lift- 
ing safes,  maximum  field  strength  of  motor  is  utilised,  producing  a  propor- 
tionately slow  oar  speed. 

119.  OearleH  traction  maehlnei,  2:1  ratio.  All  mechanical  features 
of  these  machines  correspond  to  those  of  the  1  :  1  gearlessjtraction  type. 
They  have  been  designed  for  traction  sheave  elevators  requiring  lower  car 
speeds  than  obtainea  with  the  1: 1  machine  without  the  necessity  of  gear, 
reductions  the  car  speed  reduction  being  produced  by  the  2-1  roping  arrange- 
ment previously  described.  The  macmnes  have  been  designed  for  direct- 
enrrent  servieo  only,  using  shunt-field  motors  of  from  80  to  MO  rev.  per  min., 
with  resultant  car  speeds  of  from  250  to  450  ft.  per  min.,  and  they  have  been 
installed  for  capacities  up  to  11,000  lb.  passenger  load.  'Ry  an  arrangement 
■milar  to  that  with  which  the  1  : 1  gearless- traction  machines  are  equipped, 
these  machines  can  also  be  used  for  safe  lifting. 

110.  A  common  characteristic  of  all  eievator  motors  is  that  they 
must  be  specially  constructed  to  withstand  repeated  stresses  produced  by 
frequent  starting  and  stopping.  In  general,  however,  the  performance  of 
alternating-current  and  direct-current  motors  differ  to  such  an  extent  as  to 
seceasitate  their  separate  consideration. 

Itl.  XHrect-ourrent  motora.  This  class  of  motors  must  be  designed  for 
sparkless  commutation  at  starting,  stopping  and  reversal  of  rotation  under 
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all  fluctuattonB  of  load  wiihin  their  rated  capacity,  and  be  capaUe  of  exvl 
a  heavy  starting  torque  with  minimum  requirementa  bb  to  startinc  cut 
especially  where  frequent  atarta  and  stops  are  made,  in  order  to  reduce 
energy  consumption  and  the  reaction  on  the  generating  plant.  Beoaw 
these  requisite  features,  commercial  motors  are  rendered  generally  una 
able.  As  a  means  for  reducing  starting  currents,  those  motors  uaed 
driving  geared  elevator  machines,  and  usually  operating  at  from  300  to 
rev.  per  min.,  are  arranged  to  start  as  compound- wound  motors  bavin 
heavy  series  field  which  sbould  be  cut  out.  usually  by  a  ohortr-eircuiting  pi 
ess,  as  the  motor  speed  increases.  At  full  speed,  therefore,  the  mi 
operates  as  a  plain  snunt-field  tjrpe. 

Because  of  the  high  self-induction  of  the  field  windinf  required  by  mot 
used  for  driving  the  1  :  1  and  2  : 1  gearless-traction  machmes,  which  gener 
operate  at  from  00  to  140  rev.  per  min.,  when  at  full  speed,  the  fields 
connected  permanently  acroes  the  supply  lines,  with  reduced  current  w 
machine  is  at  rest;  this  procedure  shortens  the  length  of  time  required 
bring  the  field  to  full  strength  on  starting.  Such  a  method  of  firid  coni 
tion  materially  reduces  motor  starting  current.  For  direct^urrent  typa 
motors,  starting  torque  and  starting  current  are  usually  twice  the  n 
torque,  and  not  m  excess  of  125  per  cent,  of  the  current  at  rated  capacity. 

111.  FolyphaieiUp-rlng  Induction  moton.  This  type  i  cpi  esente 
yond  question  the  most  satisfactory  alternating-current  motor  for  devi 
service.  The  rotor,  which  is  polar  wound,  is  connected  to  a  seriee  of  ■ 
rings,  thereby  permitting  the  insertion  of  an  external  resistance  in  the  n 
circuit,  resulting  in  large  starting  torque  with  reasonably  low  startinf  i 
rent.  Since  the  resistance  of  a  slip-ring  motor  is  external,  it  may  be  adjui 
for  several,  values  of  starting  torque,  and  good  elevatw  practice,  therefon 
to  provide  a  larger  external-rotor  resistance  than  is  required  for  neoess 
starting  torque  at  full-load,  thus  limiting  first  inrush  of  current  to  a  i 
determined  amount,  with  connections  so  arranged  that  if  motor  fails  to  si 
the  imposed  load,  rotor  resistance  will  be  gradually  short-circuited  u 
required  starting  torque  is  obtained.  As  elevator  loads  are  frequei 
considerably  under  full-load  values,  the  maximum  starting  resistance  all< 
the  elevator  to  start  with  a  current  much  lower  than  that  required  with  f 
load  in  the  car.  With  the  external  rotor  resistance  it  is  possible  to  a 
rotor  winding  of  extremely  low  internal  resistance,  and  since  the  eztei 
resistance  is  completely  short-circuited  when  motor  attains  full  speed,  resi 
ant  slip  and  temperature  rise  are  reduced  to  a  minimum,  and  high  runn 
efficiency  is  obtained.  The  speed  variation  of  this  tyxw  of  motor  is  v 
small,  and  it  fulfills  the  best  obtainable  balance  between  the  three  valua 
starting  current,  slip  and  running  efficiency,  which  are  of  extreme  importa 
when  applied  to  elevator  motors- 

Its.    Two-speed  polyphase  lUp-rlnc  Induction  motors.    For 

speeds  in  excess  of  200  ft.  per  min.,  and  where  conditions  demand  accm 
floor  stops,  it  is  advisable  to  use  two-speed  motors.  These  motors,  wli 
have  been  used  successfully,  contain  double  windings  on  both  the  stator  i 
rotor.  The  switches  governinc^  them  are  mounted  on  the  controller  pai 
being  electrically  ana  mechamcally  interlocked  in  order  to  prevent  c 
fliction.  Starts  are  always  made  with  the  high-speed  winding,  and  com 
tions  to  the  slow-speed  winding,  which  is  used  for  stopping  purposes  only, 
so  arranged  that  the  motor  is  electrically  retarded  to  a  predetermined  si 
speed  of  usually  )  to  i  of  full  speed. 

1S4.  Polyphase  iqulrrel-cage  Induction  motors.  Squirrel-cage  i 
tors  are  generally  undesirable  for  elevator  service  except  in  the  smaller  sii 
With  motors  of  this  type,  the  rotor  winding  is  permanently  short-circuit 
thus  preventing  the  employment  of  external  rfwistaoce  at  starting.  In  or 
to  prevent  the  possibility  of  starting  currents  becoming  excessively  high 
is  therefore  necessary  to  wind  the  rotor  with  self-contained  resistance,  t 
method  resulting  in  high  slip,  comparatively  low  efficiency  and  a  high  %t 
perature  rise,  especially  when  the  motor  is  operating  frequently.  Sii 
rotor  resistance  is  permanently  fixed,  the  motor  starting  current  rises  t 
tnaximum,  with  each  start,  irrespective  of  load.  Motors  of  this  class  sha 
only  be  used  on  a  power  line,  where  the  high  starting  current  required  is  i 
objectionable  and  where  the  service  is  sufficiently  light  to  eliminate  ' 
possibility  of  danger  from  overheating. 
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Ui.  Slncle-pluM  moton.  Up  to  the  present  a  typo  known  as  the  re- 
pnlaioa-induction  motor  alone  haa  proven  auccessful  and  in  siiee  up  to  and 
including  15  h.p.  These  motors,  which  start  as  one  of  the  repulsion 
tjrpe,  are  providea  with  a  oentrifusal  governor,  usually  located  within  the 
armature  oore,  so  designed  and  adjusted  that  at  about  80  per  cent,  of  full  speed 
Uw  rotor  winding  is  automatioally  Bhort-circuited,  ana  the  motor  operates 
■s  if  it  were  of  the  simple  induction  type.  These  motors  cannot  be  reversed 
while  operating,  as  induction  motors.  Devices  are  required  to  prevent  change 
of  connections  until  speed  has  dropped  below  that  point  at  which  the  re- 
pulsion connections  are  re-established  in  order  that  reversal  of  rotation  may 
become  effective.  Although  starting  currents  are  comparatively  hifh,  thu 
condition  is  not  objectionable  in  the  smaller  sixes,  and  in  the  larger  sisea  the 
starting  current  may  be  appreciably  reduced  by  an  external  resistance  in  the 
•taUM-  circuit  so  connected  that  it  is  effective  at  the  momeht  of  starting  and 
daring  the  first  period  of  acceleration. 

IM.  BrAkec.  All  elevator  machines  are  equipped  with  brakes  for  the 
puiTKise  of  assisting  in  stopping  and  holding  the  car  securely  at  a  landing, 
ander  any  and  all  conditions  of  loads  up  to  and  including  the  maximum 
^le^fied.  The  brakes,  which  must  be  so  designed  as  to  be  equally  effecUve 
for  either  direction  of  rotation,  generally  consist  of  two  separate  and  inde- 
pmdent  shoes,  lined  with  leather  or  asbestos  preparations,  and  actuated  by 
■eavy  helical  steel  springs.  Brake  release  should  be  obtained  by  means 
of  an  electromagnet,  as  this  method  enables  the  making  of  such  connections 
that  the  brake  will  be  instantly  and  positively  applied  on  failure  or  inter- 
ruption of  current  supply.     See  Par.  499  to  4CS. 

1ST.  Methods  of  control.  The  controlling  apparatus  of  an  elevator  con- 
stitutes one  of  its  most  important  features,  including  devices  for  establishing 
direetion,fori>roducing{Nroper  acceleration,  retardation,  and  speed  regulation, 
and  also  incmding  the  necessary  safety  appliances.  Usually  slate  panels 
bolted  to  Boor  standards  are  provided,  the  switches  being  mounted  on  its 
face  with  connections  to  these  switches,  and  all  realBtanoes  located  on  the  rear. 
All  contacts  of  the  various  safety  devices  are  usually  connected  in  circuit 
with  the  holding  coil  of  what  is  known  as  a  potential  switch,  and,  since  all 
nirrent  to  the  controller  and  machine  is  carried  through  the  contacts  of  this 
ivitch,  the  operation  of  any  one  safety  feature  immediately  interrupts  all 
current  to  the  equipment.  This  switch  also  constitutes  a  no-voltage  circuit 
breaker  and  an  excessive  drop  in  voltaee  will  cause  the  switch  contacts  to 
open.  The  motor  circuits  are  completec.  by  the  reversing  switches,  two  in 
number,  one  for  the  " up "  and  one  for  the  "down"  direction,  respectively. 
The  brake  circuits  are  made  simultaneously  with  the  closing  of  either 
ibrection  switch.  In  order  to  prevent  conflict,  reversing  switches  are 
fSuermUy  electrically  or  mechanically  interlocked. 

Itt.  Automatic  ttartlng.  It  is  advisable,  with  direct-current  eleva- 
tors, to  arranee  the  stepping-out  of  the  armattu^  starting  resistance  en- 
Ibdy  inde|>enaent  of  the  operator,  and  by  this  process  eliminate  the 
damiage  wmch  would  result  from  a  reduction  of  this  resistance  at  too  high 
a  rate.  As  a.  means  for  reducing  energy  consumption,  however,  starting 
resistance  should  be  stepped-out  as  rapid^  as  the  load  on  the  motor  permits; 
this  is  accomplished  by  means  of  either  series  relay  magnets  or  magnets  de- 
pendent on  the  counter-electromotive  force  of  the  motor  f <«  operation.  See 
article  on  "Motor  Control"  elsewhere  in  Ihis  section. 

1S9.  Pyngmlo  brgUng.  Except  with  the  small-capacity  machines,  the 
wiring  of  direct-current  controllers  invariably  includes  a  dynamic-brake 
circuit  which  is  obtained  by  introducing  a  resistance  across  the  armature 
terminals  on  stopping.  The  stopping  field  in  some  cases  is  obtained  by 
having  tbe  shunt  field  (permanently  in  series  with  a  limiting  resistance) 
eonnectod  directly  across  the  supply  line.  In  other  cases  it  is  obtained  by 
providiiis  an  extra  low-resistance  shunt  field;  in  the  smaller  machines  the 
PBBdual  magnetism  of  the  fi^d  poles  is  sufficient.  Although  connecting  the 
Bsld  permanentiy  across  the  supply  line  sUghtiy  increases  energy  loss,  an  im- 
portant aalety  featuro  is  gaincMi,  for  with  such  connections  it  becomes  im- 
pOMiUe  to  attain  eicesaive  car  speeds  either  up  or  down  should,  for  any 
NMon.  tlie  "******«"^  brake  fail  to  apply.  By  various  methods  stopping 
mislamw  te  aotomatically  stepped-out  as  the  load  on  the  motor  permits. 
theraby  atrengthaniiic  tha    dyikamie-braking  effect.    As  explained,  single- 


1228 


dbyv^iuuyie 


Sec.  15-130  INDUSTRIAL  MOTOR  APPUCATI0N8 


speed  alternatinB-cuirent  moUuv  cannot  readily  |troduM  a  dynAmio  •! 
and  the  machine  brakes  must  be  relied  upon  entirely  in  bringins  iba  i 
to  rest. 

150.  KleTator  apeedi.  Direc^current  elevators  are  generally  arrani 
with  one  speed  only  for  car  speeds  up  lo  150  ft.  per  min.,  except  in  the  r 
of  automatic  puah-button-coDtroUed  elevators  which  are  provided  with  ti 
speed  control  for  car  speeds  above  100  ft.  per  min.  Witn  car  speeds  abc 
150  ft.  per  min.,  two  or  more  speeda,  under  control  of  the  operator,  are  p 
vided  for  convenience  in  mafcinE  accurate  landings.  Altemating-cum 
elevators  are  generally  arranged  for  one  speed  only  up  to  300  ft.  per  mi 
except  for  automatic  push-button-controlled  elevators  where  two  speeds  m 
be  used  with  car  speeds  exceeding  100  ft.  per  min.  The  foregmnc  appl 
with  equal  force  to  winding-drum  and  worm-gear  traction-sheave  macniD 
but  where  accurate  stopping  is  essontial  two  speeds  may  be  provided  w 
car  speeds    lower  than  those  specified  above. 

The  methods  of  operation  from  the  car  are  given  in  Par.  ISl  to  1S3. 

151.  Car  swlteh — macnet  control.  This  method  is  suitable  for  all  * 
speeds  and  consists  of  a  master  switch,  located  within  the  car,  electrics 
connected  to  the  operating  coils  of  the  magnetically  actuated  switches  on  1 
control  panel.  Connections  are  so  arranged  that  after  direction  has  be 
established  the  proper  sequence  of  switches  is  obtained  for  the  desired  i 
celeration  and  retardation.  The  car  switch  should  be  so  designed  that  It  n 
automatically  return  to  centre  or  stop  position  should  the  operator's  band,  1 
any  cause,  be  momentarily  remov^. 

ISS.  Automatic  push-button  control.  By  means  of  a  stwcial  type 
magnet  controller,  elevators  can  be  operated  by  a  selective  arrangement  cc 
sistiog  of  a  call  button  located  at  each  floor  and  a  series  ot  buttons,  cor 
sponoiDg  to  the  floors  to  be  served,  located  within  the  car. 

ISS.  Hand-rope  control.  The  contacts  of  the  reversins  switches  i 
operated  by  the  revolving  of  a  small  sheave,  to  which  they  are  directly 
indirectly  attached,  the  revolving  of  the  sheave  being  accomplished  by  a  p 
on  an  endless  rope  connected  to  it  and  installed  in  the  hatchway  in  M-der  to 
available  from  the  car.  For  convenience  this  rope  is  occasionally  connect 
to  a  hand  wheel  or  revolving  lever  device  located  within  the  oar.  Hand  ro 
control  becomes  difficult  to  manage  as  the  speed  of  car  is  increased  and  1 
this  reason  is  generally  limited  to  car  speeds  below  150  ft.  per  min. 

154.  Automatic  terminal  stopping  dsTloe.  With  machines  of  t 
winding-drum  type  this  consists  of  a  series  of  contacts  usually  located  abo 
the  drum  and  positivelv  operated  either  directly  or  indirectly  by  an  i 
rangement  on  the  extended  drum  shaft  at  the  gear-case  end.  ^  These  contai 
are  so  connected  in  the  controller  circuits  that  car  speed  is  automaticaj 
reduced  at  predetermined  distances  from  the  terminal  landings,  and  final 
brought  to  rest  approximately  near  either  terminal  landing,  provided  t 
operator,  for  any  reason,  has  neglected  to  centre  his  controlling  device. 

Since  with  traction-sheave  machines  no  fixed  relation  exists  between  t 
traction  driving  sheave  and  the  position  of  the  car  in  the  hatchway,  becau 
of  the  creeping  action  of  the  hoist  ropes,  a  machine-driven  automatic  U 
mi nal -stopping  device  cannot  be  used.  With  the  worm-gear  traction^hea 
elevators  it  has  become  the  practice  to  locate  a  series  of  switches  in  t 
hatchway,  properly  spaced,  operated  by  a  cam  mounted  on  the  car,  for  pi 
ducin^  the  necessary  slow-down  and  stop  at  the  terminal  landings.  Becau 
of  the  mcreased  number  of  speed-reducing  steps  required  with  the  nighpr-spe 
gearless  traction-sheave  elevators,  the  switch  arrangement  in  the  hatchvi 
would  present  wiring  complications  and  increase  the  difficulty  of  adjustmei 
and  for  this  reason  it  has  become  advisable  to  carry  the  switches  on  the  c 
completelyencloscdinametalcasefor  protection,  operated  byoneoamlocat 
at  the  top  and  one  at  the  bottom  of  the  hatchway. 

155.  Slaok-oable  switch.  This  device  is  used  with  winding-drum  d 
vators  only  for  the  purpose  of  stopping  the  machine  and  preventing  t 
unwinding  of  hoist  ropes  in  case  the  car  is  obstructed  in  its  descent.  T 
contact  of  the  slack-cable  device  is  connected  in  series  with  the  holding  © 
of  the  potential  switch  or  circuit-breaker  which,  on  opening,  interrupts  i 
current  to  the  machine.  Slack-cable  switches  are  not  requirra  with  tractio 
sheave  elevators  for,  as  previously  described,  the  obstructing  of  either  car 
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eeonter-veight  immediately  causes  sufficient  loss  of  traction  to  prevent  fur- 
ther motion  of  the  car  and  counterbalance. 

IM.  TIumX  hatchw&y-Uxnit  switchei.  To  guard  against  the  possibility 
of  dama^  through  disarrange mont  of  the  automatic  terminaT-«toppiug 
derio^  final  limit  switches  are  located,  one  each,  beyond  the  terminal 
landing,  and  are  operated  by  a  cam  on  the  car,  in  case  the  car  overtravels  to 
a  point  at  which  those  switches  become  operative.  The  contacts  of  these 
■witches  are  also  placed  in  series  with  the  holding  coil  of  the  circuit- breaker, 
eaosing  immediate  interruption  of  current  to  the  machine  when  opened. 

1ST.  QoTernor  BWltohei.  With  high-speed  elevators,  regulating  devices 
are  usually  provided,  these  being  operated  by  a  speed  sbvernor.  These 
devices  control  car  speed  by  means  of  field  regulation  of  the  motor,  snd  are 
Bsually  applied  when  the  car  speed  exceeds  normal  by  certain  predetermined 
amounts.  One  or  more  speed-regulating  switches  are  usea,  the  number 
depending  upon  the  avera^  speed  ofthe  car,  and,  by  their  use,  maximum  speed 
variation  is  retained  within  certain  predeterminea  limits.  Governors  should 
preferably  be  provided  with  a  breaking  contact  adjusted  to  open  at  a  car 
wed  alighUy  lower  than  that  at  which  the  car  safeties  are  set  to  operate. 
Therefore,  conneeting  this  contact  in  series  with  the  holding  coil  of  the 
potentiat  switch  or  circuit-breaker,  usually  stops  the  elevator  by  interrupting 
aO  current  to  the  motor,  without  the  necessity  of  applying  the  car  safeties. 

iSt.  Oar  »td9tf  twitch.  All  electric  elevators  should  be  provided  with  a 
■mall  enclosed  switch,  located  within  the  car  and  so  connected  in  the  con- 
trolling csrcwts  that  current  to  the  machine  will  be  interrupted  when  it  is 
opened.     This  switch  is  fiirnished  for  emergency  purposes  omy. 

IM.  Car-safety  devices.  ^  The  expression  "oar  safety  "is  usually  applied 
to  that  form  of  safety  which  is  designed  to  bring  the  car  to  rest  by  locking  it 
lo  the  guide  rails,  in  ease  excessive  speed  has  been  attained,  irrespective  of  the 
cause.  All  elevators  should  be  equipped  with  a  device  of  this  nature.  The 
application  of  car  safeties  should  be  made  dependent  upon  on  a  centrifugal  or 
motia  governor,  adjusted  with  a  definite  and  fixed  relation  to  the  speed  of  the 
esr  ana  arranged  to  operate  at  approximately  from  30  to  SO  per  cent,  above 
aormal  car  speed.  The  general  practice  is  to  support  the  safety  device 
■ithin  the  lower  member  of  the  car  frame,  with  the  governor  substantially 
npported  at  the  top  of  the  hatchway,  although,  in  some  cases,  specially 
dengned  governors  are  mounted  on  the  car.  With  the  governor  located 
ever  the  hatchway,  it  is  driven  by  an  endless  rope  attached  to  the  car  and 
safety  mechanism  in  such  a  manner  that,  in  case  of  excessive  speed,  the 
toremor  h<^ds  or  grips  this  rope  and  the  safety  is  applied,  usually  oy  means 
of  a  drum,  sheave  or  lever  arrangement. 

Under  certain  building  conditions,  namely:  where  a  room  or  vault  is  located 
directly  underneath  the  hatchway,  it  is  advisable  to  furnish  a  guide  grip  safety 
ioT  the  counterbalance  as  well  as  for  the  car,  in  order  to  prevent  damage  such 
as  nught  otherwise  occur  through  the  breaking  of  the  ropes.  On  alfof  the 
neenthigher  class  installations  counterbalance  safeties  have  been  furnished 
■Ten  where  the  foregoing  condition  has  not  existed. 

140.  The  number  of  elevaton  required  in  a  building  depends  on  several 
conditions,  namelv:  height  of  building,  relation  of  area  of  building  to  its 
hoi^t,  net  rentable  area  in  sq.  ft.  per  floor,  character  of  elevator  service 
nqnired   by  proe|)eetive  tenants    and   relative   location   of  building.     In 


- .^  office  buildings  it  is  not  considered  good  practice  to  attempt  to  serve 

more  than  from  18,000  to  24,000  sq.  ft.  of  rentable  floor  area  per  elevator. 
The  mileage  of  each  elevator  in  a  modern  office  building  ranges  from  15 
to  40  miles  per  day,  depending  on  the  character  of  service  and  type  of  ele- 
vators used. 

lU.  Ctoneral  ooniideratlon  of  energy  consumption.  Usually,  it  is 
ttfs  to  assume  that  the  loads  distributed  by  an  elevator  to  the  different  floors 
of  a  building  are  the  same,  approximately,  as  those  loads  returned  to  the 
■tarting  point,  and  with  such  load  conditions  the  work  done  consists  merely  of 
overeonung  tne  friction.  Of  greater  importance,  therefore,  in  the  energy 
coDsumptioa,  is  the  power  expended  in  imparting  the  kinetic  energy  required 
to  bring  the  masses  up  to  speed,  and  the  machine  which  will  register  the 
loKeit  power  consumption  must  have  a  low  moment  of  inertia  together  with  a 
k>w  value  of  friction. 
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The  machine  at  prasent  fulfilling  the  foregoing  requirementa  to  the  molt 
Aatiefactory  degree,  is  the  1 :  1  ball-bearing  gearleea  traction-aheavo  macluMt 
and  this  fact  is  clearlv  evidenced  by  the  following  oompariaoD  between  s  1 : 1 
traotion  maehina  witn  motor  running  at  74  rev.  i>er  min.,  and  a  herrincboii»- 
■ear  traotiOD-sbeave  machine  driven  by  a  600-rev.  per  min.  motor,  both  of 
theae  machines  being  desuned  for  a  lif tin||  capacity  of  2,500  lb.  at  a  spsed  rf 
700  ft.  per  min.  It  was  found  that  the  kinetio  energy  required  to  bruf  ths 
1 : 1  traction  machine  up  to  speed,  without  the  car,  counterbalance  or  r«|Mi, 
was  3,600  ft-lb.,  while,  under  the  same  conditions,  the  berrinsbone-gear 
traction  machine  required  the  expenditure  of  17,900  ft-lb.  in  attaining  fd 
s|>eed.  The  total  number  of  starts  and  stops  of  an  elevator,  tberefare,  eos- 
stitute  an  important  factor  in  the  resultant  power  consumption  per  mile  of 
car  travel. 

lit.  Influence   of    number  of    itops  on    energy    eonaumption 

{Tat  data) 


lit 

-| 

Spedfioation  type  of 

g 

1  d 

ni 

.■a 

cS 

machine  and  control 

a 

i 

•< 

is 

Worm-gear  drum   machine 

Direct-current  motor 

0 

2.04 

Magnet  control 

76 

3.31 

52.6    per 

Duty 

2,150 

326 

Maximum  load    2.600    lb. 

152 

4.33 

cent. 

2,000  lb.  at  300  ft.  per  min. 
Rise,  eg  ft.  6  in. 
Overbalance  650  lb. 

380 

7.34 

0 

1.48 

76 

2.47 

1,350 

320 

152 
380 

3.36 
6.21 

1 : 1   traction    direct     duty 

motor 

0 

1.3 

Magnet  control 

Duty  2.500   lb.  at  600  ft. 

1,600 

600 

50 

3.03 

68     per 

per  min. 

cent. 

Rise  537  ft.  Oin.  overbalance 

with  maxi- 

1,125 lb. 

mum 
load. 

lis.  Th*  Una  to  load  •ffioienoy  is  determined  by  aaoertaining  the  total 
electrical  input,  and  the  net  work  done  on  the  load. 


Fio.  16. — Graph  of  recording  wattmeter. 

14i.  Required  power  li  best  determined  by  means  of  a  recording 
wattmeter  writing  a  graph  which  shows  the  existent  relation  between  watta 
and  time,  the  energy  consumption  in  kw-hr.  being  represented  by  the  area 
surrounded  by  the  jcraph  and  the  axis  of  time.  Fig.  16  ia  a  reproduotion  of 
such  a  graph  taken  in  one  of  the  largest  office  buildings  in  New  York  City. 
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IM.  Tottinf  of  eleotrio  •levators.     When  an  elevator  is  completed 

usual  test  coosiflte  of  carrying  the  rated  load  at  full  speed,  aettins  the 
safety  by  overBpeeding,  and  a  trial  operation  of  all  electrical  or  mecha^ 
safety  features  to  determine  their  cnectiveoees.  A  more  complicated  i 
comprises  determinations  as  to  friction,  line  to  load  efficiencies  with  diffei 
loads  in  the  cor,  the  energy  consumption  with  various  net  loads  on  the  mc 
and  number  of  stops,  and  the  ppeed  characteristics  and  the  kinetic  end 
14T.  Knergy  calculatlona.  As  previously  explained  the  kinetic  ene 
W  required  to  accelerate  the  masses  of  the  speed  V  has  an  important  beai 
on  the  power  requirementa.  Its  determination  is  made  accurate  Mid  c* 
paratively  simple  by  application  of  the  formula: 
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in  which /is  the  acceleratinif  or  retarding  force  in  lb.  and  «  the  velocity 

ft.  per  sec.  at  the  time  t.    T  is  the  total  time  in  see.  for  the  body  to  comi 

rcHt  from  velocity  f. 

In  the  foregoing  formula  ft  represents  the  work  per  sec.  peKormed 

the  accelerating  or  retartunc  force,  i 
is  equal  to  0.7373  P«  if  P,  is  expres 
in  watts.     Consequently  /*«  repreae 
the  accelerating  or  retarding  watti 
thenpeed  sand  timet,  and  thequ&ni 
under   the   integral   sign   is    toe    s 
contained  between  the  acceleratini 
retarding  watt^time  curve  and  the  i 
of   time.     This  curve  is  readily 
tained,  for  if  sufficient  load  be  pla 
in  the  oar  so  that  the  weight  on 
hoist   ropes  equals  the  weight  on 
counterbalance  ropes,  the  watts  in] 

F,o.  17. — Watt  input — speed  curve.    '"*'0  ^^^  armature  necessary  to  dr 

the  elevator  st  the  speed  v,  miniu 

I*R  losses,  must  equal  the  retarding  watts,  if,  at  the  speed  v,  the  arxnati 

current  be  interrupted. 

Under  this  method,  a  watt  input-speed  curve,  Fig.  17,  is  first  secur 

following  which  a  retardation  cur 
Fig.  18.  is  obtained;  this  latter  curv) 
a  speed-time  curve  giving  the  relal 
between  speed  and  time  if,  at  the  sp< 
V,  the  armature  circuit  is  interrupt 
and  the  elevator  system  aUbwed 


1  M  M  M  M 

M 

tl^-.t-XUM^  :«  V.-i7  VlSM. 
DnlJ  mx  Ib^mi  TOO  r.P.M.KOO  MuJ 

IUcUli>«  OTcrhMd 

7 

L 

- 

/ 

U 

- 

,/ 

/• 

40 

_ 

- 

- 

/ 

M 

/ 

» 

- 

- 

- 

/ 

/ 

~ 

10 

/ 

/ 

/ 

1 

1  M  1  M  1  1  1 

1 

.No,l990IIM»MOVfH>.PJI. 

7 

^ 

/' 

1 

y 

/■ 

1 

/ 

1 

X 

1 

L-' 

1 

1 

^ 

fi 

Tl—  fc  Bwimife  to  CMm  to  Stml 
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curve, 


Fio.  J9. — Retarding  watt-time  can 

graduslljr  to  rest.  From  these  two  curves  the  retarding  watt-tii 
...rig.  19.  IS  constructed  and  the  area  obtained  with  a  planimeter.  T 
retarding  watt-time  curve  is  practically  a  parabola,  and  an  inappreci*l 
error  is  made  by  considering  the  curve  as  sucn.  Instead  of  obtaining  the  al 
with  a  planimeter  it  is  permissible  to  use  that  property  of  parabolaeby  wbi 
the  area  OAB  Fig.  19  ia  equal  to  one-third  the  product  oiAB  into  OB. 
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POWER  PUMPS 
BT  FKBD  J.  P08TIL 

Ccnauiting  Jbi0»ii««r.  Auoe.  Mtm.  A.I.B.  i?.,  Membw  WtUtm  Soe.  Bno* 

OBKXBAL 

148.  Claisifleatlon  ^f  jiower  pompi.  Power  pumps  for  all  praotiool 
porpoocB  can  be  divided  into  two  general  clatoee— displacement  pumps  and 
emtrifucal  pumps.  Displaoement  pumps  may  be  further  divided  into 
reciprocating  pumps  and  rotary  pumps,  while  centrifugal  pumiM  may  be 
divided  int^  turbine  and  volute  pumps.  As  will  be  shown  later,  the  two 
elasoes  of  displaoement  pumps  diner  radically  in  design  and  are  really  dis- 
tinct classes,  while  the  difForenoe  between  turbine  and  volute  pumps  is  a 
difference  of  detail  of  oonstruotion,  rather  than  a  difference  of  type. 
^  14i.  Calculation  of  the  hone  power  reciulred,  is  based  upon  a  con- 
iRderation  of  the  opposed  head  (expressed  in  ft.  or  lb.  per  sq.  in.)  the 
pump  delivery  (expressed  in  gal.  per  min.  or  eu.  ft.  per  sec.) ;  and  the 
efficiency  of  pump  and  mechanical  transmission.  Pump  efficiencies  VMy 
with  the  different  types,  sises,  and  working  conditions.  See  Par.  1S4,  iST, 
and  lU. 

The  head  will  include  the  static  head  pumped  against  and  also  the  head 
of  pipe  friction.  A  calculation  of  required  horse  power  should  always  con- 
sider the  latter  component  of  total  head  if  the  pipe  is  of  considerable  length. 
VHctlon  head  ma^  be  calculated  with  reasonable  accuracy  by  means  of 
Eq.  3.  Accuracy  within  6  per  cent,  may  be  expected  for  new,  smooth  ]^ipes, 
while  accuracies  within  20  per  cent,  ma^  be  secured  by  its  use  on  practically 
sO  pipes  met  in  common  practice.  This  expression  is  a  modification  of  the 
well-known  "Exponential**  formula  for  straight  smooth  pipe.* 

nt.»7  /    L    \ 

*'-'■«  V  (im)  "> 

where (7  is  the  deliv^y  in  gal.  per  min.;  L  is  the  total  length  of  the  pipe  in 
ft.;  d  is  the  inside  dtameter  of  the  pipe  in  in.;  and  hf  is  the  friction  bead, 
expressed  in  ft.,  for  the  10AO/0  pipe  length.  The  horse  power  required  to 
piunp  a  certain  quantity  of  water  through  a  given  length  of  pipe  of  known 
diameter  against  a  i^ven  head  is  expressed  as  loUows: 

^P'  "'3,9S0X  Efficiency  ^*^ 

where  O  is  the  delivery  in  gal.  per  min.,  and  H  is  the  Bum  of  the  static  head 
and  the  friction  head,  both  expressed  in  ft. 

For  use  in  thcee  f<Mrmulae  it  is  welt  to  note  that  1  cu.  ft. per  sec.  correnonds 
to  448.8  gal^pw  min.;  also  a  pressure  of  1  lb.  per  sq.  m.  correepondis  tea 
head  of  2.304  ft.,  for  water  weighing  62.6  lb.  per  cu.  ft. 

DI8PLACUCXNT  FUBCFS 

110.  Slip.  In  all  displacement  pumps,  the  volume  of  liquid  pumped  is 
always  less  than  the  piston  displaoement,  or.  in  the  case  of  the  rotary  pump 
(Par.  IM)  the  displaoement  of  the  rotating  element.  This  difference  is  due, 
partly,  to  leakage  past  the  piston  (in  the  case  of  the  reciprocating  pump), 
or  the  rotating  element  (in  tne  case  of  the  rotary  pump),  and  partly  due  to 
leakage  through  the  valves.  The  difference  between  the  displacement  of  the 
moving  part  (piston  or  rotating  element)  and  the  volume  of  water  discharged, 
18  ealled  the  sup,  and  is  usually  expressed  in  per  cent,  of  the  total  displace- 
ment. This  shp  may  vary  from  2  per  cent,  in  a  new  pump  to  50  per  cent,  in 
a  badly  worn  pump.  Generally  speaking,  anything  under  5  per  cent,  may 
be  considered  fairly  good  performance  for  pumps  that  have  been  in  service 
say  length  of  time. 

Ifl.  Effect  of  speed  on  capftclty  of  diiplacement  pumps.  Neglect- 
injK  slip,  the  capacity  of  all  types  of  displacement  pumps  varies  directly 
with  tne  speed,  regardless  of  the  head  pumped  against.  For  constant  head, 
the  hwae  power  required  varies  almost  directly  as  the  speed  and,  therefore, 
H  the  capacity.     Tnis,  of  course,  is  not  strictly  true,  for  the  pump  efficiency 

*  Monti,  £.  A.     Sno.  Record,  Dec.  13,  1913. 
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20, — Efficiency  curves  of  triplex  pumpa 
under  various  heads. 
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will  be  Blixhtly  ereater  and  the  slip  in  per  cent,  slithtly  lees  as  the  pump 
approaches  rated  capacity.  These  characteristics  and  the  serrioe  to  be 
performed  will  determine  the  tsrpe  of  mot<^  to  be  installed. 

in.  DispUoement  pumps  under  eonstknt  haad  r«qulr«  mmeUeally 
eonfltant  orlTlxiff  torque  at  all  ii»eedi  and,  therefore,  at  all  capacities. 
This  characteristic  has  a  very  direct  bearing  on  the  type  of  motor  to  be  se- 
lected in  cases  where  it  is  required  to  operate  the  ^ump^  at  variable  eapacdty 
and,  therefore,  at  variable  speed.  From  this,  it  is  evident  that  no  savia< 
of  power  will  result  if  variable  speed  of  the  pump  is  obtained  by  inaertiac 
resistance  in  the  armature  circuit  of  a  direct-current  motor,  or  ia  the  rotor 
circuit  of  an  induction  motor.  To  effect  a  saving  of  power,  it  ia  necessary 
to  use  field  control,  in  the  case  of  the  direct-current  motor,  or  a  pol«-cbanginc 
device  for  an  alter nating-oui^ent  motor,  or  any  similar  device  ia  which  the 
torque  of  the  motor  remains  constant,  for  reduced  power  conBumption  at 
the  motor  service  switch.  In  considering  the  question  of  head,  it  ahouJd  be 
kept  in  mind  that  the  total  head  on  a  pump  includes  both  the  static  head 
and  the  friction  head  in  the  pipe  connections.  Where  this  friction  head 
constitutes  a  large  proportion  of  the  total  head,  another  factor  must  b«  taken 
into  consideration.  The  velocity  in  the  discharge  pipe  varies  directly  with 
the  quantity  discharged,  while  the  friction  head  varies  as  the  square  of 
velocity,  consequently  a  pump  under  these  conditions,  running  at  reduced 
capacity,  will  not  be  discnarging  against  a  constant  head,  even  thoui^  tb« 
»taiic  head  is  constant,  but  instead,  the  head  against  which  the  pump  operates 
will  be  less  at  partial  loads. 

IIS.  Starting  torque  with  dUplaoement  pumps.  Displaoemrat 
pumiM  operating  at  constant  speed  against  a  variable  head  will  have  a  con- 
stant rate  of  disohar^.  The  torque  and  horse-power  input  will  vary  (neglect- 
ing minor  loesea)  directly  with  tne  head.  In  starting  these  pumpa  ^g**"^* 
the  normal  working  pressure^  the  motor  must  exert  fuU-load  torque.  As 
this  requires  very  heavy  starting  currents,  especially  in  the  case  of  induotioa 
motors,  the  expcxiient  of  by-passing  the  pump  in  starting  is  usually  employed 
wherever  this  is  practicable.  Where  the  by-pass  is  installed,  the  head  at 
starting,  and  therefore  the  starting  torque,  can  be  reduced  to  a  negligible 
quantity.     After  the  pump  is  up  to  speed,  the  by-pass  is  closed. 

IM.  The  eflBclency  of  reciprocating  pumpi  is  generally  higher  than  the 
efficiency  of  any  other  type  of  pump  for  the  same  B«^oe.     Thia  aaaumes 

the  pump  to  be  in  good 
oondition  and  the  slip  com- 
paratively small.  The 
curves  in  Fig.  20  illostrmte 
the  effieiency  that  can  ree- 
sonably  be  expected  of 
triplex  pumps  of  good 
manufacture.  It  should 
be  understood  that  these 
curves  do  not  represent 
the  performance  of  a  sindte 
pump,  but  rather  the  effi- 
cienoy  of  a  series  of  pumps, 
each  deeigned  for  a  paruc^ 
ular  point  on  that  curve,  or 
for  a  given  capacity  and 
bead.  These  pumps  are 
ordinarily  deaigned  to  oper- 
ate at  a  piston  speed  of 
from  30  ft.  per  min.,  for 

Rumps  of  A-in.  stroke,  or 
iss,  to  75  or  80  ft.  per  min., 
for  pumps  of  l&>in.  stroke 
or  over.  These  low  poston 
speeds,  in  turn,  require  extremely  low  shaft  speeds,  as  compared  with  the 
ordinary  motor  speeds.  Thia  condition  is  met  by  installing  a  Blow-«>eed 
motor  with  belt  or  silent-chain  drive,  by  a  double  gear  reduction,  or  by  a 
combination  of  the  two.  This  reduction  in  speed,  eepeoially  when  accom- 
plished by  the  double  gears,  necessarily  involves  a  considerable  loss  of  power. 
Mut  this  loss  should  oe  considered  in  comparing  pump  effidenoies.     The 
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cAdene^  inoreaMS  with  the  oftpaoity  of  the  pump,  for  the  same  reaaon  that 
the  effieienfly  of  gifwi^^T  pieoee  of  apparatus  increases  with  the  sixe. 

IH.  Xaciprocatinff-puziip  typei.  Most  displaoement  pumps  are  of 
the  reciprocating  type.  In  very  small  sixes,  they  are  generally  single-oyUnder 
Dumps,  while  in  the  larger  eises  they  are  more  frequently  triplex  pumm. 
Wlule  most  manufacturers  of  this  type  of  pump  build  duplet  pumps,  uie 
latter  hare  not  found  favor  to  the  same  extent  that  the  other  two  types  have. 
All  simplex,  duplex  and  triplex  pumps  are  built  in  both  the  single-acting  and 
double-acting  pattern,  1.0.,  built  to  discharge  only  during  one  stroke  of  each 
rerolution  or  during  both  strokes.  It  should  be  noted  that  in  the  case  of 
the  ihu^a-ftctiiu  pump,  the  simplex  pump  girea  one  impulse,  the  duplex 
two  and  the  triplex  three  impulses  per  revolution,  while  in  the  case  of  the 
doublt-acting  tTpe,  the  simplex  gives  two,  the  duplex  four  and  the  triplex 
ax  impulses  per  revolution.  Where  uniformity  of  discharge  and  absence 
of  polMtaons  is  of  primary  importance,  this  feature  will  have  a  very  direct 
besrug  on  the  type  of  pump  selected. 

IM.  Kotary  j;>umpa  in  their  essential  parts  consist  of  two  rotating 
elements,  sometimes  ^led  impellers  or  cams,  enclosed  in  a  casing.  These 
two  elements  "mesh"  in  much  the  same  manner  as  a  pair  of  gears,  bearing 
on  each  other  in  line  contacts.  Conseauently,  any  wear  that  occurs  cannot 
be  eompensated  for  by  packing  or  by  aajustment  of  the  moving  parts.  The 
sUp  in  this  type  of  pump  is  caused  by  the  leakage  through  the  line  contact 
of  the  impeUers  and  through  the  clearance  q>aoe  between  the  ends  of  the 
impeUera  and  the  pump  casing. 
While  theee  pumpa  do  not  re- 
quire priming,  they  frequently 
nave  a  smalToonneotion  from 
the  discharge  pipe  back  into 
the  pump  casing  to  "seal"  the 
Joints  between  the  impellers, 
as  well  as  the  small  clearance 
space  between  the  impellers 
BAd  the  casing. 

These  pumps  are  primarily 
desig;ned    for    low-head    work 


and  show  their  greatest  effi- 
ciency at  low  heads.  When 
used  for  high-head  work^  it  is 
generally  for  intermittent 
Bwioe,  such  as  fire-pump 
senrioe.  They  probsbly  find 
their  greatest  field,  however,  in 
pomping  heavY  oils,  liquid  tar, 
symp  and  h^uid  food  products 
erf  various  kinds.  The  speeds 
are  usually  so  low  that  motors 
of    ordinary    speed    must    be 

Kred  or  belted  to  the  pump 
ft. 

1ST.  XIBclancy  of  rotarr  puxnpi.  Typical  efficiency  curves  of  this 
type  of  pump  are  shown  in  Fig.  21.  These  curves,  like  the  curves  in  Fig.  20, 
do  not  represent  the  performance  of  a  single  pump^  but  rather  the  effi- 
menoies  of  a  series  of  pumps,  designed  for  definite  conditions  of  capacity  and 
load,  plotted  in  a  single  curve. 

CKNTSXruaAL  PUMPS 
ISS.  Mechanical  constraotion.  Centrifugal  pumps  for  low  heads  are 
almost  always  of  volute  type,  but  manufacturers  ana  designing  engineers 
apparently  differ  as  to  the  best  practice  to  be  followed  for  pumps  discharging 
against  higher  heads.  The  turbine  and  the  volute  types  of  pump  use  sub- 
sCantiaiDy  the  same  type  of  impeller.  The  difference  between  the  two  types 
Hea  in  the  design  of  the  water  passages  of  the  casing.  The  volute  pump,  as  its 
aameimpliea,  haa  these  water  passages  built  in  the  form  of  a  volute,  increasing 
in  siae  toward  the  discharge  opening.  For  the  lower  heads,  the  velocity  of 
the  water  is  oomparativcJy  slow  and  there  is  little  or  no  "churning"  and 
"eddsrins.**    Moreover,  as  this  type  of  pump  is  cheaper  to  build  than  a  tur- 
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FzG.  21.— Efficiency  curves  of  rotary  pumps 
under  various  heads. 
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bine  pump,  iha  reaaon  for  iU  popularity  for  low  heads  ia  evident.  For  ki^ur 
hteda,  however,  the  velocity  u  the  pump  oaeing  is  neoesaarily  great,  and  tliii 
inoreasea  the  tendency  to  form  edmoa  with  reaultant  loaa  of  efficiency.  To 
meet  this  aituation,  some  builders  resort  to  diffusion  vanea.  These  vaneaare 
a  part  of  the  pump  casing  and  simply  act  aa  guides  to  direct  the  flow  of  the 
water  and  prevent  eddiea.  To  be  effective  and  not  cauae  loaa  of  head,  th^ 
muat  be  of  a  design  which  will  provide  water  paaaagca  with  long  eaay  euma 
and  will  ohauge  the  velocity  head  of  the  water  leaving  the  impeller,  to  preaaore 
head  without  shock.  When  theae  vanes  are  added,  the  casing  is  no  longer 
built  of  volute  shape  and  the  pump  is  then  called  a  turbine  pump. 

IM.  The  importftnoa  of  suction  lift  in  th«  Mleotlon  of  %  immp. 

One  of  the  ftuidamental  factors  in  the  relative  performanee  of  diq>l*eaiiieDt 
pumps  and  oentrifugal  pumpa  is  that  the  former  are  e^MUe  of  erealiag  a 
partial  vacuum  in  the  suction  connection  without  priming  (Par.  IM),  while 
the  latter  are  not.     Thia  one  oharacteriatic  at  once  eliminates  the  oentrifn- 

Eal  pump  from  oonaideration  in  all  cases  where  the  ^mp  muat  neceaaarilr 
e  located  above  the  level  of  the  water,  and  where  it  ia  not  praoticable  to 
prime  the  pump  at  atarting.  Where,  ior  other  reaaona,  it  appears  deairabtt 
to  install  a  centrifugal  pump  under  conditions  where  it  muat  "KH'*  xta 
supply,  some  provision  muat  be  made  to  prime  the  pump  and  its  auction 
Gonnectionst  ».e.,  to  fill  them  with  water  and  expel  all  of  the  air  that  may 
have  accumulated. 

1#0.  Prlminc.     In  lar^  oentrifugal  pumps,  this  priming  ia  usually  ac- 
eompUahed  bv  actually  "lifting"  the  water  through  the  auction  pipe  ana  the 
pump  from  the  aouroe  of  supply  by  aome  auxiliary  devioe.     Where  steam  b 
available,  a  steam  syphon  ia  a  very  satisfactory  means  of  aooomplishii^    { 
this  result.     Where  condenaing  apparatus  ia  used,  the  water  may  be    lifted      j 
into  the  pump  by  means  of  a  connection  from  the  vacuum  chamber  of  the    ! 
condenser  to  the  pump  casing.     Where  no  such  auxiliary  devices  are  avail-    ' 
able  or  their  installation  impracticable,  a  hand  pump  may  be  installed.    Ia    . 
the  ease  of  small  pumt»,  this  result  is  usually  accomplished  bv  irmtalltng  a 
check  valva  in  the  auction  line  or,  better  still,  a  foot  valve  at  the  bottom  of 
the  auction  line.     In  addition,  a  "priming"  connection  la  made  to  some 
available  supply  so  that  by  opening  the  valve  or  oonneotion,  the  pump  and 
auction  line  are  filled  with  water,  a  vent  cock  being  usually  provided  m  the 
top  of  the  casing  to  allow  the  eaci^w  of  air  while  the  pump  and  auction  line 
are  being  filled.     The  pump  ia  then  started,  but  no(  until  the  suction  line 
and  pump  oasin|c  are  entirely  filled  with  water.     Once  the  pump  w  in  opera- 
tion, it  will  continue  to  pump  with  practically  no  danger  of  loaing  ita  priming, 
unless  the  suction  lift  becomes  abnormally  nigh  or  sir  leaks  into  the  suction 
pipe  or  pump  casing. 

161,  Attsdnabla  suction  lift.  With  all  air  leaks  eliminated,  almost  any 
good  centrifugal  pump  may  be  depended  on  for  a  auction  lift  of  15  ft.  (after 
It  has  been  primed  and  started).  Under  favorable  conditions,  this  may  be 
increased  to  20  ft.  suction  lift.  While  there  are  centrifugal  pumpe  operating 
under  greater  than  20  ft.  suction  lifta,  thia  requirea  the  beet  of  conditions, 
both  aa  to  pump  and  conneotiona,  and  even  then  it  must  be  understood 
that  thoae  aame  pumpa  would  be  much  more  reliable  and  dependable  if  the 
auction  lift  were  reduced  to  20  ft;,  or  less.  This  same  aharaeteriatio  makes  a 
centrifugal  pump  much  more  aensitive  to  air  leaks  in  the  suction  connection 
than  a  aispiacement  pump.  An  air  leak  in  the  auction  line  of  a  centrifugal 
pump  which  ia  not  even  sufficient  to  cause  a  displacement  pump  to  "knock" 
may  cause  a  centrifugal  pump  to  "lose  its  suction"  or  "priming.'* 

162.  Kultl-itage  pumps.  A  pump  designed  to  deliver  100  gal.  per  min.. 
against  a  head  of  75  ft.,  will  require  exactly  the  same  h.p.  to  deUver  100  gal 
per  min.,  against  80  ft.  head,  with  the  supply  flowing  to  the  pump  under  a 
head  of  5  ft.,  aa  it  will  to  deliver  100  gal.  per  min.,  against  125  ft.  head,  wiUi 
the  supply  flowing  to  the  pump  under  a  head  of  50  ft.  Thia  eharaoteriitie 
is  taken  advantage  of  in  designing  pumpa  for  heada  higher  than  can  be 
satisfactorily  met  b^  aingle-etage  pumpa,  b^r  uaing  two  or  more  pumpa  in  series. 
Theee  may  be  entu'ely  separate  ana  diatinot  pumps,  the  discharge  of  one 
connected  into  the  auction  of  the  other  by  pipe,  or  all  of  the  pumps  or  states 
may  be  housed  in  one  casting.  For  ordinary  motor  speeds,  oentrifu^ 
pumps  are  usually  built  single-etage  for  heads  up  to  100-150  ft.,  dependisg 
on  the  capacity  of  the  pump  and!  therefore,  the  siae  of  the  unpmr.    As 
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the  peripheral  speed  of  the  impeller  inereaMt,  mthtf  on  aeoount  of  larcv 
diam«tar  or  of  higher  rotative  speed,  the  allovable  head  per  sta^ e  inereaeaa 
eorreajMudincly.  When  aeTeral  Qentrifugal  pumps  are  installed  in  the  same 
station,  they  may  be  so  oonneoted  that  by  the  operation  of  a  few  valves, 
the  immns  ean  be  operated  in  series  against  a  head  aggregating  the  oombinea 
vorkins  neada  of  afi  the  pumps,  the  capacity  remaimng  the  same  as  for  one 
pump;  or  thesr  may  be  operated  in  parallel,  giving  the  total  combined  ca- 
pacity, the  limiting  head  in  this  case  Deing  the  same  as  for  a  single  pump. 

16S.  Th«  up-koep  expense  of  centrifugal  pumpi  is  usually  small 
for  the  reason  that  the  only  moving  parts  in  contact  are  the  shaft  and  bear- 
ings. The  clearance  between  the  impeller  and  casing  is  almost  always 
K Miter  than  the  permissible  wear  of  the  bearings,  so  that  there  is  little 
elihood  of  the  two  coming  into  contact.  £]ven  if  they  did,  this  would 
Xffobably  be  detected  and  the  pump  shut  down  before  any  damage  was  done. 

Hifh-head  conditions  require  high  impeller  velocity,  which  gives  high 
vekxsty  to  the  water  leaving  the  impeller.  In  order  to  obtain  good  efficiency 
these  oonditioos  demand  high  velocities  in  the  diffusion  chamber  (if  there 
be  one)  and  in  the  volute.  Hi^h  velocity  of  water  results  in  rapid  corrosion 
of  east  iron,  the  usual  material  used  tor  volute  pumps.  This  corrosion 
oecors  wherever  the  water  at  high  velocitv  comes  in  contact  with  the  iron, 
and  particularly  so  wherever  a  sudden  onange  in  direction  ox  flow  occurs 
whien  will  cause  shock  and  the  formation  of  eddies.  However,  it  is  often 
found  that  the  efficiency  of  centrifugal  pumps  increases  slightly  after  they 
have  been  in  service  for  a  time  and  this  la  due  to  the  scouring  action  of  the 
water  on  the  sxirface  of  the  water  chambers. 

IM.  Plplnff  connectioni.  From  the  principle  of  operation  of  eentrifu- 
gml  pumps  and  especially  of  turbine  pumps,  the  velocity  in  the  pump 
casing  is  very  likely  to  be  higher  than  good  practice  would  permit  for  veloeity 
of  water  in  pipes,  consequently  the  size  of  the  pipe  connection  should  be 
calculated  on  the  basis  of  allowable  velocity  in  the  pipe  rather  than  simply  to 
make  the  connection  of  the  sise  of  the  suction  and  discharge  openings  of  the 
pump.  To  avoid  shock,  due  to  sudden  change  of  section  of  the  pipe,  Uda 
change  in  sise  of  pipe  should  be  made  b^  means  of  a  stands^  ''inpreaser** 
or  "reducer,"  and  this  fitting  should  be  installed  at  the  pump  opening.  As 
already  pointed  out,  the  suction  connections  must  be  absolutdy  air  tight  if 
satisfactory  operation  is  to  be  obtained.  Incidentally,  also,  the  packing 
glands  must  be  drawn  up  tight,  but  only  tight  enough  to  prevMit  leakage, 
care  being  taken  to  avoid  excessive  friction  on  the  shaft  at  this  {>oint.  Some 
pumpe  have  a  connection  from  the  discharge  chamber  to  the  glands  in  order 
to  kern  them  under  a  "water  seal"  at  all  times.  When  this  connection  Is 
provided,  the  ^anda  should  be  looee  enough  to  permit  constantly  a  slight 

141.  Charaeteriatlci  of  centrifugal  pnmpt.  Fig.  22  shows  typical 
ourves  of  efficiency  of  standard  centrifugal  pumps  designed  for  various  heads 
and  capacities.  These  curves  may  be  compared  with  the  ourves  of  Fig.  20 
of  reciprocating  pumps.  Figs.  23  and  24  show  the  characteristic  curves  of 
typical  centrifugal  pumps.     Attention  is  called  to  the  slope  of  the  so-called 

oapaei^-head  curve  in  the  two  cases.  In  Fig.  23,  the  highest  head  is  the 
"shutr-off  pressure"  and  the  curve  falls  from  this  point  on.  In  Fig.  24, 
the  preesure  rises  at  first  above  the  "shut-off  pressure"  and  then  falls  as  the 
capacity  is  increased.  While  the  shape  of  the  curve  depends  primarily  on 
the  shape  of  the  impeller  vanes,  it  will  be  found  in  general,^  although  by  no 
means  in  every  case,  ^at  volute  pumps  will  show  a  curve  similar  to  Fi^.  23 
and  turbine  pumps  a  curve  similar  to  Fig.  24.  With  a  head-oharactenstic 
curve  similar  to  tnat  in  Fig.  23,  the  horse-power  curve  usually  reaches  a  maxi- 
mum slightly  aboye  normrfl  capacity  and  then  drops  off.  This  feature  is 
reiy  important  in  the  selection  of  a  pump  for  service  where  the  head  is  likely 
to  be  materially  reduced  at  times,  as  it  will  prevent  the  motor  from  being 
overloaded.  A  pump  with  the  characteristics  shown  in  Fig.  24  should  be 
used  only  where  there  is  no  likelihood  of  its  being  operated  at  heads  greater 
than,  equiU  to,' or  approaching  the  "shut-off  pressure,"  or  where  the  bead  is 
likdy  to  be  reduced  to  a  value  considerably  below  the  normal  working  head. 
At  heads  equal  to,  or  greater  than  the  "shut-off  pressure,"  there  are  two 
capacities  oorresponding  to  each  condition  of  head.  At  these  points,  the 
openiion  beoomes  unstable  with  a  probability  that  the  pump  will  discharge 
latcrmittently,  the  wattf  suivng  up  and  down  in  the  discharge  pipe.     With 
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headfl  below  normal,  the  capacity  and  the  horse  power  keep  increasing  witk 
the  result  that  the  motor  u  likely  to  become  daagcrously  overloaded.  In 
■eneral,  the  characteristio  curve  of  the  volute  pump,  and  at  least  within  tha 
working  limits,"  the  curve  of  the  turbine  pump,  show  that  for  conntaot 
■peed,  the  capacity  inoreaaea  as  the  head  decreases  and  vice  rerga,  with  bat 
little  change  of  power  required. 
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IM.  Porformanca  under  TirUbls  ip««d.  Fig.  25  shows  the  eBwi 
of  o^jerating  a  given  pump  at  variable  speed.  It  will  be  noted  that  the 
efiieiency,  the  head  and  the  capacity  all  fall  off  rapidly  i|s  the  speed  is  de- 
creased, BO  that  there  is  little  or  nothing  to  be  gained  by  the  use  of  a  raii- 
able  speed  motor  except,  perhaps,  io  special  cases.  These  curves  also  show 
that  the  power  required  at  starting  is  very  low,  permitting  the  pump  to  be 
started  even  against  normal  head  without  the  use  of  a  by-pass  and  withoat 
requiring  heavy  starting  ourrenta  in  the  motor — a  most  desirable   feature. 
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AUt  COMPRESSORS 

BT  JOBZPK  B.  BBOWH,  JK. 
Am(.  MaiMifer^  8vUivm  Machinery  Co. 

16T.  Bating  The  rating  of  air  oompreaaora  ia  made  on  the  baaia  of  the 
piiton  diaplacement  of  free  air  per  min.,  and  in  deaigning  a  motor  drive, 
ilw  first  problem  which  arioea  ia  the  determination  of  the  power  ou^nit 
required  of  the  motor  for  the  oompreaaor  operating  under  the  deaired 
eonditiona. 

lis.  Mtasiircinent  of  dlaeharte.  The  relation  between  the  piaton 
diaplacement  and  the  amount  of  air  actually  deUvered,  hsa  been  taken,  in 
the  paat,  from'  indicator  oarda,  but  this  method  is  extremely  inaccurate, 
■inoe  alippage  due  to  leakage  paat  the  piaton  rings  and  leakage  back  into  the 
cylinder  through  discharge  valves,  cannot  be  detected.  As  a  matter  of 
fact,  theae  leakages  tend  to  make  an  apparently  better  card  and  to  increase 
the  apparent  voTumetrio  efficiency.  Recent  teste  have  been  made  hy  dia- 
ehaiging  the  compressed  air  through  orifices  and  calculating  the  quantity  of 
free  air  delivered  per  min.  by  Fliegner's  formula  (Par.  189). 

1«.  niagnar'a  forinulk  may  be  stated  aa  follows:  O-  (.0.6SAP)/(Vf), 
where  O  >■  flow  in  lb.  per  sec,  A  —  area  of  orifice  in  sq.  in..  P  —  absolute 
prcscuio  (in  lb.  per  sq.  in.)  of  air  behind  the  orifice,  and  7*^  absolute  temperi^ 
tore  (deg.  Fahr.)  of  the  air  behind  the  orifice. 

Tha  weight  of  1  en.  ft.  of  air  is  found  by  the  following  formula: 
W-1.325B/T,  where  IT -weight  of  1  ou.  ft.  of  air,  £- barometer  reading 
ia  in.  of  mercury,  and  T  —  absolute  temperature  (deg.  Fahr.)  at  the  oom- 
preonr  intake. 

The  dallTerr  of  cu.  ft.  of  free  air  per  min.  then  equals  O  X  (80/ IF). 

ITO.  lAdency.  In  practice  it  is  found  that  compressorB  with  mechanic- 
sDy  operated  rotary  inlet  valves  show  volumetric  efficiency,  varying 
from  91  per  cent,  at  100  rev.  per  min.  to  88  per  cent,  at  188  rev.  per  min. 
Piston  inlet  machines  at  100  rev.  per  min.  give  88  per  cent,  efficiency,  and 
at  188  rev.  per  min.,  79  per  cent. 

The  above  figures  may  be  used  in  determining  the  actual  amount  of  air 
delivered  by  the  compressor.  The  power  required  per  ou.  ft.  of  air 
depends  upon  tile  type  of  compressor,  whether  single-stage  or  multi-stage, 
sad  upon  the  method  of  driving,  whether  direct-connected,  belted  or  geared 
(Par.  1T>  and  174). 

in.  Two-itaf  •  eomprsialon  should  be  used  for  capacities  over  200  or 
300  cu.  ft.  per  mm.,  where  the  pressure  is  between  40  and  200  lb.  per  sq.  in. 
Not  only  is  there  a  saving  in  power  of  aj>prozimately  10  to  20  per  cent.,  but 
the  raduced  terminal  temperature  permits  better  lubrication. 

in.  TliMHratieal  power  raqnirad  to  oompreu  air.  For  the  ordinary 
working  pressure  of  100  lb.,  the  theoretical  power  required  for  isothermal 
eompreasion  of  1  cu.  ft.  of  free  air  per  min.  ia  0.131  h.p.  To  this  must  be 
■dded  the  power  lost  in  friction  and  that  given  off  aa  beat,  during  eompreasion 
(Par.  ITi). 

ITl.  Teat  of  a  dlreet-eoimected  compreiaor.  In  a  test  made  in  New 
York  City  in  January,  1912,  the  power  input  to  the  motor  was  23.26  h.p. 
per  100  cu.  ft.  of  free  air  per  min.  compressed  to  100  lb.  per  sq.  in.  gage 
pressure  and  actually  delivered  througn  orifices.  The  compressor  tMted 
was  direct-connected  to  a  4(M>-h.p.,  188-rev.  per  min.,  self-starting  synehroo- 
oas  motor  with  belted  exciter.  The  low-presaure  cylinder  was  26  in.  in 
diameter,  the  high-pressure  cylinder  16.6  in.  in  diameter,  stroke  18  in., 
•nd  the  displacement  capacity  2,070  cu.  ft.  at  188  rev.  per  min.  The 
Tolametrie  efficiency  at  this  speed  aa  shown  by  the  orifice  test  was  88  per 
eent.  The  horse-power  input  at  full-load  waa  425,  and  the  indicated  horae 
power  of  the  air  cylinders  waa  360. .  The  overall  mechanical  efficiency 
including  motor,  exciter  and  compressor  was  82.3  per  cent. 

1T4.  Comparison  of  dlraet-eonnaetad  eompreiaor  with  baltad 
cmnpresaor.  For  the  purpose  of  comparison  with  a  belted  compressor 
where  the  power  is  usuall>^  specified  as.  that  delivered  at  the  compressor 
pulley,  the  efficiency  shown  in  Par.  ITt  may  be  divided  into  91.6  per  cent,  for 
niotor  and  exciter  and  90  per  cent,  for  the  compressor.  This  gives  a  motor 
output  ol  389  h.p.,  or  21.4  b.p.  per  100  ou.  ft.  of  air  deliTsred.     Compared 
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with  uothermal  oompreisioii,  the  overall  effloieney,  ezolusiTe  of  motor  an 
exciter,  ia  01  per  oeut.,  and  with  motor  and  exciter  included,  the  orera 
efficiency  is  56  per  cent.  In  a  belt  drive  there  will  be  a  further  loaa  of  froi 
5  per  cent,  to  10  per  cent.,  depending  upon  the  efficiency  of  the  belt  drive. 

171.  Computation  of  roqulred  borM  power.  The  figurea  in  Par.  11 
may  be  used  in  computing  required  horse  powers  from  tables  showing  powt 
used  in  isothermaJ  compression  at  other  pressures,  and  will  be  found  approx 
mately  correct  for  machines  of  over  100  h.p.  rating.  In  the  case  of  machtm 
of  less  than  100  h.p.  rating,  allowance  should  be  made  for  reduced  mcchai 
iobX  efficiency  of  both  compressor  and  motor.  In  comparing  these  figurt 
with  those  oDtatDsd  from  other  sources,  it  should  be  noted  that  these  result 
are  calculated  from  actual  delivery,  and  not  from  piston  displacement. 

176.  AdTUitafea  of  dlroct  connection.  The  ideal  motor-drire  fc 
air  oompreesors  is  direct  connection,  and  this  should  be  used^  whereri 
possible  on  machines  of  100  h.p.  and  above.  No  power  is  wasted  in  the  be! 
transmission,  the  upkeep  cost  of  the  belt  is  eliminated  and  there  is  a  grea 
saving  in  floor  space.  CompreBSorB  are  now  designed  to  give  good  volumetri 
efficiency  at  speeds  below  225  rev.  per  min.  by  the  use  of  mechanicaJl 
operated  rotary  inlet  valves,  unobstructed  air  passages  and  ampy 
discharge  valve  area.  Sdf-starting  synchronous  motors  can  be  obtaine 
which  will  operate  at  the  desired  speecl,  and  this  type  of  motor  is  admirsbl 
adapted  for  such  service.  The  exciter  is  usually  belt-driven  from  a  puUe 
on  the  compressor  shaft,  and  may  be  mounted  on  the  bed  plate,  or  tie-piec 
between  the  frames,  making  a  seU-oontained  unit. 

17T.  Vm9  Of  fly-wheeU  with  tynchronoua-motor  drlTe.  The  rotoi 
of  standard  synchronous  motors  do  not  give  the  necessary  fly-wheel  effect 
and  this  defect  should  be  compensated  for  by  the  use  of  a  fly-wheel  on  tfa 
compressor  shaft,  otherwise  there  will  be  wide  variations  in  current  with  ear 
Stroke  of  the  machine.  Furthermore,  in  isolated  plants,  a  momentary  dro 
in  voltage  may  cause  the  compressor  to  stop  unless  the  proper  fly-whei 
effect  is  supplied. 

ITS.  Belt-dxive  is  used  on  small  compressors,  also  in  the  case  of  largf 
installations  of  a  temporary  nature,  where  economy  of  power  and  floor  ppac 
is  not  imperative,  or  whore  first  cost  and  delivery  must  be  comnderec 
In  this  connection,  however,  it  is  important  to  note  that  on  the  New  Yor 
City  tunnel  of  the  Catskill  Aqueduct,  where  the  oompreesors  were  in  servic 
only  from  2  to  3  years,  the  great  majority  were  of  the  direot-connecte 
type. 

179.  The  short  belt-drive  has  come  into  active  use  and  makes  a  ver 
desirable  arrangement  for  small  instaUations.  The  motor  and  compressc 
shafts  are  brought  closely  together  and,  by  use  of  an  idler  pulley  which  ride 
on  the  belt,  sufficient  arc  of  belt  contact  is  secured  on  both  driving  and  drive 
pulleys,  and  the  results  arc  entirely  satisfactory.  For  this  purpose  the  bel 
should  be  made  endless,  in  order  that  no  lacing  will  be  required.  The  eeoo 
omy  of  floor  space  obtained  by  this  arrangement  has  practically  done  awa 
with  gear-drlTe  for  air  compressors  except  in  the  case  of  very  small  machine 
of  the  i>ortable  ty^.  The  only  redeeming  quality  of  the  gear-drive  wms  it 
compactness,  and  it  was  always  objectionable  on  account  of  noise  and  weal 
even  when  the  drive  was  of  the  moat  improved  type. 

180.  Regulation  of  air  discharge.  Since  the  demand  for  air  is  almos 
always  intermittent,  and  the  compressor  must  operate  at  constant  speed 
some  method  of  regulating  the  amount  of  air  oompreaaed  and  delivered  muf 
be  employed.  Various  devices  are  u.<icd.  With  some  typM  of  mechanic 
ally  operated  inlet  valves  provision  is  made  to  hold  them  open  during  Uu 
whole  or  part  of  the  compression  stroke,  but  any  mechanism  of  this  natun 
has  the  objection  of  complicated  moving  parts,  and  furthermore  the  com 
pressor  must  be  limited  to  comparatively  slow  speed  to  allow  for  prope 
operation. 

ISi.  EefuiAtlon  br  olearance  control.  In  this  method  dearaao 
spaces  are  provided  which  communicate  with  the  cylinder  through  valve 
controlled  by  the  governor.  The  conapressed  air,  instead  of  being  didiverec 
to  the  line,  passes  into  this  clearance  space  and  on  the  return  stroke  of  th( 
piston,  returns  to  the  cylinder  and  expands  again  behind  the  piston.  A  par 
of  the  work  of  compression  is  recover^  in  this  re-expanaion,  but  this  metho( 
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of  control  is  inefficient  becauae  a  oonudarable  amount  of  power  ia  waited  in 
lieat  which  cannot  be  regained,  and  there  is  also  some  leakage. 

181.  EegiUfttion  by  use  of  mn  usUoAdlng  TalTe.  The  most  satisfactory 
and  economical  method  of  regulation  is  the  combination  of  an  unloading 
Tilre  on  the  intake  cylinder  and  an  atmospheric  relial  TftlTe  on  the  dis- 
charge, or  high-pressure  cylinder.  .The  unloading  valve  on  the  intake  ia  con- 
nected to  the  air  receiver,  and  a  rise  in  prMSure  causes  it  to  close.  All  air 
is  then  cut  off,  and  aa  soon  as  th6  system  is  pumped  out,  the  low-pressure 
piston  operates  in  a  vacuum.  But  there  will  be  a  di^ht  leakage  past  the 
Tslve  and  around  the  piston-rod  stuffing  box,  and  provision  must  be  made  for 
aUowing  this  air  to  escape.  If  this  is  not  done,  a  small  amount  of  air  will  be 
carried  over  into  the  high-pressure  oylinder  and  compressed  over  and  over 
■gain,  resulting  in  dangerously  high  temperatures  ana  waste  of  power.  An 
atmospheric  relief  valve  ia  therefore  provided  which  ia  operated  automatically 
after  Uie  unloading  valve  ia  closed.  This  relief  valve  shuts  oCF  communica- 
tion between  the  pressure  line  and  the  high-preasure  cylinder,  and  at  the 
same  time  opens  a  free  exhaust  from  the  high-preaaure  oyhnder  to  the 
atmosphere. 

When  the  presaure  in  the  receiver  falls  slightly,  the  intake  unloader  opens, 
then  the  relief  valve  closes,  and  the  work  of  compreeaion  is  again  taken  up. 
This  cycle  is  secured  without  shock,  aa  the  operation  is  comparatively  gradual 
and  as  an  appreciable  space  of  time  is  taken  to  fully  load  or  unload.  With 
thia  methoa  of  control  the  machine  is  eicher  operating  at  its  most  efficient 
point  (full-load)  or  else  no  work  is  being  done  except  that  necessary  to 
overcome  the  friction  of  the  moving  parts. 

Its.  A  load  factor  of  60  per  cent,  may  be  taken  as  an  average  figure  for 
eompressor  operation.  In  tne  test  referred  to  above  (Par.  ITS},  the  com- 
pressor was  equipped  with  combination  unloading  vuves  and  the  power 
required  at  60  per  cent,  load  factor  was  3.1  kw-hr.  per  1,000  cu.  ft.  of  free  air 
actually  delirered  at  100  lb.  pressure.  A  oompreaaor  of  the  same  oapaoity 
and  type,  but  fitted  with  clearance  control,  waa  also  t«rted  at  the  same  time, 
and  at  60  per  cent,  load  factor  the  power  required  waa  3.6  kw-hr.  per  1,000 
CO.  tU,  or  12.0  per  cent,  greater. 

1S4.  Startizi^.  No  special  difficultiea  are  eneountered  in  starting,  unes 
the  compressor  is  started  without  load  and  the  load  is  not  thrown  on  until 
the  machine  is  up  to  normal  speed. 

111.  Antomatic  itarttnf  and  atopplnflr.  In  cases  where  the  demand 
for  air  ia  very  intermittent  and  no  air  ia  required  for  long  Intervala,  the  com- 
pressor may  be  automatically  stopped  and  started.  The  main  awitch  is 
controlled  by  the  air  presaure  and  ia  throWn  out  when  the  preaaure  risea,  and 
thrown  in  when  the  preaaure  falls.  The  unloading  vaive  is  controlled  by  a 
aolenoid  which  holds  the  valve  open  when  the  compreasor  is  running,  but 
allows  it  to  drop  and  close  when  the  main  circuit  is  opened.  The  compreaaor 
always  starts  unloaded  since  the  aolenoid  is  not  energized  until  the  motor  is 
up  to  speed  and  the  last  contact  has  been  made  in  the  starter.  On  account 
of  the  effect  of  repeated  starting  on  the  electrical  Bupplv  line,  automatio 
starting  ia  not  recommended  for  large  unita,  or  for  installations  where  the 
starting  and  stopping  is  at  all  frequent. 

FANS  AlTD  BLOWERS 

BT  MKBTOK  8.  LBOKABD 

CkUf  Bnffinstr,  B.  F.  SturUvaTit  Co.,  Member  American  Soei^y  of  Mechanical 
Sngineera 
Its.  Doflnltioiu.,  Fans  will  here  include  only  cantrlfugal  fans  having 
inlet  at  centre  and  discharging  at  the  periphery,  either  directly  or  through  a 
caainf  which  directs  the  air  to  the  outlet;  and  propeller  fans  which  move 
the  air  in  an  axial  direction  by  propulsive  force,  similar  to  the  propeller  of  a 
■hip.  Blowart  will  here  iDcluoe  only  posltivs  rotwry  blowers,  which,  by 
the  action  of  a  rotating  impeller  or  impellers  in  a  very  closely  fitting  casing, 
create  pressure  by  direct  compression. 

1ST.  Oharactorlstles  of  fans  and  blowora.  Fans  and  blowers,  like 
pomps  and  unlike  oMMt  other  maobines,  may  operate  with  equal  efficiency 
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at  any  speed  which  their  mechanical  airencth  aafely  aUows.  Tbejr  mtff 
also  duoharge,  in  practice,  through  otifioes  Taryins  in  area  from  that « their 
full  discharge^  to  a  very  small  per  cent,  of  the  full  outlet.  The  •ttoluier 
Tariea  with  different  onfioe  areas,  but  not  aocording  to  any  fixed  law  for  iB 
designs. 

The  hone  povar  for  any  fan  or  blower,  if  the  area  of  the  discharge  otiflw 
remains  unchanged^  varies  directly  as  the  cube  of  the  speed;  also,  if  the  sreft 
of  the  discharge  onfice  remains  unchanged  and  the  si>eed  is  constant,  ths 
horse  power  varies  directly  with  the  density  of  the  gas  being  handled. 

188.  Tha  hona  powar  of  a  oantrlfuol  tan,  if  the  speed  remains  na- 
changed,  generally  decreases  as  the  area  of  discharge  onfioe  is  decreased. 
In  some  designs  the  horse  power  with  rated  orifice  is  not  over  one-Uiird  of  the 
horse  power  with  orifice  equal  to  area  of  fan  outlet,  and  in  other  designs  it 
is  very  little  less  at  rated  orifice  than  with  unrestricted  orifice. 

188.  Th*  hona  powar  of  a  nroiMllar  (am,  if  the  speed  remains  on- 
ohanged,  increases  as  the  area  of  the  ifiacharge  onfice  is  decreased.  In  some 
designs  the  horse  power  with,  rated  orifice  is  not  over  one-quarter  of  the  horse 
power  with  complete  restriction. 

180.  The  horie  powar  of  a  poaltlva  blow«r,_  if  the  speed  remains  un- 
changed, increases  as  the  area  of  the  discharge  orifioe  is  decreased.  Owing 
to  the  fact  that  the  clearances  in  these  machines  are  as  small  as  posaible,  the 
horse  power  increases  tremendously  with  decrease  of  orifice. 

181.  Typaa  of  moton  adapted  to  Tarioiu  fuu.  For  driving  eentii- 
fngal  fans,  with  direct-current  supply,  shunt-wound  motors  should  be  ossd. 
For  driving  propeller  fans  either  sAunt-wound  or  series-wound  motors  csa 
be  used,  with  direct-current.  The  series-wound  motor  is  preferable,  if 
readily  obtainable.  For  driving  positive  blowers,  with  direot-cuRent  supply* 
ahunt-wound  motors  should  be  used.  Induction  moV>rs  are  commonly  used, 
with  alternating-current  supply,  for  all  types. 

181.  Btartinc  torque.  As  the  torque  required  to  start  any  fan  or  blower 
is  only  that  required  to  overcome  the  friction  of  the  bearings,  which  are 
usually  two  in  number,  and  the  inertia  of  a  comparatively  ught  rotating 
part,  no  si>ecial  consideration  need  be  paid  to  this  feature. 

18S.  Method  of  eoixtrol  (dlract-eurrant).  When  a  fan  or  blower  is 
required  to  operate  at  only  one  speed  under  all  conditions  of  service,  a  slatt- 
ing rheostat  with  no-voltage  release  should  be  used.  If  there  is  a  possibility 
of  a  condition  arising  in  the  system  which  will  increase  the  horse  power  above 
the  capacity  of  the  motor,  as  in  the  case  of  a  centrifugal  fan  so  arranged  that 
all  air  resistance  may  be  removed  by  the  changing  of  dampers  or  opening  of 
doors,  or  in  the  case  of  a  propeller  fan  which  may  have  ita  delivery  entirely 
blocked  by  a  shutter,  or  in  the  case  of  a  positive  blower  which  may  have  ita 
delivery  restricted  by  the  dosing  of  blast  gates,  an  overload  release  should 
also  be  provided. 

A  starting  and  regulating  rheostat  with  no-voltage  release  should  be  used 
where  a  fan  or  blower  is  required  to  operate  under  varying  conditions  st 
speeds  below  normal,  but  operates  the  greater  part  of  the  time  at  normal 
speed.  Such  equipment  should  also  be  used  where  speed  varying  below 
normal  is  required,  and  the  cost  of  energy  is  not  important.    See  Par.  4M. 

When  a  fan  or  blower  is  required  to  operate  at  varying  speeds,  and  operates 
the  greater  part  of  the  time  at  leas  than  ita  maximum  speed,  or  where  varying 
speed  is  required  and  economy  of  operation  is  more  desired  than  low  first 
cost,  a  starting  rheostat  with  no-voltage  release  should  be  used  in  combina- 
tion with  a  find  controller.  The  speed,  with  this  arrangement,  is  adjusted 
by  variation  of  resistance  in  the  field  circuit.  From  10  per  oent.  to  2S  prr 
cent.  B^eed  increase  by  field  control  and  SO  per  oent.  decrease  by  armature 
regulation,  are  very  common  specifications  for  fan  motors  in  bigh-gradt 
installations. 

184.  Samot*  oontroL  Any  of  these  devices  (Par.  188)  may  be  arranged 
for  remote  control,  or  for  automatic  speed  control  to  maintain  constant 
volume  or  constant  pressure  of  air  from  the  fan  or  blower,  or  to  maintain 
constant  steam  pressure  at  the  boilers  in  the  oase  of  meoha>nioal  draft  fans. 
Automatic  speed  control  of  fan  and  blower  motor*  is  not  raoommended, 
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uoe  it  ia  Toy  likaly  to  (!▼•  trouble  on  wioouiit  of  iu  complexity  and 
lefiaeiKient. 

IM.  Method  of  control  (altanutinf-cuiTeiit).  Any  method  of  oon- 
trol  which  ia  adaptable  to  alternating-current  motorsin  general  is  luitabls 
for  alternating-current  fan  motors.  However,  such  motors  are  usually 
arraaced  to  operate  at  only  one  speed,  and  are  provided  only  with  a  start- 
ing device.  If  it  ia  neceaaary  to  vary  the  volume  or  pressure  of  the  fan  or 
blower,  it  may  be  accomplished  by  tlwottling  the  air  with  a  damper. 

IM.  Mathoda  of  dlraet  eonnaetioii.  Whenever  feasible  it  is  best  to 
nonnt  the  fan  wheel  direotly  upon  the  motor  shaft.  This  can  usually  be 
done  with  small  centrifugal  fans  and  with  propeller  fans  up  to  about  60  in. 
diaDkeCer;  however,  the  deflection  and  the  critical  speed  of  the  shaft  should 
be  inveatigated  to  determine  whether  or  not  this  is  safe. 

When  it  is  not  feasible  to  mount  the  fan  wheel  upon  the  motor  shaft,  it  ia 
beat  to  provide  the  fan  with  two  bearings  and  connect  the  motor  by  means  of 
a  flexible  coupling.  It  ia  more  common,  however,  on  account  of  low  coat  and 
speee  economy  to  provide  the  fan  with  one  bearing  and  connect  the  motor 
by  means  of  a  solid-flange  coupling.  If  this  is  done,  care  must  be  taken 
piopeily  to  align  the  bearings,  and  to  maintain  the  alignment. 

IM.  If  ft  fan  handle*  hot  naea,  means  must  be  provided  for  the  pro- 
teetion  of  the  motor  from  the  neat.  This  is  aocompUahed  by  cooling  the 
shaft  or  the  bearinip  with  water,  or  by  separating  the  motor  and  the  fan  with 
a  long  abaft  eztenmon,  or  by  driving  the  fan  with  a  belt  or  chain. 

IM.  Sttpprenioit  of  noiaa.  If  there  is  danger  of  noise  being  trans- 
mitted through  the  air  ducts,  aa  in  auditoriums,  theatres,  schools,  churches 
snd  hospitals,  it  is  often  better  to  drive  the  fan  by  belt  from  the  motor. 
This  is  particularly  true  of  alternating-current  motor*. 

IM.  Belt  drive  for  fan*.  It  is  often  possible  to  use  a  smaller  and  leas 
costly  motor  by  use  of  belt-drive,  when  the  fan  speed  is  lower  than  necessary 
lor  a  motor  of  the  same  horse  power.  It  is  generally  preferable  to  belt 
altematta^-ottrrent  motora,  because  the  most  desirable  speed  of  a  standard 
Ian  lor  a  given  dutjr  ia  seldom  the  same  as  the  available  motor  speed,  making 
it  necessary  to  build  a  special  fan,  and  thus  increasing  the  coet,  if  direet- 
eonneoted. 

It  is  desirable  to  drive  by  belt,  when  the  required  fan  speed  or  the  fan 
horse  power  is  in  doubt,  as  an  inexpensive  change  in  s^ie  of  pulley  will  cotreet 
the  error,  if  one  is  made. 

,  MO.  Method  of  motor  wpUeatlon  to  blower*.  Blowers  are  essen- 
tially slow-flx>eed  machines.  It  is,  therefore,  almost  always  desirable  to  belt 
or  gear  the  motor.  If  geared,  the  motor  and  the  blower  anould  be  mounted 
on  the  same  base  to  assist  in  maintaining  alignment. 

IM.  Ai>proiimat*  hor*e  power  of  centrifugal  tan*.  -The  horse  power 
required  to  drive  any  eentrifuKal  fan  may  be  represented  by  the  following 
fomrala: 

▼here  K  (Par.  tOt)  i*  a  constant  depending  upon  the  design  and  upon 
other  eonditions,  7*^ia  the  j>eripheral  velocity  or  the  tip  speed  of  the  blast 
vbeel  in  ft.  per  min.;  D  is  the  mean  diameter  of  the  blast  wheel  in  feet: 
V\^  the  mean  width  of  the  blast  wheel  in  feet;  v  is  the  absolute  density  of 
the  gas  bandied,  in  lb.  per  eu.  ft. ;  0.075  is  the  weight  of  standard  air  at 
U  deg.  fahr.  in  lb.  per  oa.  ft. 

W.  Approxlmato  horse  power  of  ^opeller  fan*.  The  horse  power 
'  ramired  to  drive  any  propeller  fan  may  be  represented  by  an  expression  of 
ttsform. 

Where  JTi  ^Par.  104)  is  a  constant  depending  upon  the  design  and  upon 
ether  conditions,  T  is  the  peripheral  velocity  or  the  tijj  speed  of  the  wheel  in 
ft,  per  min.;  .A  is  the  gross  area  of  the  wheelin  sq.ft.;  wis  the  abaoluto  density 
«( the  caa  handled  in  lb.  per  cu.  ft.;  0.07S  ia  the  weight  of  standard  air  at  tS 
t»t-  tua.  in  lb.  per  ou.  ft. 
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tM.  TaU*  of  oonstenU  for  oantrif ucal  tani 

(B.  F.  SturtevBnt  Company) 


Type  of  fan                                                     X 

Paddle-wheel  with  6  to  10  atraicht  bUuU*  and  W-OAbD 0.0060 

Steel  preasure  with  24  backward  curved  bladea  and  IF  — 0.16Z> 

O.OOSC 

Slow  speed  conveying  with  18  forward  carved  bladea  and 
H'-0.25D. 

O.OIOO 

Single-inlet  multiblade-drum  with  60  narrow  curved  bladea, 
inclined  forward  and  W-O.SOD. 

O.OSM 

Double-inlet  multiblade-drum  with  60  narrow  curved  bladea. 
inclined  forward  and  IF-0.25D. 

0.02i( 

Double-inlet  multiblade-drum  with  60  narrow  curved  blades, 
inclined  forward  and  IF -0.500. 

0.040( 

Double-inlet  multiblade-drum  with  60  narrow  curved  blades, 
inclined  forward  and  W  -l.OOD. 

0.03S 

104.  Table  of  conitanti  (or  propallw  ttat 

(B.  F.  Sturtevant  Company) 

K\ 

0.0006 

Multiblade  disc   . .                             

0  0013 

0.0012 

0.0015 

SOC.  Hon*  powAT  of  po»itiT6  blowers.  The  horse  power  of  a  poei 
blower  at  any  npeed  varies  over  such  a  wide  range,  depeodins  upon  the  i 
sure,  that  any  rule  for  the  approximate  horse  power  would  have  to  take 
account  the  volume  and  the  pressure  of  the  air  and  the  displacement  of 
blower,  all  of  which  are  so  difficult  of  determination  that  it  is  thouxht  I 
not  to  attempt  to  state  a  rule  here.  For  estimatinc  purposes,  the  emcic 
of  such  machines  may  be  taken  as  60  per  cent. 

COAL  AND  ORE  HANDLING  MACHINERY 

BT  0.  D.  GILPIN 

Electrical  Engineer^  WetlmanScaver- Morgan  Company 
IOC.  Doflnltion.     The  term  "coal  and  ore  handling  machinery"  ii 
tended  to  cover  the  apparatus  used  in  re-handling  coal  and  iron  ore  betv 
the  mine  and  point  of  ultimate  consumption.     Such  apparatus  consist 
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the  main  of  unloadera,  bucket-handling  gantry  cranes,  car  dumpers,  self- 
jvopelled  transfer  cars  and  belt  conveyors.  Fig.  26  represents  a  stiff-leg 
nnloader,  with  a  gantry  crane  for  stocking  such  ore  as  is  not  to  bo  immodi- 
ately  Ituided  into  ears.     Fig.  27  shows  a  gravity-type  unloader  and  a  gantiy 


Orsas*T]rpe  Unlo»der  Outtrjr  Orane  or  Ore  Bridgs  for  Stocking 

Fig.  27. 

MT.  Moton  for  mtom  mttIcc  are  usually  of  the  mill  type  with  large 
shafts,  fire-proof  insulation,  heavy  frames*  small  moment  of  inertia  of 
armature  and  great  coumutating  capacity.  Shafts  are  generally  tapered 
at  the  pinion  end  to  allow  for  easjr  removal  of  the  pinion,  and  axle  bearii^ 
are  often  used  where  a^  gear  ratio  of  about  five-to-one  is  desired.  The 
frames  are  generally  entirely  enclosed,  although  many_  of  the  larger  sises 
sre  eonstnicted  with  part  of  the  upper  frame  cut  away  in  order  to  facilitate 
the  dissipation  of  heat.  It  is  probaole  that  in  the  future,  forced  ventilation 
will  become  common  practice,  as  is  already  the  case  in  electric  locomotives. 

sot.  Motors  for  light  aervico  where  direct  current  is  available,  and  of 
25  h.p.  or  under,  are  usually  of  the  crane  type.  This  construction  is  much 
cheaper  than  the  mill-type  construction,  yet  is  quite  satisfactory  for  inter- 
mittent service  where  no  severe  overloaos  oocur.  The  frames  are  entirely 
'inclosed,  as  heating  is  not  a  oonsideration. 

SM.  Moton  for  oar  dumpori,  where  there  is  uaually  abundant  space 
available,  and  where  the  electrical  apparatus  is  well  protected  from  the 
weather,  are  often  of  the  open  type  with  commutating  poles.  The  speed  of 
lotatton  is  i>rafwably  lower  than  for  the  mill  motor,  owing  to  the  greater 
radius  <rf  gyration  of  the  armature. 

110.  Motors  for  transfer  cars  are  commonly  either  of  the  railway  or 
mine  type,  the  latter  often  being  preferable  on  account  of  their  low  speed, 
high  torque  and  large  gear  reduction.  Standard  drum-type  controllers 
ue  ordinarily  furnished  with  these  motors. 

til.  MUl  xnotorSt  where  alternating  current  only  is  available,  may  be 
obtained  for  3-j)hase,  25-cycle,  220-voIt  or  440-volt  circuits.  For  a  frequency 
of  00  cycles  it  is  necessary  to  use  an  open  type  of  frame,  an  outboard  bearing 
being  desirable  for  sises  above  25  h.p.  Alternating-current  motors  should 
be  of  the  slip-ring  type,  except  for  belt  conveyors  with  light  starting  require- 
ments, where  squirrel-cage  motors  mav  be  used.  They  should  bo  of  sturdy 
meebanical  eoiutruction,  and  should  be  wound  for  high  torque.  Low 
rotor  speeds  are  desirable  as  tending  to  keep  the  acceleration  load  at  a 
"tfitnuim. 

SU.  Controllers  for  heary  duty  are  always  of  the  contactor  or  mag- 
netic-switch type  with  overload  and  automatic  acceleration  relays.  Dy- 
uunic  braking  for  lowering  buckets,  etc..  is  now  almost  universal;  not  only  is 
^  energy  of  the  lowered  mass  dissipated  in  resistors  instead  of  brake  fric- 
tion, but  the  operator  is  given  a  very  delicate  control  by  means  of  his  master 
COD^oUcr  instead  of  having  to  manipulate  an  air  or  hand  brake.  Where 
direct  current  is  not  available,  dynamic  braking  is  obtained  by  means  of  a 
*nuUl  tow-voltaj^e  generator  set,  which  provides  direct  current  for  exciting 
tbsstator  winding  of  the  motor  lowering  the  load,  thus  allowing  it  to  become 
u  alternating-current  generator.  Since  only  part  of  the  winding  can  be 
used  for  this  purpose,  and  since  an  induction  motor  possesses  inherently  a 
limited  torque,  this  system  of  dynamic  braking  is  not  as  reliable  as  where 
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direot-curreot  motor*  are  uted.    8eo  artioltt  on  **Motor  Control**  dsewhcn 
this  Mction. 

lis.  Dtotribntion  tjltoax.  The  standard  eouroe  of  eDergy,  rmpnmtk 
on  the  lower  lake  docks  (Lake  Miohican  and  Lake  Erie)  aixi  in  ibe  it( 
steel  plants,  is  a  250-volt  directH!urrent  circuit.  A  metallic  return  circi 
is  generally  used,  but  there  ia  a  tendency  at  present  to  install  a  grou 
return.  In  purchasing  energy,  part  of  the  charge  is  usually  based  on  t 
peak  loads,  and  where  these  peaks  are  figured  on  the  basis  of  five  secon 
or  less,  the  cost  of  energy  can  often  be  subatantially  reduced  by  the  inti 
duction  of  a  fly-wheel  bwanoer  set  in  connection  with  the  rotary  oonvcrte 

114.  A  fl7-wha«l  balanoar  Mt  consists  of  a  direct-current  machine 
very  high  oomtnutating  capacity  mounted  on  the  same  shaft  with  a  fly-whi 
and  so  arranged  that  when  the  station  load  exceeds  a  certain  amount,  t 
field  of  the  balancer  machine  will  be  automatically  strengthened  so  th 
energy  will  be  given  out  by  the  fly-wheet  as  it  decreases  in  speed.  Wb 
the  demand  ceases,  the  balancer  field  is  weakened  Mid  the  machine  becom 
a  motor,  thus  accelerating  the  wheel  to  normal  speed.  Such  balance 
are  commonly  rated  at  from  200  kw.  to  300  kw.  of  continuous  capacity,  wt 
a  commutating  capacity  for  200  per  cent,  overload;  the  fly-wheels  vary  fro 
25,000  lb.  (11.360  kg.)  to  60,000  lb.  (22,700  kg.)  with  run  speeds  of  abo 
16,000  ft.  per  miu.  (4,880  m.  per  min.)  lor  cast  steel  wheels  and  28.000  i 
per  mtn.  (8,640  m.  j>er  min.)  for  laminated  plate  wheels.  A  ver^  caref 
study  of  load  conditions  and  the  power  contract  is  desirable  before  installii 
one  of  these  balancer  sets.  * 

lis.  The  power  reaulrcmenU  of  eo«l  Mid  or*  ^^*»^"**g  *pparati 
may  be  considered  under  two  classes:  (a)  those  in  which  a  fixed  force  < 
constant  torque  predominates,  such  as  gravity  or  friction,  and  (b)  those 
which  acceleration  or  variable  torque  is  the  main  feature.  To  the  first  da 
belong  the  hoist  motions,  where  the  speed  is  comparatively  low  and  the  r 
quirement  for  acceleration  is  a  small  part  of  the  total  power.  For  this  ty] 
of  motion  a  com  pound- wound  motor  has  been  commonly  used,  the  oompoui 
winding  being  originally  provided  to  facilitate  dynamic  braking.  Lai 
developments  of  control  have  made  dynamic  braking  practicable  for  serii 
motors,  and  the  tendency  now  is  toward  the  use  of  that  type  of  winding.  Tl 
control  should  include  at  least  one  "power  point"  in  the  lowering  dtrectioi 
and  should  be  so  arranged  as  to  provide  dynamic  braking  or  armature  shun 
ing  at  all  times  while  lowering,  so  that  it  will  be  impossible  for  the  load  1 
overhaul  the  mechanism  at  a  dangerous  speed.  An  emergency  spring-dosin 
switch  is  often  desirable;  this  should  be  so  arranged  as  to  connect  the  arfu 
ture  in  series  with  the  field  and  a  small  amount  of  resistance,  in  case  of  faihu 
of  the  line  current.  The  motors  should  be  provided  with  magnetic  brake 
the  shunt  type  of  winding  being  generally  preferable. 

114.  Tha  approxlxnata  motor  loads  m^j  be  obtained  as  foUovi 
The  hoisting  h.p.  equals  the  hoisted  load  in  lb.  multiplied  by  tt 
hoisting  speed  in  ft.  per  min.,  divided  by  33,000  and  again  divided  by  tfc 
efficiency  expressed  as  a  decimal.  The  nominal  lowering  h.p.  equa 
the  lowered  load  in  lb.  multiplied  by  the  hoisting  speed  in  ft.  per  mic 
divided  by  33, (XX)  and  multiplied  by  the  efficiency.  In  this  case  the  loweric 
h.p.  really  represents  current  or  torque  as  read  on  the  oharacteristi 
curve  of  the  motor.  Variations  in  lowering  speed  are  obtained  by  changin 
the  dynamic  braking  resistance  and  thereby  the  motor  voltage  for  the  sain 
current  value.  The  approximate  heating  of  the  motor  can  be  determine 
as  shown  in  Par.  114. 

117.  Ths  power  required  by  a  belt  conveyor  is,  normally,  almo 
constant.  The  sise  of  motor  is  commonly  obtained  by  referring  to  the  mani 
faoturer  of  the  conveyor.  The  motor  should  have  a  continuous  rating  as 
may  be  of  the  variable  speed  ty\)e.  Electricsl  welghlnf  devices  are  eomi 
times  used  to  weigh  the  material  as  it  passes  a  given  i>oint.  Such  a  devii 
consists  essentially  of  a  magneto  generator  driven  by  the  conveyor,  connectc 
in  series  with  a  resistance  w^hich  varies  inversely  with  the  instantaneoi 
weight  of  the  material  at  that  point  on  the  conveyor.  It  is  obvious  that  tl 
output  of  the  generator  depends  both  on  the  speed  of  the  conveyor  and  o 
the  amount  of  material  which  it  carries;  an  indicating  wattmeter  will  ther 
fore  show  the  rate  at  which  the  material  is  being  handled,  and  a  watt-hoi 
meter  will  record  the  total  amount  of  material  handled  during  a  given  tim 
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Sia.  Powvr  requirod  hj  transfer  oftn.  In  the  omo  of  tr«uf«r  can  and 
Ihe  troUeyB  of  unloadera  and  bridsea,  acceleration  is  the  predominant  factor. 
Per  loads  of  this  kind,  two  motora  are  used  as  a  rule,  in  order  to  obtain  good 
traction ;  in  such  cases,  series-pwallel  control  is  generally  preferable.  Ii  the 
motors  u«  permanently  connected  in  parallel,  it  is  safer  toprovide  a  separate 
let  of  rerersins  contacts  for  each  armature.  Armature-shuntinc  points  are 
xcaaionally  employed  to  obtain  very  low  speeds,  and  dynamic  braking  ii 
Kxnetuoes  provided  in  the  case  of  a  gantry  crane  or  unloader  trolley.  To 
ibtain  dynamic  braking  for  a  series-wound  trolley  motor,  it  is  necessary  to 
Mnmect  the  fidd  in  series  with  a  resistance  across  the  line,  so  that  the  char^ 
leteristics  of  a  shunt  generator  may  be  obtained.     An  air  brake  is  generally 

Siferable  for  trolley  service,  except  when  the  operator  is  located  at  some 
tance  from  the  mechanism,  in  which  case  the  motor  should  be  provided 
iriih  a  magnetic  brake*  preferably  of  the  disc  tyjic,  and  the  controller  should 
pre  dynamic  braking  on  or  near  its  central  x>osition. 

!!•.  Tha  frlotional  reaittanoe  of  the  ordinary  trolley  may  be  taken 
It  25  lb.  per  ton;  for  a  transfer  oar  with  standard  trucks,  16  lb.  per  ton  is 
miple.  The  horse  power  for  the  final  assumed  speed  should  first  be  figured 
IS  follows:  h.p.  —  friction  force  at  rim  of  wheel  multiplied  by  the  speed  in  ft. 
ftt  min.  and  divided  by  the  efficiency  (expressed  as  a  decimu)  and  oy  33,000. 
U>out  twice  the  result  should  be  taken  as  the  nominal  horse  power  required. 
Jus  value  being  based  on  a  rise  of  76  deg.  cent,  in  1  hr.  The  per- 
brmanoe  of  the  trolley  or  car  can  then  be  easily  worked  out  by  means  ofthe 
notor  curves,  the  step-by-step  method  being  used  as  explained  in  Par.  IM. 
Et  will  sometimes  be  found  that  the  motor  chosen  is  too  small;  where  there 

■  any  doubt,  the  moment  of  inertia  of  the  armature  should  be  obtained 
kad  should  be  translated  into  its  equivalent  weight  at  the  trolley  speed.  The 
islculations  should  then  be  gone  over  more  carefully:  for  slow  trolley  speeds, 
Jke  inertia  of  the  armature  oecomes  a  very  considerable  part  of  the  whole. 

SM.  The  lonsfitudinal  drive  of  «a  nnloader^  or  bucket-handling 
tantry  partakes  of  the  nature  of  a  trolley  drive,  but  owing  to  the  much  lower 
ipeed  and  higher  friction,  inertia  plays  a  smaller  part,  and  dynamic  braking 

■  unnecessary.  Friction  may  be  taken  at  about  40  lb.  per  ton,  although 
his  figure  is  quite  uncertun.  The  heating  is  not  a  factor  in  this  class  of 
lervioe,  but  sufficient  oommutating  capacity  should  be  allowed  to  take 
lare  of  a  wind-pressure  equivalent  to  one  and  one-half  times  the  friction; 
iaa  is  merely  a  general  rule,  but  is  one  which  works  well  in  practice.  In 
ome  eases  long  gantry  cranes  are  driven  by  independent  motors  at  each  end ; 
ids  scheme  is  quite  successful,  even  with  series  motors,  sJthough  an  auto- 
natio  device  should  be  provided  to  prevent  one  end  from  leading  the  other, 
ffith  this  type  of  drive,  the  motors  should  be  provided  with  magnetic  brakes, 
he  disc  type  being  preferable  because  the  shock  when  stopping  is  less  than 
rith  the  post  brake.  For  the  ordinary  gantry  or  unloader^  one  motor  ia 
[enerally  connected  by  bevel  gears  to  both  trucks;  a  mechanical  foot  brake 
rhich  is  held  in  the  released  position  by  the  weight  of  the  operator  is  prefer- 
tfale  to  a  magnetic  brake  in  tnis  case,  since  it  can  be  applied  more  gently. 

til.  Tbe  g'ear  efficiency  of  one  reduction  of  cut  spur  gears  in  this  class 
if  work  xaay  be  generally  taken  as  05  per  cent.;  for  cut  bevel  shears,  90  per 
sent.  For  important  motions,  the  cut  herringbone  ^ear  is  becoming  popular; 
t  should  have  an  efficiency  of  at  least  07  per  cent,  if  properly  erected.  The 
^efficient  of  friction  for  the  ordinary  bearing  will  averase  about  0.05, 
rhile  for  sheaves  it  is  better  to  allow  a  value  of  0.07.  These  figures  may  be 
afely  followed  except  in  special  cases,  such  as  in  gearing  for  longitudinal 
bivea  where  there  is  decided  likelihood  of  poor  alignment  ol  shafts  and  gears. 

SSS.  Tlie  ealculation  of  power  houae  or  lubstation  capacity  for  a 
lock  is  a  long  and  tedious  process,  since  it  is  a  matter  of  some  conjecture  as 

0  iost  how  the  peak  loadsj  which  are  usually  violent,  will  coincide.  A  10-ton 
itiff-leg  ore-unloader  having  a  total  capacity  of  400  h.p.  in  five  motora  will 
ihow  a  momentary  peak  load  of  1,200  amp.  and  an  average  load  of  400  amp. 
fwo  such  machines  working  together  will  occasionally  take  1,800  amp. 
or  1  or  2  sec.  One  15-ton  stiff-leg  ore-unloader  with  seven  motors  to- 
talling 700  h.p.  and  requiring  an  average  load  of  about  500  amp.  will  draw 
i  peak  of  1,800  amp.  The  maximum  current  for  four  such  machines,  how- 
frer,  will  not  exceed  4,000  amp.     Gravity-type  unloaders  are  likely  to  show 

1  higher  proportional  peak  load  because  practically  all  the  work  is  done  by 
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the  hoift  and  tbe  trolley;  operator*  of  thi*  type  of  machine  are  Benar 
osutioned  not  to  work  too  nearl/  in  synchroniam  with  the  other  unloadci 
the  power  house  capacity  ia  limited.  If  posaible,  it  i*  much  better  to  ob 
data  from  an  installation  similar  to  the  one  contemplated.  In  any  case 
generators  or  converters  should  have  a  high  commutating  capacity  and 
oircuit-breakera  should  have  time-limit  relays.  The  tendency  of  lat 
distinctly  toward  the  purchase  of  energy  where  posaible;  in  many  easn 
excellent  rate  can  be  obtained  owing  to  the  fact  that  work  is  carried  or 
night  as  well  aa  by  day.  A  better  rate  is  sometimes  obtainable  by  redoi 
the  demand  during  hours  of  normal  central-station  peak  load. 

SU.  MgampU  of  c«lcul»tton»  tor  tjpleri  ora-hainlHiig  saatrj  era 

The  hoist-moUon  calculations  are  given  w  Par.  tXt,  the  trolley  calculat 
in  Par.  IM,  and  the  bridge  calculations  in  Par.  tM.  The  following  ealc 
tions  relate  to  the  case  ofa  typical  15-ton  ore-handling  gantry  crane, 
estimated  average  duty  is  to  lift  one  bucket  of  ore  30  ft.  every  min., 
average  distance  to  be  trolleyed  being  300  ft.  Assuming  that  10  per  oeni 
the  total  time  is  lost  in  moving  the  crane  longitudinally,  etc.,  the  sp< 
must  be  such  as  to  perform  the  given  e^cte  in  64  sec.  Estimate 
time  in  which  the  trolley  will  not  be  workmg,  as  follows:  Closing  bue 
6  sec. ;  hoisting  clear  of  ore  pile,  2  sec. ;  opening  bucket.  4  sec.  j  lowering  bm 
after  trolley  comes  to  a  standstill,  2  sec.;  total,  14  sec.  Time  available 
trolley  trip  in  one  direction,  20  riec.  Average  speed  of  trolley.  600  ft. 
min.  Assume  a  maximum  trolley  speed  of  000  it.  per  min.  and  a  hois 
speed  of  180  ft.  per  min.;  the  latter  speed  is  not  required  for  the  assui 
cycle,  but  will  be  useful  when  making  long  hoists  with  a  short  trolley  tra 

tt4.  Oalculktlons  for  holit  motion  (Far.  Stt).  The  hoist  motio 
assumed  to  be  of  the  type  in  which  each  of  two  motors  is  geared  through 
reductions  to  its  own  drum,  each  of  the  two  drums  carrying  one  of  the 
sets  of  cables  necessary  for  operating  a  clam-shell  bucket.  No.  1  m< 
closes  the  bucket;  Nos.  1  and  2  hoist  the  bucket  together;  No.  1  opens 
bucket;  and  No.  2  lowers  it,  No.  1  running  down  with  practically  no-li 
The  efficiency  may  be'assumed  roughly  as  00  per  cent.  The  ore  will  wt 
83,600  lb.;  assume  the  bucket  weighs  30,000  lb.,  making  a  total  of  63,60( 
The  hoisting  horse  power  per  motor  >(63,600X180)/(33,OOOX0.90: 
—  193;  or  say  200  n.p.  The  lowering  horse  power  for  No.  2  m( 
-(30,000X  180/33.000)  X0.80- 147  h.p.;  or  say  160  h.p.  Assunw 
average  oloaing  load  for  No.  1  motor  is  150  h.p.,  and  foi*  opening,  50 
The  root-mean-square  or  effective  hone  power  lor  No.  1  motor  wul  tbei 
((150'X6-f-200>X10-(-50<X4)/60li-e5  h.p.  The  mean  effective  h< 
power  for  No.  2  motor-[(200'X10  +  150sX7)/60li-96  h.p.,  aasnn 
that  actual  lowering  takes  place  in  7  b3c. 

The  smallest  motor  whicn  suggefits  itself  for  this  service  is  one  having 
entirely  enclosed  frame  and  a  mill  rating  of  160  h.p.;  the  mill  rating  is  bs 
on  the  power  the  motor  can  develop  for  1  hr.  with  a  temperature  rise  no 
exceed  75  deg.  cent.  Investigation  of  the  manufacturers*  data  shows  1 
the  150-h. p.  mill-rated,  fully  enclosed  motor  will  not  have  sufficient  hi 
ing  capacity  if  the  crane  ia  to  be  operated  at  full  speed  continuously,  altho 
the  commutating  capacity  is  ample.  This  same  motor,  however,  if  b 
with  a  semi-enclosed  frame  will  have  a  mill  rating  of  approximately  165  1 
and  a  root-mean-square  rating  of  about  130  h.p.,  which  is  ample  for 
service.  If  the  semi-enclosed  motor  cannot  be  adequately  protected, 
enclosed  frame  may  be  used,  and  forced  ventilation  may  be  resorted 
Another  method  would  be  to  use  a  larger  totally  enclosed  motor;  sue 
motor,  however,  would  be  higher  in  cost  and  in  weight,  the  latter  beinj 
particular  importance  when  the  span  of  the  crane  is  long. 

IM.  Caleulationi  (or  trolley  motion  (Par.  IIS).  Assume  that 
trolley  with  bucket  and  ore  weighs  170,000  lb.,  and  is  driven  by  two  mot 
each  geared  through  two  reductions  to  one  of  the  four  axles.  Take 
frictional  resistance  per  motor  at  25/2,000X  170,000X  i  -  1,060  lb.  F 
h.p.  -  (1,060  X900)/(33,OOOX  0.90) -32.  Assume  two  80-h.p.  (tempera) 
rise  of  75  deg.  Cent,  for  1  hr.)  series-wound  motors;  from  the  oharacti 
tic  curve  it  will  be  found  that  at  32  h.p.  the  motor  speed  equala  820  rev. 
min.  and  the  torque  equals  205  lb.  at  1  ft.  radius.  Therefore  the  gear  ri 
must  be  such  that  the  desired  trolley  speed  of  900  ft.  per  min.  is  eqiuvalen 
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1  motor  speed  of  820  rev.  per  min. ;  then  ft.  per  min.  —  (900/820)  X  rev.  per 
min.  — I.IX  rev.  per  min.;  «]so  the  force  >t  the  rim  of  the  wheel  will  have 
the  eame  ratio  to  the  motor  torque  as  the  friction  f oroe  has  to  the  ^rietion 
tarque:  or,  force  — (l,060/205)Xtor<iue-S.17Xtorque.  Assume  effect  of 
maature  weight  equal  to  1,500  lb.  at  0.7  ft.  radius;  equivalent  weicht  of 
one  armature  at  trolley  speed-[l,800X0.9X(2rX0.7Xrev.  per  mm.)<]/ 
(ft.  per  min.)»-(Il,5O0X0.0X(2»-XO.7Xrev.  per  min.VH/d.lXrev.  per 
miii.)<  —  2,160  lb.;  or  say  5,000  lb.  including  Eearing.  Total  weight  per 
motor  for  acceleration  — 85, 000-1-5, 000»90,000  Jb.  Assume  that  accelera- 
tion while  short-circuiting  the  resistance  is  2.5  ft.  x>er  sec.  per  sec,  which 
is  as  high  a  value  as  the  operator  can  endure  with  comfort;  this  initial  rate 
of  scceleration  is  determined  by  the  rapidity  with  which  the  starting  re- 
sistance is  cut  out.  Since  the  force  of  acceleration— F«  —  (wt.  in  Ib./a) 
X  scceleration  in  ft.  i)er  sec.  per  sec,  then  F.  -  (90,000/32.2)  X  2.5  -  7,000  lb. 
Snee  the  friction  force  isl,060  lb.,  the  total  force-7,000-(-l,060-8,060  lb. 
Motor  torque-7'-8,060/5.17-l,560  ft-lb.  From  the  characteristic  curve, 
when  r  — 1,560,  h.p.  —119;  rev.  per  min.— 402.  Therefore  ft.  per  min. 
-402X1.1  —  442,  and  ft.  per  sec. -7.4.  This  is  the  speed  which  is  attained 
at  the  instant  the  last  section  of  resistance  is  cut  out.  The  time  — ti- 
speed/acoeleration  —  7.4/2.5  —  3.0  sec.  The  distance  —  di  —  average  speed 
X  time  -  (1/2)  X  7.4X3.0 -11  ft.  After  the  starting  resistance  is  cut  out, 
the  trolley  will  continue  to  accelerate  at  a  diminishing  rate,  as  long  as  the 
force  supplied  by  the  motors  exceeds  the  friction  force.  Assume  that  the 
horse  power  has  decreased  to  60;  then  from  the  motor  curve,  rev.  per  min. 

—  560.  Since  ft.  per  min.  —  l.lXrev.  per  min.,  the  ft.  per  min. —  616,  or 
ft  per  eec.  — 10.3,  and   the  increase  —  2.9  ft.  per   sec.     The   average  speed 

-  (10.3 -f7.4)/2- 8.85  ft.  per  sec.  Referring  again  to  the  curve,  7'-560, 
therefora  f -2,900  lb.;  f  .-P-;'/-2,gOO-1.060-1.840  lb.,  acceleraUon- 
il-vX^a/90,000-0.6e,  average  A-(2.6+0.66)/2-1.58,  (i-(increase  in 
speed)/(average  acceleration) -2.9/1.58- 1.8  sec,  di-8.85Xl.8-16  ft., 
total  time  up  to  this  point— <  — 34-1.8  — 4.8  sec;  total  distance  up  to  this 
point  — d  — 11-1-16  — 27  ft.  Assume  the  horse  power  has  dropped  to  35; 
then  rev.  per  min.  —  760,  ft.  per  min.  —  836,  ft.  per  sec.  — 13.9,  increase  —  3.0, 
average  speed -12.1  ft.  per  sec;  7-240,  F-1,240,  f.-180,  il-0.06,  aver- 
sge  A  -  0.36,  It  - 10.0  see.,  di  - 121  ft.,  I  - 14.8  sec,  d  - 148  ft.  Assume  trolley 
coasts  for  1  sec.  at  13.9  ft.  per  sec;  t«-l,  d<-14  ft.,  (-15.8  sec,  d-162  ft. 
Assume  retardation  — 2.5  ft.  per  sec.  per  sec;  ti  — 13.9/2.5  — 5.6  sec,  dt  — 39 
ft.,  (  —  21.4  sec,  d  — 201  ft.  The  time  originally  allowed  for  a  trip  one  way 
was  20  sec,  but  since  the  trolley  will  return  light  at  a  somewhat  higher  speed, 
the  gear  ratio  originally  assumed  is  close  enough.  If  the  heating  is  figured 
for  the  loaded  trip  and  for  one-half  the  cycle,  the  results  will  be  on  the  safe 
lide.  Mean  effective  h.p. -ildWXSj  +  dig'X  1/2 X  1.8) +  (60«X  1/2X1.8) 
-(■(6O«Xl/2X10)  +  (36«Xl/2X10)]/[60X»lJ-S2.  A  fully  enclosed  mill 
motor  can  keep  up  this  cycle  for  about  3  hr.,  but  not  indefinitely.  If  the 
crane  will  not  operate  for  over  3  hr.  at  any  one  time,  80-h.p.  mill-rated  en- 
tirely enclosed  motors  should  be  used.  For  continuous  operation  use  the 
■ame  motors  with  the  semi-enclosed  frames,  which  will  have  a  mill  rating 
of  about  90  h.p.  and  root-mean-square  rating  of  about  70  h.p.;  or  if  oon- 
renient,  foroea  ventilation  may  be  used  with  the  totally  enclosed  motors. 
In  any  case,  the  armature,  fields,  etc,  will  be  the  same,  the  difference  in  rating 
being  due  to  the  different  methods  of  cooling.  ThA  maximum  loads  to  be 
eommutated  should  not  exceed  those  shown  on  the  motor  curve. 

IM.  Calenlatlons  (or  bridge  drive  (Par.  SU).  Assume  that  the  total 
crane  weighs  1,200  tons,  and  that  a  2-motor  longitudinal  travel  drive  is 
desired.  Friction  force  per  motor  at  40  lb.  per  ton -40Xl,200Xi- 24,000 
lb.  Assume  that  a  speed  of  75  ft.  per  min.  is  desired,  and  that  each  motor 
bas  one  spur-gear  and  two  bevel-gear  reductions.  The  efficiency  would  be 
Kpprozimately  77  per  cent.  The  friction  load  per  motor- 71  h.p.  If 
90-h.p.  mill-rated  motors  were  used,  the  friction  torque  read  from  the  curve 
»oaldbeabout7201b.'at  I  ft.radius.  Assuming  the  wind  load -36,000  lb. 
lod  acceleration  at  0.25  ft.  per  see.  per  see.  -9,300  lb.,  the  total  maximum 
load  -69,300  lb.  sod  approximate  maximum  torque  -  (69,800/24,000) 
X  720  -  2,060  f  t4b.,  which  is  well  within  the  oommutating  limit  ol  an  aO-h.p. 
Biill  motor. 


I 
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TELPHERAGE  SYSTEMS 

BT  H.  McL.  BAEDUf  a 

ConauUing  Bng%n$er,  AMMOciate  American  In$titiUeof  SUelrie  En^inMrB 
SIT.  Ol&ulflcatlon.  Th^re  are  two  main  diviaions  of  telphers,  automAtie 
telphers  and  man-telphers.  Automatic  talphan  are  those  which  are  driren 
by  electric  motors,  the  control  being  apart  or  remote  from  the  telpher.  Tbt 
original  telphers  were  automatic,  the  telpher  being  placed  in  the  middle  of 
the  train.  The  chief  use  of  the  automatic  telpher  is  for  coal,  ore  and  balk 
material.  Non-autoxnatio  or  xnan-t«Iph«n  are  those  which  an  ooo- 
trolled  by  an  operator  who  travels  with  the  load,  and  who  operates  both  the 
telpher  and  the  hoists  from  a  cab  or  cage  which  is  attached  to  the  t^ber 
or  the  carriage.  It  is  employed  for  bulk  material,  like  the  automAtic  td^wr, 
and  is  also  used  for  the  noisting  and  conveyinf  of  misoellaneouB  material, 
boxes,  oases  and  barrels,  the  package  freight  of  railways  and  the  mixed  cargott 
of  steamships,  see  Fig.  28. 


FiQ.  28. — Telpher  train. 


V;    V 


Fio.  29. — CarrUge  boiat. 

118.  Suapention.  A  telpher  is  aiupended  from  one  or  more  whaeb  is 
tandem,  of  which  one  or  all  are  driven  by  the  electrio  motor  or  motora. 

119.  Oleuanoai.  In  the  minimum-headroom  2-ton  (4,000  lb.)  trp* 
deaigned  for  railway  and  steamahip  terminals  (Fig.  20)  the  Tertical  snM 
from  the  underside  of  the  roof  girders  to  the  bottom  of  the  hoist-hook  it 
4  ft.  9  in.  (144.8  cm.).    The  width  of  the  hoist  is  3  ft.  3  in.  and  4  ft.  Sin. 

io  the  limit  line  for  10-deg.  swing.    From  the  centre  of  the  ndl  to  the  innu 
imit  of  the  telpher  and  hoist  Is  16  in. 
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SM.  Inargy  supply,  in  the  form  of  either  direct  or  aJlternatinir  curreDt 
i*  communicated  to  the  motors  by  conductors  which  lie  parallel  to  the  track. 
tht  contact  being  made  by  »hoe8  or  wheels.  Sometimes  storage  batteries, 
suspended  from  the  telpher  or  the  carriage,  are  employed.  On  steep  grades 
the  telpherage  traction,  in  some  installations,  has  been  assisted  by  supple- 
nwntaiy  cablea,  either  fixed  or  movable. 

131.  Motors.  The  siies  of  motors  for  telphers  and  hoists  will  depend 
npon  the  daas  of  work  to  be  done:  the  motors  for  telphotraotors  vary  from 
5  to  15  h.p.,  and  for  the  hoists  from  3  to  75  h.p.,  the  loads  being  from 
aoo  lb.  to  30.000  lb.  The  load  factor  for  the  tractor  motor  is  0.26  and 
for  the  hoisting  motor  0.10.  The  driving  wheels  and  the  motors  may  be 
connected  by  {[ears  or  by  chain  drive.  The  maximum  service  efficiency 
of  the  motors  is  that  corresponding  to  the  efficiency  obtained  between  one- 
hslf  and  three-quarters  fulMoad.     The  motors  are  of  slow  or  medium  speed. 

Direct-current.  250-volt  or  600-volt,  series-wound  motors  are  preferable 
for  tractors  and  hoists  although  alternating-current  motors  afford  satisfaotory 
reeiUts.  The  motors  ahould  be  dust  and  weather  proof,  and  should  have  a 
50  per  cent,  reserve  in  their  rating.  The  average  combined  efficiency  of  the 
motors  and  gearing,  for  the  teactor  and  hoist,  is  from  66  per  cent,  to  76  per 
eent. 

Stt.  Brakes.  The  telpher  brake  is  of  the  mechanical  tjrpe,  and  the  hoist 
brtke  is  of  either  the  electro-mechanical  or  electro-dynamic  types.  Spur 
gears  and  chain  drive  on  the  tractor  transmit  the  power  from  motor  to  track 
wheels,  and  either  spur  or  worm  gear  is  used  to  transmit  power  to  the 
hrw^wy  drum. 

Its.  TrackaffS.  Telphers  either  run  in  one  direction  on  a  closed  track 
circuit  (Fig.  30).  or  to  and  fro  over  a  nngle  line.  On  the  single  line  the 
automatic  teJpaers  reverse  themselves  on  completing 
their  tripe.  The  spacing  between  the  cars  is  automat- 
icslly  regulated  by  a  block  system,  and  the  cars  are  also 
automattcaUy  controlled  at  switches  and  crossings.  The 
track  consists  of  either  a  cable,  or  a  T-rail  supported  on 
a  wooden  stringer,  or  upon  the  top  or  lower  flange  of  an 
I-beam.  There  are  also  track  rails  of  special  section. 
The  radii  of  the  curves  are  from  8  ft.  to  20  ft. 

1S4.  Track  supports.  The  track  is  supported  on 
brackets  attachea  to  buildinipB,  or  is  supported  on  "A" 
bents.  Supports  under  straight  track  are  spaced  20  ft. 
apartt  and  on  curves  the  spaeing  is  8  ft.  For  long  spans 
caUes  or  trusses  are  used. 

ISf.  Tracks  may  be  fixed  or  movable.  In  Fig.  30 
the  side  tracks  B^\  are  fixed,  but  C  is  movable,  being 
attached  to  a  travelling  bridge.  The  speed  of  this 
brid^  is  from  300  ft.  to  900  ft.  per  min.  The  motor 
driving  this  bridge  would  have  a  load  factor  of  0. 16. 

The  telpher  train  passes  from  these  side  tracks  B',  by 
means  of  a  gliding  switch,  upon  the  movable  track  C. 
This  track  therefore  may  be  placed  anywhere  over  the 
srea  between  the  fixed  side-tracks.  The  telpher  returns 
by  means  of  the  track  fi',  to  its  starting-point.  By 
the  operation  of  this  movable  track,  all  the  space  can  be 
served;  this  operation  is  called  truisferags.  The  mini- 
mum  allowable  radius  of  curves  is  8  ft. 


?^=r^ 


^ 


Pio.  30.— Typical 
arrsngemant  ot  tel- 
pherage tracka. 


m.  Performftne*.  The  loads  hoisted  and  conveyed  on  telpher  hoists 
hare  been  as  high  as  fifteen  tons.  The  maximum  speed  of  conve^ng  on  a 
itraii^t  level  track  is  about  1,000  ft.  i>er  min.  The  running  speed  is  reduced 
at  Carres,  according  to  their  radii. 

tIT.  War  tarmlnal  work,  the  capacity  of  each  hoist  is  2  tons  at  60  ft. 
per  min.  J18J88  m.  per  min.]l.  Two  hoists  can  be  combined  so  as  to  raise 
4  tons.  The  motors  being  series-wound,  the  speed  of  hoisting  will  increase 
■s  the  load  is  diminished. 

tM.  War  fraifht  hMldlinc,  from  two  to  four  carriage  hoists  constitute  a 
train  which  has  a  total  maximum  carrying  capacity  of  8  tons.  Such 
an  used  for  assorting  as  well  as  for  distributing,  aoeording  to  con- 
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sisnmeDU.  Many  telphers  can  be  operated  in  one  tnstallataoa,  the  anzo 
being  limited  only  by  the  design  of  the  track  layout.  Am  the  speed  of  m 
telphers  is  si*oater  than  that  of  automatic  telphers  and  the  loads  heav 
the  capacity  is  greater  for  a  given  length  of  track. 

IM.  Installation  costs.  The  overhead  trackage,  made  part  of  i 
atteehed  to  the  building  structure,  costs  the  same  in  proportion  as  ot 
structural  steel.  The  weight,  including  the  brackete.  averages  about  50 
per  lineal  foot.     The  steel  is  fabricatea  at  the  mill. 

STEEL  MILLS 

BT  WILTRID  8TK18 

General    Enginter,   Weaiinghouae    Electric  and  Manufacturing    Co.,  Fdi 
American  Inttilule  of  Electrical  Sngineere 

140.  Olaulfloatlon.     Rolling  mills  are  usually  named  after  the  mate 

f>roduced  by  them,  although  they  are  sometimes  classified  according  te 
ayout  of  the  mills.     The  principal  types  of  mills  are  as  follows: 

(a)  Bloomln|r  mills,  rolling  ingots,  as  cast,  to  blooms  or  billets. 
material  rolled  m  a  steel  mill  must  pass  through  the  blooming  mill  or 
ei^uivalent,  to  be  reduced  to  proper  dimensions  for  handling  in  the  finish 
mills.     The  mills  are  built  either  two-high  reversing,  or  three-high  runn 
continuou^y  in  one  direction. 

(b)  Blabbinc  mllli  (modification  of  the  two-high  blooming  mill)  prod 
slabs  with  finished  edges,  which  are  afterward  rolled  into  plates,  v'ert 
rolls  are  provided  for  finishing  the  edges. 

(c)  Bluet  mills  are  usually  of  the  continuous  type,  with  rolls  in  tandi 
and  roll  material  from  the  blooming  mill  to  a  suitable  aise  of  billet  for 
finishing  mills.     Material  passes  directly  from  one  stand  to  the  other, 
speed  of  the  rolls  being  arranged  to  correspond  to  the  reduction  in  area  aJ 
each  pass. 

(d^  Plata  mills  may  be  either  two-high  reversing,  or  three-high  runn 
continuously  in  one  direction,  and  roll  slabs  to  plates  of  various  thicknesi 
They  are  sometimes  provided  with  vertical  rolls  for  finishing  the  edges 
the  pistes  and  are  then  known  as  universal  mills. 

(•)  Structural  mills  are  usually  three-high  and  are  used  for  roll 
girders,  heavy  angles,  channels,  etc.  In  small  plante  such  material  may 
rolled  by  the  revcraing-bloominK  mill. 

(f)  Merchant  mills  are  used  for  rolling  smsll  angles,  channels  and 
types  of  profiles.  They  are  usually  three-high,  with  the  finishing  su 
sometimes  two-high. 

(g)  Bar  mills  are  usually  three-high,  and  generally  consist  of  rough 
stand  and  a  separate  finishing  stand.  These  are  us^  for  rolling  bars 
all  sections  and  sizes. 

(h)  Bod  mills  are  special  types  of  bar  mills,  and  are  used  for  rolling  sn 
sections  at  high  speeds. 

(1^  Bail  mills  generally  roll  blooms  or  heavy  biUete  to  rails  of  varii 
sections,  and  are  made  two-high  or  three-high,  according  to  the  layout 

(J)  Sheet  mills  roll  0.5-in.  to  1-in.  bars  to  sbeete  of  all   eages;   they 
always  two-high,  and  eenerally  have  separate  roughing  and  finishing  Stan 

In  addition  to  the  foregoing  types,  there  are  several  other  fornu  of  e 
struction,  used  for  rolling  certain  sections  of  material,  but  their  use  is  genen 
confined  to  one  particular  installation. 

141.  Arrangement  of  mills.     The  simplest  type  of  mill,  having  m 

than  one  stand,  is  arranged  on  one  axis,  all  stands  oeing  driven  by  one 
of  pinions  in  the  middle  or  at  one  end  of  the  mill  (Fig.  31).  This  type 
mill  is  generally  used  for  rolling  smnll  sections  only,  but  is  occasioni 
used  for  heavy  sections  when  transfer  tables  are  provided  to  move  the  mc 
from  one  stand  to  the  other. 

The  usual  arrangement  for  rolling  light  sections  is  shown  by  F!g. 
the  roughing  stand  runs  at  a  slower  speed  than  the  finishing  stand,  i 
usually  has  larger  rolls  to  obtein  greater  strength,  in  order  that  large  led 
tions  can  be  made.  The  metal  is  roughed  down  te  such  use  that  it  • 
be  readily  handled  by  the  higher-speed  finishing  stands.  The  mote 
generally  direct-connected  to  the  finishing  stands,  the  roughing  stands  be 
rope  dnvMi.     A  better  arrangement  is  to  drive  the  roughing  and  finish 
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•tands  separately,  so  that  the  speed  of  each  oan  be  adjusted  for  diflferenft 
products  to  give  the  maximum  output. 

Occasionally  the  Tarioua  stands  are  arranged  on  one  axis,  the  finiahing 
stands  bein^  separately  driven  to  (rive  the  proper  speed  adjustment.  The 
object  of  driving  the  finishing  stands  at  different  speeds  than  the  roughing 
stands  is  to  increctse  the  capacity  of  the  mill,  and  to  finish  the  material  at 
such  a  rate  that  it  does  not  become  too  ooolj  this  difference  in  speeds  also 
makes  it  possible  to  work  without  an  exceedingly  large  loop  from  one  pass 
to  the  other. 


W: 

n    fn 


3ifl     [Iia[fl     tiJaifl    to 


m    is 

Flo.  31. — Simple  mill  for  rolling  light  seotiona. 


o 


]  [Q        [[]  Boii(hin(  Stand. 


TlntttalngStanda 


FiQ.  32. — Mill  with  separate  roughing  stand. 

ttl.  Dirftct-oonnected  drive.  The  best  arrangement  is  to  connect  the 
motor  direct  to  the  mill,  if  the  mill  speed  is  such  that  this  is  feasible.  In 
ceneral,  the  lowest  speeds  possible  for  direct-connection  at  25  cycles  are  as 
ioIIowb:  250  to  500  h.p.,  125  rev.  per  min.;  500  to  1,000  h.p..  100  rev.  per  min.; 
1.000  to  2,000  h.p.,  85  rev.  per  min.;  2,000  h.p.  and  upward,  70  rev.  pet  min. 

MS.  €toar«d  drlTe.  The  first  cost  of  slow-speed  motors  is  high,  and  if 
▼ery  large  motors  are  not  required,  some  speed-reducing  arrangement  is 
generiUly  used^for  slow-speed  mills.  The  low  power-factor  of  the  sTow-speed 
niotor  is  a  serious  objection.  Gearing  has  been  used  extensively  for  con- 
necting motors  to  mills,  and  the  use  of  cut  double-helical  gears  makes  pos- 
nble  pttch-line  speeds  previously  impracticable.  Although  the  maintenance 
is  increased,  gears  permit  the  installation  of  high-speed  motor  of  good 
performance  at  low  cost.  The  use  of  gears  introduces  losaes  and  offsets  the 
increased  efficiency  of  high-speed  motors,  but  the  advantage  of  high  powei> 
factor  is  important.  An  important  advantage  of  gear  dnve  is  that  in  the 
ease  of  very  slow-speed  mills,  the  fiy-wbeel  (Par.  147)  can  be  located  on  the 
pinion  shut  and  run  at  such  a  speed  that  comparativdy  small  weight  is 
required.  This  is  of  particular  importance  in  sheet  mills,  which  run  at 
spproadmstely  30  rev.  per  min.,  as  sufficient  fly-wheel  effect  cannot  be 
obtained  to  equalise  the  input  properly  if  the  fly-wheel  is  located  on  the 
mill  shaft.  . 

When  connecting  the  motor  to  the  mill,  the  fly-wheel  (Par.  S47)  should 
be  so  placed  that  the  shocks  from  the  rolls  are  not  transmitted  to  the  motor. 
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The  best  location  ia  on  the  mill  ahaft,  but  with  very  aloir-cpeed  milfa, 
may  bo  necessary  to  place  the  fly-wheel  on  the  pinion  diaft  for  tJie 
above  mentionea. 

When  the  fly-wheel  Is  mounted  on  the  pinion  shaft,  the  gear  must  be  pn 
portionately  larger,  as  it  trftosmits  the  peak  loads.  When  the  fly-wfaed  i 
mounted  on  the  mill  shaft  (Fig.  33},  the  gear  need  only  be  large  enough  t 
transmit  the  motor  load.  In  practice,  pitch-line  speeds  up  to  1,500  ft.  pc 
min.  are  used  with  plain  spur  gearing,  ^  and  up  to  2,500  ft.  per  min.  wit 
double-helioal  gears.  The  best  practice  is  to  mount  the  gears  in  a  aubstantii 
ease  and  to  run  them  in  oil*  which  decreases  the  noise  and  reduces  mail 
tenance. 


» 
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drive,  fly-wheel  on  mill  shaft. 


144.  KOM  drlTe  is  extensively  used  in  steel  mills  where  the  mill-speed  is 
suitable.  Rope  speeds  up  to  6,000  ft.  per  min.  are  used,  the  rope  wheel 
acting  as  a  fly-wheel  for  the  mill.  General  practice  does  not  difi'er  from  that 
of  rope  drive  in  other  industries.  Large  fly-wheels  are  generally  required 
to  prevent  rapid  fluctuBtions  in  the  amount  of  power  transnutted  from 
the  motor  and  consequent  whipping  of  the  ropes.  Belt  drives  are  used  only 
to  a  small  extent  in  steel  mills,  usually  where  a  number  of  stands  are  arranged 
in  tandem  to  be  driven  from  one  source  of  power,  the  belt  being  passed 
around  several  pulleys.  The  present  practice  ia  to  substitute  geaiB  for 
belts  in  this  type  of  mill. 

S4C.  Beveralnir  bloominf  xniUi  cannot  be  driven  directly  by-altematiug- 
current  motors,  due  to  the  oifBcuIty  of  control,  and  to  the  unsuitable  char- 
acteristi(^  of  such  machines.  Direct-current  motors  are  used  for  driving 
the  rolls,  and  are  supplied  with  power  from  fly-wheel  motor-generator  sets, 
the  field  of  the  generator  being  varied  and  reversed  to  control  the  speed 
and  the  direction  of  rotation  of  the  roll  motors.  The  roll  motors  are  alwasrs 
excited  with  the  same  polarity,  and  the  reversal  of  the  armature  curreDt  of 
the  generator  reverses  the  rotation  of  the  roll  motor.  The  fly-wheel  is  used 
to  oqualiie  the  input  to  the  motor-generator  set,  and,  in  practice,  hmits 
the  load  in  the  line  to  about  one-fourth  of  the  maximum  output  of  the 
generator. 

I4C.  BeTOning  rolling  mills  have  been  built  with  motors  which  exert 
as  much  as  16,000  h.p.  on  the  rolls  for  short  periods. 

14T.  Fly-wheels.  The  function  of  the  fly-wheel  is  to  give  up  energy 
during  the  period  when  the  load  on  the  rolls  is  ir.  excess  of  the  capacity  of 
the  motor,  and  to  store  energy  when  the  rolls  are  idle  between  passes.  In 
rolling-mill  practice,  a  speed  variation  of  from  15  to  20  per  cent,  is  permissible. 

The  energy  available  from  the  fly-wheel  is: 

-^X"550~  ^^•''■'^'■^  ^^ 

where  TF'*.  weight  of  fly-wlieel  in  lb.,  Fi « maximum  velocity  of  wheel  at 
radius  of  gyration  in  ft.  per  sec,  Vt  -  minimum  velocit:^  of  wheel  at  radius 
of  gyration  in  ft.  per  sec,  y  .>  acceleration  due  to  gravity  — 32.3  ft.  per  aee. 
By  properly  arranging  the  control  of  the  motor,  the  rate  at  which  the  eDersy 
is  given  up  by  the  fly-wheel  can  be  regulated,  so  as  to  Umit  the  load  on  the 
motor  to  the  average  value,  providing  sufficient  fly-wheel  effect  is  available. 
The  majority  of  fly-wheels  used  on  rolling  mills  Br«  built  of  caft  iron,  and 
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■  *  (Boeral  praatica,  the  limit  of  peripheral  B|peed  in  suoh  oaaes  is  6,000  U. 
fm  Ban.,  because  higher  speeds  are  not  conaidered  safe,  owing  to  the  un- 
■rtaiaty  of  the  shiinkace  stresses.  By  special  construction  to  avoid  such 
tnsses,  cast-iron  wheels  for  a  peripheral  speed  of  10,000  ft.  per  min.  have 
nsn  built  with  success.  For  moderately  high  speeds,  caat-«teel  wheels  are 
nmmonly  used,  the  usual  limit  of  peripheral  speed  being  12,000  ft.  per  min.; 
nt  in  special  cases  cast-steel  wheels  run  at  speeds  up  to  22,000  ft.  per  min. 
beh  speeds  are  dangerous  if  the  material  is  not  homogenous  and  free  from 
ni^I  stresses,  but  with  proper  design  and  annealing,  they  have  proved  suc- 
essful.  For  speeds  up  to  30,000  ft.  per  min.  fly-wheels  have  been  built 
nm  discs  cut  from  single  plates,  the  j^ates  being  riveted  together  to  form 
I  solid  wheel. 

MS.  Taeton  aflaetiiic  power  rMiulrcinants.  The  power  required  by 
lUiiif  mills  depends  upon  the  following  factors:  (a)  volume  of  metal  displaced 
a  a  given  time;  (b)  manner  in  which  the  section  is  changed;  (o)  temperature 
t  metal  during  rolling;  (d)  daas  of  material;  (e)  sise  of  rolls.  The  deter- 
■ination  of  the  best  arrangement  of  motor  and  fly-wheel  for  any  particular 
■ill  necessitates  the  analysis  of  the  power  required  for  each  pass.     The 
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TInM  Oriflnsl  L«n|th  to  which  Material  U  Iloaiatcd 

34. — Curves  showing  average  energy  consumption  of  different  types  of 
mills. 

Curve  No.  1,  rolling  small  billets  of  high-carbon  steel  to  rods. 
Curve  No.  2,  rolling  billets  to  light  roils. 
Curve  No.  3,  rolling  billets  to  flats  and  squares. 
Curve  No.  4,  rolling  ingots  to  billets. 
Curve  No.  5,  rolling  slabs  to  plates. 

verage  output  required  can  be  obtained  from  Fig.  34,  which  shows  average 
nargy  oonsamption  for  different  classes  of  materials.  The  figures 
iven  are  h.p.  hr.  per  ton  of  metal  rolled,  plotted  against  elongation.  To 
bese  figures  should  be  added  the  friction  of  the  mill,  in  order  to  obtain  the 
Kotcr  load.  The  sise  of  the  motor  may  be  determined  from  these  curves, 
rovided  that  the  tonnage  taken  corresponds  to  the  maximum  that  the  mill 
rill  roll  if  working;  continuously,  and  that  there  is  sufficient  fly-wheel  effect 
Tsilable  to  equalise  the  peak  loads. 

M>.  Motor  rating  and  temperature  rise.  Rolling-mill  motors  are 
■naDy  rated  on  a  temperature  nse  of  3S  deg.  Cent,  and  the}*  have  a  oon- 
iauous  overload  capacity  of  25  per  cent,  with  60  deg.  Cent,  tvm  and  a  1-hr. 
Terload  capacity  of  50  per  cent,  with  60  deg.  C^nt.  rise.  With  the  knowledge 
nw  available  of  the  power  requirements,  a  standard  temperature  rise  of 
6  deg.  Cent,  with  a  26  per  cent,  overload  capacity  for  2  hr.  is  satisfactory, 
f  the  conditions  are  properly  analysed. 
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Ul.  XnarfT  eonsumpUon  par  ton  of  motoriml 

Type  of  mill 

Original 

croes-section 

(in.) 

Finiahed 

product 

(in.) 

Tone 

H.p. 

hr.  per 

ton 

Reverains  blooming  mill 

Reveraina  blooming  mill 

Plate  milT. 

20X20 

16X16 

6X30 

7X24 

7X30X1 

7X30x1 

4X4 

4X4 

UXU 

4X4 

8X8 

3X3 
X30 
X24 

0.02S 

0.04 
40  RaU 

i  Round 
1X1 

05 
40 
SO 
70 
8 
10 
75 
60 
20 
IS 

21 

42 

28 

16.6 
165 
128 

20 

20 

60 

48 

Plate  mill 

Sheet  mill 

Sheet  mill 

Rail  mill 

Billet  mill 

Rod  mill 

IM.  Tnxi  of  motort  admptabls  to  roUlnr-mlU  prMtle*.  Alternat- 
ing-current motors  are  used  almost  exclusively  for  driving  rolling  mills, 
direct-current  machines  being  adopted  only  in  a  few  installationa  of  oom- 
paratively  small  capacity,  or  where  there  are  s^peciai  speed  requirements. 

Special  types  of  direct-current  and  alternating-current  auxiliary  motors 
for  steel-mill  service  have  been  developed,  the  principal  characteristics  of  these 
tnM»hi^«»«  being  high  overload  capacity  without  injury,  and  neat  mechanical 
strength.  Accessibility  is  also  an  important  factor  in  order  to  facilitate 
rapid  repairs.  Mill  motors  are  built  from  5  to  ISO  h.p.,  being  usually  rated 
on  a  temperature  rise  of  75  deg.  Cent,  after  1  hr.  operation.  They  are 
equipped  with  heat-resisting  insulation,  because  they  are  often  located  near 
fumaces  where  the  temperature  of  the  motor  even  without  load  may  be 
very  high.  The  maintenance  coat  of  such  motors  is  approximately  one- 
fourth  that  of  the  modified  railway  motors  previously  used.  Full  particulars 
of  these  motors  can  be  obtained  from  the  publications  of  the  manufacturers. 

MS.  Control.  It  is  becoming  general  practice  to  use  hand-operated 
controllers  only  for  auxiliary  motors  up  to  about  30  h.p.,  larger  machines 
being  provided  with  magnetio4witch  controllers.  The  principal  oharac- 
lerisUcs  of  steel-mill  controllers  are  simplicity,  reliability  in  operation  and 
^>Uity  to  stand  abuse.  The  special  construction  necessary  to  meet  these 
conditions  increases  appreciably  the  cost  of  steel-mill  eontroUezs  as  compared 
with  controllers  for  ordinary  industrial  service. 

For  motors  driving  main  rolls,  magnetic-switch  controllers  are  generally 
■aed,  the  resistance  Dei ng  so  arranged  that  various  running  points-  up  to 
15  per  cent,  slip  may  be  obtained,  in  order  that  the  motor  will  slow  down  on 
heavy  loads  and  allow  the  fly-wheel  to  give  out  a  part  of  the  energy  stored 
in  it.  Automatic  slip  regulators  are  now  being  adopted,  in  order  to  regulate 
the  rate  at  which  energy  is  delivered  by  the  fly-wheel,  thereby  obtaining  oetter 
e<iualization  of  the  load  on  the  motor.  Liquid  regulators  are  used  on  ac- 
count of  their  simplicity  and  small  maintenance,  as  well  as  quickness  in 
sction  and  sensitivity. 

IM.  BlbUognphr. 

Pcprc,  J. — ^'Versucbe  Zur  Ermittlung  des  Kraftbedarfsan  Walswerken." 

Shovxb,  B.  R. — "Industrial  Application  of  Electrical  Motors,  Gary  Plant, 
of  Indiana  Steel  Company."     A.  I.  E.  E.,  Trajuaclioju^  lOOB. 

SricBT,  H.  C. — "Functions  of  Fly-wheels  in  Connection  with  Electrically 
Operated  Rolling  Mills."     A.  I.  E.  E.,  rraiuoeftorM.  1900. 

FnncnijLifDSB,  E.— "Electrically  Driven  Rolling  Mills."  A.  I.  E.  E.,  Traiu- 
aetimu,  1909. 

WiLiT,  B.— "Power  Requirements  for  Rolling  High  Carbon  Steel,  of  Smalt 
Sections."    A.  I.  E.  £.  7raiuaetta>u,  1900. 

TaacHBimcHSB.  R.— "Electrical  Power  Problems  in  Steel  Mills." 
A.  I.  E.  E.,  TrmuaeKom,  1900. 

HBin>BBaOK,  C.  T.— "Electrical  Control  of  Rolling-mill  Motors."  A.  I.  E. 
E..  rroiuocftoM,  IOCS. 

OucBB.  F.  a.— "Intersetion  of  Fly-wheels  and  Motors  when  Driving  Roll 
Tniiw  by  Induction  Motors."   A.  I.  E.  E.  TVaiisaetiims,  1010. 
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Stkb*.  WiLrBBB. — "Elaetrieally  Driven  Ravaniiic  Rollins  MiUa."  A.  I. ' 
E.,  Tnuuactiont,  1911. 

Stkb*.  Wiltud. — "Power  Froblema  in  Steel  Mills."  Iron  ft  Sted  M 
Electrical  Eogineen'  Anociation,  Proaedingt,  1912, 

Stkes,  WiLniED. — "Operation  of  Large  Electrically  Driven  Reveraii 
Mill."     A.  I.  E.  E.,  Prtxtedingt.  April,  1912. 

Meter,  F.  W.  and  Stkeb,  Wilfxsd. — "Economical  Speed  Control  of  Indi 
tion  Motors  Driving  Rolling  Mills."  A.  I.  E.  E..  Proctedtnm,  November,  ISl! 

Sties,  Wn.rBEO. — "Power  Requirements  of  Rolling  Mills."  A.  I.  E.  I 
Proctedingtt  November,  1912. 


CEMENT  MILLS 

BT  OaiSTlE  W.  DBAKI 

Commercial  Bngine^^  We9iinghou$e  Electric  and  Manu/aeturina  Co.,  A»»0cit 
Amtriean  IntlUute  of  Eleelrieol  Bngineera 

POKTLAHD  CSMEKT  MAKUrACTTTKl 

MS.  M*t«rlAU.     The  neoessary  ingredieuU.  lime,  aiUca  aud  alaxnina,  i 

SBnerally  obtained  from  two  raw  materials,  in  one  of  which  the  lime  pi 
omioates  and  in  the  other  the  nlica  and  alumina-  The  materials  used 
this  country  are:  (a)  cement  rock  and  limestone;  (b)  limestone  and  shj 
or  clay;  (c)  marl  and  ehale  or  clayr  (d)  blast-fumaoe  slag  and  limestoi 
In  1913  about  84  per  cent,  of  all  Portland  cement  was  made  by  combinatic 
(a)  and  (b)  but  the  amount  made  from  blast  slag  is  rapidly  increaaii 
although  its  manufacture  is  confined  to  the  steel-mill  territory.  The  proa 
using  combination  (c)  generally  employs  the  wet  or  slurry  system  of  gnndii 
since  the  marl  is  dredged  from  swamps  or  under  wat«r. 

SM.  ProoeM.  Briefly  stated,  the  process  of_  manufacture  consists 
reducing  the  raw  materials  to  a  fine  powder,  mixiog  the  ingredients  in  t 
correct  chemical  proportions  as  shown  by  analysis,  burning  to  a  clinks 
and  again  reducinc  to  a  fine  powder  which  is  Portland  cement.  In  a  n 
using  the  dry  process,  the  buildings,  departments  and  maohines  are  arrang 
in  approximately  the  following  order,  although  there  are  many  different  typ 
of  machines  in  use  to  do  the  same  work. 


Departments                                               Machines 

Hoists,  air  compressors,  pumps. 

Crushers,  dryers,  intermediate  grinders,  automat 

Raw  mill 

Coal  mill 

scales,  dne  grinders. 
Crushers,  dryers,  fine  grinders. 
Kilns,  blowers  or  fuel  feeding  apparatus. 

Kiln  building 

Clinker  storage 

Cranes,  cableways,  conveyers. 

Intermediate  grinders,  fine  grinders,  or  pulreriser 

Also  numerous  elevators  and  conveyors  in  all  departments. 

M7.  Powar  requlramanta.  Extensive  tests  and  investigations  ha 
shown  that  the  average  power  demand  per  bbl.  of  cement  per  day  depen 
on  many  items,  but  is  usually  within  the  limits  of  from  0.75  h. p.  to  1.5  h 
at  the  switchboard.  On  this  basis  the  energy  consumption  will  oe  from  1! 
to  27  kw-hr.  per  bbl.  Even  with  energy  at  1  cent  per  kw-hr.  it  will 
seen  that  the  cost  of  energy  is  a  very  large  part  of  the  total  valne  of  t 
cement,  which,  for  the  L^ited  States  in  1013  averaged  about  SI  i 
bbl.  at  the  mill.  In  1913  about  92  million  barrels  of  cement  were  mai 
factured  in  the  United  States,  although  the  capacity  of  the  kilns  installed 
about  25  per  cent,  greater.  A  total  capacity  of  more  than  200.000  h.p. 
motors  is  installed  in  cement  plants  and  the  percentage  of  eleotrie  power  us 
is  rapidly  increasing  and  is  already  over  50  per  cent.  With  the  exeepti 
of  the  quarry  and  the  crushers,  and  sometimes  the  COal  house,  all  of  t 
machinery  in  a  cement  plant  is  in  continuous  operation  and  at  a- nearly  cc 
stant  load;  the  load  factor  would  be  very  near^^  unity  were  it  not  for  tiM 
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irtioiui  of  the  plant,  and  ia  often  from  80  to  8£  per  oent.,  baaed  upon  the 
lio  of  average  to  maximum  demand. 

US.  Motor  characterlatlcs.  Induction  moton  only  should  be  oon- 
iered;  already  over  90  per  oent.  of  the  motora  ixutalled  are  of  the  alternating- 
irrent  type*  and  the  percentage  is  steadily  increasing.  The  simplicity  and 
iggadneaa  of  the  squirrel-cage  motor  make  it  admirably  adapted  for  the 
Tere  and  dusty  service  of  cement  mills.  The  bearings  should  be  made 
ttt  proof.  Ball  and  tube  mills  and  others  of  similar  type  are  very  difficult 
I  start,  and  motors  which  drive  these  machines  shoiud  have  a  starting 
rque  of  not  lees  than  twice  the  value  of  full-load  torque;  friction  dutches 
-e  unnecesaary  if  proper  motors  are  used.  S(jp-ring  motors  are  often 
Kd  for  large  gyratory  crushers,  which  may  become  choked  with  rock  and 
apoee  very  severe  starting  conditions.  Speed  variation  is  sometimes 
ssired  on  tne  kilns  and  dryers,  but_  this  requirement  can  be  met  easily  by 
le  use  of  slip-ring  motors  with  resistance  which  will  reduce  the  speed  to 
le-half  of  normal. 

SM.  Typo  of  drlTe.  For  satisfactory  service  and  long  life,  a  motor 
wold  not  be  subjected  to  severe  vibration.  Either  belts  or  flexible  coup- 
np  are  able  to  alMorb  the  vibration  of  the  grinding  machinery,  but  the  dust 
loses  raiMd  deterioration  of  belts  and.  therefore,  the  beetpraotioe  is  direet- 
mnee^n  wherever  possible.  The  countershafts  of  ball  and  tube  mills 
Kate  at  about  160  rev.  per  min.  and,  on  25-cycte  eirouits,  motors  at  this 
feed  are  connected  through  flexible  couplings.  Motors  may  often  be  placed 
I  a  separate  room,  the  shafUng  extending  through  into  the  mill  proper, 
or  Fiuler  mUls,  or  for  other  verUeal-^hafi  mills,  special  betted  vertical 
lotors  can  be  obtained  which  are  more  satisfactory  than  horisontal  motors 
ith  quarter-turn  belts. 

SCO.  Jaw  craahon  are  often  used  for  secondary  crushing,  or  upon 
&nker,  and  the  following  are  typical  ratings. 


Superior  Jaw  Crushers — Blake  Tj^iw 
(Power  and  Mining  Machinery  Co.) 


Siaeof 

jaw 

opeoinc 

(in.) 


Weight  of 

crusher 

(lb.) 


Capacity  per  hr. 
aecording  to  sise 


Tons 


In. 


Tons 


In. 


Driving  pulley 


Diam. 
(in.) 


Face 
(in.) 


Rev. 
per 
Dun. 


Horse 
power 
(aver.) 


lOX  7 
ISX  9 
20X10 
24X15 
36X24 
42X40 
«0X48 
114X60 


7,5S0 

12,000 

21,800 

38,000 

68,000 

130,000 

20S,000 

400,000 


6 

16 

38 

60 

130 

225 

290 

450 


V 

19 

25 

70 

130 

180 

280 


24 

30 
36 
42 


1} 
13 
16J 


Pulleys  to 
suit  con- 
ditions 


250 
250 
250 
250 
250 
250 
200 
100 


7J 
10 
20 

25 

75 

100 

150 

200 


Champion  Crushers  (American  Road  Machinery  Co.) 


Km 


Siae  of 

jaw 

opening 

(in.) 


7iX13 
9  X15 

10  X20 

11  X22 
11  X26 
18  XSO 


Weight  of 

crusher 

(lb.) 


5.500 
8,800 
12.500 
12,000 
20,000 
60,900 


Tons  per  hr. 

according  to 

material  and 

feed 


8  to  12 
12  to  18 
16  to  24 
18  to  26 
24  to  35 
70  to  100 
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Driving  pulley 


Diam, 
(in.) 


38 
48 
SO 
48 
60 
72 


Face 

(in.) 


9 
10 
9 

l?l 


Rev. 

per 

min. 


170 
155 
150 
150 
140 
105 


Horse 
power 


12 
IS 
18 
20 
25 
50  to  60 
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Stl.  Qyrfttory  enuhm.     The  following  table  givei  the  rfttiiivsof  G»*a 

criuhera;  other  mftkee  of  nmilar  BLie  have  approzinuitely  the    Mune  po^rfl 
requiremente. 


) 


GateB  Gyratory  Crusher — Style  "K" 


Stie 
no. 


4 

5 

6 

7J 

8 

e 


Km  of 

openings 

Tin.) 


8X30 
10X38 
12X44 
14X82 
18X68 
21X78 


Weiglit  of 
bresker 

(lb.) 


22.000 
32,800 
48,000 
68.000 
103,000 
155,000 


Cspseity  per 
hr.  in  ton* 

(2.000  lb.) , 

varying  with 

mat^ial 


15  to  40 
30  to  70 
50  to  90 
80  to  120 
130  to  ISO 
2S0  to  300 


Driving     pulley 


Diam. 
(in.) 


40 
44 

48 
56 


Face 
(in.) 


12 

14 
16 
18 
20 
20 


Several  larger  sises  are  manufactured 


Rev. 
per 


400 

375 
350 
350 
360 
300 


Horae 
poviier 


14  to  21 
22  to  30 
28  to  45 
50  to  75 
70  to  llO 
100  to  150 


lU.  Kotary  diren.  For  the  average  siie  of  diyer,  5  ft.  dimm.  by  St 
or  60  ft.  long,  revolving  at  2  to  6  rev.  per  min..  from  10  to  20  h.p.  ia  reqimviL 
This  varies  with  the  construction  of  the  dryer,  the  method  of  tha  driv*  and 
the  speed  of  rotation. 

MS.  BaU  milU 


Gates  BaU  Mills 


Weight 
without 
charge  of 
balls  (lb.) 


2«,800 
41.100 


Weight  of  charge 
of  balk    Ob.) 


3,000 
4,600 


Cap.  on  Portland 

cement  clinker    to 

20  mesh 


12  to  16  bbl.  per  hr. 
18  to  24  bbl.  per  hr. 


Horwe 
power 


30  to  40 
40  to  SO 


The  F.  L.  Smidth  Co.  Kominuters  a>«  similar  to  ball  mills,  and  the  thna 
siies,  No.  53i,  66,  and  88  require  approximately  30,  75  and  lOO  b.n. 
respectively. 

SM.  WilH>tni  mllla.  These  are  of  the  swinging-hammer  tjrpe,  and  Br« 
made  in  various  modifications  for  pulverising  coal,  clay,  clinker,  ete,  Tte 
ratings  of  the  coal  and  cement  crushers  are  as  follows; 


Coal  crushers 


Bise  no. 


Pulley    dimen. 
(in.) 


20X15 
20X18 
20X15 
24X18 
24X20 
30X32 


Rev.   per  min. 


1,000 
1,000 
1,000 
1,000 
1,000 
750 


Hotae  power 


ao 

30 
60-60 

75 
100 
260 


Cement  grinders 


Sise  no. 


Pulley  dimen.  (in.)      Rev.   per  min. 


16X12) 
18X12i 
20X15 
30X20 


1,500 

1,500 

1,000 

720 


Borac  i 


20 

25-30 

3O-60 

160-200 
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Ml.  Kent  mull.  Thia  mill  (made  by  the  Kent  Mill  Co.)  i«  in  vny 
AennTC  uae  both^  as  an  intermediate  and  a  fine  |pinder.  Being  of  tlie 
ft  and  riziK  type  it  can  be  started  witli  comparative  ease,  and  a  40-h.p. 
Dtor  ia  uaiially  supplied  to  drive  the  mill  with  its  elevator  and  screen, 
be  pulleys  on  the  mill  are  36  in.  X  8  in.,  and  64  in.  between  centres,  running 

about  200  rev.  per  min.  Motors  with  double-extended  shafts  make  a 
Bple  and  satisfactory  drive. 

tW.  Tuba  znilla  of  5,  £.5  and  6  ft.  diam.  by  22  ft.  long  are  now  in  common 
e  in  eement  mills.  The  required  power  varies  with  the  charge  of  pebbles 
id  the  fe«d,  but  averages  100, 160  and  200  h.p.,  respectively,  for  the  above 
ills.  For  belt  drive,  motors  from  480  to  690  lev.^r  min.  are  used,  while 
r  coupled  drive  160  rev.  per  min.  is  customary.  The  F.  L.  Smidth  No.  16 
id  18  tube  mills  are  usually  driven  by  100-h.p.  and  160-h.p.  motors,  re- 
eetirely.     When  "cylpebs     (short  cylindrical  pieces  of  steel)  are  added 

a  tube  mill  the  power  required  is  increased  20  to  30  per  cent. 
MT.  rnllar  mmg.     The  Lehigh  Car  Wheel  A  Axle  Works  have  on  the 
■rket  three  sises  of  Fuller  mills.  Known  as  the  33  in.,  42  in.  and  54  in.     The 
i^ler  mill  ia  used  principally  for  coal,  while  the  two  larger  siies  are  adapted 

pulverising  either  raw  material  or  clinker.  The  power  requirements  are 
ren  in  the  following  table. 


Pulley 

Horse 
power 

fiae  of  mfll  (in.) 

Diam.  (in.) 

Face    (in.) 

Rev.    per 
min. 

33 
42 
M 

33 
54 
75 

10 
18 
21 

210 
160 
125 

25-40 

76-00 

lfiO-200 

ertieal  belted  motors  make  the  best  drive  for  these  mills. 

MB.    GriflUk    mlUi.     These  mills,  also  of  the  vertical 

etored  by  the  Bradley  Pulveriier  Co.     Since  the  driven  puQey  ia  above  the 

Ql.  they  are  seldom  individually  driven,  but  auoh  drive  ia  made  feasible 

r  ivFoper  mounting  of  the  motor. 


type,  are  manu- 
luUe; 


Siae 

Pulley 

Horse  power 

Diam.  (in). 

Rev.   per   min. 

30  in. 
36  in. 
Giant 

30 
40 
42 

190-200 
135-lSO 
160-170 

30 

40 

60-75 

tM.  Bonnot  pulTarlzer.  Although  this  is  a  vertical  mill,  it  has  a 
>riaontal  pulley  running  at  about  215  rev.  per  min.  Only  one  sise  of  mill 
manufactured;  this  requires  from  75  to  85  h.p.  Either  a  belted  or  a 
mpled  motor  may  be  used. 

tTS.  Aero  pnlTarlzan.  These  reduce  crushed  coal  to  an  impalpable 
»wder,  and  dIow  it  into  the  kiln,  mixed  with  the  correct  amount  of  air  for 
tmbuation. 


Aero  pulverisers 


fliae 
no. 


Weight 
Ob.) 


Height 

(in.) 


Floor  space 
(in.) 


*Normal  ca- 
pacity of  soft 
coal  (lb.  per  hr.) 


Rev. 
per  min. 


Horse 
power 


1,800 
3,900 
4,200 
4,400 
5,600 


28t 

38 
81 
44 

46 


611X27) 
77lx29 
78JX29 
781X29 
07   X33 


600 
1,000 
1,500 
2,000 
2,800 


2,000 
1,600 
1,500 
1,400 
1.400 


10 
IS 
20 
30 
40 


*  The  capaeitv  may  be  increased  28  per  cent,  or  decreased  50  per  cent, 
itbont  material  loss  of  economy. 
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ITl,  Sllnt.  The  aiM  of  kiln  in  grMtett  lavor  at  preaent  is  about  € 
8  ft.  in.  diam.  by  135  to  135  ft.  loom.  Howaver,  many  ahortcr  kilna  an 
lue  and  a  number  have  leoctha  of  150  ft.  or  lonser.  Pulverued  co* 
lued  as  fuel  in  75  per  cent,  of  the  kilns,  oil  in  about  17  per  cent.,  and  nati 
gas  in  the  remainder.  To  burn  the  clinker  propeiiy,  a  speed  adjiutn] 
ratio  of  2  to  1  Is  usually  neoeasary,  and  alip-rinf  motors  with  eontro] 
are  required.  For  7-f t. X  100-f t.  kilns  .an  averase  of  15  h.p.  is  reqoi 
and  from  20  to  30  h.p.  is  required  for  S-f t.  X  125-f t.  Idlna. 

COAL  MINraG 
BT  OftABAM  BKIORT.  B.B. 

Engineer,    Mining    Oept.^    Westinghoute    Blectrie    and    ManiifaHmrxng 
Member,  A  meriean  Tngtitute  of  EUetrical  Snginetre 

DBVBLOPMBNT  OF  POWBB  PKACTIOB 

STt.  Rftulaffa  and  hoisting.  The  early  mines  in  the  United  St 
generally  consisted  of  a  hole  in  tne  side  of  a  hul  extending  back  a  few  hunt 
Feet  into  the  hillside.  The  coal  was  mined  entirely  by  hand,  a  process  kn 
as  "pick  mining."  and  the  small  cars  were  pushed  to  the  entrance  where 
coal  was  dumped  on  loading  platforms.  As  the  distance  became  greater 
adverse  grades  were  encountered,  it  became  necessary  to  obtain  a  new  so 
of  power,  and  the  time-honored  mule  was  found  most  aatiafactory.  At 
present  time  this  method  of  traction  has  practically  disappeared  from  e 
haulage  work,  and  is  also  being  rapidly  replaced  by  mechanical  proceaa« 
gathering.  When  shaft  mines  were  developed,  a  power  system  was  im 
sarihr  employed  in  the  hoisting  of  coal,  men  and  material.  Steam  waa 
used  and  a  few  compressed-air  hoists  followed  later.  Electrie  hois 
practice  has,  however,  found  a  firm  footing,  and  a  great  many  old  minei 
to-day  electrifying  their  hoists.     (Par.  tl). 

tTS.  Pumping  (Par.  tSS).  Very  few  mines  can  be  laid  out  to  be 
draining,  ana  pumping  becomes  necessary  as  soon  as  they  are  opened. 
early  power  pumps  were  steam-operated,  and  this  type  appears  in  a  ■ 
many  of  the  pumps  of  to-day.  The  inherently  poor  economy  of  steam  o 
pumps,  and  the  large  losses  in  long  pipe  lines  make  this  type  of  i natal] n 
compare  very  poorly  with  electrically  driven  pumps. 

ST4.  Tha  Tontllatinf  lyatenu  (Par.  t89)  were  operated  by  steao 
many  years.  The  electric  motor  is,  however,  rapidly  supplanting  the  at 
engine  and  Is  establishing  for  itself  a  remarkable  record  in  regard  to  fiexibi 
continuity  of  operation  and  the  economical  use  of  power. 

STS.  Ittnlnir  machines  (Par.  tM).  Originally  coal  was  all  pick-mi 
but  it  soon  became  evident  that  power  must  be  used  to  mine  the  eoa 
an  insufficient  amount  of  labor  was  available  to  care  for  the  rapidly  ineres 
output.  The  first  mining  machine  was  the  compressed-air  puncher-t 
followed  later  by  the  compressed-air  chain-tjrpe.  Various  kinds  of  ele 
mining  machinoe  are  in  use  to-day,  and  many  new  types  are  being  derek 
The  particular  design  of  machine  which  should  be  used  to  meet  a  parti* 
set  oi  oonditions.  can  be  determined  only  by  experience. 

STt.  For  auxiliary  power  outalde  of  the  mine  (Par.  S8T)  sue 
power  for  shops,  pumps,  etc.,  steam  engines  have  been  largely  used;  an 
substitute  an  electric  motor  is  usually  a  comparatively  simple  matter. 

177.  Safety  ipeclflcatloni..  Various  countriee  and  each  of  the  mi 
states  of  this  country  have  mining  codes  which  deal  with  the  znaniM 
installing  electrical  apnaratus  in  mines  and  give  general  safety  rules. 
reference.  Mr.  U.  H.  Clark,  of  the  Bureau  of  Mines  has  written  a  paper  fo 
April,  1913,  meeting  of  the  American  Institute  of  Electrical  Kngi] 
entitled  "Safeguarding  the  use  of  Electricity  in  Minee." 

BNBBOT  SUPPLY 
.  ITS.  The  Mnaraton  are  generally  of  the  direct-ourrent.  250-volt  or 
volt  types.  These  generators  should  be  compounded  about  10  per  oent., 
should  be  capable  of  withstanding  momentary  overloads  of  from  50  tc 
per  cent.  Standard  machines  are  built  for  225-volt  to  250-v(Jt  aervioe.  for 
volt  to  275-volt  service  and  from  500-volt  to  550-volt  aerviee.     The  hi 
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volume  of  500  has  an  advantage  over  350  volts  in  that  yvty  much  lew  copper 
ia  needed  and  greater  distance  can  be  covered.  The  danger  is,'  however, 
eonsidwably  greater,  and  many  states  are  legislating  against  the  use  of  over 
3O0  volts  unaerground.  Compounding  is  necessary  due  to  the  long  lines 
that  are  required  in  reaching  tne  workings.  The  type  of  load  is  such  that 
h«avy  short^time  peaks  frequently  occur. 

STf .  Pradttterminatlon  of  ganarator  capkclty.  When  a  mine  is  small 
and  electric  power  is  used  for  only  one  <Mr  two  locomotives,  the  capacity  of 
the  generator  will  be  determined  entirelv  by  the  peak  loads.  For  instanoCf 
if  the  load  were  to  consist  of  two  10-ton  locomotives  each  having  two  50-h.p. 
anotora,  the  ecmditiona  will  be  as  follows:  1-hr.  rating  of  motors,  200 
h.p.;  oonUnuous  rating  of  motors  about  80  h.t>.;  maximum  load  with  both 
loeomotivBa  atartang  300  h.p.  To  oompenaate  for  the  line  drop  and  efficiency, 
1  kw.  should  be  allowed  at  the  switchboard  for  every  horse-power  at  tne 
nuehine. 

It  will  be  seen  from  the  above  that  on  a  heating  basis,  an  80-kw.  generator 
ean  be  used.  This  machine,  however,  could  not  take  care  of  a  load  of  300 
kw.  The  generator  should  have  a  capacity  of  not  less  than  150  kw.  If 
old  eecond-nand  generators  and  engines  are  installed,  it  will  be  necessary  to 
provide  for  a  capacity  of  fropi  200  to  250  kw.,  as  there  would  be  a  lack  of 
overload  capacity.  The  efficiency  of  power  generation  will  not  be  very  high, 
since  the  umt  will  be  carrying  a  small  load  a  considerable  portion  of  the  time. 
Excellent  examples  of  load  diagrams  showing  the  low  average  and  the  high 

e^k.  loads  obtained  at  a  coal  mine  power  plant  are  shown  in  a  paper  presented 
fore  the  A.  I.  E.  E.,  April,  1913,  bjr  Wilfred  S^rkes  and  Graham  Bright. 
If  we  were  to  add  to  the  above  a  tmrd  locomotive,  a  pump  load  of  60  h.p.,  a 
fan  ImkI  of  50  h.p.,  and  a  cutting  load  of  four  2&-h.p.  cutters,   we  would 
have  the  following  conditions: 

On»-hour    rating  of  motors 300  +  50  +  50  -{-  100  *  500 

Continuous  rating  of  motors 120  +  50  -{-  50  +    40  •  260 

Maximum  load  of 400  +  50  +  50  +  100-600 

For  the  maximum  locomotive  load,  two  locomotives  can  be  considered  as 
starting,  each  developing  150  h.p.,  and  one  running  taking  100  h.p.  There 
will,  no  doubt,  be  a  oiversity  among  the  machines,  so  that  the  actu'Al  peaks 
win  not  be  over  550  h.p.  The  generator  capacity  should  be  300  kw.,  pref- 
ersbly  divided  between  two  umts  of  150  kw.  each.  From  these  figures  it 
will  be  seen  that,  for  the  larger  plants,  the  generators  can  be  operated  more 
ttCBrly  at  their  continuous  capacity. 

At  lar^r  mines,  or  where  one  company^  operates  a  group  of  mines,  a  central 
ahernating-current  generating  system  is  frequently  installed.  Energy  is 
Vnerated  at  2,200  volts,  3  phase.  60  eydes.  and  is  either  transmitted  to  sub- 
stations at  2,200  volts,  or  stepped  up  to  6,600  volts  or  11,000  volts.  .  Motor- 
generator  seU  or  rqtaries  are  used  at  the  substation  to  transform  the  alter- 
asting  current  to  direct  current.  Motor  generator  sets  are  generally  to  be 
preferred  to  rotaries,  as  compounding  is  more  easily  obtained.  In  determining 
the  ci^>a^ty  of  the  central  plant,  the  machine  and  line  losses  must  be  taken 
uto  account  in  determining  the  sise  of  the  main  generating  units.  These 
losses  inll  average  from  15  to  20  per  cent.  The  capacity  of  the  central  plant 
will  not  be  the  sum  of  the  individual  substations,  as  there  will  be  consider- 
able diversity.     The  diversity  factor  will  range  from  1.2  to  1.5  to  1, 

ISO.  Dadgn  and  advantagti  of  mlnea  using  purohaaed  anar^. 
When  eentral-station  power  is  used,  the  power  application  is  very  much  sim- 
pK&Ml.  For  haulage,  cutting  and  inside  pumping,  a  motor-generator  set 
or  synchronous  converter  is  used.  The  motor-generator  sets  are  generally  of 
the  aynehronoua  tsrpe,  owing  to  the  high  power-factor  which  can  Be  obtained 
with  the  synchronous  motor.  This  high  power-factor  will  compenMte  for 
the  lower  power-faotor  obtained  on  the  induction  motors  used  for  driving  fans, 
immna,  and  tipl^e  or  breaker  mactunery.  The  substation  can  be  a  very 
■mpie  atruetore  and,  in  a  great  many  cases,  the  old  generating  room  can 
be  ived.  The  care  of  a  substation  is  an  extremely  simple  matter 
when  oompared  with  an  is<dated  plant.  For  fans,  compressors,  outside 
pomps,  tipMe  and  breaker  machinery  and  machine  or  blacksmith  shop  drive. 
the  equirrel-eage  motor  is  best  adapted,  as  regards  first  cost  and  upkeep, 
i  This  apparatus  can  be  operated  at  aU  timea  independent  of  the  motor-genarap 
f#r  Mi  which,  in  many  oasea,  operatee  only  8  or  10  hr.  per  day. 
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VOTOK  CntOUITB 

181.  P«nnlulbl0  Tolt&n  drop  for  haulage,  gathering  and  eat 
(for  good  operation),  should  not  exceed  20  per  cent,  to  25  per  cent,  at  m 

mum  load. 
181.  DlTenity    in   MsJc-load    calculations.     Bee    Par.    ITt.  Wl 

several  locomotives  and  cutting  machines  are  supplied  from  one  feeder, 
maximum  load  is  obtained  b^  estimating  the  number  of  machines  that  i 
be  running  at  one  time.  It  is  seldom  that  two  locomotives  will  start  at 
same  time  where  only  three  or  four  are  in  use.  In  practice,  a  loeomotive 
not  operate  at  full-load  more  than  one-fifth  of  the  time.^  The  same  is  tru 
minins  machines,  and  the  maximum  load  should  be  estimated  from  ibe  l* 
conditions  that  exist  at  each  mine. 

185.  Conitructlon  mathoda  and  ooiti.  Trolley  and  feed  wire  ahc 
be  installed  in  a aubatantial  manner  and  protected  from  contact  with  men. 
mules  at  cross-K>vers.  The  total  cost,  including  labor  and  materiaJs 
erecting  a  0000  trolley  wire  in  an  anthracite  mine  will  range  from  81.00 
S1.400  per  mile,  and  from  8650,  to  8000,  in  a  bituminous  mine,  depenc 
upon  the  nature  of  the  roof.  Outside  of  the  mine,  the  cost  per  mile 
range  from  81.200  to  81,600.  Number  0000  feed  wire  will  coat,  erected,  fi 
8000  to  81.200  per  mile  inside  of  the  mine,  and  from  81.000  to  81*800  out 
of  the  mine  for  an  anthracite  mine.  The  cost  of  0000 feed  wire  in  a  bituznix 
mine  will  be  about  the  same  as  for  the  trolley  wire.  The  rail  return  is  | 
erally  much  neglected.  The  bonding  should  be  frec^uently  checked  wit 
bond-tenting  instrument  and  cross  bonds  should  be  installed  at  about  ei 
200  or  300  ft.  All  switches,  frogB,  and  cross-overs  should  be  bonded  aro 
and  cross-bonds  should  be  placed  on  each  side.  Any  water,  or  air  pi 
should  be  well  bonded  to  the  rail,  especially  near  the  main  entrance,  in  oi 
to  obtain  the  benefit  of  an  extra  return  circuit  and  to  prevent  electrol^ 
The  total  cost  of  bonding  a  track  (rails  varying  from  30  to  50  lb. 
yd.)  with  No.  00  bonds  including  cross-bonding,  will  be  about  8350 
mile,  including  labor  and  material.  The  total  cost  using  No.  0000  bo 
will  be  about  8400  per  mile. 

The  haulage. and  cutting  circuits  should  be  kept  separate  where  possi 
but  should  be  arranged  to  connect  together  in  order  to  help  out  one  anothe 
emergency  cases.  In  the  larger  mines,  the  feeders  oan  be  separated  in  oi 
that  local  line  trouble  will  not  shut  down  the  entire  mine.^  However,  in  si 
large  mines,  it  is  the  practice  to  connect  everything  solidly,  and  in  ca* 
trouble  the  circuits  are  held  closed  and  the  source  of  trouble  removed 
literally  burning  it  out. 

184.  Lighting  circulti  both  inside  and  outside  are  generally  taken  fi 
the  haulage  or  cutting  feeders.  Incandescent  lamps  for  either  110  or 
volta  are  used,  with  as  many  in  series  as  necessary. 

MOTOR  APPUOATIONS 

186.  Compreitor  moton.  See  Par.  18T  to  188.  Where  oompresaed 
ia  used,  motor-driven  compressors  can  be  applied  to  advantage.  For  small  Ci 
pressors,  the  best  type  is  that  used  by  street  railways  for  supplying  comprea 
air  for  brake  systems.  For  larger  compressors  a  synchronous- motor  d 
is  most  used  because  of  the  high-power  factor  obtainable  thereby.  C 
pressor  motors  are  often  operated  at  80  per  cent,  leading  power-factor  in  oi 
to  compensate  for  the  lower  power-factor  due  to  the  induction  motors  wl 
are  used  to  drive  fans,  pumps  and  tipple  or  breaker  equipment.  With  a  i 
chronous  motor  drive,  an  unloading  device  must  be  used  on  the  ooraprea 
this  prevents  the  motorf  rem  being  loaded  untilithas  reached  synchronous  sp< 

188.  Ona  great  advaataga  of  eleotrioaU^  drlTan  air  comnraaaof 
that  they  can  be  installed  at  the  most  convenient  location.  Small  aiixili 
compressors  can  be  easily  located  inside  of  the  mine  at  the  end  of  long  ] 
lines  where  it  is  difficult  to  maintain  normal  pressure. 

18T.  TTpoa  of  adaptable  moton.  For  tipples,  breakeiv  and  sh< 
oonsiderable  power  is  often  required  for  crushers,  screens,  elevators,  was) 
and  machine  tools.  When  direct  current  is  employed,  a  oompound-wo 
motor  is  beat  adapted,  and  is  sometimes  built  totally  enclosed  in  curdei 
avoid  the  effects  of  coal  dust.  The  motors  should  be  continuoualy  ra 
as  the  load  is  fairly  constant.  A  shunt-wound  motor  is  be«t  adapted  lor  s 
yurposee,  as  its  speed  is  more  nearly  coiutant  under  varying  loads.    W 
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power  is  purchased,  ail  outside  motors  can  be  of  the  slteruating^current  type, 
10  that  tke  motor-geDerator  sets,  or  synchronous  converters,  need  only  sup- 
1^7  the  haulage,  cutting,  inside  lighting  and  pumping.  Where  very  heavy 
lUrting  loads  obtain,  the  wound-rotor  induotion  motor  with  drum  type 
MDtroIier  should  be  used.  Where  only  moderately  heavy  starting  torques 
tfe  required,  the  sguirret-cage  motor  is  beat  adapted.  The  rotor  characteris- 
ties  of  this  motor  will  depend  upon  the  character  of  the  load.  This  is  by  far 
khe  simplest  and  most  rugged  motor  budlt,  the  control  also  being  very  simple. 
Vhere  starting  requires  alow  torque,  alow  resistance  end-ring  can  be  used; 
vbere  high  starting  torques  are  required,  a  fairly  high-resiatance  end-ring 
ibould  be  used.  The  cast  end-ring  has  solved  all  end-ring  troubles  which 
vers  once  so  prevalent. 

188.  Pumplnff.  For  inside  pumping  the  reciprooating  duplex  or  triplex 
pomp  is  moat  used  for  the  amuler  sizes.  The  centrifugal  pump  will  prob- 
■Uv  average  a  higher  efficienov,  but  is  not  so  well  adapted  for  moving  about 
iiu  for  use  under  various  hesda.  The  capacity  of  the  motor  can  be  readily 
iettfininod  by  the  amount  of  work  to  be  done.     Bee  Par.  148  to  168. 

888.  Ventilation.  Mine  fans  are  inherently  low'«p|eed  machines  and  are 
nry  well  adapted  for  direct  connection  to  a  steam  engine.  For  economy  in 
liBi  coat  ana  operating  cost  an  electric  motor  is  inherently  a  high-apeed 
■aehine,  usually  requiring  acme  speed-reducing  device  in  such  an  application. 
Bdtinc  Mems  to  ba  the  most  popular  method,  although  gearing,  chain  drive, 
md  eren  rope  drive,  are  used  occasionally.     See  Par.  186  to  805. 

810.  Machine  mining'.  Pick  mining  ia  a  rather  alow  and  laborious  proc- 
•B  of  mining  coal,  although  a  large  portion  of  the  coal  is  still  mined  by  this 
nethod.  Machine  mining  has  ^come  a  necessity  owing  to  the  increasing 
lemand  for  coal  and  the  limited  supply  of  labor.  Punchers  and  chain 
naehlDea  are  the  two  types  generally  used.  Punching'  maohinei  were 
int  driven  by  compressed  air,  and  most  of  the  machines  of  this  type  are 
itin  operated  in  this  manner.  The  electric  puncher  is  coming  in  rapidly; 
kiB  machine  consisting  of  a  motoi^driven  compreeaor  attached  to  the  cutting 
ttechanism,  so  that  compressed  air  really  is  used  to  operate  the  puncher. 
rhis  machine  has  the  advantage  of  eleotno  transmission,  but  is  heavier  and 
Dore  expensive  than  the  straight-air  puncher. 

The  <main  machina  ia  the  most  rapid  of  all  mechanical  mittera.  The 
iliain  cutter  will  require  a  motor  having  an  intermittent  rating  of  from  20  to 
to  h.p.,  while  the  pneumo-electrio  machine  will  require  a  motor  rated  from 
10  to  15  h.p.  As  a  rule  direct-current  com  pound- wound  motors  are  used  to 
nerate  coal-cutting  apparatus.  Alternating-current  motora  are  being  intro- 
nioed  for  both  punching  and  cutting  machines  and  have  been  very  success- 
U.  They,  however,  require  a  separate  power  circuit  consisting  of  two  feed 
rires  with  track  return.  They  possess  the  advantages  of  simplicity  of  con- 
Uruetioa  and  lees  danger  of  the  workmen  coming  in  contact  mth  live  parts. 

LOCOMOTIVES 

SM.  LocomotlTes  for  main  haulac*  and  f  atharing  are  of  the  direct- 
ivrent  type,  designed  to  operate  on  250-  or  600-volt  circuits.  The  scries 
lype  of  motor  is  invariably^  used  as  it  has  the  best  s^eed-torque  char- 
leteristiea  for  the  service.  The  service  is  somewhat  similar  to  street-rail- 
nj  eondiUons  kdA  the  same  ^neral  methods  are  used  to  determine  the 
vewhi  and  capacity  of  the  equipment. 

Mine  locomotives  are  built  in  weights  ranging  from  3  tons  to  30  tons  and 
Eftges  ranging  from  IS  in.  to  the  standard  of  4  ft.  8.5  in.  The  wheels  may 
le  caatiron  with  chilled  tread,  steel  tired,  or  rolled  steel.  Gathering  loco* 
Doiivee  are  built  to  replace  mules;  these  weigh  from  3  to  8  tons  with  equip- 
aent  varying  from  two  10-h.p.  motors  to  two  40-h.p.  motora. 

SM.  XoeomottTa-adheiion  and  weight  calculationa.  The  cast-iron 
rheel  will  affwd  a  running  coefficient  of  adhesion  of  20  per  cent.,  and  a 
itartang  coefficient  of  25  to  30  per  cent,  when  sand  is  used.  The  steel-tired 
ir  rolled-steel  wheel  will  have  a  running  coefficient  of  25  per  cent,  and  a 
Itartang  coefficient  of  30  to  33.33  per  cent,  with  sand.  The  above  figures 
ITB  conservative  and  can  be  easily  obtained  with  fair  rail  conditions.  The 
ireisht  of  locomotive  is  determined  by  the  following  formula: 
r(30-|-20C?)-(-20(?Tr-400TV.  for  caat-iron  wheels, 
*500fr.  for  steel  wheels. 
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Where  T  -  wei«ht  of  tniling  load  in  ton*.     The  item  30  ■•  tlw  friatian  ii 

Eer  ton  for  Uie  trailinc  load  on  the  level  and  ta  the  average  value  obtai 
y  teet  for  imall  mine  can.     The  expreaaion  200  ia  the  pull   nei'  naiai? 
overcome  gravity,  O  being  the  grade  in  pei  cent.     W  —  weight  of  locomo 
in  tons.     The  item  400  it  20  per  cent,  of  2,000  lb.  for  caat-iron  wfaeela. 
item  too  is  2S  per  cent,  of  2,000  lb.  for  iteel  wheels. 

A  margin  over  20  and  25  per  cent,  for  starting  with  sand  ia  availahl* 
take  care  of  the  extra  tractive  effort  neoeasary  for  accelerating  the  load 
locomotive  when  starting.     See  Par.  t4S,  also  see  Sec.  16. 

nt.  The  traek-eum  rasUtanoe  can,  as  a  role,  be  neglected,  ainoe 
length  of  the  average  mine  trip  ia  many  times  that  of  any  of  the  cur 

For  gathering,  the  cui 
may  nave  a  vital  influe 
In  genera],  sac*  I  dt^ 
of  eurtatMn  addt  ilb.^m 
to  Ih4  /riction.  The  afai 
of  a  locomotive  to  negot 
a  curve  dependa  apott 
wheel  baae  and  aiae  of  wl 
The  curvea  of  Fig.  35  a 
a  minimum  radioa  of  a 
that  any  locomotive  wi 
certain  wheel  baae  and 
of  wheel  can  negoti 
Theae  valuee  are  eonae 
tive  and  are  baaed  on  aU 
ard  wheel  flange  and  ti 
play.  With  a  liberal  spr 
the  value  of  wheel  baae 
be  safely  increased  fron 
to  50  per  cent. 

Ut.  BrkUu.  In  • 
cases  the  problem  of  b 
■ng  becomes  moat  important  and  the  weight  of  thtf  locomotive  ia  determi 
by  its  ability  to  hold  back  a  loaded  trip  on  a  certain  grade.  If  a  runa 
would  result  in  serious  damage,  then  a  smaller  coefficient  should  be  aaeui 
than  would  be  appropriate  for  pulling  a  load  up  a  grade.  With  cast- 
wheels  the  coefiioient  for  braking  should  not  be  over  a  value  from  15  t 
per  cent,  and  for  steel  wheels  18  to  20  per  cent.  Care  should  be  taken  i 
wheels  do  not  become  too  hot;  this  may  break  a  caat-iron  wheel,  or  cma 
steel  tire  to  slip.  For,  retarding  a  trip  down  a  grade,  the  formula  of  Pax. 
will  be  changed  to: 

7'(200-20)-t-20Cir-(300to380)tr.  for  caat-iron  wheels. 
■=  (360  to  400)  IF.  for  steel  wheela.  • 

IM.  The  Motion  of  the  average  mine  car  is  about  30  lb.  per  ton.  1 
cars  in  good  condition  may  have  a  reaUtaQco  very  much  lees  tnan  30  lb., 
the  friction  increases  with  the  age  of  the  car,  and  may  reach  40  to  50  lb. 
ton.  Roller  bearings  when  kept  in  good  condition  will  have  a  fairly 
resistance,  but  unless  good  care  is  taken  of  them,  their  frictional  reaistj 
will  rise  rapidly. 

IM.  Balaotton  of  proper  rail  weight.     For  each  given  weight  of 
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Weight  of  locomotive  (tons) 

Weight  of  rails  (lb.  per  yard) 

4  to  6 

IB 

6  to  8 

20 

8  to  10 

21 

10  to  13 

30 

13  to  15 

40 

15  to  20 

SO 

there  is  a  corrt^spooding  maximum  weight  of  locomotive  which  should  nc 
*  The  car  friction  should  be  taken  at  20  lb.  for  descending  trips. 
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^  ,  for  ■stafactory  operation.     Tha  foUowtna  table  hai  been  prepared 

I  Batdwin  XiOoomotive  Worka  and  repreeenta  tha  beat  modern  practice. 

J  m  beavior  loeomotiTe  i*  daaired  than  ia  ahown  in  thia  table,  tandem  unita 
I  often  applied. 

^. .  Bating  of  looomotlTa  moton.    Although  the  moton  of  a  mine  loeo- 

loti're  are  given  a  1-hr.  rating,  it  ia  the  average  heating  that  detarminea 
■•  aapaeity  for  all-day  aerrioe.  Thia  heating  ia  proportional  to  the  aquan  of 
■a  enrrent.  The  average  of  the  aqiiare  of  the  euirent  will  give  a  aquared 
■Ina,  die  aqaai«-root  of  which  ia  really  the  eapaoitv  of  the  motor  for  all-day 
■rviee.  Thia  valve  ia  known  aa  the  aqoare-root  of  the  mean-equared  current. 
t  ia  obiained  by  finding  the  different  valuaa  of  the  current  for  one  motor 
kxMaghoat  a  round  trip,  Thaae  current  valoaa  can  be  obtained  from  the  char- 
iMnriitiu  motor  curve  of  the  particular  motor  uaed.  After  the  weight  of  the 
taomotiire  baa  been  determined,  one  of  the  atandard  moton  for  thia  weight  ia 
Aaoted  and  ealeulationa  made  to  determine  if  it  ia  of  the  propef  cafwigity. 
tha  total  tractive  effort  per  motor  ia  determined  for  each  grade,  allowing  20 
k  per  ton  for  the  friction  of  the  looomotive.  For  each  total  tractive  effort 
b>  currant  and  apeed  ate  obtained  from  the  curve,  and  the  time  ia  calculated, 
igr  sqaaring  each  current  value  and  multiplying  by  the  time,  we  have  the 
Mm  of  the  jproduota  of  vaiioua  squared  valuea  of  the  current,  multiplied  by 
■•  time.  Thia  aummation  should  be  inereaaed  by  from  fi  to  10  per  cent,  to 
nice  ^owanee  for  acceleration  and  switching  movementa  at  each  end. 
fte  final  value  ia  than  divided  by  the  total  time,  and  the  aquare-root  ex- 
kaeted.  The  charaeteriatic  curve  givaa  the  continuous  current  capacity, 
■ftoeh  can  be  compared  with  the  final  reault  obtained.*  The  eapaicitjr  of 
Ifaa  equipment  should  not  be  based  on  h.(».  per  ton  weight  of  locomotive, 
face  the  1-hr.  rating  of  the  motor  ia  no  indication  of  what  its  petform- 
•■•a  wfll  be  under  certain  given  conditions. 

SM.  An  •toetrie  real  is  sometimes  applied  to  a  gathering  locomotive  so 
(bat  it  can  be  taken  into  rooms  where  no  trolley  wire  is  erected.  This  reel 
Bay  be  chain  driven  from  one  of  the  axles  or  motor  driven  from  a  small 
independent  special  motor  which  maintains  a  constant  pull  on  the  cable. 
Iliia  eabte  may  be  single-conductor  or  double-conductor;  depending  upon 
tta  traek  conditions.     A  No.  4  A.W.Q.  cable  is  generally  used. 

IM.  A  traeUon  real  can  also  be  supplied  on  a  gathering  locomotive.  It 
aniiaiala  of  a  small  motorNdriven  crab  with  from  300  to  400  ft.  of  steel  cable. 
Thia  typ*  of  real  ia  used  wbare  the  room  gradea  are  very  steep,  and  are  driven 
Id  tha  £p.t 

MO.  Tha  ftoraca-battary  loeomotlva  is  rapidly  coming  to  the  front  for 
fatbering  purposes.  Until  recently  the  stora^  battery  was  not  rugged 
•nongh  to  stand  the  rough  service  that  exists  in  mining  conditions.  Two 
types  of  battery  are  now  available  for  this  work,  the  lead-cell  and  the  Edison. 
The  iron-clad  Exide  is  the  most  satiafsotory  type  of  the  lead  cells.  The 
efidency  between  battery  and  locomotive  wheels  will  range  from  60  to  66 
far  cent.  In  order  to  calculate  the  proper  battery  to  use,  the  entire  trip 
should  be  divided  into  as  many  ssctions  as  there  are  different  characteristics. 
The  car  friction  should  be  tsicen  at  30  lb.  per  ton,  and  the  tractive  effort 
10  lb.  per  ton  for  each  per  cent,  of  grade.  The  total  tractive  effort  multiplied 
by  Ourta  will  ^ve  the  watt-houis  per  train  mile.  The  total  watt-hours  per 
round  trip  can  thua  be  obtained.  The  total  watt-houra  divided  by  the  vol- 
tage of  the  battery  will  give  the  ampere-hours  (rf  the  battery.  For  a  lead 
seuthe  T<^tage  per  oell  will  be  2,  and  to  calculate  the  Dumber  of  positive 
flatea  per  eeU,  toe  ampere-hours  should  be  divided  by  31.fi.  The  proper 
iisa  of  Edison  cell  can  oe  selected  from  the  ampere-hours  re<]uired.  Batter- 
ias  for  this  kind  of  service  are  rated  on  a  4.  fi-hr.  basis.     The  siae  of  either  type 

*  For  a  more  detailed  e^lanation  of  the  determination  of  weight  and 
equipment  of  a  mine  locomotive  see  article,  BUetrie  Journal  of  March, 
1912,  entitled  "The  Determination  of  Weight  and  Equipment  of  a  Mine 
Looomotive,"  by  Graham  Bright.  (This  article  gives  an  example  with  com- 
plete set  of  ealeulationa.)  Also  aee  Coal  Age,  issues  of  March  6  and  March 
So,  1S15. 

t  Additional  information  remrding  gathering  locomotives  can  be  obtained 
bom  artidea  printed  in  the  Eltctric  Teamal,  Vols.  VIII  and  IX,  by  Q.  W. 
Handlton. 
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of  battery  can  ba  reduced  oonuder*bly  if  noon-hour  chargiiis,  or  other  ehcrt 
time  booeting  eharging  ean  ba  effected. 
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-   REFRIGERATING  PLANTS 
BT  AVOVSTITB  C.  MOTB 

SaUt  Bngineer,  The  Cataract  Pomr  and  Conduit  Co. 

Mt.  Hoton  Mtoptobla  to  retrlgaratins  tsrrtoa.  Ammonia  oompraas- 
ors  and  auxiliary  apparatus  in  refrigeration  plants  may  be  driven  eitiicr 
by  direct-current  motors  or  by  induction  motors.  The  flexibility  of  apcei 
control  of  the  direct-current  motor  offers  an  advantage,  but  the  pciaai 
bilities  of  speed  control  of  the  induction  motor  together  with  the  character- 
istic advantages  of  this  type  are  sufficient  reasons  to  justify  its  selection  when 
alternating  current  is  available. 

SM.  Motor  ipaadi  and  ipaed  oontrol.  Motors  for  the  operation  ef 
ammonia  compressors  should  be  of  the  variable-speed  type,  so  that  where  the 
operating  conaitions  require  it,  suitable  speed  control  can  be  secured.  Com- 
pteasors  of  50  tons  capacity,  and  over,  are  operated  usually  at  about  70  rev. 
per  min.,  ao  that  a  motor  speed  of  500  rev.  per  min.  or  less,  is  demrafala. 

SM.  Hultiipeed  moton.  With  the  two-apeed  motor,  the  eompreasor 
can  be  operated  at  full  speed  and  at  half  speed:  while  with  the  three  speed 
motor,  it  can  be  operated  at  full  speed,  two-thirds  speed  and  one-third  apted. 
This  method  of  speed  control,  however,  provides  for  changes  in  the  com- 
pressor at  fixed  and  predetermined  steps  only,  and  does  not,  therefore,  p>ro- 
vide  for  the  flexibility  in  speed  oontrol  necessary  to  meet  the  usual  requiie- 
mentsin  the  operation  of  refrigeration  machines. 

SM.  With  tha  lUp-rinc  typa  of  motor  and  reaiatanoe  speed  control 
flexibility  of  operation  equivalent  to  that  of  the  steam  compressor  is  attain- 
able. The  power-factor  of  this  motor  remains  practically  constant  at  all 
speeds,  but  the  efficiency  falls  off  with  the  reduction  in  speed;  operating  the 
compressor  continuously,  at  reduced  outjiut,  with  this  type  of  motor,  is  there- 
fore uneconomical  from  a  power-consuming  standpoint. 

SM.  Plant  dupUeatloa.  In  plants  where  It  is  neoeaaary  materially  to 
reduce  the  output,  during  certain  periods  of  the  year,  it  is  desirable  to  employ 
more  than  one  compressor  unit.  This  is  eapeduly  true  in  large  refrigeratioa 
plants,  where  the  total  compresaor  capacity  should  be  divided  amooc  iadi- 
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•idnsl  uniU,  properly  proportioned  aocording  to  the  required  operating 
eonditiona. 

m.  Tbs  itendmid  ratlnf  for  unmonla  eompreHori  ia  based  on 
15  lb.  suction  pTceauro,  185  lb.  condensing  pressure,  and  condensing  water 
it  70  d^.  Fahr.  (21  deg.  Cent.),  The  power  necessary  to  drive  a  compressor 
raiies  d&ectly  with  the  operating  pressure,  the  horse-power  being  determined 
by  indicator  card. 

3M.  Power  requirementi  p«r  ton.  Ammonia  compressors  operated 
ftt  15  lb.  Buctioa  pressure  and  186  lb.  condensing  pressure,  having  a  rated 
capacity  over  6  tons  oi  refrigeration  per  24  hr.,  require  about  1.5  h.p.  per 
Urn  of  refrigeration;  compressors  having  from  5-ton  to  1-ton  capacity,  oper- 
ated under  uice  conditions,  require  from  1.5  h.p.  to  2  h.p.  per  ton.  Increasing 
Ibe  above  pressures  to  25  lb.  suction,  and  200  lb.  condensing  pressure,  would 
locrease  the  power  necessary  to  operate  the  compressor  about  16  per  cent. 

M9.  Taryliix  prawurm  and  output  reqniramsnts.  In  the  daily 
Bperations  of  a  refrigerating  plant,  it  is  fxeouentl]^  necessary  to  operate  a 
compressor  at  incraawd  pressures.  In  some  localities  during  warm  weather 
the  temperature  of  the  oondenaing  water  will  exceed  70  deg.  Fahr.  (21  deg. 
Cent.),  unA  during  extremely  warm  weather  it  may  be  necessary  to  force  the 
Bompresaor  beyond  its  rated  capacity  in  order  to  meet  unusual  requirements, 
■II  m  which  require  increased  power.  For  compressors  of  50-ton  rated  capac- 
ity and  smaller,  about  25  per  cent,  additional  motor  capacity  shoula  be 
provided  for  these  possible  excessive  operating  conditions;  for  larger  com- 
pressors,, from  15  to  26  per  cent,  additional  motor  capacity  shoula  be  pro- 
rided,  depending  upon  the  local  and  probable  operating  conditions  of  the 
plant. 

>M.  Cla«illlc«tion  of  lee-m»Hng  plants.  Ice-making  plants  may  be 
divided  into  two  classes:  those  making  ice  from  distilled  water,  and  those 
■taking  ice  from  raw,  or  natural  water.  The  former  method  uses  the  cut 
nrstom,  while  the  latter  may  use  either  the  can  system,  or  the  plate  f  ritem. 
rbe  eompressor-room  equipment  for  an  ice  plant  of  equivalent  capacity  ia 
the  same  for  all  of  these  methods,  except  for  the  plate  system,  where  about 
15  to  20  per  cent,  mora  compressor  capacity  is  required. 

Sll.  Operating  data  on  M^-ton  can-system  ice  plant  using  distlUad 
water 


Month 

Maximum  input 
(kw.) 

Input 
(kw-hr.) 

Tons  of  ice  made 

January 

Febmaiy 

March 

115 
102 
97 
192 
209 
230 
218 
230 
219 
205 
112 
122 

92,630 

66,080 

71,870 

133,660 

139,550 

145,686 

157,640 

156,700 

160,250 

154,090 

76,460 

91,210 

2,033 
1,493 
1,737 
3,055 
3,742 
3,291 
3,667 
3,679 
3,408 
2,989 
1,792 
2,226 

April 

May 

July 

August 

September 

October 

November 

December 

Total 

1,444,616 

33,002 

>U.  Iqoipment  tA  plant  uaing  can  system.  The  compressor-room 
tqnipment  in  this  plant  (Par.  til)  consisted  of  two  vertical  16-in.  X  24-in. 
double-cylinder  sin^e-acting  ammonia  oompressora  of  70  rev.  per  min.,  at 
full-speed.  Each  of  these  compressora  had  a  rated  capacity  of  45  tons  of 
ice  per  24  hr.,  when  operated  at  15  lb.  suction  pressure  and  185  lb.  condensing 
pressure,  with  condensing  water  at  70  deg.  Fahr.  (21  deg.  Cent.).  Each  was 
belt-driven  by  a  175-h.i).,  600-rev.  per  min.,  3-phsse,  25-cycle,  2,200-volt, 
variable-speed,  slip-ring  induction  motor.  The  speed  control  consisted  of  a 
13-step  drum  controller,  and  iron-grid  resistance  of  sufficient  capacity  to 
permit  the  continuous  operation  of  the  motor  at  any  speed  from  full  speed  to 
ooe-lialf  speed  continuously. 
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There  wu  ■leo  iiutaUed  in  the  eompreeeor  room  a  ^in.X.6-iii.  ftmmoi 

compreuor  havioc  a  capacity  of  about  4  tone  of  refriceratioQ,  vhieh  i 
operated  by  a  10-h.p.,  750-rev.  per  min.,  3-phase,  25-oyde,  440-Tolt,  varial 
speed  induction  motor.  This  compreiaor  was^  uaed  for  pumping  out  < 
ammonia  system,  and  also  was  used,  in  oonnection  with  repaira,  for  testt 
thus  avoiding  the  necessity  for  operating  the  large  compreseors  for  th 
purposes. 

The  auxiliary  and  tank  room  equipment  was  all  operated  by  3-phaae, 
cycle,  440-volt  induction  motors  conaiatiiig  of  the  following:  1  condeta 
water  pump,  25-h.p.,  7fiO-rev.  per  min.,  variable-speed,  belted  motor;  4  br 
agitators,  5-h.p.,  7oO-rev.  per  min,,  oonstant-speea,  direct-coimected  mote 
1  distilled  water  pump,  5-h.p.,  760-rev.  per  min.,  variable-speed,  belted  mot 
1  soft-water  pump,  5-h.p.,  760-rev.  per  min.,  variable-speed,  geared  mot 
1  boiler  feed  pump,  5-h.p.,  750-rev.  per  min.,  variable-epeed,  geared  mot 
1  water-softener  mixer,  1-b.p.,  760-rev.  per  min.,  eonstant^peed,  b^ 
motor;  2  cranea,  3-h.p.,  760-rev.  per  min.,  variable-speed,  geared  motor. 

SIS.  OjMratlnjT  costs  of  pluit  using  can  sjstem.  The  average  o 
sumption  of  power  in  this  plant  (Par.  Sll)  was  44  kw-hr.  per  ton  of  ioe,  wl 
the  other  items  of  expense  were:  engine  and  boiler  room  labor  per  t 
15.51  cents;  fuel  per  ton,  10.68  cents;  tank-room  labor  per  ton,  12.55  eei 

514.  X^uipment  of  plant  using  plate  antexn.  While  the  oompreaa 
room  equipment  in  both  distilled-water  plants  and  raw-water  planti 
practically  the  same,  the  auxiliary  equipment  differs,  depending  upon 
type  of  plant,  and  the  system  uaed.  The  auxiliary  and  tank-room  equiptn 
of  a  raw-water  plate  plant  electrically  operated,  and  having  a  rated  f:apau 
of  100  tons  of  ice  per  24  br.,  may  be  taken  as  an  example.  In  this  plant 
the  motors  are  of  the  3-phase,  25-cycle,  220-volt,  induction  type.  A  centri 
gal  condenser-water  pump,  direct-connected  toa6-h.p.,  1,500-rev.  per  no 
constant-speed  motor  is  used  to  supply  excess  water  to  the  condenser  in 
weather,  when  the  natural  flow  of  city  water  supply  is  insufficient.  A  bi 
pump,  belted  to  a  2-h.p.  760-rev.  per  min.,  constant-speed  motor  is  use<j 
circulate  warm  brine  around  the  plates  in  order  to  loosen  the  ice.  A  rot 
blower,  belted  to  a  7.6-h.p.,  750-rev.  per  min.,  constant-speed  motor  is  u 
to  agitate  the  water  in  the  tanks.     The  rest  of  the  equipment  consists  < 

•cranes,  each  equipped  with  one  5-h.p.  and  one  3-h.p.,  750-rev.  per  m 
variable-speed  motors;  2  tilting  tables,  each  geared  to  a  2-h.p.,  1,500-r 
per  min.,  constant-speed  motor;  1  30-in.  circular  ioe  saw,  operated  by  cfa 
drive  from  a  3-h.p.,  1,600-rev.  per  min.  motor;  1  ice  elevator,  operated 
and  geared  to  a  3-h.p.,  1,600-rev.  per  min.  motor. 

Sll.  Bxtraeting  the  lifting  rods,  in  the  plats  ijitsm.     After 
plates  of  ice  have  been  placed  upon  the  tipping  table,  the  ends  of  the  lift 
rods  (which  extend  about  halfway  through  the  plate)  are  connected  to 
secondary  terminals  of  a  1-kw.  transformer,  having  a  220-volt  primary  i 
a  4-volt,  250-amp.  secondary.     In  about  4  min.  after  the  current  has  bi 
turned  on,  the  rods  will  be  melted  loose,  and  can  be  readily  withdrawn. 

515.  Oentra-freeie  system.  The  can-system  raw-water  plant,  J 
quently  referred  to  as  the  "centre-freexe"  or  "core"  system,  undoubte 
presents  the  ideal  of  an  electrically  operated  ice-making  plant,  as  it  has 
the  advantages  of  the  can  system,  together  with  the  productive  eeono 
obtained  through  the  use  of  raw  water.  In  brief,  this  type  of  plant  cons 
of  stationary  cans,  fed  from  the  bottom,  with  raw  water  supplied  throug 
cooling  tank.  During  the  period  of  frecsing,  the  water  in  the  cans  is  o 
stantly  agitated  by  a  jet  of  air  under  a  pressure  of  about  3  lb.  per  sq.  in.  1 
water  freeses  in  the  cans  from  the  sides  toward  the  centre,  so  that  the  sp 
containing  free  water  and  all  the  impurities  is  gradually  diminished.  Wl 
this  space  has  reached  a  very  small  area,  all  the  water  remaining,  with 
impurities  contained  therein,  is  drawn  off,  and  the  core  is  filled  with  distil 
water;  this,  when  froien  solid,  gives  a  cake  of  very  clean  pure  ice. 

SIT.  Auxiliary  equipment  of  a  SO-ton  plant  uainc  the  oant 
freeie  lystem.,^  A  15-n,p.  motor  is  belted  to  tne  line  shaft,  which  in  tt 
drives  the  following:  1  fan  having  a  capacity  of  500  cu.  ft.  per  min,.  whic 
used  for  agitating  the  water  in  the  freesing  cans;  1  centrifugal  pump  hav 
a  capacity  of  2(X)  gal.  per  min.,  which  is  used  in  pumping  the  brine  throi 
the  cooling  or  supply  tank;  1  air  compressor  having  a  capacity  of  40  cu. 
per  min.,  used  to  operate  overhead  cranes  which  are  emjuoyw  in  remor 
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A*  ue  from  the  euu;  1  7.5-h.p.  motor  direot-eonnected  to  brine  agitator. 
Tha  diitilled  water  used  is  (unushed  from  a  10-h.p.  boiler  operated  at  from 
n  to  15  lb.  eteam  preaaure. 

tlS.  Oparatlnf  date  on  plant  uiinc  oantre-treeB*  lyitam.  The 
ftat  eomplete  month'a  operation  of  the  above  plant  showed  a  total  maximum 
dmand  of  125.8  lew.,  with  an  eneri^  eonaumption  of  91,056  kw-hr.,  and  a 
Brodoetion  of  1.699  tona  of  ice.  This  is  equivalent  to  a  resultant  maximum 
■wnand  of  2.42  kw.,  or  3.24  h.p.  per  ton  of  ioe,  and  57  kw-hr.  per  ton  of  ioe. 

tit.  Tba  AndWran-Blncmn  rablxeratinr  maohlne  in  its  completed 
form^  aa  placed  on  the  market,  is  in  reality  a  self-oontained  refrigerating  plant, 
t/id  la  eapedally  adapted  for  use  in  restaurants,  butcher  shops,  clubs,  apart- 
nwot  houaea,  and  large  residences,  or  where  the  avera^^e  requirements  may 
run  from  10  to  100  lb.  of  ice  per  hr,,  or  the  refrigeration  effect  eouivalent 
to  the  melting  of  from  15  to  lOO  lb.  of  ice  per  hr.  The  ideal  methoa  of  drive 
is  the  eisctrie  motor,  which  can  be  of  any  tjrpe. 

This  maohine  operates  on  the  compression  system,  using  sulphur  dioxide 
vUeh  eondenaea  at  a  very  low  pressure,  as  the  refrigerating  medium.  The 
prineipal  element  of  this  maehine  consists  of  a  shaft  on  which  two  drums  are 
Bonnted,  and  the  driving  pulley.  One  of  these  drums,  looated  at  about  the 
■iid-|iau>t  of  the  shaft,  contains  the  condenaer,  and  revolves  in  a  tank  of 
momng  water  which  serves  to  carry  off  the  heat  absorbed.  The  other  drum, 
hi  whieh  expansion  of  the  sulphur  dioxide  takes  place,  is  oonneoted  to  the 


drum  by  a  bronae  pipe  (which  forms  part  of  the  shaft),  and  r&- 
Tolves  in  a  tank  containing  either  the  brine  or  the  water  to  be  cooled. 

The  air  ia  entirely  exhausted  from  these  drums,  and,  after  having  received 
the  prosier  charge  of  sulphur  dioxide  and  necessary  lubricating  oil,  they  are 
hermetically  sealed,  thus  absolutely  prote<!ting  all  of  the  vital  working  parts 
from  any  outside  ^ment  whieh  might  cause  their  wear  or  depreciation,  and 
furtiier  making  it  impossible  for  any  unskilled  operator  to  tamper  with  the 
meclianiam  of  the  macbioa. 

no.  katinc  and  opsnittnc  eharaetaristles  of  the  AudiOrsn-Bingrun 
Nftinratiiic  machina,  when  operated  under  average  conditions  of  brine 
at  27  deg.  Fshr.  (-2.8  deg.  Cent.)  and  condensing  water  (at  outlet)  at  77 
deg.  Fahr.  (25  deg.  Cent.). 


Machine  number                 1 

2 

3 

4        1        6        1 

Capaeity  in  B.t.u.  sbaorbed  per  hr 

Capacity  in  pounda  of  ice  per  hr 

Hours  neoeasary  to  produce  refrigera- 

tion    equivalent  to  melting    100  lb. 

of  iee. 

2,260 
10.6 
6.38 

0.55 
0.76 
2.63 

3.92 
40.0 

5.640 
26.0 
2.55 

1.26 
1.50 
2.39 

3.62 
100.0 

11.280 
52.0 
1.28 

2.15 

3.0 

2.09 

3.15 
200.0 

22.560 
105.0 
0.64 

4.3 
5.0 
1.57 

2.34 
400.0 

Horse  power  of  motor  recommended. . 

Kw-hr.  required  to  produce  refrigera- 
tion equivalent  to  melting  100  lb.  of 
ioe. 

Kw-hr.  required  to  produce  100  lb.  of 
iee. 

Water  at  68  deg.  Fahr.  (20  deg.  Cent.) 
required,  in  gal.  per  hr. 

To  obtain  actual  power  and  energy  eonaumption  of  motor,  divide  the  above 
power  values  by  the  efficiency  of  the  motor. 

TEXTILE    MILLS 

BT  WHJJAM  W.  CR08BT 
ConniH»g  Bngin—r,  iltmber,  Anuriettn  Socitty  of  Mtehameal  Sngitutrt 
ttl.  MachMileal  drim  ttom  ttoam  idant.  If  the  power  plant  can  be 
centrally  loaatsd,  the  meohanical  drive  with  a  belt  or  rope  tower,  is  most 
eSeient.  E^  tUs  arrangement  energy  is  imparted  to  the  shafting  on  each 
loor  diroetly.     The  steam  plant  usually  proves  the  most  flexible  of  the 
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■everal  methods  of  power  development,  and  can  often  be  placed  at  the  eei 
of  the  mill;  the  proper  location  of  the  sidetrack  and  c<»l  pocket  most 
considered. 

SSS.  M^ehftnioal  drlre  from  m  Wftter-power  |»Unt  is  likely  to  jpi 
inflexible.  In  a  development  of  any  oise,  the  location  and  constructwi 
foundations  become  difficult  if  the  water  wheels  are  at  or  near  the  oentr 
the  plant.  If  they  are  located  at  one  end  of  the  mill,  the  shaftioc  wii 
larm.  and  the  friction  losses  great.  In  some  cases  a  canal  may  extend  pan 
with  the  river  and  the  mills  can  be  located  between  the  canal  and  the  ri 
Such  construction  allows  several  water  wheels  to  be  placed  on  the  cen 
line  of  the  mill.  While  this  lost  plan  obviates  the  use  of  shafUnf  of  li 
diameters,  it  necessitates  several  control  points,  but  this  is  not  serious, 
water  wheels  need  but  little  attention  siter  they  have  been  started. 

m.  Steam  auziUary  plant.  There  are  not,  however,  many  rii 
whose  minimum  flow  is  sufficient  to  drive  the  mills  dependent  on  tl 
and  as  textile  mills,  owing  to  their  high  capital  costs,  require  a  hich  rmi 
production,  they  should  be  provided  with  auxiliary  steam  plants  eapabl 
carrying  the  whole  load,  even  though  the  water  power  has  a  good  reeord 
dependability. 

n4.  Use  of  iteaxn  In  textile  procetiet.  Nearly  all  textile  mills  a 
use  steam  at  some  point  in  the  manufacturing  process,  and  for  heating 
buildings  in  winter.  A  boiler  plant  is  therefore  essential  and  it  gener 
follows  that  one  or  more  engines  are  employed  to  deliver  their  power  to 
water-wheel  shaft,  the  engine  governor  caring  for  the  variations  of  load. 
such  cases  a  i>ortion  of  the  steam  power  may  be  developed  by  simple  engi 
operating  against  small  bark  pressure,  the  exhaust  instead  of  live  mU 
being  used  for  certain  processes:  or  steam  may  be  taken  from  the  receive 
a  comi>ound  engine  is  used.  If  turbines  are  the  prime  movers,  the  blec 
type  may  be  used  to  furnish  the  necessary  amount  of  low-pressure  ste; 
In  cotton  mills  the  most  common  use  for  steam  (aside  from  heating  buildii 
is  in  the  slashers,  which  require  a  small  amount  steadily  through  the<l 
Woolen  and  worsted  mills  use  steam  for  scouring,  dryinig.  back  washing  i 
combing.  Finishing  mills,  which  may  form  a  part  of  either  cotton  or  woe 
mills,  use  steam  for  numerous  purposes  such  as  heating  water,  rolla,  |da 
etc. 

SU.  Application  of  electric  drive.  Existing  water  wheels  and  st4 
engines  can  be  made  to  drive  generators,  and  even  though  the  units 
scattered,  the  control  may  be  from  a  central  point.  In  general  the  lo 
in  textile  rnills  are  steady,  and  there  should  be  close  speed  regulation.  £ 
trie  drive  is  in  general  superior  from  the  standpoint  of  speed  regulati 
aside  from  the  Gkdvantages  of  flexibility  and  cleanlineos. 

Mt.  Group  and  indlrldual  drlTei.  In  all  kinds  of  textile  mills  anytb 
that  scatters  dirt,  lint,  flecks,  etc.,  becomes  more  of  a  nuisance  as  the  go 
produced  become  finer,  for  the  finer  textures  reveal  the  foreign  substa 
more  plainly,  and,  beinf  imperfect,  are  less  valuable.  In  determih] 
therefore,  whether  to  xise  individual  drives  or  group  drives,  the  presence  i 
belt  becomes  a  deciding  factor. 

SST.  Type  of  motor  adapted  to  textile  mills.  While  for  many  reas 
the  direct-current  motor  meets  the  demands  of  the  textile  mill,  the  presene 
more  or  less  lint  in  the  air  makes  the  induction  motor  preferable.  At  the ) 
of  a  day's  run  individual  machines  are  disconnected  from  the  drive,  so  t 
their  motors  will  have  but  small  starting  loads;  usually  the  totally  endo 
squirrel-cage  type  is  well  adapted  to  the  work.  To  eliminate  a  possible  va 
tion  of  speed  dependent  upon  variable  slip,  a  ^roup  arrangement  may 
employed  where  the  constituent  machines  are  either  little  affected  by  sn 
changes  in  speed,  or  have  constant  loads.  It  is  well  to  use  only  encloaed 
Bwitcnes.  iDELsraucb  as  starting  conditions  are  favorable  there  is  often  opp 
tunity  to  use  synchronous  motors,  if  the  power-factor  is  loWj  either  on 
same  line-shaft  with  squirrel-cage  motors,  or  in  separate  umts. 

SS8.  Cotton-mill  cards  may  be  run  in  groups,  belted  from  aboTe 
below. 

tM.  Cotton-mill  fly  frames  are  driven  from  one  end  and  may  be 
arranged  that  by  means  of  extended  shafts  and  two  pulleys  on  each  end  of  < 
motor,  four  frames  may  be  driven  by  one  motor.     As  these  machizws  oan 
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lapped  ixuiividually,  doffing  and  empty  bobbin  replaohu;  may  be  aocom- 
i£ed  without  stopping  more  than  one  frame  at  a  time.  Ring  spinning  and 
■mtiiig  may  well  be  treated  similarly  to  fly  frames,  although  here  again 
ubridual  motors  may  be  used. 

no.  Loom!  are  i)erhap8  the  moat  suaoeptible  to  power  variationk 
f  any  textile  machinery.  The  power  to  dnve  a  loom  varies  with  the 
peed  of  the  loom,  usually  expressed  as  so  many  picks  per  min.,  a 
mk  being  one  strand  of  filling  left  in  the  warp  by  a  traverse  of  the  shuttle. 
Tlnle  there  are  ao-oalled  positive  shuttle  looms,  most  shuttles  are  thrown 
crosB  the  lay  of  the  loom  by  a  blow  of  the  picking  stick.  As  the  shuttle 
atera  the  box  at  the  end  of  its  traverse,  it  pushes  out  one  side  of  the  box, 
aOed  the  swell,  which  operates  a  atop  motion;  when  the  shuttle  does  not 
nperly  enter  the  box,  the  awell  is  not  displaced  and  this  is  called  "  banging 
ff.  The  speed  of  the  shuttle  must  therefore  be  sufficient  to  accomplish 
hk,  yet  not  so  mnch  aa  to  cause  reboimd.  The  adjustments  vary  with  the 
peed.  The  power  to  drive  a  loom  also  varies  with  the  weight  of  goods,  the 
eat^p,  the  number  of  hamesees  and  boxes  in  use. 

ni.  Advantags  of  motor  driva  for  looms.  Overhead  shafting  and 
«its  are  objectionable  on  account  of  the  damage  likely  to  occur  from  flying 
lugs,  oil,  etc.  As  looms  must  be  stopped  and  started  continually,  and  as 
hey  start  under  full-load  immediately,  belts  in  weaving  rooms  require  much 
Itention  if  high  efficiency  is  to  be  maintained.  The  shafting  can  be  put' 
(low  the  floor,  and  long  lines  reduced  by  group  drives,  but  the  belt  from 
baft  to  loom  remains.  The  individual  motor  obviates  practically  all  of 
heae  troubles.  It  may  be  arranged  to  drive  through  a  clutch  or  be  geared 
irectly  to  the  loom.  In  the  first  case  the  motor  is  kept  running  all  the  time, 
iVle  in  the  aeoond  case  it  is  started  and  stopped  with  the  loom.  The  shipper 
andle  of  the  loom  is  connected  with  the  control  switch  of  the  motor,  so  that 
be  operative  has  nothing  new  to  learn.  A  direct-connected  motor  must 
tart  instantly  with  full-load  torque.  The  induction  motor  with  small  slip 
•s,  then,  an  advantage  over  belted  drives  in  cleanliness  and  in  constant 
peed.  Tariatlon*  In  ancular  Talooity  are  undoubtedly  less  in  the  case 
c  direct  electrio  drives  than  with  belted  drives,  as  shown  by  tachometer 
eadinga. 

tSS.  Power  reqalrementa  for  eotton-mlU  machinery. 

Spindles  per  b.p. 


Kns  saw 10  sawa  per  1  h.p. 

KnsroUerWin 1.2Sto3h.p. 

Weopener 2.0    toSh.p. 

topper  feeder 1 .  SO  to  3  h.p. 

^hrrad  extractor... .  2.0  to  4  h.p. 
£ngle  cylinder  beater  3.0  to  4  h.p. 
Nro  (urunder  beater.  6.0  to  8  h.p. 
*op  flbt  card. . .  0.20  to  0.33  b.p. 
levolving  flat  card,  40  in.  * 

Production  per  hr. 

71b 0.7Sh.p. 

91b 1.0    h.p. 

121b 1.25  h.p. 

Hver  lapi>er 1.0    h.p. 

Ubbon  tapper 1.0   h.p. 

>>mber,  6  heads 0.50  h.p. 

bomber,  8  heads 0.75  h.p. 

lailway  head 0.33  h.p. 

>rawing  frame,  1  head. ..  0.26  h.p. 
)rawing     frame,     5-head 

metalrolls '.    1.0    h.p. 

)rawing     frame,     &-head 

plain  rolls 1.0    h.p. 

Ipeeders,  Spindles  per  h.p. 

Coarse 30 

Intermediate 42 

Fine 48 

Inbber  fly-frame;  spindles  per 
h.p 60 


Intermediate 60 

Fine  (roving) 90 

Jack  (fine) 110 

Spinning-frame  warp,  16's  and 

coarser  spindles  per  h.p 70 

22 76 

40 80 

60 90 

80 100 

Filling 
Spindles  8,600  rev.  per  min.     86 
Spindles  9,700  rev.  per  min.     80 

Twister  ap.  per  h.p.  6,500  r.p.m. .    80 

Filling  winder  sp.  h.p 300 

Spooler 200  to  300 

Irtule 100  to  120 

Warper  h.p 0.26 

Denn  warper 1.00 

Bailer  h.p 0.60 

Slasher  (drum)  h.p 1 .  60 

Plain  loom  narrow  light 0.33 

Fancy  loom  wide  heavy 1.0 

Reel  50  ap 1.0 

Brush  and  shear 3.0 

Folder 0.25 
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SO.  AntomktiO'  loom  MonomlM.  It  ahould  be  remarked  that  si4 
the  inoreaae  of  automatic  looms  the  neceaaity  for  frequent  atoppins  and  start 
ing  deoreasea.  Automatic  looms  have  increaaed  production  from,  aay  H 
per  cent,  to  95  per  cent.,  or  even  98  per  cent.,  but  aa  yet  they  are  not  sen«n^ 
need  except  by  plain-goods  mills.  However,  theii  use  in  {aney-cooda  mu[ 
ia  inoreaaing. 

IM.  Woolen  and  wonted  mill  drlvea.  Soouring  bowla,  which  exteij 
to  considerable  length,  are  satisfactorily  driven  by  several  overhead  motoit 
These  rooms  are  damp  and  the  air  is  vapor  laden.  Pickers  and  f»rds  mil 
be  driven  in  groups.  Mules  are  usually  set  in  paira,  and  one  motor  may  drim 
each  pair.  Combs,  gill  boxes  and  roving  macbinery,  whether  {or  Bradfcii 
or  French  systems,  may  be  driven  in  groups.  Cap,  ring  or  flyer  spinoiaf 
frames  may  be  arranged  aa  for  cotton  nng  fismea,  that  ia,  four  framea  mar, 
be  driven  by  one  motor. 

SM.  Kanufaoture  of  woolen  and  wontad  Tama.  Both  woolen  aal 
worsted  yarns  are  supposedly  made  of  wool,  but  other  fibres  are  often  miarf 
with  the  wool.  In  general  woolen  yam  is  made  of  short  fibre  and  woiatit 
of  long  fiber.  Furthermore,  in  woolen  yam  the  fibres  are  made  to  lie  in  a 
varietjr  of  angles  with  reference  to  the  axia  of  the  yarn,  for  ultimately  tkl 
fabric  is  fulled  or  felted.  The  finisher  card  doSs  narrow  strips  of  the  oariM 
fibre,  passing  them  between  rub  rolls  or  aprons  (or  tape  condenser),  iriiiflk 
while  carrying  the  roping  along,  rub  it  into  cylindrical  shape.  Forty  ar 
more  of  these  ends  are  wound  on  jack  spools  and  are  made  into  yam  by  tte 
mule.  The  tendency  of  the  mule  is  to  throw  one  end  of  each  fibre  to  tbe  oat- ' 
side  of  the  yam,  while  holding  the  other  end  in  the  centre,  that  is,  the  diafi  I 
of  the  fibre  is  helical.  | 

With  wonted,  the  fibre  is  combed  after  oarding,  to  remove  the  shaft' 
fibres  or  noil.  Then  follow  the  processes  of  filing  and  drawing,  each  of ; 
which  makes  the  fibres  more  and  more  parallel,  just  Xaib  reverse  of  toe  woda : 
process.  The  Bradford  worsted  system  converts  the  roving  into  yam  far  i 
means  of  the  spinning  frame,  either  cap,  ring  or  flyer.  The  French  vorstea : 
system  starts  with  the  "top,"  essentiaUy  the  silver,  carded,  combed  mi. 
Killed,  wound  into  about  S-lb.  balls.  There  is  no  twist  in  the  sliTer,  sad 
by  the  French  process  no  twist  is  put  in  until  the  final  or  spinning  proceaa 
In  this  case  a  mule  is  used  which  is  much  like  the  cotton  mule,  whicn  keeps 
tbe  fibres  smooth  and  parallel. 

SM.  Power  rsqulramenta  of  woolan-mlll  macUnary. 

Cone  duster,  h.p 7.0        Cards  48-in.  b.p 5  to    8.0 

Wool  and  waste  box  duster  Back  washer  h.p 3.0 

b.i; 3  to    5.0        Double  bailer  rll  box 3.0 

Soouring  bowls  per  bowl  3  to    6.0        Weigh  box I.O 

Apron  dryer 10.0        Noble  oomb 2.0 

Stone  dryer,  IS  ft 14.0        Interaecting  gill  box  per  head    1.0 

18  ft 15.0        Etira|ce,  10  porcupines 3.0 

21  ft 17.0        Reunion,  12  porcupinea 3.0 

48-in.  mixiDg  picker 10.0        Chute,  24  ijorcupines 3.0 

48-in.,  3-cyl.    set    cards    to  Bobinier     intermediate,     40 

start 4.0  porcupines 2.5 

Running  on  light  work 2.5        Avant    finisseurs,    60    pore.    2.5 

Heavy  work 8.0        Itnisseurs 2.5 

60-in.,  3-oyl.  set  cards. .  10  to  15.0        French  mule  spindles  per  h.p.  50.0 
Mule  300    sp.  2-in.  gage  to  Cap  and  flyer  spinning  (Brad- 
start 5.0  ford  system)  spindles  per  h.p.    50 

Running 2.5       Shoddy  pickara 7itol0b.p. 

Large  mules 7.5 

tXI.  Power  raqolramonta  of  flnlahinf  maohiiMTT. 

SS-in.  double  shear 3.5         Raw  stock  dyeing  machine. 

Measuring,      doubling      and  1,000  lb.  batch 3.0 

winding 0 .  75      Raw  stock  dyeing  machine. 

Two-cylinder  gig 4.0  400  lb.  batch 2.0 

80-in.  3e-roll  napper 7.6         Hoaiery  dyeiugi  200  lb.,  400 

72-in.  2<>-rQU  napper 6.5  lb 1.0 

Skein  dyeing  machine,  ISO  lb.     2.0         Roll    dyeing    knit    doth,    4 

batch strings ". 1.0 

Skein  dyeing  machine,  400  lb.  Roll    dyeing   knit   cloth,    20 

batch 3.0  strings 3.5 
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t  PAPER  AND  PULP  MILLS 

BT  J08XPH  B.  WALIi&OI 

InduMirial  Enginar^  M-9mb9r,  American  Sodtty  of  Mechanical  Bnginecrt 
Sn.  0«XMr>I  >ppIie»tion.  Motora  are  generally  well  adapted  for  dtiv- 
b^  palp-  and  papec^making  maohinery  where  the  aouroe  of  power  u  itaady 
and  rehable  and  will  inmite  continuous  operation  of  the  plant.  The  oboioe 
«i  ti>e  croaping  method  (group  diire),  or  the  aaaembling  of  leveral  maehines 
tobe  driTea  by  one  motor  through  shafting  and  belting,  and  the  unit  metiiod 
(iadiTidual  dnve),  or  the  driving  of  each  maohine  by  its  individual  motor, 
win  ba  determined  by  local  oonditions  of  layout  and  the  probability  of  one  or 
more  machines  in  a  group  requiring  operation  while  others  in  that  group 
are  shut  down.  Where  machines  can  be  assembled  in  groups  that  are  easily 
served  by  short  lines  of  shafting,  the  grouping  method  is  more  often  to  be 
prafeffTed.  The  motor  units  then  become  larger,  and  being  fewer  in  number, 
nstallation  and  maintenance  costs  are  reduced,  and  speed  reductions  are 
man  eaoly  secured  without  the  use  of  countershafts  or  gears.  The  unit 
nsthod  is  preferable  in  case  of  large  machines  or  where  direct-connected 
apparatus  can  be  used,  and  in  places  where  points  of  power  demand  are 
aeattered  and  would  involve  lon^  lines  of  anaft  to  group  the  machines 
to0Bihar.  It  affords  oonvenienoe  in  locating  machines  in  places  desirable 
from  the  operator's  standpoint,  and  is  preferable  where  individual  control  of 
^- IS  frequently  required. 


m.  laalpiaent  adaptable  to  motor  drive.  In  the  equipment  of 
paper  anapiup  mills  specially  suited  to  motorKltive  can  be  included  the  fol- 
lowing: flat  and  centrifugal  screens,  stuff  pumps,  suetion-boz  pumps,  white- 
water  and  effluent  pumps,  wstep4upply  pumps,  winders,  rewinders,  cutters, 
ivfimng  engines,  elevators,  exhaust  fans,  koUergangs,  agitators,  mixers, 
•luiAers,  eoncentrators,  savealls,  wet  machines,  rotary  digesters,  rotary 
boilers,  conveyors,  shredders,  chippers,  supercalenders  and  beaters.  . 

•M.  Jordkn  anginas.  The  application  of  motors  for  driving  Jordan 
— *gip**  is  very  successfully  accomplished  by  direct  connection.  The  motor 
is  mounted  on  an  extension  of  the  Jordan  base,  and  mechanical  arrangements 
provided  for  the  movement  of  the  Jordan  plug  either  by  a  coincident  move- 
ment  of  the  motor,  or  by  a  special  form  of  coupling  connecting  the  motor 
with  the  Jordan  shaft.  In  the  refinement  of  paper  stock  much  depends  upon 
the  pressure  put  upon  the  Jordan  plug  as  it  rotates  within  its  sheU  or  casing. 
The  power  required  is  influenced^ by  tne  pressure  applied^  and  a  good  indica- 
tion of  what  the  refiner  is^ doing  is  presented  by  the  readings  of  a  wattmeter 
placed  in  the  feeder  circiut  to  the  motor.  When  power-factor  correction  is 
or  desirable,  the  directrconnected  Jordan  engine  presents  an  excel- 


lent opportunity  for  attaching  a  synchronous  motor  large  enough  to  provide 
for  the  reqoirea  condensing  effect.  Jordan  engines  are  startea  without  the 
working  load  applied,  and  the  friction  load  is  usually  within  the  capacity  of 
seU-starting  synchronous  motors. 

Ml.  B«»t«n.  The  question  of  driving  beaters  and  other  large  nnits 
eleetrically  will  be  largely  affected  by  the  elements  entering  into  the  genera- 
tion of  energy.  Beaters  are  usually  grouped,  and  driving  can  be  economically 
accomplished  through  main  line  shafting.  Considerable  quantities  of  power 
are  required  within  comparativdy  narrow  limits,  and  conditions  are  often 
in  favor  of  steam  engine  drive  instead  of  motor  drive,  where  the  power  can  be 
developed  in  eflleient  slow-speed  eomiwund  eondensiiu!  steam  engines  located 
in  eloae  proximity  to  the  beater  room.  _  This  method  is  especially  favorable 
where  eleetrie  power  is  generated  with  steam-driven  equipment.  Mills 
deriving  electric  power  from  hydroelectric  plants  can  usually  adopt  the  motor 
drive  for  beaters  with  success. 

'  MI.  Vonrdriniar  and  eylindar  paper  maoUnes  that  require  variable 
speed,  and  steam  for  drying  purposes,  are  driven  best  by  variable-speed 
steam  engines,  using  the  exhaust  steam  for  drying  the  paper.  Pulp  grindera 
are  seldom  dnven  by  electric  motors;  the  power  requirements  are  so  great 
that  the  method  almoet  invariably  accepted  as  the  best  is  to  attach  the 
grinders  direct  to  a  watar-wbeel  shaft. 

MS.  TfPM  ct  motor  mitkbto.  In  general  polyphase  alternating- 
SBTrant  (maoelion)  moton  give  the  best  saoafaetion  in  pulp  and  paper  mul 
ssrviea  where  constant  speed  is  desired.     In  cases  where  variable  speeds  ar* 
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required  from  the  sftme  motor,  or  whero  smooth  and  oreil  Aooeleratli 
desired  in  starting,  as  in  the  operation  of  superoalenders,  direot-eui 
motora  can  be  employed  to  advantage.  In  other  oasoa  the  alterna 
current  motors  wiU  be  lower  in  first  oost,  mon  reliabU  for  oontin 
operation,  and  lower  in  coat  of  maintenance.  It  is  possible  to  uae  moto 
higher  voltage  with  alternating  current  than  with  direct,  reaulUog 
reduction  in  coat  of  transmission  and  distribution  cirouits.  Inaiii 
motora  wound  for  2,200  volts  are  frequently  uaed  in  umts  of  75  h.p.  and  i 
For  smaller  siie  motors,  440  volts  is  usual  and  for  lighting  110  volts  ii 
generally  accepted  standard;  550  volts  is  qiute  as  common  and  is  coaaid 
more  desirable  than  440  by  the  author.  Step-down  transformers  are  con 
ient  for  lowering  the  voltage,  and  require  a  minimum  amount  of  attem 
Three-phase  alternating-current  has  been  found  to  be  most  adaptable  to 
erfd  uses  in  paper-mill  worjc.  With  unitv  powei^factor,  the  amount  of  co] 
required  for  distribution  of  energy  will  be  about  25  per  cent,  leas  than 
required  hy  direct-current  of  equal  voltage.  The  aosenoe  of  commuts 
on  induction  motors  is  a  decided  advantage  from  an  operaUng  standpc 
and  where  slip-ring  induction  motors  are  provided  with  brush-lifting 
short-circuiting  devices,  toe  element  of  fire  nasard  due  to  arcinc  diaapp< 
A  frequency  of  60  cycles  per  sec.  has  been  generally  adopted  as  stanc 
in  the  United  States  and  Canada  for  paper-  and  pulp7mill  practice,  altho 
25  cycles  is  sometimes  used  where  consiae rations  outside  the  influence  oi 
pulp;-  or  paper-mill  proper  demand  attention;  50  oydes  is  the  aooepted  sti 
ard  in  Great  Britain,  and  in  some  of  the  European  countries. 

M4.  Motor  charftcteristici.  Induction  motors  with  short-oireu 
rotors  of  the  squirrel-cage  type  can  be  well  recommended  for  moat  ap(^ 
tiona  to  paper-mill  machinery  where  the  units  require  a  small  amoun 
power,  ordinarily  under  50  h.p.,  or  in  larger  siaes  when  the  motor  eax 
started  and  brought  up  to  full  speed  under  a  light  load.  The  startini 
large  squirrel-cage  motors  draws  hoavUy  on  the  supply  lines,  and  the  selec 
of  large  units  of  this  type  of  motor  should  be  influenced  by  the  sise  of 
power-plant  supplying  energy  to  such  motors.  Unless  the  generating  pi 
nas  large  capacity  compared  with  the  size  of  the  motor  units  to  be  star 
the  heavy  draft  of  energy  will  lower  the  voltage  sufficiently  to  affect  ol 
motors  that  may  be  in  operation.  In  order  to  overcome  too  limitation 
s^uirrel-cnge  motors  in  tne  larger  sizes,  motors  of  the  wound-rotor  or  i 
ring  type  may  be  used.  These  are  desirable  when  motors  require  star 
under  full-load,  when  the  units  are  large,  or  when  automatic  or  remote  con 
of  motors  is  necessary.  Synchronous  motors  are  desirable  in  cases  where 
required  starting  torque  is  low,  for  the  beneficial  effect  that  they  h 
on  the  power-factor;  when  of  larger  capacity  than  the  actual  requ 
menta  for  power,  they  can  be  used  to  raise  a  low  power-factor.  They 
suitable  for  direct-connection  to  Jordan  engines,  and  for  motor-generat 
but  full  consideration  must  be  given  to  the  available  generator  capai 
supplying  them,  as  their  starting  characteristics  are  similar  to  those  of 
squirrel-cage  induction  motora. 

S4f.  Bwltohing  equipment  should  be  selected  with  great  care,  i 
motora  should  be  provided  with  some  form  of  automatic  protection  agai 
overload.  Fuses  are  often  found  to  be  unsatisfactory,  and  in  large  si 
are  expensive  for  renewals.  Oil-immersed  switches  fitted  with  overload  t 
low-voltage  release  are  much  preferred  for  pulp-  and  paper-rniU  ioataUatit 

146.  Speclflcationi  for  motora  to  be  used  in  pulp  and  paper  mills  she 
call  for  heavy-duty  machines.  Form  windings  are  to  be  preferred  aod 
squirrcl-ooge  motors  special  attention  should  be  given  to  the  method 
attaching  the  rotor  bars  to  the  short-circuiting  rings.  Moisture-pr 
insulation  in  windings  is  important.  Motora  should  be  rated  for  a  tempt 
ture  rise  not  exceeding  40  aeg.  Cent.  (104  deg.  Fohr.J  for  continuous  op* 
tion  and  be  capable  of  carrying  25  per  cent,  overload  continuously  withi 
injurious  beating. 

S4T.  Standardisation  of  aiaei,  speeds  and  types  ia  to  be  recommeu 
when  a  considerable  number  of  motors  are  requireoin  the  same  mill.  Staj 
ardisation  will  result  in  reduced  number  of  repair  parts  and  will  often  fu 
tate  the  interchange  of  motors  in  case  of  repairs. 

S48.  Power  required  by  paper-  ftnd  pulp- mill  nuchlnarr  will  n 
through  wide  limits,  oftentimes  on  the  Mime  maohine.     This  u  eq>edi 
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tei*  in  the  ease  of  beaten  and  Jordans,  when  a  variety  of  product  $8  made  in 

a  same  mill.  Loads  will  frequently  vary  100  per  cent,  in  the  treatment  of 
erent  stocka,  and  the  moat  careful  judgment  is  required  in  the  seleotion 
M  motors  that  will  meet  the  maximum  demand,  as  thla  condition  may  exist 
lor  much  longer  periods  than  the  overload  capacity  of  a  motor  for  the  average 
load  would  allow. 


•lH!"~^?irT 


I 


HKiJ-e-i « 


I  lit 


p 


Fia.  36. 


A — 100-h.p.  three-phase  induction 
motor,  330  rev.  per  min. 

B^16-in.  by  18-in.  vacuum  (suc- 
tion box)  pump, 

C — 14-in.  by  12-in.  vacuum  (suc- 
tion box)  pump. 

D— 8-in.  fan  pump  (stock  to  screen). 

E — 10-in.  by  lOi-in.  triplex  stun 
pump. 


F — Agitators  in  machine  stuff 
chests. 

G — Fourdrinier  shako. 

H — 0-in.  centrifugal  for  back 
water. 

J — Three  12-plate  screens. 

K — Rotary  vacuum  pump  for 
auction  couch  roll. 


IM.  Powar  raqoJrad  by  th«  constent  line,  op«rstlnr  In  eonnaetion 
Tith  m,  lOt-in.  Vourdrtnlar  maehlne  (Fig.  36).  Power  input  was  derived 
from  wattmeter  in  feeder  line  to  motor. 


Kw.  input 

Amp.  per 
phase 

Volte 

Powep-factor 

B.hj).  (motor 

efficiency, 
90  per  cent.) 

6S 

99 

440 

0.87 

78.4  h.p. 

A — 50-h.p.  three-phase 
motor  570  rev.  per  min. 
B— Three  72-m.  wet  machines. 
C — 14-in.  by  12-in.  vacuum  pump. 


I>— Centrifugal  pump. 
E — Two  lO-plate  screens. 


UO,  Taatongronpof  wetmaohlnM  (Fig.  37).  Machines  in  operation — 
one  wet  machine,  two  screens,  vacuum  and  centrifugal  pumps  and  shafting. 
Power  input  derived  from  wattmeter  readings  in  feeder  line  to  motor. 
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Table  of  lowl  wUtiooa 

Kw. 
input 

Amp.  per 
pbsM 

Volte 

Power- 
faetor 

B.h.p.  (motor 
effiaeney,  90  per  oent.) 

18.0 
27.0 
29.0 
33.6 
36.0 

43.6 
45.0 
46.  S 
SI. 2 
53.8 

440 
440 
440 
440 
440 

0.55 
0.79 
0.82 
0.86 
0.88 

21.7  Ii.p. 
32.5  h.p. 
35.0  h.p. 
40.4  h.p. 
43.4  h.p. 

Ml.  TMt  on  Jordan  •nglno  (Imperial  aise)  direet-«oDDeoted  to  100-fa.p. 
induotioD  motor.     Fuil-load  spoed  330  rer.  per  min. 


Kw. 
input 

Amp.  per 
phase 

VcJte 

Power- 
faetor 

B.h.p.  (motor 
efBcienoy.  87  p«'  cent.} 

103.42 

150.25 

470 

0.8 

iaO.Sh.p. 

Teat  vaa  made  on  tliia  machine  for  friction  load,  which  showed  an  input  o( 
10.6  kw.  As  the  motor  effioiBncy  was  low  at  this  load,  the  friction  load  can 
be  taken  from  10  to  12  b.h.p. 

in.  Tert  on  Jordan  encina  (Hajaatle  lise)  direct-connected  to  150- 
h.p.  induction  motor.     Full-load  speed  330  tev.  per  min. 


Kw. 
input 

Amp.  per 
phase 

Volts 

Power- 
factor 

B.h.p.  (motor 
effideney,  91  [wr  east.) 

114.4 

191 

440 

0.70 

139.5  h.p. 

A  teit  on  this  motor  at  another  time  showed  an  input  of  135  kw.  ck  «^ 
IMOximatel:^  163  b.b.n.  The  power  conaumtd  m  Jordan  enoin^  viU  Mry 
ortatly  in  different  mvlU  and  under  various  treoitnent  of  atock.  A  test  was  mmde 
bv  the  author  on  a  Jordan  engine  of  exactly  the  same  nae  (Majeetio)  as  that 
of  the  above  test*  which  was  direot-oonneoted  to  a  200-h.p.  induction  motor, 
with  the  f (blowing  results: 


Full-load  si>eed  350  rev.  pei 

.  min. 

Kw. 

Amp.  per 

Volts 

Power- 

B.h.p.  (motor 

input 

phase 

factor 

efficiency,  89  per  cant.) 

240 

70 

2.250 

0.88 

286.3    h.p. 

235 

68 

2.260 

0.88 

280.4    h.p. 

220 

04 

2,280 

0.87 

262.5    h.p. 

200 

60 

2.240 

0.86 

238.6    h.p. 

180 

54 

2,270 

0.85 

214.8    h.p. 

•12 

18 

2,240 

11.25  h.p. 

in.  Test  on  induction  motor  drlrlnc  allttar  and  winder  tor  IM- 
In.  rouidrinier  paper  maohlne.  Friction  load,  3  h.p. ;  windinf  load, 
14.5  to  31  b.p. 

<M.  Tait  on  beaten,  etc.  Wattmeter  obserrations  made  at  a  mill  when 
f<^r  1,500-lb.  Home  beaters,  agitator  in  stuff  chest,  and  104n.X12Ja. 
triplex  stuff  pumps  were  driven  through  a  short  line  of  shafting  from  cos 
motor,  showed  that  300  h.p.  was  required  when  beating  strong  sulphate  pulp. 


*  Test  on  friotian  load,  engine  running  full  speed  with  phi(  diairn  out  and 
no  stock  passing  through. 
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■iixBinaxy  of  •pprozimato  powtr  raqulrMl  by  papar-maldiic 
ina«nlnu7 


Conitant  ipeed  line  or 
pomp  line  on  iwper 
maf^niTW 

Fourdrinier  ^i 

ehinea  (vi 

PKta) 

Beaten 

Jordan  nnginw. 

Screens,  flatplatesoreen* 

Wet  maohinea 


40-123  h.p. 


50-400  h.p. 

30-  7fi  h.p. 

60-300  h.p. 
4-  6  h.p, 
8-  12h.p, 


Stuff  pumps. .... 

Chippers 

Crtunera 

Barken , . . 

Grinders ^ 

Centrifucal  aoreena. 
Suparoalenders. . , 


S-  10  h.p. 
78-100  h.p. 
26  b.p. 
10-  12  h.p. 
260-360  b.p. 
10-  16  h.p. 
60-100  h.p. 


PRIHTIIT6,  Bnn>IN6  AND  LmOTTPS  MACHinERT 

BT  CHAUUE8  ■.  OABPUrTXK 

Smftnmr,  Cvtier-ffammer  Manufacturing  Co.^  Aaaoeiale  American  InalHuU  of 
Electrical  Enffineera 

no.  Control.  There  ia  a  rapidly 
pxiwinx  tendency  amonc  the  manu- 
facturers of  printina  machinery  to 
equip  their  motoPKUlTen  machinery 
with  self-starter*  and  self-starting, 
predetermined-newl-adittsting  con- 
trollers, operated  either  directly  from 
the  line  (service)  switch  or  by  the 
operation  of  one  or  more  push-button 
or  hand-control  stations. 

SfT.  Job  at  platan  praisai,  from 
the  smallest  to  the  largest  sise,  on 
account  of  their  large  inertia,  require 
a  motor  much  larger  to  start  than  to 
operate  them.  In  the  following  table 
the  motor  siies  are  ample,^  although 
ander  normal  printing  conditions  the 
machines  re<iuire  about  half  the  rated 
motor  horse  jwwer,  or  eren  lees.  The 
beat  practice  is  to  obtain  about  40  per 
cent,  speed  reduction  below  normal  by 
armature  resistance  and  about  25  per 
cent,  increase  above  normal  by  field 
control.  This  ia  accomplished  Dy  the 
■ae  of  a  predetermined-speed-aojust- 
in^  self-starting  controller,  usually  sup- 
plied with  a  self-contained  line  switch 
for  atartinc  and  stopping  (Fig.  38). 


Fio.  38. — Starter-controller  with 
self-contained  line  switch. 


Mt.  Power  required  by  Job  or  platen  preiMi 


Sise:  inside  chase 

Maximum  impressions 
per  hr. 

H.p. 

8    in.  X 12  in. 
10    in.  X 16  in. 

12  in.  X 18  in. 

13  in.X19in. 

14  in.X20in. 
14iin.X22in. 
17    in.  X  22  in. 

2,800 
2,600 
2,250 

2,100 
2,000 
2,000 
1,700 

0.2S 
0.36 
0.33 
0.33 
0.60 
0.75 
1.00 

Automatic  feed,  high  speed 

13  in.  X 19  in. 

3,600 

,. 
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w». 


nftt-b*d  eyUnder  iMr«iMg,  on  account  of  the  reoiproeatlns  motitf 

*       '     '       '  coiHa 


which  resulU  in  unsteady  load  con 
tiona,  should  be  belt  driven  vrith  a  com 
pound-wound  motor.  A  Belf-«tartiiic 
predetermined-speed-adjustinf  con 
troller  is  recommended,  witn  a  djr 
namio  brake,  giving  at  least  35  per  cent 
speed  variation  by  field  control  and 
about  50  per  cent,  speed  variation  bj 
armature  control  (Fig.  39) ;  this  can  be 
operated  from  the  feed  board  by  one 
push-button  station,  from  which  oper- 
ator can  "stop,"  "inch"  and  "run  '  to 
predeterminea  speed.  In  the  case  o4 
single-color  presses  one  push-button 
station  for  the  deliver^'  end  of  the 
press  is  arranged  for  "stop"  and 
safe."  In  the  case  of  two-color 
presses  a  push-button  station  at  each 
end  of  the  press  should  be  employed 
for  "stop"  and  "safe."_  Where  re- 
versal is  required^  a  station  combining 
push-button  control  with  interlock 
spring- returned  reversing  lever  is  recommended. 


Fio.  39. — Controller  equipped 
with  time-acceleration  starter  and 
dynamic  brake. 


1(0.  Power  required  by  flat  bed  prenei 

Single  color — one  cylinder 

Siie  of  bed 

Maximum  impreaoions 
per  hr. 

H.p. 

26  in.  X  34  in. 

2,700 

1.5 

27  in.  X  35  in. 

2,600 

2.0 

28  in.  X  41  in. 

2,400 

2.5 

31  in.  X  42  in. 

2.400 

2.5 

32  in.X44  in. 

2,400 

2.5 

34  in.  X  48  in. 

2,300 

3.0 

35  in.  X  SO  in. 

2,200 

3.5 

30  in.X63  in. 

2,200 

4.0 

43  in.  X  56  in. 

2,000 

4.5 

46  in.X62  in. 

1,700 

5.0 

46  in.  X  68  in. 

1,700 

6.0 

51  in.  X  74  in. 

1,600 

7.5 

Tw 

o  color — two  cylinder 

43  in.  X  56  in. 

1,700 

9 

46  in.  X  62  in. 

1.600 

10 

52  in.  X  65  in. 

1,600 

12 

52  in.  X  67  in. 

1,550 

15 

Ml.  Botary  lithographic  preiiei  require  variable-speed  shunt-wound 
or  interpole  motors,  preferably  with  belt  drive,  having  at  least  SO  per 
cent,  speed  variatioa  by  field  control  and  40  per  cent,  by  armature  con- 
trol, and  should  be  used  in  connection  with  a  self-Btartins,  predetermioed- 
Bpeed-ad j uBting  controller  equipped  with  a  dynamic  Drake  (Fig.  39). 
One  push-button  station  should  be  located  near  the  control  levers  of  tbo 
auto  ma  tic- feed  press  for  "stop,"  "inch"  and  "run,"  and  in  case  of  tho 
hand-fed  press  this  station  should  be  located  at  a  point  convenient  to 
the  feeder  on  the  side  of  the  press;  also  one  push-button  station  for  "stop" 
and  "inch"  located  near  the  roUers,  to  be  used  when  washing  up  sixl 
making  ready;  and  one  "stop"  ana  "inoh"  station  on  the  side  of  tlM 
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r  the  floor,  oonTmient  for  operation  from  a  pout  beneath  the  praas. 
there  automatio  feeders  are  used,  a  "Feeder  clutch  Bwiteh"  should  be  at- 

^  to  the  clutch  rod  for  automatically  slowing  down  the  press  when  the 

--^jer  clutch  trips,  and  for  automatically  accelertiting  the  press  back  to  its 
wcdeterxnined  speed  when  the  feeder  clutch  rod  is  again  thrown  in,  thus 
f<KnuTULtiiuc  the  necessity  for  operating  push  buttons  or  other  starting 
[derices.  Reversal  is  only  an  occasional  performance,  and  a  double-pole 
two-way  kxufe-blade  switch  for  reversing  the  armature  conneotioiu  can  be 
placed  under  the  running  board. 

Ml.  Power  required  by  rotary  llthofraphlo  praBMi 


Zinc  or  aluminum 

Biseof  ibeet 

Normnl  impreasion* 
per  hr. 

H.p. 

32in.X4fiin. 
42  in.  X  63  in. 
45  in.  X  65  in. 
S0in.xe5  in. 

2,000 
1,800 
1,500 
1,400 

4 
5 
5 
5 

OSaet 

22  in.  X  28  in. 
26  in.  X  34  in. 
30  in.  X  42  in. 
34  in.  X  46  in. 
38  in.  X  52  in. 
44  in.  X  64  in. 

4,000 
3,000 
2,800 
2,500 
2,400 
2,000 

10 

3M.  Rotary  typographical  preasei  (not  newspaper  presses)  are  divided 
into  two  claases,  sheet-feed  rotaries  and  magasine  rotaries.  The  sheet-feed 
rotaries  range  in  power  requirements  from  A  h.p.  to  10  h.p.,  and  require 
noo-reverainK  self-starting,  predetermined-epeed-adjusting  push-button  oon- 
tn^ero,  simirar  to  those  for  rotary  lithograph  presses.  On  account  of  the 
high  apeed  at  which  these  presses  are  operated,  it  is  essential  that  they  be 
equipped  with  a  ver^  efficient  quick-actini{  dynamic  brake  to  prevent  damage 
to  the  plates^  etc.,  in  case  the  feeder  tnps  out  for  any  cause.  Magasine 
rotaries  require  from  7.5  h.p.  to  25  h.p.  motors,  used  in  conjunction  with 
push-button  controllers.  The  smaller  sise  may  be  used  with  a  predctermined- 
■peed-adjusting  controller.  Fig.  39,  but  a  better  equipment,  especially  for 
larger  presses,  would  be  a  controller  where  the 
presa  may  be  accelerated  or  retarded  from 
several  interlocking  (safety)  push-button  sta- 
tions. 

SM.  Kmboislnff  waisei  of  various  sises  rc- 

?iuire  moderate-speed  com  pound- wound  motors 
rem  1  h.p.  to  16  h.p.,  arranged  with  from  25  to 
50  per  cent,  field  (speed)  control,  and  should  be 
used  in  connection  with  a  self-starting  predeter- 
niiQed-ei>eed-adjusting  controller  without  dy- 
namie  brake,  controlled  from  one  or  two  push- 
button stations  for  "run,  stop  and  inch." 

Mi.  Folder*  of  the  type  generally  used  in 
printing  offices  require  moderate-speed  shunt- 
wound  motors  from  0.5  h.p.  to  3  h.p.,  with 
combined  armature  and  field  control;  20  per 
cent,  field  (speed)  control  and  50  per  cent, 
wnnature  control  may  be  considered  good  prac-, 
tioe  for  ordinary  requirements,  without  dynamio  brake, 
h.p.  and  1  h.p.  sises  the  controller  shown  in  Fig.  38  should  be  used ; 
be  controlled  from  the  line  switch.    For  larger  sises  the  controller  shown  in 


Fio.  40. — Controller  for 
large  folders. 

For  0.6  h.p.,  0.75 
1;  this  may 
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F1«.  40  may  be  uied;  thia  should  h»  provided  with  one  or  two  pndt-bntld 
■tatioDafor  run,"  "stop,"  uid"k>ek-open"  for  "safe"  while  worldng  in  U 
machinery. 

SM.  Paper  outtan  require  compound-wound  motors  of  modeial 
constant  speed,  from  O.S  h.n.  to  7.5  h.p.  capacity,  in  connection  with  a  srf 
starter  with  self-contained  line  switch  and  fuses  located  directly  on  tl 
mactiine.  The  motor  is  started  and  stopped  by  closing  and  openinc  the  111 
(service)  switch.  On  account  of  the  heavy  fly-wheel,  the  self-starter  shovl 
be  adjusted  for  about  15  sec.  acceleration. 

MT.  Unotjp*  and  monotnM  machlni,  have  a  144n.  XS-in.  drivia 
pulley  and  reauire  a  motor  of  0.25  h.p.  suitable  for  15  per  cent,  speed  increai 
above  normal.  The  controller  should  be  a  single-step  self-starter  wit) 
field  (speed)  regulation,  operated  by  a  double-^le  rotary  snap  switeh  aituatct 
within  reach  of  the  operator.  Linotype  machines  require  slow-speed  or  baek 
geared  motors,  operating  at  400  rev.  per  min.,  either  belted  or  seared  V 
the  main  drive  shaft,  which  operates  at  about  64  to  73  rev.  per  min..  will 
field  control.  Monotype  maohines  have  a  driving  shaft  speed  of  140  to  Iff 
rev.  per  min.,  while  the  motor  n>eed  may  be  about  850  to  1,000  rev.  per  mia 
A  flat-face  pulley  is  used  for  ^fting  the  belt,  permitting  of  automatical!] 
shutting  on  the  power  in  ease  of  an  exhausted  template  or  a  minlaoed  cast 
etc.  Compressed  air  at  151b,  per  sq.  in.  is  also  required^  either  from  amsii 
source  of  supply,  or  from  an  individual  compressor  requiring  not  over  0.5  h.n 
Owing  to  the  presence  of  flying  particles  of  type  metal,  motors  should  M 
protected  by  fine  gause  screening. 


FLOUR  MILLS 
By  JORH  r.  BAUuaoH 

Afano^sr,  liiUing  Machinery  Depl.,  AUis-CAolmsrs  ManuftutMring  Co, 

SSS.  Drive,  While  a  flour  mill  contains  many  separate  machines,  tfaesi 
machines  must  run  as  a  unit,  and  it  is  not  profltable  from  a  commer^al  stand- 
point to  drive  each  machine  with  a  separate  motor. 

Mt.  Kaehinei  included.  A  flour  mill  may  be  considered  divisible 
as  follows:  (a)  The  roller  mills  or  grinders;  (b)  bolting  and  purifyisf 
machinery,  lofting  elevators,  conveyors  and  all  the  machinery  in  the  miu 

f)roper  above  the  roller  floor;  (o)  the  wheat  cleaning  department,  and  in  tbs 
arger  mills  the  wheat  receiving  machinery;  (d)  on  navigable  water,  the 
marine  leg.  All  the  car  pullers,  passenger  and  froght  devators  are  oparaMd 
from  separate  motors. 

ITO.  Types  of  moton.  For  the  mun  driving  motor  in  a  flour  mill, 
where  as  much  as  700  h.p.  is  concentrated  in  a  single  motor,  a  wound- 
rotor  slip-ring  induction  motor  with  a  secondary  resistanoe  starter  is  recom- 
mended. The  equipment  should  also  include  a  primary  panel  containisc 
an  oil  switch  with  overlosd  and  no-voltage  trips,  in  order  to  protect^ the  motor 
from  excessive  overloads  or  from  failure  of  voltage  on  the  supply  line. 

The  smaller  motors  throughout  the  mill  may  oe  of  the  squirrel-cage  type 
of  induction  motor,  equipped  with  a  potential  starter  or  compensator. 

STl.  Fowar  requlrementa.  The  total  power  required  to  operate  s 
mill  having  a  capacity  of  3,500  bbl.  in  24  hr.  wul  be  approximateir 
0.4  h.p.  per  obi.  or  1,400  h.p.  for  the  complete  plant.  This  can  be  inereaiM 
10  per  cent,  in  mills  making  only  100  bbL  or  less  per  day.  The  power  reqwfss 
for  a  flour  mill  varies  conSderably,  depending  on  the  oondition  of  the  wheal 
and  the  fineness  o^tbe  flour  to  be  produced,  as  damp  or  tough  wheat  or  doia 
milling  require  increased  horse  power.  The  hard  varieties  of  spring  wheat 
requirs  more  power  than  the  soft  varietiee  of  winter  wheat. 

For  an  entire  mill  requiring  1,400  h.p.,  the  wheat^leaning  department 
would  consume  one-fourth  of  this  amount,  or  350  h.p. ;  the  roUer  mills  oae- 
hair  at  700  h.p.;  and  the  bolting  maohinery,  which  includes  the  siftsn, 
puriflera,  bran  and  shorts  dusters,  suction  fans,  elevators  and  conveyon, 
would  require  ooe^ourth,  or  350  h.p. 
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STt,  Power  Tsqulramenta  of  indlTfdaal  maohlnei 


Mill  proper 

19  10X43  Style  AA  roller  mills  Corr 

20  10X36  Style  AA  roller  mills  smooth 

12  80  in.  X77  in.  vibromotor  universal  bolters 
20  8-ft.  X32-in.  oeatrifugal  reels 

H.p.  each 
17 
20 

3 

4 

3 

2.S 

2 

0.5 

3 

8 
27 
15 

8.5 

1 

0.33 

H.p.  total 
3i* 
400 
36 
SO 
12 
55 
80 

2.5 
12 
48 
54 
30 

8.5 
53 

9 

4  8-(t.X32-in.  round  reels 

10  7-It.X3a-in.  purifiers 

6  aapirators  for  7  X40  purifiers. 

4  8-ft. X32-in.  flour  dressers 

2  7&-in.  double  steel  plate  fan 

1  40-in.  sincle  steel  plate  fan 

S3  elevators." ' 

Total 

1144 

Wheat-cleaning  department 

1  No.  4  eomp  shake  Dbl  receiving  separator. 
3  No.  5  comp  shake  Dbl  receiving  separator. 

8  No.  90  millisg  separator 

1  No.  7  automatic  magnetic  separator 

1  No.  8  standard  aut  magnetic  separator.. . 

2  No.  10  standard  aut  magnetic  separator. . 

H.p.  each 
8 

10 

10 

0.125 
0.125 
0.876 

40 

50 
0.33 
0.33 
0.33 
0.33 
0.50 
3 

60 

14 

H.p.  total 

8 
20 
80 

0.125 

0.125 

0.75 
40 
100 

0.83 

1 

1.33 

0.33 

2 

6 
60 
14 

6 

3  No.  9  2  high  scourers 

4  No.  46  dust  coUec.  for  grinder 

2  32-in.  X  8-ft.  round  reels  with  drums 

1  30-in.  attrition  mill 

1  45-in.  double  steel  plate  fan 

Total 

340 

BEET-SUGAR  MILLS 

BT  WUIT  S.  8COTT,  H.I.  IH  *.%., 

Omeral  Kncinter,   WaUnnhout  Bled,  and  ifamt/adttrinQ  Co.,  Itembtr, 
American  InttxtuU  of  Sltetrieal  Sngintert 

m.  Fowor  roquirements.  With  electric  motors  properly  applied,  the 
total  power  consumption  should  not  be  over  one-halt  of  that  required  for 
Bteam-engiiie-driTeD  factories.  The  machines  of  the  types  mentioned  in 
Par.  174  to  99S  inclusive,  vary  in  sise  according  to  the  individual  require- 
menta.  but  the  examples  cited  will  serve  as  a  guide  as  to  the  average 
practice. 

IT*.  Boat  lift.  Sixteen  feet  diameter  by  2  ft.  wide,  with  33  buckets  12  in. 
deep,  making  4  rev.  per  min.,  driven  by  pinion  meshing  with  8  ft.  gear  on 
lift;  10  h.p.  nqnired,  at  constant  speed,  with  high  starting  torque. 

>Tf .  Boot  WMhor.  Six  feet  diameter  by  18  ft.  long,  with  thirty-two  24-in. 
arm*  or  paddles.  Shaft  makes  14  rev.  per  min.;  7.5  h.p.  required,  at  eon«tant> 
speed  and  with  a  moderate  starting  torque. 
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ST6.  Beet  eleTfttor.  Thirty-four  buckets,  22  in.  wide  by  17  in.  deep. 
V-shaped;  70  to  120  ft.  per  min.;  10  to  20  h.p.  required,  at  constant  speed, 
with  moderate  starting  torque. 

SIT.  Beet  tllcer.  Capacit;^  50  tons  per  br.,  55  rev.  per  min.;  25  h.p. 
required,  at  constant  speed,  with  high  starting  torque. 

ST8.  CoMette  conveyor.  Capacity  60  tons  per  hr.,  belt  12  in.  wide  by 
125  ft.  long;  belt  speed,  250  ft.  per  min.;  5  h.p.  required,  at  oonst&nt  speed, 
with  light  starting  torque. 

S79.  Sugar  znixen.  Shaft  50  ft.  lon^.  12-in.  paddles,  speed  1.5  rev.  per 
min.;  10  h.p.  required,  at  constant  speed,  with  moderate  starting  torque. 

MO.  Tube  mill  or  granuUtor ;  6  ft.  diameter  by  30  ft.  long,  10  rev.  per 
min.;  10  h.p.  required,  at  constant  speed,  with  high  starting  torque. 

SSI.  Bagginff  machinery.  Bag-sewing  machine,  requires  2  h.p.;  bag 
stacker,  requires  3  h.p. 

SflS.  Pumps.  Hydraulic  gasket  pump,  for  operating  doors  on  bottom  <d 
diffusion  batteries,  requires  5  h.p.  CarbonaUon  pump.  450  gal.  per  min., 
60  lb.  pressure,  requires  25  h.p.  Thick  juice  pumps,  450  gal.  pw  min.,  30 
lb.  pressure,  requires  10  h.p. 

S8S.  CryitalliEen.  Ten  feet  diameter  by  16  ft.  long;  paddles  4.5  ft.  long 
secured  to  driving  shaft  which  makes  one  revolution  in  5  min.  The 
power  required  vanes  considerably  during  the  cycle  of  operation,  the  amount 
required  at  the  completion  of  the  operation  being  almost  double  that  te* 
qmred  at  the  start.  For  this  reason  the  machines  are  best  driven  in  groups 
of  from  four  to  eifcht,  by  one  motor.  For  driving  an  individual  machine. 
from  2.5  to  3  h.p.  is  required  at  the  beginning  of  the  cycle,  and  5  h.p.  at  tbs 
end.  Since  the  complete  operation  may  require  60  hr.,  a  motor  must 
have  sufficient  capacity  to  operate  at  maximum  capacity  continuously, 
with  individual  drive.  Where  cryatalUsers  are  driven  in  groups  oi  from 
four  to  eight  maohines,  3  h.p.  per  crystalliser  will  be  sufficient. 

SS4.  Centeifugals.  The  sugar  oentrifugal  is  one  of  the  most  important 
machines  in  sugar  making,  the  operating  conditions  of  which  are  very  seven 
due  to  the  inertia  of  the  load  and  the  cycle  of  operation.  The  time  required 
for  the  complete  spinning  process  varies  with  the  grade  of  sugar.  Ordinarily 
one  man  can  operate  two  centrifugals  on  granulated  sugar  and  up  to  four 
centrifugals  on  white  sugar.  When  these  maohines  are  to  be  individuslly 
driven  the  cycle  of  operation  must  be  known,  as  the  rating  of  the  motora 
will  depend  upon  the  root-mean-square  value  of  the  power  requirements, 
and  the  torque  required  for  accelerating  in  a  given  time. 

88S.  Average  cycle  of  operation  of  ^oup-drlven  centrifugals  with 
fine  granulated  sugar.  The  average  time  reauired  is  as  follows:  filling, 
one-fourth  speed,  30  sec;  accelerating,  one-fourtn  to  full  speed,  10  sec.;  fnfl 
speed,  120  sec;  power  off.  retarding  by  braking.  20  sec;  revolving  at  about  25 
rev.  per  min..  30  sec.;  total  time,  3  mm..  30  sec. 

S8S.  Average  cyde  of  operations  of  indiridually  driTen  cen- 
trifugals with  fine  ^anulated  surar.  Filling  basket,  revolving  hj 
hand,  10  sec;  accelerating,  100  secj  full  speed,  30  sec;  power  off,  retard- 
ing  by  braking,  20  sec;  stop,  unloading  by  hand,  60  sec;  total  time,  3  min. 
40  see. 

557.  Average  cycle  of  operations  of  individually  driven  oen- 
trifuffals  with  coarse  ^anulated  sugar.  Filling;  basket,  revolriu 
by  hand,  10  sec:  acoelerattns,  60  sec;  power  off,  rotarding  by  braking,  20 
sec.;  stoP)  unloading  by  haud,  60  sec;  total  time.  2  min.  30  sec. 

558.  Average  cycle  of  operations  of  individually  driven  centrifu- 
fals  with  coarse  white  sugar.  FiUing  basket.  25  sec;  aoceleratini, 
100  sec;  full  speed,  15  min.;  power  off,  braJdog.  30  sec;  stop,  unloading  by 
hand,  145  sec;  total  time,  20  min. 

S89.  Chroup-drlven  centrifugal  maohines  furnish  a  very  satisfactory 
arrangement,  whereas  individual  drive,  although  sucoessfuli  has  been  usfld 
to  a  much  lesser  extent.  The  character  of  the  load  is  very  similar  to  tbatof 
a  ffy-wheel.  so  that  with  these  machines  arranged  in  a  group  and  drivas 
by  one  motor,  the  centrifugals  in  operation  will  help  to  bring  the  idle  machisci 
up  to  speed  and  maintain  a  uniform  load  on  the  motor.     This  can  best  bs 
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shown  by  tiie  following  data.,  A  group  of  ten  40-in.  'centrifugal  maohinee, 
driTen  by  a  lOO-h.p.  motor,  with  1  machine  starting,  requires  20,5  h.p.;  with 
2  machinea  starting,  and  1  at  full  speed,  40  h.p.;  with  3  machines  starting, 
and  3  at  full  apeed,  52.5  h.p.;  with  4  machines  starting,  and  4  at  full  speed, 
00  b.p.;  with  1  machine  at  full  speed  5.5  h.p. 

atO.  When  cantrlfugaU  are  indlTidually  drlTen,  the  peak  load  is 
■bout  eight  times  the  normal  running  load;  for  a  40-in.  machine  the  peak  is 
approximately  40  kw.  input,  corresponding  to  about  40  h.p.  output.  Since 
at  tbe  very  start  the  speed  is  aero,  the  horse  power  is  sero,  therefore  the  power 
required  at  start  should  be  stated  in  terms  of  pounds  torque  at  1  ft. 
radius.  The  starting  toraue,  together  with  the  root-mean-square  horse 
power  for  the  cycle,  furnisnes  sufficient  data  for  determining  the  motor 
required. 

Stl.  The  ipeed  of  a  dlrect-eonneeted  centrifugal  machine  increases 
Tery  rapidly  at  the  start  and  at  a  much  lower  rate  as  the  motor  approaches 
BsmctuoxiouB  speed.  The  motors  are  usually  of  the  squirrel-cage  type  with 
faigh-resistance  end  rings  designed  to  give  approximately  15  per  cent,  slip 
at  full-load;  but,  since  full-load  is  never  attained  except  at  starting,  the 
maximum  speed  which  can  be  attained  by  the  centrifugal  is  almost 
qmchronous  speed,  and  in  nearly  every  case  the  operation  is  completed  be- 
fore the  machine  has  attained  its  highest  possible  speed. 

3M.  The  torque  neceuary  for  starting  a  loaded  centrifugal  ma- 
chine, and  accelerating  it  to  a  given  speed  in  a  certain  length  of  time  can  be 
determined  by  the  following  formula: 

r«  pounds  torque  at  1  ft.  radius,  W>- weight  in  lb.  to  be  accelerated, 
B^radius  of  gyration  of  entire  mass,  in  ft.,  N>^T9v,  per  min.  machine  will 
attun  in  S  seconds,  S  "  seconds  required  for  accelerating. 

Tbe  above  expression  does  not  take  into  consideration  friction  and  windage, 
and  it  will  be  necessary  to  increase  the  result  thus  obtained  by  10  per  cent. 
in  ordef  to  obtain  the  required  starting  torque. 

LAUNDRY  MACHINERY 
BT  nUTZ  BALZKB 

ittehanieal    Engineer^    Troy   Laundry     Maeh*y    Co.    Lid.;     Member, 

American  Society  of  Mechanical  Enyineera;  Member^  Verein  DeuUcher 

Ingenieure 

tM.  Adrantage  of  electric  driTe.  The  power  laundry  with  its  large 
number  of  different  machines  can  employ  electric  drive  to  great  advantage. 
The  elimination  of  belts  reduces  the  friction  load  of  the  plant,  permits  the 
convenient  location  of  the  different  machines  to  reduce  handling  expenses, 
BMures  cleanliness  and  light,  reduces  danger  of  accidents  and  finally  decreases 
the  operating  cost.  From  a  number  of  tests  all  over  the  country  this  saving 
ia  operating  cost  appears  to  be  from  25  to  30  per  cent.  Alternating-current 
pcrfyphase  induction  motors  are  recommended  wherever  possible. 

194.  TTie  of  iteam  in  proceues.  When  introducing  electric  drive  in 
any  laundiy  it  must  be  kept  in  mind  that  a  laundry  requires  a  large  amount 
of  steam  for  dndng  and  for  the  heating  and  boiling  of  water.  This  question  is 
important  in  tbe  controversy  regarding  the  generation  of  electrical  energy 
Tersus  its  purchase  from  a  central  station.  In  tbe  latter  event,  steam  must 
be  produced  independently  of  the  source  of  power.  A  careful  study  of 
conditions  must  be  made  in  order  to  determine  which  method  ia  the  more 
economical. 

395,  Claailflcation.  Laundries  may  be  divided  into  three  groups:  (a) 
those  d<xn^  family  work  only;  (b)  institution  laundries  (hotels  ana  hospitals) ; 
(o)  lanndnes  doing  rulroad  or  steamship  work  only.  _  Each  of  these  groups 
w  a  different  requirement  for  steam  in  amounts  which  can  be  expressed  in 
tsrma  of  the  horse-power  requirements.  Thus,  for  group  (a)  the  number  of 
pounds  of  steam  used  per  nr.  could  be  expressed  as  1.2  times  the  horse 
power  for  that  group;  tor  group  (b)  1.4  times  the  horse  power;  and  for 
sroop  (c)  1.8  timei  tne  horse  power. 
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•M.  Method  of  drivw.  Oroup-drive  of  Uundry  tw^^^jitnf  ^  fsnenfiy 
apaftking,  not  deairable,  for  Uie  raasoQ  that  the  croups  miut  oontain  m^ithiipftg 
which  are  not  in  oonatant  uae,  and  therefore  the  operating  ezpenae  oonld 
not  be  reduced  as  satisfactorUy.  The  table  below  fives  the  '"*m»*^f*  croupe 
in  thdr  proper  ■equenoe  for  the  three  olaasea  of  work  done  iu  the  laundry. 


> 


Flat-work  group 

Btarohed-work  group 

Rough-dry  group 

Wuher*. 
Extraotora. 
Tumblen. 
Flat-work  ironen. 

Washers. 
Bxtractors. 
Starehers. 
Dryrooms. 
DampensTS. 

Ironera     and     finishing 
machines. 

Washers. 
Extractors. 

All  madiines  enumerated  above  should  be  placed  on  one  motor,  unless  a 
laundry  makes  a  specialty  of  one  particular  class,  and  does  work  in  tlie  other 
classes  only  a  part  of  the  time.  In  the  latter  case  it  is  advisable  to  place  sU 
machines,  which  are  frequently  used,  on  one  motor,  and  to  group  the  otben 
as  outlined  above.  The  load  factor  is  between  40  and  45  per  cent.  Indi- 
vidual drive  is  recommended  wherever  possible,  and  the  data  in  the  follow- 
ing paragraphs  refer  to  this  class,  unless  otherwise  stated. 

WT.  Washan  consist  of  a  stationary  outside  shell,  inside  of  which 
revolves  a  cylinder.  The  goods  are  placed  therein  and  subjected  to  the 
action  of  the  wash  solution.  To  prevent  t^itgliny  of  the  wash  it  is  necesaaiy 
that  the  cylinder  alternate  its  direction  of  rotation.  This  reversing  aetioD 
is  obtained  in  various  ways,  which  are  described  in  Par.  SM  to  44nl.  The 
load  characteristic  is  different  with  each  application  and  each  esse  will 
therefore  be  treated  separately.  The  cylinder  should  make  from  seven  to 
twelve  reversals  per  nun,,  and  in  order  to  get  the  best  results  thevurfaee 
speed  of  the  cylinder  should  always  be  near  280  ft.  per  min.  From  s 
number  of  tests  which  have  been  made  it  appears  that  lor  every  oobic  foot 
of  cylinder  space  the  fc^owing  power  is  required*. 

32  in.,  0.04  h.p.;  36  in.,  0.05  h.p.;  42  in.,  0.06  h.i>. 

M8.  The  power  required  bj  waaben  <^  standard  sise  can  be  expiesseii 
as  follows:  82  in.X4S  in.,  or  smaller,  1.6  h.p.;  36  in.  X  54  in.,  or  smsUer, 
2  h.p.,  36  in.X70  in.,  or  42  in.XS4  in.,  or  smaller,  3  h.p.,  42  in.X70  in.,  or 
smaUer,  5  h.p.  These  figures  check  quite  well  with  the  empirical  data  gives 
in  Par.  3*7. 

The  cylinders  may  have  either  of  two  kinds  of  perforations,  the  plain 
round  embossed  hole  or  the  turbine  slots;  of  these  the  latter  require  about 
20  per  cent,  more  power  than  the  former,  but  are  frequently  used  on  account 
of  the  attendant  saving  in  time  and  supplies. 

IM.  Waahers  with  belt  reverse  require  either  enclosed  directreurrent 
motors,  having  a  25 '  per  cent,  compound  winding,  or  alternating-curreDt 
polyphase  motors  with  high-resistanco  rotors.  The  motors  are  mounted  on 
a  bracket  on  top  of  the  washer,  and  the  usual  speed  is  1,800  rev.  per.min.  The 
use  of  a  fly-wheel  will  add  materially  to  the  efficiency  of  the  drive.  The  load 
factor  is  65  per  cent.  A  disadvantage  arises  through  the  necessity  of  using 
very  short  belts,  with  a  consequent  Targe  loss  of  power.  The  washers  also 
are  topheavy,  and  since  the  motor  is  fully  enclosed,  it  must  be  larger  than 
would  otherwise  be  necessary. 

400.  WMhsn  with  revertlnr  moton.  Reversing  motors  applied  to 
washers  are  probably  the  best  for  the  purpose,  but  their  success  depends  upon 
the  method  of  control  used.  In  these  installations  the  motor  is  usually 
mounted  on  a  bracket  attached  to  the  machine,  for  gear  drive. 

401.  Timers  tor  reversing  washer  moton.  An  auxiliary  motor  for 
timing  is  sometimes  used  to  drive  one  or  more  controllers,  which  are  con- 
stancy rotating  and  making  the  proper  connections  with  the  iodividssl 
motors.  Individual  and  mechanically  operated  timers  are  also  used,  ths  tinitr 
being  actuated  by  the  revolutions  of  the  cylinder  axle;  this  timer  operttst  s 
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■niUbb  double-throw  awitoh,  whioh  makea  and  breaks  oonneotiomi  with  two 
nlaya  of  a  eontaotor  panel.  The  awitch  is  so  arranged,  as  to  disconnect  the 
nls7  between  reTersus,  in  order  to  allpw  the  contactors  to  open  the  main 
eireoit  and  permit  the  motor  to  slow  down.  The  load  factor  of  this  group 
TsriM  between  S9  and  flO  per  cent. 

Ml.  Meohanleal  nTarsinf  derioM  for  WMhwa  are  best  suited  for 
grovp  drive  from  one  shaft  by  gear  or  chain.  The  reversals  are  obtained  by 
autaoes  attached  to  two  bevel  gears  which  are  driven  by  a  third  gear.  The 
washer  is  so  arrani^  that  connection  is  shifted  from  one  clutch  to  the  other 
dutch.  Three  86-in.X70-in.  washers  require  one  7.&-h.p.  motor  of  900  rev. 
Der  min.  Other  sises  may  be  calculated  from  the  data  given  above.  The 
load  f  aetor  ia  76  pw  cent. 

4M.  Cstrseton  are  machines  employed  to  remove  the  water  from  the 

Kds  after  washing.     This  is  done  by  placing  the  pieces  in  a  perforated 
ket  and  revolving  the  basket  at  a  very  high  speed,  whereuiwn  the  water 
is  thrown  out  by  centrifugal  force. 

4M.  btraetor  ip««4l  (Troy  Laundry  Machinery  Co.  Ltd.) 


Basket  diameter 
On.) 

Speed  (rev.  per  min.)                               1 

Copper 

Steel 

Monel  metal 

30 
24 

20 
38 
30 
32 
40 
48 

1,400 

1,300 

1.100 

1,000 

900 

800 

700 

000 

1,600 
1,400 
1,380 
1,280 
1,180 
1,000 
900 
800 

1,800 
1,600 
1,800 
1,300 
1,300 
1,100 
1,000 
900 

4M.  TlM  power  required  to  stert  an  extraetor  u  from  two  to  three 
iimoB  the  nc^mal  motor  ratine,  but  iJter  the  basket  reaches  its  proper  speed 
(he  power  oonsumptioa  drops  very  rapidly  to  only  a  fraction  of  the  motor 
rating.  The  table  below  cives  the  neoessaiy  data  for  Troy  machines  with 
eopper  baskets,  if  run  at  the  above  speeds  (Par.  4M).  The  power  required 
lo  start  the  machine  varies  exactly  as  the  square  of  tne  rated  lull  speed. 


Basket 

diameter 

(in.) 

Rating  of  motor 

0>.JI>. 

intermittent) 

Horse  power 

at 

starting 

Horse  power 
running 

Acceleration 
period 
(min.) 

30 

1.0 

3.8 

0.33 

0.75 

24 

3.0 

4.3 

0.5 

0.85 

26 

3.0 

4.7 

0.65 

1.0 

28 

3.0 

5.5 

0.85 

1.1 

30 

3.0 

6.0 

1.0 

1.3 

32 

SO 

8.0 

1.5 

1.6 

40 

8.0 

9.0 

3.0 

1.5 

48 

7.6 

10.0 

3.0 

1.8 

The  above  data  were  compiled  from  the  results  of  a  large  number  of  tests; 
different  loading,  maiatenanoe  and  speed  conditions  will,  however,  change 
these  figures.     The  average  load  factor  is  35  per  cent. 

4M.  Starehan  are  built  for  both  collar  and  cuff  work  as  well  as  shirt 
work.  A  great  many  types  are  on  the  market,  the  commonest  machines 
b^ng  enumerated  below.  All  direct-current  motors  should  be  enclosed  on 
the  pulley  end  to  prevent  the  entrance  of  spray  starch.  For  direct-current 
•■  well  as  for  alternating-current  they  should  be  of  the  eonatant-apeed,  non- 
ivveniiig  type.    The  load  faotor  ia  about  SO  per  cent. 
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(a)  Collar  and  cuff  starehen                                       | 

American  (Hacen  type)  0.25  h.p. 
Troy  No.  3           0.75  h.p. 

Troy  No.  6 

..0.25  h.p. 

Troy  dip  wheel  No.  1 ...  0 . 5    h.p. 

Troy  dip  wheel  No.  2... 

..0.5    h.p. 

(b)  Shirt  starchecs 

Troy  No.  1 0.25  h.p. 

Troy  No.  3 

.0.25  h.n.   1 

40T.  Dryrooms.  There  are  two  types*  one  in  which  the  sooda  we  hunc 
on  rftcks,  truokB,  eto.,  &nd  another  in  which  the  goods  are  oarried  through  the 
room  continuouflly  on  an  eodleee  chain  oonTeyer.  The  first  group  requires 
a  motor  to  drive  a  ceiling  fan,  for  which  purpose  a  O.I67-h.p.  motor  is  used, 
with  a  load  factor  of  100  per  cent.  Conveyer  dryrooms  are  built  in  various 
siaes  and  depths,  the  standard  depth  being  0  ft.  Besides  driving  the  chaii^ 
the  motor  operates  one  or  more  fans.  The  motor  should  never  be  mounted 
in  the  dryroom  proper,  as  the  temperature  is  very  high.  It  is  best  prmotioe 
to  set  the  motor  on  a  wall-bracket  or  to  hang  it  on  the  ceiling  and  drive  the 
regular  countershaft  of  the  cabinet  by  belt.  The  sises  are  given  by  the  num- 
ber of  loops  (one-half  the  number  of  chains  inside).  Assuming,  that  the  3- 
loop  room  requires  1  h.p.,  it  has  been  found  by  tests  that  each  addiUonal 
loop  requires  0.5  h.p.  Each  additional  fan  require*  0.25  h.n.,  and  for 
every  foot  added  to  the  standard  depCn.  additional  power  must  oe  suppUed 
amounting  to  one-sixth  of  the  power  required  by  a  standard  room  of  the  same 
Mse.  For  example,  the  horse  power  rating  of  a  4-loop  conveyer  dryroom 
n  ft.  deep,  BUppli«l  with  two  fans  may  be  calculated  as  follows:  standaid 
4-loop  room  with  one  fan.  2  h.p.;  additional  2  ft.  depth,  0.33  h.p.;  additional 
fan,  0.25  h.p.;  total,  2.58  h.p. 

The  load  factor  of  these  machines  is  65  per  cent.  The  motors  are  of  the 
constant  speed,  non-reversing  type,  and  should  be  equipped  with  a  rail  base, 
for  tightening  the  belt, 

408.  The  dryroom  tumbler  is  used  for  rough  dry  work.  This  machine 
consists  of  a  revolving  and  reversing  cylinder,  enclosed  in  a  suitable  housi&f* 
One  or  more  fans,  usually  directly  attached  to  the  machine,  either  blow  or 
draw  heated  air  over  and  through  the  goods  to  be  dried.  The  motor  is 
generally  placed  on  the  side  of  the  machine,  and  drives  a  eounterriisft 
through  a  silent  chain;  the  pulleys  of  the  cylinder  and  fan  shaft  are  driven 
from  this  countershaft.  The  machines  are  built  in  two  sises,  86  in.,  which 
requires  a  3-h.p.  motor,  and  42  in.,  which  should  be  driven  by  a5-h.p.  motor. 
All  direct-current  motors  should  be  compound-wound,  with  abcnit  2D  to 
25  per  cent,  compounding.  On  alternating-current  cireuits  jdain  squirrd- 
cage  motors  give  good  results.  The  load  factor  of  motors  driving  tumblers 
is  60  per  cent. 

409.  Dampa&erg  are  machines  used  to  moisten  all  starched  goods  after 
drying  and  prior  to  the  ironing  process.  A  large  number  of  machines  are  on 
the  market,  the  table  below  (Par.  410)  giving  some  of  the  more  prominent 
ones.  No  special  features  are  required  of  the  motors,  and  the  load  factor 
varies  between  45  and  55  per  cent. 


410.  Powar  raquiranent*  of  d&mpenan 

(a)  Collar  and  cuff  dampeners 

Hagen 

Troy  No.  1. 

..0.25  h.p. 
..0.3    h.p. 

B.  *E 0.75h.p. 

Troy  No.  2... 0.75  h.p. 

Wilson.. 

..0.125h.p. 

(b)  Shirt  dampeners 

B.&E 

.0.375  h.p.     Bishop  conveyor  0.5  h.p.  1  Troy 

....0.5  h.p. 

411.  OoUar  and  euff  <i««««»»<nf  nuushinM.     A  number  of  machinal 
comprise  this  class,  of  whioh  only  the  ironers  themselves  are  individuallr 


1284 


l.jV^iUUyiL' 


INDUSTRIAL  MOTOR  APPLICATIOSS  S«C.  15-112 


driTen,  while  the  email  Sniahing  maohinea  an  belted  fiom  a  line  abaft 
attached  to  the  finiahing  table. 

Collar  and  eufl  Ironan,  for  the  most  part,  require  no  apecial  motora. 
However,  in  the  caae  of  ateam-heatcd  ironers,  it  may  be  sometimea  deairable 
to  oae  Taziable-epeed  motora,  in  order  to  choose  the  speed  beat  adapted  to  the 
■team  preaaure.  should  the  latter  be  changeable.  The  load  factor  is  55  per 
cent. 

lU.  Power  requirement*  of  collar  and  cuS  «"<«*■<"!■  machinal 


Troy  No.  5 

Troy  No.  5 

Troy  No.  6 

Troy  No.  5 

Troy  No.  14 

Troy 

B.  i  K.  No.  22. 


Gaa-heated,  3  roUa,  24  in. 
Gaa-heated,  3  roUa,  40  in. 
Gas-heated,  5  rolls,  24  in. 
Gaa-heated,  5  rolla,  40  in. 

Gaa-heated 

Steam-heated,  all  sises 

Steam-heated 


1.0  b.p. 
1.5  h.p. 
1.75  h.p. 
2.0  h.p. 
1.0  h.p. 
0.75  h.p. 
0.75  h.p. 


nniahlng  teble.  The  motor,  which  ia  of  0.5  h.p.  eapaeit^.  is  of  the  non- 
reversing  constant-speed  type,  and  geared  direcUy  to  the  line  shaft,  from 
which  the  email  finiahing  machines  are  belted.  The  load  factor  does  not 
exceed  45  per  oent. 

4U.  Shirt  *"'«'»''' IT  machinal.  These  machines  are  uaed  to  iron  or 
preaa  the  neckband,  boaom,  aleevea  and  bodies  of  shirts.  For  each  of  these 
operations  a  apecial  machine  is  used,  in  some  cases  there  are  several  types  of 
machine  for  each  operation.     See  Par.  414  and  416. 

414.  Boiom  ironan.  Three  distinct  types  of  bosom  ironers  are  in  use; 
first,  the  reciprocating  type,  where  the  bosom  passes  baek  and  forth  under  a 
lerolviDg  drum;  second,  the  one-way  type,  wnere  the  boaom  travels  in  one 
direction  only  under  one  or  more  heated  rolls;  and  third,  the  presses. 

Bietprocatlnc  ironeri  require  a  motor  of  0.5  hjp.  Reversals  may  be 
obtained  by  means  of  reversing  switches,  in  which  case  direct-current  motors 
must  be  compound-wound  and  alternating-current  motors  must  have  high- 
leaistance  rotors.  Reversals  may  also  be  accomplished  by  means  of  mechan- 
ical-revetae  devices,  in  which  caae  non-reversing,  constant-speed  motora 
should  be  uaed.  The  reverse  switch,  as  well  as  the  mechanical  device,  is 
actiuted  bjr  a  foot  treadle  and  lever  connections.  The  load  factor  for  revers- 
ing motora  is  75  per  cent.,  and  for  the  mechanical  reversing  type  55  per  cent. 

Ona-wur  ntaehinei  require  motors  of  1  h.p.  capacity,  without  any  special 
features.     The  load  factor  is  55  per  cent. 

Praiiei  are  built  in  two  types.  In  one  case  a  reversing  motor  operates  a 
ierew,  and  through  it  a  toggle.  This  motor  has  a  capacity  of  0.5  h.p. 
Should  it  be  a  direct-current  motor,  it  ought  to  be  compound-wound;  should 


^loyi  —    _ 

The  other  type  ol^preas  ia  operated  by  a  fluid  (usually  oil)  under  pressure. 
A  aonstant-sx>eed,  non-reversing  motor  of  0.5  h.p.  capacity  operates  the  pump. 
The  load  factor  ia  55  per  cent. 

411.  Hackbuid  ironeri.  For  this  service,  small  motors  of  from  0.125  to 
0.26  h.p.  capacity  are  required.  There  are  no  apecial  featurea,  and  the  load 
(actor  is  55  per  oent. 

UaeTS  Smd  body  ironan.  These  machines  are  almost  identical,  their 
only  difference  being  in  respective  size.  All  modern  machines  are  reversing 
and,  like  boaom  ironers,  are  reversed  either  electrically  or  mechanically. 
The  sleeve  ironers  require  a  motor  of  0.25  h.p.  capacity;  the  body  ironers, 
0.5  h,n.  If  the  reverse  switch  is  used  the  motors  must  be  built  for  reversing 
duty  (compound-wound  if  for  direct  current,  or  having  high-resistance  rotors 
if  for  alternating  current).  Single-phase  motors  cannot  be  used  for  this 
■ervioe.  If  the  mechanical  reversing  device  is  employed,  standard  motors 
without  special  featurea  should  be  used.  The  load  (actor  of  reversing  motors 
i*  76  per  cent.,  of  the  others  55  per  cent. 

4M.  Tlstwerk  ironan  or  nuknglei  are  used  to  dry  and  iron  flatwork  by 
paaaing  tha  gooda  under  preaaure  over  heated  rolls  or  cnesta.  With  rolla,  one 
or  more  aprom  may  be  uaed  to  insure  perfect  contact  of  the  gooda  over  the 
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heated  aurfaoei,  and  while  not  aoential,  thia  may  also  tie  done  where  eheaia 
are  uaed.  Nearly  all  machines  of  thia  olaaa  muat  be  arranced  to  deliTec  goodi 
at  varying  epeeoa,  and  the  problem  of  motor  selection  must  be  oarefuUr 
worked  out  in  detail. 

The  data  given  below  represent  the  average  results  of  a  laise  number  of 
tests. 

41T.  Power  raqulremenbi  of  flatwork  ironari        


(a)  Flatwork  ironers,  cheat-type  without  aprons 


Troy  gas  ironer 

Troy  handkerchief  ironer. . 
Troy  addition  2,  3,  4  cheat, 
Troy  addition  5,  6  chest. . . 

Troy  triplex  No.  1 

Troy  triplex  No.  2 

Troy  triplex  No.  3 

Troy  five  roll  (8-in.  rolls) . . 
Troy  five  roll  (12-in.  rolls) . 


0.  S  h.p.,  oonstant  speed. 
0.5  h.p.,  constant  speed. 
0.75  h.p.,  armature  control. 
1.5  h.p.,  armature  control. 

1  b.p.i  armature  and  field  oontrol. 
1 . 5  n.p.,  armature  and  field  control. 

2  h.p.,  armature  and  field  control. 

1  h.p.,  armatore  control. 

2  h.p.,  armature  or  3  to  1    field 
control. 


(b)  Flatwork  ironers,  chest  type  with  aprons 


Troy  four  roll . 
Troy  six  roll. . . 


2  h.p.,  field  oontrol,  3  to    1  speed 
range. 

3  h.p.,  field  oontrol,  4  to     1  speed 
range. 


(o)  Flatwork  ironers,  cylinder  type 


Troy  Trojan,  1  cylinder  48  in. 


Troy  big  two,  2  cylinder  24  in 

Troy  duplex,  1  cylinder  24  in 

Troy  addition,  cylinder  only  36  in.... 


2  h.p.,  field  oontrol,  3  to  1  speed 

range. 
2  h.p.,  mechanical  regulation. 
1  h.p.,  armature  control. 
1  h.p.,  armature  control. 


(d)  Flatwork  ironers,  chest  and  cylinder  type  (aprons) 


Troy  addition,  1  cyl.,  36  in. 
2,  3,  4  chests. 


2  h.p.,  field  oontrol,  3  to  1  speed 
range. 


41S.  Dry  elasnlnf  plant!.  The  underwriters  do  not  allow  the  installa- 
tion of  electric  motors  in  the  cleaning  room  proper;  therefore  it  is  necenary 
to  mount  the  same  outside  and  operate  the  plant  by  group  drive.  The 
power  required  may  be  calculated  from  the  above  data  for  the  various 
machines.     The  load  factor,  as  in  group  drive,  is  45  per  cent. 

SMALL  MOTOR  APPLICATIONS 

BT  BXAHABD  X.S8TKB 

Bntitxeer,  Wtitinghoutt  Electric  and  M anu facturinn  Co.,  M*mber,  Americn 
InMtUvU  of  BUctrical  Bng\n€«rt 

41*.  Motor  eharacteriitlei  and  typo*.  The  large  majority  of  altenut- 
•  ing-eurrent  motors  in  sises  of  1  h.p.  and  below  are  splitr-phaae  induction 
motors,  since  they  are  simple  in  construction,  reliable  in  operation,  anii 
possess  speed-torque  aharacteristics  which  are  suited  to  the  majority  of 
driven  machines.  The  principal  limiting  features  in  connection  with  the 
appbcation  of  this  type  of  motor  are  starting  torque  and  "pull-out"  (maxi- 
mum) torque. 

Shunt,  compoimd  or  series-wound  direct-current  motors  are  apidied  by 
following  the  same  principles  involved  in  the  application  of  lari;er  moton. 

The  term  "universal"  is  applied  to  these  motors  which  wdl  openle 
either  upon  altemating-eurrent  or  direct-current,  either  without  any  ohanfs 
whatever  in  the  adjustment  of  the  motor  or  with  the  addition  of  estemsl 
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iMHtuuie,  or  with  one  or  both  of  these  features.  Such  motors  are  necessarily 
leries  wound  and  possess  a  speed  torque  characteristic  in  general  similar  to  a 
aeries-wound  direct-current  motor.  Consequently,  their  application  is 
Emited  to  disc  types  of  fans,  blowers,  electric  tools,  etc. 

4M.  Borrlea  nUnt  of  moton.  Obviously  a  motor  which  is  required  to 
sperate  Under  load  for  short  intervals  will  not  attain  the  temperature  reached 
when  operatinc  at  a  similar  load  continuously.  Consequently,  for  inter- 
mittent service,  smaller  motors  may  be  employed  than  for  continuous  service. 
However,  where  the  motor  is  frequently  started^  and  stopped,  though  the 
SRgrecate  running  time  is  small  compared  to  the  idle  time,  the  heating  may 
become  ezceaalTe  due  to  the  frequent  inrush  of  current  incident  to  starting. 
The  simplest  method  of  arriving  at  the  proper  motor  capacity  is  by  actual 
trial  of  a  sample  motor,  subjecting  it  to  a  cycle  of  operations  which  will  be 
equivalent  to  the  most  severe  service  conditions. 

ttl.  Sidit-phaia  motor  ebaraetarlltloa.  In  analysing  the  speed- 
torque*  characteristics  and  other  features  of  split-phase  motors  for  purposes 
of  application,  Hg.  41,  will  prove  of  use  in  the  calculation  of  approximate 
valoe. 

Ml.  Oaleolstlon  of  fuU-loMI  torqna,  knowing  the  horse  power  and  the 
speed,  may  be  illustrated  by  the  following  example:  And  the  full-load  torque 
Ola0.75h.p.  motor  running  at  1,700  rev.  per  min.  at  fuU-Ioad  (1,800  rev.  per 
mill,  synchronous  speed).  Find  in  Fig.  41  the  intersection  of  the  vertical 
fine  through  1,700  rev.  per  min.  with  the  curve  marked  0.76  h.p.  (560  watts), 
sod  horisontally  opposite  this  interseetion  at  the  left  is  the  torque  36.S  ounce- 
feet. 

411.  StartlilC  torqiu.  Since  the  starting  torque  and  the  pull-out  or 
maximum  torque  of  a  small  split-phase  induction  motor  are  limiting  features, 
care  should  be  taken  that  the  motor  selected  will  start  the  driven  machine 
■nder  the  severest  conditions  of  torque.  The  starting  torque  varies  approxi- 
mately as  the  square  of  the  applied  voltage,  and  any  reduction  in  voltage 
caused  b^  the  inrush  of  current  incident  to  starting,  and  possibly  emphasixed 
by  insufficient  wiring  or  transformer  capacity  in  commercial  circuits,  reduces 
very  materially  the  starting  torque  delivered  by  the  motor.  It  is  customary 
to  select  a  motor  which  will  start  the  driven  machine  at  a  voltage  of  approxi- 
mately 80  i>er  cent,  of  the  normal  circuit  volta^. 

The  starting  torque  and  the  maximum  runmng  torque  can  be  found  by 
multiplying  the  tau-4oad  torque  by  the  proper  constants.  For  example, 
if  the  starting  torque  of  the  particular  motor  considered  in  Par.  4tS  is  1.5 
tiraea  the  fuTl-load  torque,  its  value  will  be  1.5X36.5  —  55  os-ft.  Like- 
wise if  the  maximum  running  torque  of  the  motor  is  2.5  times  the  full-load 
torque,  its  value  will  be  2.5X36.5  —  01  os-ft.  These  constants  must 
be  oetermined  from  the  characteristic  curves  of  the  individual  motor.  Fig.  41. 

4S4.  Tho  bona  iiower  at  maziinain  torque  can  also  be  determined 
from  the  ourve  if  the  speed  is  known.  For  approximate  reeults  the  slip  of 
small  qilit-phase  induction  motors  at  maximum  torque  can  be  assumed  to  be 
25  per  cent.  In  the  case  of  the  motor  discussed  in  Par.  411,  the  speed  at 
maximum  torciue  will  therefore  be  approximately  1,350  rev.  per  min.  Find 
in  Fig.  41  the  intersection  of  the  vertical  line  through  1^350  rev.  per  min.  unth 
the  horisontal  line  through  91  os-ft.  torque^  this  is  near  the  line  repre- 
senting 1.6  h.p.,  which  is  the  approximate  power  developed  by  the  motor 
just  before  pulling  out,  or  stalling. 

4U.  Inpat.  The  problem  is  to  find  input  in  watts,  when  given  the  horse 
power  andTthe  efficiency.  Assume  for  example  that  the  efficiency  of  a  0.75- 
Lp.  motor  is  76  per  cent.  Find  in  Fig.  41  the  intersection  of  the  vertical 
liiw  through  7S  mth  the  0.76  h.p.  curve,  and  horisontally  across  from  this 
inleiieetion  is  the  value  746  watts. 

4M,  Currant  par  phaaa.  Knowing  the  watts  input,  the  power-factor 
and  the  voitage,  the  problem  is  to  find  the  current  per  phase  (or  per  terminal); 
for  example,  assume  that  the  power-factor  of  the  foregoing  motor  ia  70  per 
cent,  and  the  voltage  is  220  volts.  Locate  in  Fig.  41  the  intersection  of  the 
70  per  oent.  vertical  poweMactor  line  with  the  diagonal  representing  746 
watts.     The  horisontal  line  passing  approximately  through  this  point,  repre- 


*  Torque  measured  with  brake-arm  and  scales  at  1  ft.  radius. 
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Fio.  41. — Characteristics  of  split-phase  motors. 


aents  1,050  apparent  watts.  Then  from  tho  intersection  of  the  vertical  line 
representing  220  volts  with  the  diagonal  representing  1,050  watts,  thfl 
borisontal  line  representing  amperes  may  be  determined,  namely,  4.8  amp. 
single-phase,  or  2.8  amp.  three-phase.     The  current  per  terminal  in  a  two- 

&hase  motor  is  one-half  that  for  a  single-phase  motor,  and  in  this  case  would 
a  2.4  amp. 
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Sec.  lS-42d  INDVSTMAt  MOTOR  APPLtCATtONS 


) 


4n.  E«f  anaoM  to  Ut«r«t«r«  on-  lauU  motor  g^ipHaattom.  Then 
is  praotioally  no  iDformatioa  avaUabls  upon  amall  motor  appHoations. 
Refannce  may  profitably  b«  raade  to  the  following  artidw  by  the  writ«. 

"Small  Motor  Applieationi,"  EUetrie  Journal,  February,  1811;  VoL 
VIII,  No.  2. 

Note  on  the  "Application  of  Small  Induotion  Motor*,"  EUdrie  /•vnuJ, 
November,  1912:  Vol.  IX.  No.  11. 

LcaTBR,  B. — "Fractional  Horae-Power  Motor,"  Load,  Proe.,  A.  L  E.  E., 
Vol.  XXXIV,  pace  385. 

MOTOR  COWTROL 
BT  OLAMM.  T.  HBTDIBIOK 

Knginttr,  Tk4  Cutltr-Hammer  Manufacturing  Co.,  PtOov,  Amtriean  InttitnU 
of  BUetrical  EnfinHri 

8TAKTBBI 
4M.  HoeoHltJ  (or  itartar*.  Standard  direct-current  motor*  of  unall 
oapacity  and  of  any  winding  may  be  thrown  directly  on  the  line  without 
requiring  an  undue  rujih  of  current  and  without  being  injured.  Specially 
deeigned  motor*  a*  large  a*  10  h.p.  can  be  started  in  the  *ame  manner,  but 
larger  machine* — whether  shunt  wound,  compound  wound,  or  aerie*  wound 
-—require  some  form  of  starting  device  not  only  for  reatricting  the  current 
inruan  at  starting  but  also  for  the  protection  of  the  motors  themaelves. 
Also  see  Sec.  5. 
Standard  alternating-current,  squirrel-cage  motors  of  moderate  potential 

and  of  any  eapaatjr,  may 
be  thrown  directly  on  the 
line  without  injury.  High- 
voltage  motor*  are  mads 
only  in  large  eapaettisi, 
and  it  i*  inadvisable  U 
throw  such  motor*  directly 
on  the  line  beoauae  of  tM 
line  aurge*  which  are  tbs 
invariable  reault  of  suck 
procedure.*  Even  in  the 
case  of  machines  of  moder- 
ate potential  the  ourreok 
inrusn  is  ao  preat  a*  t« 
cause  serious  line  disturb* 
anoea  if  any  except  snuJl 
maohinea  are  started  in  this 
manner,  and  most  power 
companies  prohibit  this 
practice  with  motors  of 
capacity  exceeding  6  h.p. 
Generally  speaking,  tM 
starting  current  reauirad 
by  standard  squirrw-estB 
motors  when  thrown  di- 
rectly on  the  line  is  from 
five  to  eight  times  that 
required  under  full-losd 
conditions. 

4M.  Diroet-oonwit 
•tartars  in  their  simplait 
form  consist  of  a  resistance 
of  such  value  that  only  * 
proper  current  inrush  ■• 
allowed,  together  with  * 
switching  devioe  for  A- 
moving  this  reostaooe  is 
one  or  more  stepa.  In  small  and  moderate  capacities  the  switehinf  devia 
generally  employed  for  short-circuiting  the  starting  resistance,  eonauts  of  s 
lever  movable  across  a  series  of  contacts  which  are  connected  to  the  startioc 


i 

jllll 
mm 


It  Motor  U  Sliuut  Wouad 
Itasts  rolBli  art  uommoa 


Fio.  42. — Direct-current  motor  starter. 


*  Na.  20  (Par.  4M). 
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rtrt^*"**      A  typical  startar*  of  this  clsn  it  illiutrated  diagrammaUoally 
in  Fi(.  42. 

The  no-TOltac*  ralaaae  which  is  uaually  a  part  of  the  direct-currant 
•tarter  conaists  of  the  reoataace^ntroUing  lever  (Fig.  42)  normally  held  at 
the  extreme  left  or  in  the  open-eircuit  position  by  meana  of  a  spring,  and  an 
ebetromagiiet  in  aeries  with  the  shunt  field  of  the  motor,  adapted  to  hold 


Fia.  43. — Direct-current  starter  for  large  motors. 


the  starting  lever  in  the  full-speed  position  as  long  as  there  is  voltags  on  i 
line.     In  case  of  voltage  failure  this  magnet  will  be  de;-energised,  and  ' 


t  on  the 
_        .  the 

starting  lever  will  return  to  its  open-circuit  position.  This  no-voltage  release 
magnet  is  sometimes  placed  in  the  shunt-field  circuit,  and  is  sometimes  ooo- 
nected  acrtisa  the  line.  The  former  arrangement  is  preferable  because  the 
motor  circuit  will  be  opened  in  case  of  failure  of  the  shunt-field  circuit. 

In  large  capacities  the  use 
of  a  aeries  of  successively 
doeed  manually  operated 
■witches  seems  to  be  preferred 
by  most  controller  manufac- 
turers. Interlocks  are  usually 
provided  which  prevent  the 
dosure  of  such  starting 
switches  in  any  other  than 
their  regular  order.  Fig.  43 
•hows  typical  starters  of  this 
class. 

4U.  Apportionment  of 
rsgfif  neeln  dlrtet-eomnt 
itartmn.  Fig.  44  shows  the 
starting  current  required  by  a 
direct-current  motor,  it  being 
assumed  that  a  step  of  resist- 
ance is  cut  out  eaon  time  the 
current  falls  to  a  predeter- 
mined value.  For  equal  start- 
ing peaks  the  resistance  must 
be  divided  unequally,  the 
proper  ratio  between  successive 
steps  being  a  geometrical  pro- 
gression. The  resistances  of 
the  atepe,  as  well  as  the  current 
peaks  which  will  obtain,  may 
be  determined  graphically  from 
Fig.  44,  where  /i  —  initial  in- 
rush; /•  — ourrent  at  which  a 
•tap  of  starting  resistance  is  removed;  Ji  — running  current;  rt  —  resistance 
of  motor  and  its  connections;  R  —  external  starting  resiatanee.  The  ratios 
of  procreasion  with  various  numbers  of  starting  steps,  n,  and  for  various 
values  of  a  (which  equals  r^/R)  are  given  in  the  following  tabulation: 


Fio.  44. — Direct-current  motor  starting 
current, 
/i   V  Current  peak. 
/•   »  Currentjust  before  a  step  of  resistance 

is  cut  out. 
It   M  Running  current. 
Rt  —  Total  resistance. 
R    *  External  or  starting  resistance. 
r«    —  Resistance  of  motor  and  its  connec- 
tions, 
ri,  rt, . . . ,  fa  —  Resistance  of  starting  steps. 


*  No.  37.  Par.  4M. 
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n 

Values  of  a 

0.03 

0.04 

0.05 

0.00 

0.08 

0.10 

2 

6.97 

5.02 

4.47 

4.09 

3.54 

3.16 

3 

3.22 

2.92 

2.71 

2.56 

2.32 

2.16 

4 

2.40 

2.23 

2.11 

2.02 

1.88 

1.78 

5 

2.02 

1.91 

1.82 

1.76 

1.65 

1.59 

e 

1.79 

1.71 

1.65 

1.80 

1.53 

1.47 

7 

1.61 

1.58 

1.54 

1.49 

1.44 

1.39 

8 

1.55 

1.49 

1.45 

1.42 

1.37 

1.33 

9 

1.48 

1.43 

1.39 

1.37 

1.32 

1.26 

10 

1.42 

1.38 

1.35 

1.32 

1.29 

1.25 

The  above  takes  no  account  of  motor  imi>edanoQ  or  armature  acceleration 
and,  for  this  reason,  practical  results  may  be  quite  different  from  thoM 
calculated.  The  current-carrying  capacities  of  starter  resistances^  an 
proportioned  for  short-time  duty;  this  aetermination  of  carrying  capacity!*, 
more  a  matter  of  experience  than  calculation. 

48S.  8tar-d«lt»  switchei  tor  itartlnsr  altemAtlzif-ciUTent  xnoton, 
are  used  in  connection  with  specially  designed,  three-phase,  &qwrrel-cac« 

motors    wnoee    windings    an 
Delta  -  .   - 

-Li 
Is 


FiQ.  45. — Connections  of  delta-star  starter. 


adaj^ted  for  connection  in  star 
during  acceleration  and  in 
delta  for  running.  This  form 
of  starter  is  not  often  used  in 
capacities  exceeding  15  h. p.  nor 
with  potentials  exceeding  550 
volts.  Fig.  45  shows  the  eon- 
necttons  for  this  form  of 
starter.  Although  not  shown 
by  the  diagram  (r1^.  45).  star- 


delta  switches  are  almost  invariably  arranged  either  to  short-circuit  the 
entirely  during  starting  or  to  transfer  starting  current  through  a  second  set 
of  fuses  which  are  of  higher  capacity  than  the  running  fuses.  Some  arrange* 
ment  of  this  sort  is  almost  essential,  for  if  the  starting  current  passes  through 
the  running  fuses,  they  must  be  made  so  large  as  to  afford  practically  no 
protection  against  overloads  in  normal  operation.  Star-delta  switches  sn 
often  equipped  with  no-voltage  release,  the  magnet  in  such  instances  beiiv 
connected  directly  across  the  line. 

453.  Primary-reiUtancfl  altematinc-eurrent  starters  ttre  employed 
to  a  limited  extent  in  connection  with  two-phase  and  three-phase  squiiret- 
cage  motors,  and,  to  a  considerable  extent,  m 
connection  with  single^phase  motors  which 
start  as  repulsion  machines.  They  are  of  the 
same  general  form  as  those  employed  with 
<Urect-current  motors,  except,  Qf  course,  that 
where  they  are  used  in  connection  with  two- 
phase  or  three-phase  motors,  they  must  pro- 
vide for  the  inclusion  and  removal  of  resistance 
from  two  lines  instead  of  one.  Since  poly- 
phase motors  require  greater  starting  currents 
when  started  by  the  primary-resistance  method 
than  when  induction  starters  are  employed, 
primary  resistance  is  not  often  resorted  to  in 
any  except  the  sniall  capacities.  Its  one  ad- 
vantage over  the  induction  type  of  starter  ties 
in  its  lower  first  cost  ana  its  greater  sim- 
pli(»ty.  Fig.  40  shows  a  typical  three-phase  primary-resistance  starttf. 
These  starters  are  often  eqmpped  with  no-voltage  release,  the  no-voltag« 
coil  being  connected  across  the  line. 

454.  Induction  starten  for  altematlng-eurreiit  motors  are  mor« 
wid^y  employed  than  any  other  form  of  alternating-current  starting  devioa. 
They  consist  of  an  auto-transformer  together  wiUi  a  switehing  device  for 


^a.  46. — Three-phase  prim- 
ary-resistance starter. 
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eonneotiiic  the  atator  windijQg,  first  ooroas  reduced  potential  obtained  from 
the  starting  transformer,  then  directly  to  the  line,  in  large  capacities  theee 
induction  starters  are  often  aiTEmged  to  operate  in  three  or  more  steps,  thus 
reducing  the  current  surges.  For  moderate-capacity  machines  toey  are 
Kcnerally  designed  to  connect  the  stator  first  across  transformer  taps  which 
deliver  from  40  per  cent,  to  75  per  cent,  of  line  potential,  and  then  to  the  line. 
Induction  starters  are  almost  invariably  arranged  to  disconnect  the  starting- 
transformer  windings  from  the  line  in  all  positions  except  the  starting  position. 


Ls 


SUrU^   I 


(a)  (6) 

Fxo.  47. — Induction  starters  for  alternating-current  motors. 

Induction  starters  are  also  arranged  to  short^rcult  the  individual  running 
fuses  during  starting.  Sometimes  the  starting  current  is  taken  through 
auxiliary  stcurtifig  fuses  of  heavy  capacity,  but  in  most  instances  the  motors 
are  unprotected  during  starting.  This  class  of  starter  is  now  almost  invari- 
aUy  equipped  with  no-voltage  release,  and  often  with  overload  release  which 
reuacea  the  fuses.  The  overload  release  generally  takes  the  form  of  overload 
raays  which  are  adapted  to  open  the  circuit  containing  the  no-voltage 
T^ease  magnet;  this  allows  the  switching  mechanism  to  ot>cn  the  motor 
dreiut.  Where  overload  release  is  employed,  the  overload  relays  are  indi- 
vidually short-circuited 
during  starting.  Fig.  47a  L\ 
is  a  connection  diagram 
for  a  typical  induction 
•tarter  wttn  no-voltage  re- 
lease and  protected  with 
fuses,  while  Fif .  47b  shows 
the  same  device  supplied 
with  overioad  release. 

In  large  plants  one  bank 
of  starting  transformers  is 
sometimes  employed  for 
starting  all  motors,  and  a 
five-wire  system  is  in- 
stalled, where  this  ar- 
rangement is  employed 
the  motors  are  first  con- 
nected to  a  common  line 
and  two  starting  lines, 
and  then  directly  to  the 
distributing  mains.  Fig. 
48  shows  the  arrangement 
described. 


Tnoaf annul  I 

L, 


St.  rtf ' 


-. 


CS] 


Fio.  48. — Five-wire  system  of  starting 
alternating-current  motors. 


4M.  Seeondaiy-reiistanee  itartera  for  altemfttinir- current  motori 
are  used  in  connection  with  alternating-current  slip-ring  motors  for  the  pur- 
pose of  increasing  the  secondary  impedance  during  starting,  and  are  of  tho 
same  general  type  as  primary-resistance  starters.  Since  slip-ring  motora 
almost  invariably  have  their  secondaries  wound  polyphase,  it  is  quite  impor- 
tant that  the  starters  used  with  such  motors  bo  aesigned  to  keep  the  second- 
ary circuit  as  nearly  in  electrical  balance  as  possible,  for  any  unbalancing  of 
this  circuit  reduces  the  starting  torque  which  it  is  possible  to  obtain  with  a 
KiTen  line  current.  Generally  speaking,  unbalancing  the  secondary  circuit 
10  per  oent.  will  reduce  the  possible  torque  by  approximately  15  per  cent. 
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Seoondary-reaifltanoe  starters  are  flometimes  entirely  separate  from  the 
iiwitohins  apparatus  used  to  open  and  close  the  primary  cireuiU  In  other 
instances  the  primary  switch  is  interlocked  with  the  devioe  for  controUing 
the  secondary  resistance  in  such  a  manner  as  to  prevent  Uie  closure  of  tbt 
former  unless  the  latter  is  in  a  position  where  all  secondary  resiaiance  is  is 
oireuit.  Where  a  slip-ring  motor  is  started  and  stopped  at  frequent  int«nrab, 
the  primary  switch  and  the  secondary  resistance  commutatinc  device  ate 
often  connected  to  a  single  control  lever,  so  that,  as  the  latter  is  moved  from 
the  "off"  position  toward  the  full-speed  position,  the  primary  circuit  is 
first  closed  and  then  the  secondary  resistance  is  removed  step  by  step. 

The  characteristics  of  motors  with  which  secondary-resistanoe  starters 
are  employed  have  so  much  influence  upon  the  design  of  the  resistance  that 
it  is  impossible  to  lay  down  any  rules  governing  the  determination  of  the 
ohmlo  value  of  the  various  steps;  see  See.  7. 
Non-inductive  resistances  should  be  used 
ezoIui^Tely  in  the  secondary  circuit  of  slip- 
ring  motors. 

416.  AatomfttlcorMlf-startenareused 

in  oonneotion  with  both  altematinjc-current 
and  <Urect-current  motors  when  it  is  desired 
to  have  them  start  and  stop  automatically 
in  response  to  variaUons  in  pressure,  water 
level,  etc.:  or  when  it  is  desired  to  start  the 
motor  with  greater  convenience  and  with  ItM 
demand  upon  theinteUigence<Mf  die  operator 
than  is  required  where  EsAd-operatea  starV 
ing  apparatus  is  installed ;  or  wnen  the  motor 
is  Bolarge  that  its  control-eQuipmeut  becomes 
cumbersome  and  (Uffioult  for  the  operstiH' 
to  handle;  or  when  the  motor  is  frequenUy 
reversed  and  is  Likely  to  be  injured  bv  taking 
an  exoessive  current  when  "plugged."* 

Self-4tarter8  and  automatic  eontrol  would 
be  an  utter  impossibiUty  without  maffnetle 
iwltohM  (sometimes  termed  eontactort) 
and  consequently  a  brief  description  of  such 
devices  and  their  cbaraoteristics  appean 
necessary  before  entering  into  a  discussion 
of  the  various  types  of  self  starters  (Psr. 
UT  to  445). 

417.  Direct-current  mMTHAtle  swltclMi 

are  generally  of  the  single-  pole  type.  The 
most  common  form  is  operated  by  an  electro- 
magnet of  the  clapper  form  (Fly.  40).  The 
movable  element  or  dapper  carries  a  contact 
member  adapted  to  eiuage  a  correspondixc 
stationary  contact,  and  a  flexible  connection 
carries  ct^rent  to  the  contact  mounted  on 
this  moving  clapper.  Because  an  electro- 
magnet adapted  to  long-pull  work  is  inhei^ 
entlv  ineffi<»ent  and  slow  in  operation,  the 
modem  contactor  is  almost  invariably  sr- 
ranged  for  a  short  break  and  in  large  capac- 
ities must  be  provided  with  a  magnetic 
blow-out  for  disrupting  the  arc.  In  small  capacities  the  arcing  con- 
tacts are  often  used  for  carrying  the  current  as  well,  but  in  larger  capaci- 
ties the  main  or  current-carrying  contacts  generally  consiBt  of  laminated 
brushes  which  engage  contact  plates.  This  laminated  contact  is  protected 
against  arcing  and  burning,  by  auxiliary  contacts  located  in  the  msgneUe 
blow-out  field;  these  are  adapted  to  engage  sooner  than  the  laminated  con- 
tacts, and  to  open  later.  Fig.  49  shows  a  typical  direct-current  contactor  with 
the  blow-out  pole  pieces  swung  upward  so  as  to  render  the  contacts  easily 
accessible  for  repairs. 


Fio.  49. — Direct-current  mag- 
netic switch. 


*  Par.  4M,  No.  8,  0,  13,  25. 
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Fio.  50.- 


-Direct-current  time-tccelera- 
tion  Btartw. 


Id  order  to  be  quick  acting  and  jMsitive  in  operation,  direct-current  con- 
tactors should  have  coils  which  are  capable  of  closing  the  switch  with 
potential  equal  to  75  per  cent,  of  normal  impressed  at  the  coil  terminals, 
when  the  coils  are  at  the  operating  temperature. 

4SS.  Altanuitinf-currvnt  contactors  are  almost  invariably  called  upon 
to  handle  two  circuits  simultaneously  and  are,  therefore,  almost  invariaoly 
of  the  double-pole  type.  They  are 
generally  of  tne  clapper  form,  but 
the  macnetic  circuit  is  necessarily 
Uminated.  Particular  care  should 
be  taken  to  insure  the  holding  of 
the  laminations  with  sufficient 
rigidity  to  secure  a  permanent 
ttnicture.  The  pull  exerted  by  an 
iltemating-current  magnet  is  pro- 
portional to  the  square  of  the 
Tottage  impreseed  at  its  terminals, 
eonsequently  it  is  not  practicable 
to  make  alternating-current  con- 
tactors which  have  the  same  oper- 
ating range  aa  direct-current  con- 
tactors. 

It  is  practically  impossible  to  obtain  sufficient  sealing  pressure  with  alter- 
nating-current magnets  to  allow  the  use  of  laminatecT  contacts,  and,  as  a 
result,  moat  alternating-current  contactors  depend  upon  butt  contacts  of 
copper  for  opening  the  circuit  and  for  carrying  the  current  when  closed. 
Alternating-current  contactors  designed  for  voltages  up  to  550,  are  almost 
invariably  equipped  with  magnetic  blow-outa,  and  those  built  for  higher 
potentials  are  generally  arranged  to  open  the  circuit  under  oil.     Air-break 

contactors  havo  been  made, 
however,  for  potentials  up 
to  2,200  volts.  These  high- 
potential  contactors  are 
'  equipped  with  horn-type  arc 
gaps,  which  permit  the  arc 
to  increase  in  length  until  it 
reaches  the  point  of  diarup* 
tion. 

iSf.  Tiiiie-ftcc«Uratioii 
Mif-itartan  are  designed  to 
accomplish  the  necessary 
starting  operations  in  a  pre- 
determined and  adjustable 
period.  The  timing  may  be 
accomplished  in  many  wa^s, 
but  a  solenoid  whose  action 
is  retarded  by  an  adjustable 
dash-ix)t,  is  perhaps  the  most 
widely  used  device.  A  typi- 
cal direct-current  time-accel- 
eration starter  is  shown  dia- 
grammatioally  in  Fig.  50. 

440.  Ourrant-Ilmlt  laU- 
■tartert  are  devised  to  halt 
the  starting  operation  when- 
ever the  required  starting 
current  exceeds  an  adjustable 
predetermined      value,      the 


WVaa  CotnptrtDd  M oioc  U 
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Fio.  61. — Serie»-relay  ourrent-limit  self 
starter. 


starting  oi>eration  being  resumed  when  the  current  falls  below  this  limit. 
There  are  several  forms  of  current-limit  acceleration  self-starters,  and  only 
those  which  are  most  widely  used  will  be  described. 

441.  A  seiiM-reUy  eurrent-Umit  MU-Btart«r  is  shown  in  Fig.  51.  It 
will  be  noted  that  the  starting  resistance  is  removed  from  the  motor  circuit 
by  a  series  of  auooeasivelv  energised  magnetic  switches  or  contactors.  The 
motor    circuit   is    initlaUy    closed    by  operating  a    control    switch,    thus 
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Cftuaing  the  line  oontaotor  to  oloee.  The  cuxreat  n  1110011  through  Btartiog 
reaiataooe  1-3,  aieo  through  the  series  relay  which  controls  a^»leratiaff 
contactor  No.  1.  If  the  initial  current  inrush  is  sufficiently  great,  it  will 
cause  this  relay  to  lift  its  plunger  and  thus  prerent  the  clostire  of  any  of 
the  aooelerating  switches.  When  the  starting  current  has  fallen  to  the  drop- 
ping point  of  uiis  series  relay,  the  first  accelerating  switch  will  close,  remoTS 
one  step  of  starting  rettstanoe,  include  the  second  series  relay  and  complete 
the  (^rcuit  to  the  winding  of  the  second  acceleratinc 
switch  through  contacts  controlled  by  the  secona 
series  relay.  It  is  obvious  that  with  such  a  stnic* 
ture  the  removal  of  starting  resistance  will  be  halted 
whenever  the  current  exceeds  a  predetermined  vidoe 
and  will  be  resumed  when  it  has  fallen  bdow  this 
value. 

44S.  A  ssrlM  gwlteh  OMTfttlnc  louiMt-ii 
shown  in  Fig.  52;  this  piece  of  apparatus  is  designed 
to  aecomiMiBh  the  ourrent-Umit  acceleration  of 
direct-current  motors.  The  neries  switch  is  operated 
by  an  electromagnet,  which,  as  the  name  of  the 
device  indicates,  majr  be  connected  in  series  with  the 
motor.  The  magnetic  circuit  enclosing  this  windinc 
„         may  be  of  the  solenoid  or  clapper  form,  but  invaria- 

w,^   Ko fl^»4^  .^tt^k    Wy   includes   a   section   of    restricted  area,  "A," 

^J^H^T.^  bndged  by  a  movable  element.  "B,"  which  gives  » 
operating  magnet.  maxiniura  shuntina  effect  when  the  s»-itch  is  open, 
and  a  minimum  shunting  effect  when  it  is  olosel 
An  adjustable  air  gap  is  included  in  the  magnetic  bridging  circuit. 
Whenever  the  current  passing  through  the  winding  is  in  excess  ofa  oertsin 
value,  that  section  of  tne  magnetic  circuit  ("  A  ")  which  is  of  restricted  area 
wUl  be  saturated,  and  the  exceiie  flux  lines  set  up  by  the  winding  will^  therefore, 
seek  the  other  path  and  tend  to  hold  the  switch  in  an  open-circuit  pontion. 
The  switch  remains  open  as  Ions  as  the  current  in  the  magnetixinf  winci- 
ing  is  above  the  value  for  which  the  switch  is  adjusted^  below  this  value 
the  restricted  area  becomes  capable  of  carrying  a  sufficient  proportioa  of 
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Fia.  S3. — Starting  device  uains  the  seriea  switch  of  Fi(.  62. 

the  flux  to  aet  up  ft  counter  force  capable  of  OTercomiog  the  raetraininc  *<■''• 
and  oloae  the  switch.  *  The  w>lenoia-type  seriea  switch  is  quite  fully  illw 
trated  and  described  in  the  Traruactiont,  of  A.  I.  E.  E.,  Vol.  XXX,  put 
1563,  in  a  contribution  by  A.  C.  Eastwood. 

Fi(.  83  is  a  typical  connection  diagram  for  a  aelf-startinc  device  made  ip 
of  these  switches.     When  the  line  switch  " K"  is  dosed,  current  pa«a 

•Par.,4M,  Na2«. 
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',  from  the  pontive  line  throush  the  ahunt-field  windings,  "/."  to  the  negative 

ise:  almo  from  the  positive  Tine  through  the  armature,  "A,"  the  series  field, 

"F,"   the  readstance  sections,   "Vi" 

"Kj"  •*  Vi,"  and  the  operating  coil, 

"Ci "  of  the  first  aeries  accelerating 

nitch,  to  the  negative  line.    If  the 

initial  current  inrush  is  in  excess  of 

the  value  at  which  "Ci"  locks  open, 

Bo  resiatance  will  be  out  out  unUl 

the  aceeleratinc  current  has  fallen  to 

the  point  whicn  wilt  permit  "Ci"  to 

lift  iu  plunger.     When  "  Ci "  lif U  iu 

plunger,      switch     "5i**    is    closed, 

thereby    ahort-cirouitinp    resistance 

iKtion  "  Vi"  andinoluding  the  wind- 
ing "Ct."      The  operation  of  these 

series  switches  is  progressive.     W  hen 

"Ca."    the  last   of  the  accelerating 

windings,    closes    its   switch    "Si, 

windin|Es,  "Ci,"  "Ci"  and  "C«,"  are 

shortr-oircuiteo  and  the  shunt  wind- 
ing* "  H»,'*  is  connected  in  circuit 

directly   across  the  lines.     Winding 

"Ht"  aerves   to   hold    "5i"    closed 

during       running,      thus      guarding 

agsinst  the  dropping  out  of  the  ao- 

eelerating  switches  should  the  motor 

operate  under  light  load. 
44J.  Tht     magnatle    lock-out 

■witch,  illustrated  in  Fig.  54.  is  ap- 
plicable to  direct-current  motors.    It    ^^ 

a  a  clapper-type  switch  of  conven-  tftf  "^Z^ 

tional    form,    operated   by    a   senes     '-''-  ""^^ 

winding  instead  of  shunt,  and  having 

a  second  series  winding,  separately 

mounted,  adapted  to  act  on  a  down- 
wardly projecting  extension   of  the 

■witch    clapper,    and    to    hold  the 

■witch  open  as  long  as  the  force  ex- 
erted by  this  secondary  winding  ex- 
ceeds that  of  the  closing  coil.    An 

adjustment  is  provided  by  which  the 

air  pap   between   the   secondary  or 

lockmg-out    coil    and   its   armature  can  be  varied;  thus  the  current  above 

which  the  switch  will  be  locked  in  an  open  position  can  be  adjusted  through 
,     ^,  ,  a  wide  range. 

*i     Lines     I-  Referring  to  the  diagram, 

I        n         I  Fig.  55,  which  covers  a  sim- 

ple starter  consisting  of  three 
magnetic  lock-out  switches, 
it  will  bo  noted  that  when  the 
line  circuit  is  closed,  the 
motor  current  passes  from 
the  positive  line  through  the 
two  windings  of  the  first 
magnetic  look-out  switch, 
thence  through  three  sec- 
tions of  Btartmg  resistance 
to  the  armature  of  the  motor 
to  be  started.  As  long  as 
the  current  passing  through 
these  windings  is  in  excess  of 
a  predetermined  and  adjust- 
able   value,    the   restraining 


FiQ.  54. — Magnetic  lock-out  switch. 
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Fio.  55.- 


'Starter  comprising  three  magnetic 
lock-out  switches. 


lorce  exerted  by  the  lower  or  locking-out  magnet  will  exceed  the  attractive 
force  exerted  by  the  upper  or  closing  magnet,  and  the  switch  will  maintain  an 
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open-circuit  poiition.  When  the  current  ha*  (alien  below  thia  i 
value,  the  upper  or  doaing  magnet  will  develop  auffictent  pull  to  overeome 
the  lock-out  winding.  Aj  soon  aa  the  contacts  of  the^  switch  engage,  one 
section  of  the  starting  reaistanoe  is  reraovod,  and,  with  thia  section  the 
look-out  coil,  so  that  any  tendency  which  this  coil  might  have  to  hold  the 
switch  in  an  open-circuit  poaition  is  entirely  removed.  No.  1  accelerating 
switch,  in  dosing,  not  only  short-circuits  a  section  of  the  resistance  and  its 
lock-out  coil,  but  also  automatically  includes  both  windings  of  the  second 
accelerating  switch,  which  in  turn  locks  open  until  the  starting  current  has 


L1d«« 


Flo.  58.— Alternating-current  time-limit  self  starter. 


fiUlen  below  the  value  at  which  it  is  adjusted  to  operate.  These  switehw 
will  remain  closed  with  5  per  cent,  of  their  normal  current;  conaequently  no 
ahunt  winding  ia  ordinarily  required  for  the  last  switch. 

4i4.  The  eotinter-«.m.t.  itartar  (or  dlreot-eumnt  motort  is  is 
reality  a  current-limit  starter.  In  this  device  the  starting  resistance  is  n- 
movcNl  by  a  series  of  magnetic  switches  whose  operating  windings  are  cos- 
nected  across  the  motor  armature;  these  switches  close  sucoessivdy  as  tbr 
counter  e.m.f.  of  the  motor  increases  with  the  speed. 

Ml.  Altematlnc-eurrant  Indaotion  laU  startan  may  also  be  of  either 
the  time-limit  or  current^limit  type.  In  the  former  the  primary  windiap 
are  connected  to  the  starting  transformer  for  a  predetermined  length  of  tine, 
and  are  then  thrown  directly  on  the  line.     Fig.  58  shows  a  typioM  starter  of 
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tlib  cliaa.  A  very  similar  starter  is  employed  (or  the  control  of  secondary 
•Urting  resistance,  the  removal  of  the  starting  resistance  being  accomplished 
tfter  a  predetermined  time  interval.  Both  induction  and  primary-resistance 
idf  staiterv  of  the  ounvnt-limit  type  are  manufactured,  but  have  not  proven 
u  ntisfactory  as  the  time-acceleration  type  on  account  of  the  low  starting 
torque  of  squirrel-cage  motors,  and  the  possibility  of  their  being  so  loaded 
that  they  will  not  accelerate  sufficiently  to  enable  a  cui  rent-limit  type  of 
garter  to  change  from  starting  to  running  position.  Fig.  57  shows  a  ourrent- 
lioiit  aeeeleratioa  contr<^ler  for  use  in  connection  with  an  alternating-current 
llip-ring  motor.     This  controller  consists  of  a  primary  contactor  and  two 
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Fio.  57. — Alternating-current  current-limit  self  starter. 


leeondary  resistance  contactors,  all  of  which  are  double-pole  type.  -The 
operation  of  the  primary  contactor  may  be  controlled  by  a  pressure  regulator, 
s  float  switeb-  or  a  simple  snap  switch.  The  secondary  resistance  switches 
ire  arranged  for  successive  operation,  and  sie  governed  by  two  3-phase, 
■eoondary  series  relays,  which  are  arranged  to  halt  acceleration  whenever  the 
motor  current  exceeds  the  value  for  which  they  are  adjusted. 

SPUD  RKOULATOBB 
MC.  Dlraet-curreiit  ipesd  ragulatori.     The  speed  of  direct-current 
■notors  may  be  varied  in  two  ways:  first,  by  varying  the  potential  impressed 
at  the  armature  terminals,  the  field  strength  remaining  constant  (the  speed 
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of  s  direct-ourrent  motor  operating  at  constant  fidd  will  be  directly  propor* 
tional  to  the  voltage  impressed  on  its  armature  terminals)  \  second,  by  vao'ins 
the  field  strength,  the  voltage  at  the  armature  remaining  constant.  The 
speed  of  a  motor  whose  armature  ix)tential  remains  unchanged,  will  be  in- 
versely proportional  to  the  field  strength.  Speed  control  can  also  be  obtained 
by  a  combination  of  the  two  methods  just  mentioned.^ 

There  are  many  ways  in  which  the  armature  potential  may  be  varied,  the 
most  common  beini;  to  insert  a  resistance  in  we  armature  circuit;  the  IB 
drop,  across  this  resistance  serves  to  reduce  the  voltage  impressed  upon  tbs 
armature.  This  method  is  open  to  the  objections  that  it  is  inefficient  and 
that  the  IR  drop  varies  with  the  motor  load;  consequently  the  regulation  is 
not  good  and  only  a  limited  range  of  regulation  can  oe  obtoined.     Assunung 

a  motor  to  be  operating 
under  full-load  torque, 
about  125  per  cent,  of  full- 
load  current  will  be  re- 
quired to  start  it,  and  the 
amount  of  resistance  which 
will  permit  such  a  current 
inrush  will  give  75  per 
cent,  reduction  in  arma- 
ture e.m.f.  and  speed  with 
fuJl-load  torque  and  ctir- 
rent.  It  may  therefore  be 
said^  that  4  to  1  is  the 
maximum  apeed  rmnge 
whieh  it  ia  possible  to  ob- 
tain satisfactorily  by  the  ar^ 
mature-resistance  method. 
and  that  in  many  cases 
3  to  1  will  be   the    maxi- 


Fxa.  58. — Ward-Leonard  system  of  direct- 
current  control. 


mum  rauiEe  obtainable.  The  regulation  inih  this  method  at  reduced  speed, 
under  variable  loads,  is  so  poor  as  to  make  armature-resistance  speed  regula- 
tion impracticable  for  any  out  constant-load  work. 

4iT.  Th«  Ward-Leonard  aTitam  of  direct-ourrent  control  ia  well 
adapted  for  wide  range,  and  has  good  regulation.  Fig.  58  is  a  oonneetion 
diagram  for  a  typical  ajystem  of  this  class.  "G-l"  and  "G-2"  are  two 
generators,  one  of  which  is  self-ex  citing,  and  furnishes  current  for  the  fields  of 
0-2"  and  the  motor  "  M."  By  means  of  rheostat,  "R,"  the  voltage  of 
*'G-2"  can  be  varied,  and  the  speed  of  "  M"  will  be  correspondingly  varied. 
The  regxUation  of  such  a  system  is  very  good,  through  a  wide  range  of  control, 
and  becomes  unsatisfactory  only  when  the  comparatively  small  IR  drop  in 
the  armatures  "  G-2  "  and  *  M  "  and  the  connections  between  them,  becomes  a 
large  percentage  of  the  total  potential  generated  by  "  G-2  "  (Par.  ift8>  No.  4). 

By  reversing  the  fields  of  "G-2,"  the  direction  of  rotation  of  the  motor, 
**M,"  can  bo  changed  (Par.  4M,  No.  10,  21  and  24).  This  system  is  exten- 
nvely  employed  for  reversing  mill  and  mine  hoist  duty. 

448.  The  multiple -voltage  method  of  direct-current  ipeed  control 
is  generally  used  in  connection  with  a  certain  amount  of  field  control.  The 
older  multiple  voltage  systems  are  almost  invariably  four-wire,  as  per  Fig. 
57.     A  balancer  sot  having  three  armatures  is  connected  aoross  a  250-volt 

system    and   gives  60,  80  . 

and  110  volts  between  the  ^  [     T      J         ^  j 

three  sets  of  mains.      The  k  /^  H  n  ' 

motor  whoso  speed  it  is 
desired  to  control,  may 
obviously  be  bo  connected 
that  it  will  have  60,  80, 
110,  140,  100  or  250  volte 
impressed  on  its  armature. 
Field  control  is  used  to 
smooth  out  the  steps;  the 
motor  field  strength  ia  re- 
duced while  the  armature 
is  coanected  to  each  potential,  before  stepping  to  the  next  tiigher  potential, 
and  is  increased  to  normal  strength  as  the  change  is  made. 

Later  systems  employ  but  three  wires  (Par.  4M»  No.  5)  and  provide  for 


-Multiple  voltage  system  of  direct- 
current  control. 
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,  110  and  220,  or  125  snd  260  volta  at  the  motor  armattire.  To  obtain  reason- 
lUtf  gmall  speed  increment*  throughout  the  entire  speed  range,  these  three- 
wire  lyatems  require  a  motor  whose  speed  may  be  varied  by  field  oontrol 
tlirouj(h  a  wider  ranse  than  is  required  where  a  motor  is  operated  on  the  f  our- 
Tire  system. 

441.  The  field  itrengtli  of  »  motor  may  be  raried  by  electrical  or 
Biechanical  means.  When  this  is  acoomidishea  electrically,  the  field  strength 
ii  lenerally  varied  by  a  field-regulating  rheostat.  Field  regulation  is  effected 
BKchanicaUy  by  changing  the  air  gap  and  consequently  the  reluctance  of  the 
leld  circuit.  Bither  method  produces  the  same  restilts,  the  former  having 
the  advantage  that  the  regulating  rheostat  can  be  oonveniently  located  at 
lome  distance  from  a  motor,  also  that  the  field  strength  can  easily  be  increased 
to  normal  during  starting. 

The  extent  to  which  the  speed  of  a  motor  can  be  varied  by  field  eontrol 
depends  upon  its  design.  Generalljr  Bi>eakinf,  a  standard  machine  will 
inaom  commutate  well  if  its  speed  is  increased  in  this  manner  more  than  20 
per  cent.,  while  specially  dedgned  inter-pole  motors  have  been  built  for  speed 
nn^es  as  great  as  10  to  1.  On  account  of  their  good  inherent  regulation  and 
their  high  efficiency  at  all  speeds,  field-control  motors  are  almost  universally 
employed  where  speed  control  of  direct-current  motors  is  required. 

4M.  A  eomblnetlon  of  armatnre-reiisteiice  and  field  control  may 
be  used  to  advantage  where  reduced  sjieeda  are  required  for  comparatively 
short  periods,  and  the  expense  of  installation  can  be  materially  reduced 
by  such  procedure.  It  will  also  be  found  where  a  wide  range  of  speed  is 
■eqnired  in  connection  with  the  Ward-Leonard  system  (Par.  4M,  No.  18), 
Rg.  SO,  that  it  wiU  be  advisable  to  regulate  the  field  strength  of  the  motor  as 
wdl  ••  that  o£  the  generator. 

in.  leU-itartlnr  ipeed  recidatort.  In  machine-tool  practice,  self- 
aCarten  axe  used  to  start  and  stop  machines  whose  speeds  are  acgustable  by  a 
I^ulator  controlling  the  motor  fields.  Such  self  starters  may  be  equipped 
nth  a  vibratory  field-regulating  relay,  the  winding  of  which  is  connected 
ia  series  with  the  motor  armature.  Whoa  the  armature  current  reaches  a 
|>edetennined  value  this  relay  will  short-circuit  the  field  rheostat,  thus 
tnereaeiiig  the  motor  field  strength  to  normal.  The  field  strength  is  continued 
at  normal  until  the  armature  current  decreases  sufficiently  to  allow  the  relay 
to  drop,  thus  inserting  the  field  resistance  and  increasing  the  armature  current 
because  of  the  reduced  counter  e.m.f.  Increase  in  armature  current  causes 
the  relay  again  to  short-circuit  the  field  rheostat,  and  the  relay  continues  to 
vibrate,  alternately  short-circuiting  and  cutting  in  the  field  resistance,  until 
the  motor  has  accelerated  to  such  an  extent  that  the  field  resistance  may  be 
kft  in  circuit  without  causing  the  armature  to  take  a  current  in  excess  of  the 
iday  setting. 

4H.  Berlei-;P«rallel  eontrol  of  two  motor*  is  a  convenient  and  efficient 
means  of  obtaining  two  speeds,  one  atieed  being  one-half  the  other.  Such 
a  eontrol  system  has  the  added  advantage  of  reducing  the  current  required  to 
produce  a  given  starting  torque.  This  system  of  control  is  most  widely 
used  in  railway  work  (also  see  Par.  4M,  No.  10). 

MI.  Speed  eontrol  of  iquirrel-eage  motors  may  be  accomplished  in 
two  ways:  first,  by  changing  number  of  poles;  second,  by  varying  the  com- 
fained  voltage  and  frequency 
impressed  on  the  pnmary.  Ll 
Tm  number  of  poles  may  be 
changed  b/  the  use  of  sepa- 
rate windings  and  selective  Li  ^ 
energisation,  or  by  regroup-  ••*>'i'*i  C  N  Spssd 
log  the  windings  to  change 
the  number  of  poles.  The  r  , 
former  method  is  employed        ' 
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where  more  than  two  sjjecds 

are  required.    To  obtain  a  1        Fio.  60. — Two-speed  squirrel-cage  motor. 

to  2   ratio  the  windings  are 

■menlly  connected  as  shown  in  Fig.  60.      It  should  be  particularly  noted 

that  in  changing  from  the  star,  or  half-speed  connection,  to  the  double  star, 

or  full-speed  connection,  it  is  necessary  to  reverse  two  of  the  incoming  linea 

io  order  to  prevent  die  motor  from  running  in  a  reverse  direction. 
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When  volUce  and  (raoueDay  arc  ohannd  tixtj  mint  be  vwied  is  the  asmi 
ratio,  <.t.,  for  fialf  speed,  naif  rotUce  and  half  fraqueney.  The  speed  of  tba 
squirrel-eate  motor  eoniieC  be  varied  by  the  use  of  primary  reeiatanoee. 

4M.  A  eombinntlon  of  TurlabU  tNqaener  and  «hnat«  of  pole*  ii 
sometimes  found  effective.  For  example,  a  system  employing  a  lO-pole/30' 
pole,  440-volt,  60-evela  motor  at  720  rev.  per  min.  (maximum  synehronoia 
speed),  may  be  usea  in  oonncntion  with  two  frequeney-^hansinc  sets,  and  thi 
following  speed  range  obtained: 


60  cycles 

440  volts 

10  poles 

720  rev.  per  min. 

4A  cycles 

330volU 

10  poles 

540  rev.  per  min. 

60  cycles 

440  volts 

30  poles 

45  cycles 

330  volts 

20  poles 

270  rev.  per  min. 

30  cycles 

220  volts 

20  poles 

180  rev.  per  min. 

The  horse-power  output  of  motora  used  with  such  a  control  aystem  is 
directly  proportional  to  the  speed  at  which  they  operate. 

4M .  Bllp-fliic  motora  e«n  be  varied  In  (peed  by  the  use  of  secondarr 
reeistanoe.  This  method  of  speed  regulation  u  open  to  several  objeetioiii. 
It  is  not  efficient,  and  the  speed  regulation  at  reduced  speeds  is  not  good, 
because  the  amount  of  speed  reduction  obtained  with  a  given  amount  el 
secondary  reeistanee  in  circuit  variee  directly  with  the  load  which  the  motor 
is  carrying.  Under  the  meet  favorable  conditions  it  is  not  eommcreially 
possible  to  obtain  a  greater  reduction  in  speed  than  75  per  cent.,  and  in  most 
cases  SO  per  oent.  reduction  in  speed  will  be  found  to  be  the  practical  limit 

Slip-ring  motors  are  sometimee  constructed  with  means  for  varying  tfas 
number  olpoles,  either  by  the  use  of  multiple  windings,  or  by  regrouping  the 
windings.  Since  both  the  primary  and  the  seoondary  wmdings  must  be 
controlled,  such  systems  are  commercially  impracticable  for  moat  smsU 
installations,  but  are  used  to  some  extent  in  roUing-mill  work. 

4M.  Oono«tan«tion  control  of  Induction  moton.  The  speed  of  two 
alternating-ctarrent  induction  motors  mounted  on  the  sameahaft  maybe 
varied  hy  connecting  them  in  cascade,  or,  in  other  words,  by  operating  la 


Motor  B 


Motor  A 


Fio.  61. — Cascade  connection  of  two  motors. 

concatenation  (See.  7).  The  first  motor  of  such  a  system  must  be  of  tW 
slip-ring  type,  and  the  second  may  be  of  the  squirrel-cage  type,  although  tM 
use  of  a  shp-nng  machine  is  preferable  on  account  of  the  poasibtlity  it  afforS 
of  obtaining  higher  starting  torques  and  reduced  speeds.  With  two  eaa>? 
catenated  motors,  a  total  of  four  economical  running  speeds  can  be  obtained 
as  follows:  one  with  motor  "A,"  connected  to  the  line:  the  second  with  mottf: 
"B"  directly  on  the  line;  the  third  with  "A"  and  "B"in  direct connteos* 
tion,  and  the  fourth  with  "A"  and  "B"  in  differential  ooncstenatioak 
Motors  are  said  to  be  in  direct  concatenation  when  they  tend  to  revolve  ii 
the  same  direction  and  in  differential  concatenaUon  when  the  second  C'B'^ 
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tadi  to  oppose  the  first  ("  A  ")■    See  also  Par.  4M,  No.  S.     The  Bynchronous 

•peed  for  each  of  the  eoncatenated  eonneotioas  oan  be  determined  as  followi: 

-     cycles  X 120  ,  .    .  ,„^ 

S  -     f  ,£p, —  (rev.  per  min.)  (9) 

vlwre  5  is  the  synchronotis  speed  in  rev.  per  min. ;  Ti  is  the  number  of  poles 
fli  motor  "A**;  Pi  is  the  number  of  polra  of  motor  "B."  The  plus  sign 
ihouid  be  used  when  the  motors  are  in  direct  concatenation,  and  the  minus 
■fs  when  in  differential  concatenation.  The  diagram  in  Fi|.  61  shows  the 
eannectioDS  for  a  cascade  system. 

There  are  so  many  methods  by  which  the  speed  of  one  or  more  slip-rins 
actors  can  be  varied  (see  Par.  4W,  No.  6,  7,  15  and  26),  that  it  is  impossible 
to  cover  them  all  in  the  limited  space  available. 

MT.  Binxla-phM*  motors  of  the  repulsion  type  ma^  have  their  speed 
vsried  either  by  the  use  of  .primary  resistance,  or  Dy  shifting  the  brushes. 
The  results  obtained  by  various  motor  manufacturers  are  so  widely  diverse 
Si  to  make  it  almost  impoesible  even  to  outline  the  limitatioos  of  such 
lyitems. 

US.  Synehronon*  moton  are  not  susceptible  of  speed  control;  see  Par. 
MS,  No.  22. 

■LBOTBIOALLT  OPKKATXD  BKAKXS 

4M.  Clnaalfleattoii.  In  the  control  of  electric  motors  it  often  becomes 
desirable  to  provide  a  brake  which  is  electri<»lly  released  and  applied  by  a 

r'  Bg  or  weisht.  Such  brakes  are  made  in  three  types — the  multiple-disc, 
band  and  the  shoe  type, 

4M.  Band  brake.  In  one  type  of  band  brake,  a  wheel  is  attached  to  the 
•haft  to  be  braked,  and  this  wheel  is  encircled  by  a  band  lined  with  a  suit- 
able friction  material.  Normally  the  band  is  brought  into  frictional  engage- 
ment with  the  wheel  by  means  of  a  spring;  a  solenoid  is  provided  for  the  pur- 
pose of  compressing  these  springs  and  relieving  the  brake  band.  The  band 
Drakes  are  manufactured  for  either  alternating-current  or  direct-current 
service. 

Ml.  A  multipla-dlse  braka  is  illustrated  in  Fig.  62.  This  typical  form 
of  brake  is  manufactured  only,  for  direot-eurrent  service.     It  consists  of 


Flo.  62. — Exploded  view  of  multiple-disc  brake. 


a  hub  which  is  mounted  on  the  shaft  to  be  braked,  to  which  hub  are  keyed 
one  or  more  discs  and  a  stationary  frame,  in  which  are  carried,  by  means  of 
keys,  two  or  more  stationary  discs.  Normally  the  rotating  discs  are  clamped 
between  the  stationary  discs  by  the  action  of  a  spring,  and  by  means  of  an 
electromagnet  this  spring  can  be  compressed  and  the  preesure  on  the  friction 
discs  relieved. 

Ml.  Shoe  brake.  A  typical  shoe  brake  differa  from  the  band  brake  only 
ia  that  the  morable  friction  face  is  in  the  form  of  a  shoe  rather  than  in  the 
form  of  a  band.  These  shoe  brakes  are  also  made  for  alternating-current  or 
direet-current  service. 

4CI.  AdT4ntecs*  o'  ^*  ▼arioua  types.  The  disc  brake  has  the  advan- 
tage, ovn  either  other  type,  of  imposing  no  side  strains  on  the  shaft  to  which 
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it  is  Applied.  Naturally,  it  also  providea  equal  br^ing  for  either  direetioa 
c^  rotation,  whereaa  aoma  forms  of  band  and  shoe  brakea  do  not  poasesa  thii 
feature.  The  band-type  brake,  generally  speaking,  is  superior  to  the  sboe- 
type,  beoauae  of  the  larger  proportion  of  the  brake  wheel  which  is  in  actual 
service,  and  the  consequent  reduction  in  unit  preasure  on  braking  surfacee. 
Moreover  the  band-type  brake  possesses  the  tendency  to  wrap  itself  around 
the  wheel;  consequently  it  oan  be  operated  by  means  of  a  smaller  Bcdenrad 
than  is  required  for  a  snoe  brake  of  corresponding  rating. 

BTKAMIC  BKAXXNO 

4M.  Cl*gatfle*ttMl.  Dynamic  braking  may  be  defined  as  the  ret&rdatioD 
of  a  machine  by  a  motor  acting  as  a  generator,  which  takes  no  current  from 
the  line  other  than  for  excitation.  The  subject  of  dynamic  braking  may  be 
divided  into  two  parts  as  follows:  first,  for  the  purpose  of  effecting  a  quick 
atop;  second,  for  the  retardation  of  a  descending  load. 

4M.  For  the  puipoie  of  retarding  the  deaeendlnf  load  on  cranes 
and  ore-handling  machinery,  it  is  common  practice  to  employ  dynamie 
braking.  The  motors  usea  for  this  service  are  almost  invariably  series- 
wound,  and  in  starting  down  it  is  necessary  to  take  current  from  the  line 

by  a  separate  circuit  in  order 


8«rlM  neld 
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-Retarding  a  descending  load  by 
dynamic  breaking.    . 


to  energise  the  seriea  field. 
The  systems  employed  are 
almost  innumerable,  and  it  is 
impossible  to  describe  them  all 
here.  The  connection  dia- 
grams. Fig.  63.  illustrate  the 
theory  of  a  control  system  ol 
this  character.  It  will  be 
noted  that  in  hoisting,  tike 
motor  armature  and  fidd  are 
first  connected  across  the  line 
in  series  with  a  resistance. 
This  resistance  ia  removed  step 
by  step  as  the  control  lever  is 
advanced  toward  the  full-speed 
position.  A  mechanical  brake 
set  by  a  weight  or  spring  serves 
to  hold  the  load  in  any  posi- 
tion, and  a  series-wound  sole- 
noid, "B,"  is  adapted  to  re- 
lease this  mechanical  brake 
when  hoisting  or  lowering  is 
taking  place.  In  the  "off" 
position,  the  circuits  to  both 
motor  and  brake  solendd  are 
open,  and  consetjuently  the 
mechanical  brake  is  set.  In 
the     lowering     positions    the 


motor  field  and  the  brake  solenoid  are  connected  across  the  line  in  series 
with  a  variable  resistance;  the  motor  armature  is  bridged  across  the  field 
and  the  brake  solenoid.  As  the  control  lever  is  advanced  toward  the  full- 
speed  lowering  poattion,  the  resistance  included  in  the  field-brake  circuit  is 
increased  until  all  the  resistance  is  inserted.  Further  movement  increases 
the  resistance  included  between  the  armature  and  the  series  field  until  the 
armature  is  finally  connected  directly  to  the  line.  The  higher  the  resistance 
included  in  the  armature  circuit,  the  greator  will  be  the  speed  at  which  a 
given  load  will  descend;  and  the  lower  the  value  of  resistance  included,  the 
lower  will  be  the  descending  speed.  Should  the  descending  load  be  insuffi- 
cient to  overhaul  the  motor,  the  latter  will  run  as  a  shunt-wound  machine, 
and  actually  drive  the  hoist  drums  in  a  reverse  direction,  paying  out  line 
to  the  descending  hook.  For  sending  a  light  hook  down  at  nigh  speed,  tbe 
series  field  is  weaKened  by  shunting. 

4M.  Dynamic  braking  of  direct-current  motors  for  the  purjKweef 
effecting  a  quick  stop  is  employed  quite  extensively  in  connection  with 
elevators,  printing  presses  and  machine  tools,  oentruugal  extractors,  etc- 
The  arrangement  generally  provided  consists  of  a  switching  appliance  for 
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(onneetinc  a  fi:(ed  aiep  of  raaistanoe  aoroas  the  terminals  of  the  motor  arm^ 
tore  after  the  hne  circuit  is  interrupted.  As  s  result  of  this  prooedure  the 
Botor  acts  us  a  ^nerstor  and  aerrea  to  retard  and  atop  the  machine  which  it 
4rirea.  While  it  is  possible  to  effect  a  quicker  stop  by  this  method  than  if  it 
were  not  employed,  it  does  not  provide  for  the  quicKest  stopping  that  can 
beobtained;  It  is  obvious  at  once  that  as  the  motor  speed  decreases,  the  poten- 
tial tenerated  by  its  armature  correspondingly  decreases,  and  the  reduction 
in  current  which  the  armatuiv  will  send  through  the  fixed  atep  of  resiatanoe 
Raolta  in  a  gradual  diminution  of  the  braking  force,  until  it  reaches  aero 
when  the  armature  etopa. 

Inductive  resistance  is  often  employed  in  the  braking  drcuit  for  the  pur- 
poee  of  prolonging  the  period  during  which  the  braking  current  remains  at 
sigh  value,  and  quicker  stoppage  can  be  effected  by  its  use.  Where  the 
quickest  poesible  atop  is  desired,  a  variable  resistance  should  be  connected 
aerose  the  motor  armature;  thia  reaistance  ahould  be  reduced  by  a  aeriea  of 
magnetic  awitchea,  the  suooeauve  doaure  of  which  will  be  halted  whenever 
the  braking  cnrrent  exceeds  a  predetermined  value.  With  suoh  an  equip- 
ment, the  braking  current  can  be  maintained  at  a  high  value  throughout  the 
entire  stopping  period^  and  nauoh  faster  results  obtained  than  are  possible  by 
any  other  method.  In  the  interest  of  economy  the  starting  resiatanoe  and 
the  aceelerating  awitches  are  generally  employed  for  ^aduated  dynamie 
braking.  Thus  the  same  apparatua  which  la  used  to  limit  the  current  of 
acceleration,  serves  also  to  limit  the  current  of  retardation. 

MT.  Altamatinc-current  motors  can  be  used  for  dynamic  brmUnc 
only  when  direct-current  is  available  for  their  excitation;  the  method  is 
aeloom  used,  for  this  reason.  For  quick  stopping,  the  reversal  of  the  primary 
and  the  inclusion  of  a  high  resistance  in  the  secondary  ia  equally  effective 
sod  does  not  require  direct  current.  For  the  retardation  of  descending 
loads  it  has  not  been  very  popular,  largely  on  account  of  the  general  unpopu- 
larity of  alternating-current  motora  for  this  claas  of  service,  direct-current 
machines  being  better  adapted  on  account  of  their  inherent  eharacteristioa 
CPar.  4M,  No.  11). 
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HO&UAN  W.  8TOBXB 

Oeneral   Bngineeri    WeHinghouse    Electric    and    Manufadurino   Co.,    FHiotB, 
AmertGin  Inatitute  of  Electrical  Enginwt* 

INTBODUCTZON 

1.  OonsidCTfttlons  alleetlnff  rui«ral  deiign.  All  railway  estimatei 
are  baaed  U|>on  th«  performance  of  the  roUiag  stock,  as  this  determines  the 
type  of  equipment  to  be  used,  its  capacity,  the  possibilities  of  scbedole 
speed,  and  the  power  input  to  the  train,  both  maximum  and  average.  This 
last-named  factor  in  turn  determines  the  characteristios  of  the  low-potential 
distribution  system,  whether  trolley  or  third-rail,  and  its  capacity.  These 
ooDsiderations  lead  up  to  the  determination  of  substation  capacity  and, 
finally,  Uie  capacity  and  cost  of  the  generating  station.  It  is  imi>ortant, 
therefore,  that  the  characteristics  of  the  different  types  of  motive  i>ower 
be  thoroughly  understood,  as  a  false  cusumption  of  error  in  the  preliminary 
calculation  of  motive-power  capacity  and  train  energy  consumption  may 
lend  to  very  serious  errors  in  laying  out  the  entire  generating  and  distributing 
systems. 

t.  CUsslflcfttion  of  systems  now  •mploTod*  There  are  four  trpM  of 
motcurs  available  for  railway  servioe,  giving  rise  to  three  systems  of  distri- 
bution: (a)  the  direct-current  series-wound  motor  of  from  600  to  1,200  volts. 
fed  from  a  synchronous-converter  or  motoi^generator  substation,  tied  into 
a  high-potential  three-phase  alternating-current  transmission  s>'8tem;  (b) 
^te  altematipg-current  series-wound  motor  fed  directly  from  an  alteraatinx- 
ourrent  high-potential  transmission  system  through  intermediary  step-down 
transformers;  (o)  the  alternating-current  three-pnase  induction  motor  fed 
directly  from  an  alternating-current  three-phase  transmission  system  throu^ 
step-down  transformers;  (id)  the  alternating-current  polyphase  induction 
motor,  fed  from  a  single-phase  circuit  through  an  iDtermediate  phase  con- 
verter ("split-phase  system"). 

All  four  systems  enjoy  the  advantage  of  alternating-current  generatioa 
and  transmission  of  power  at  high  potential,  the  direct-current  ana  induction 
motor  vvstcm  demanding  multiphase  generation,  while  single-phase  genera- 
tion ana  distribution  best  serves  the  needs  of  the  single-pnase  altematinff- 
carreut  motor  and  split-phase  systems. 

a.  Msthod  of  stad^ny  traction  i>robleiiu.  The.rariouB  steps  to  be 
followed  in  the  determination  of  the  proper  relation  of  motive  power  eqiup- 
ment.  distribution  and  generating  systems,  are  as  follows:  (a)  a  knowledge  of 
train-resistance  values;  (b)  calculation  of  possible  schedule  with  the  frequency 
of  stops,  train  weight  and  other  fixed  factors  entering  into  the  problem;  (t) 
determination  of  train  input  aa  obtained  from  train  resistance  and  energy 
consumption  values;  (d)  determination  of  motor  capacity;  (e)  calculatiom 
of  train  diagrams;  (f)  determination  of  capscity  of  low-potential  distribu- 
tion system^  and  substations;  (g)  determination  of  senerating-etstion  csps- 
city;  (h)  estimate  of  cost  of  the  various  parts  of  the  electric  railway  system  u 
determined  by  the  capacity  found  above;  (i)  approximate  cost  of  operation; 
(i)  approximate  gross  income  as  determined  by  comparative  statistics;  (k) 
aivioend  earning  power  of  road. 
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4.  TttrtS.  Careful  experimental  teats,  carried  out  during  the  paat  few 
years  with  electric  locomotives  and  motor-cars,  have  thrown  new  light  on  the 
much  diecuased  question  of  train  resistance  at  the  higher  speeds.  Without, 
in  any  way,  disparaging  the  care  taken  in  tests  made  with  steam  locomotives, 
it  was  not  until  electrical  methods  of  measuring  power  introduced  greater 
aeeuracy  than  was  possible  by  use  of  the  steam  indicator,  that  oonaistent 
results  became  obtainable  with  light  trains  operating  at  very  high  speeds. 

The  electric  motor  was  the  means  of  introducing  the  single-oar  train 
operaUng  at  speeds  up  to  70  miles  per  hr.  ^  At  that  time  no  data  were  extant 
coQoeming  the  operation  of  single-car  trains.  It  was  soon  found  that  such 
a  car  operating  alone  required  an  input  out  of  all  proportion  to  the  power  re- 
qnireff  to  propel  a  train  composed  of  several  such  cars  operating  at  the  same 
^leed,  consequently  new  adjustments  had  to  be  made  in  train-resistance  for- 
mulas then  existing. 

During  the  spring  of  1900,  a  series  of  tests  were  made  by  Mr.  W.  J.  Davis* 
Jr.,  on  the  Buffalo  A.  Lockport  Railwayj  which  consisted  in  running  a  40-ton 
^ectric  locomotive  alone  and  with  trailers  at  speeds  approaching  60  miles 
per  hr.,  as  a  maximum.  These  tests  probably  constitute  the  first  consistent 
attempt  to  utilise  the  benefits  of  greater  accuracy  which  eleotrioal  methods  of 
monunjif  afford.  Since  then  other  teats,  taken  under  better  conditions  and 
with  various  classes  of  equipment,  afford  data  from  which  it  is  possible  to 
piedict,  with  a  considerable  degree  of  accuracy,  the  total  resistance  (wind, 
bearing  and  rolling)  oppoaing  the  movement  of  cars  or  light  trains  up  to 
speeds  of  100  miles  per  m*. 

f .  Train  reslst&noe  may  be  expressed  In  pounds  tractive  effort  ex- 
erted at  the  rim  of  the  driving  wheels  of  the  prime  mover  of  a  train.  It 
includes  all  losses  in  bearings,  losses  due  to  rolling  friction,  bending  rails* 
flange  friction,  etc.,  and  the  wind-resistance  loss.  The  last  item  is  made  up 
(rf  head-on  resistance,  skin  or  aide  resistance  and  eddy  currents  caused  by  the 
fluc^n  at  the  rear  of  the  car  or  train.  Alt  these  variables  depend  upon 
the  condition  of  bearings,  design  of  trucks,  condition  of  the  road-bed,  shape 
and  cross-section  of  cars,  direction  of  wind,  etc.,  so  that  any  tests,  to  furnish 
authoritative  data,  must  be  sufficiently  comprehensive  to  eliminate  the  errors 
of  purely  local  conditions.  As  no  such  elaborate  series  of  tests  have  yet 
been  made,  any  formulas  predicated  on  the  data  available  must  at  best  be 
approximate. 

Data  are  available  on  the  performance  of  locomotives  and  cars  of  modern 
eoDStnietion  as  follows:  Bunalo  and  Lockport  experiments  in  1900;  Zosaen 
Ugb-speed  teste  in  1002-3;  teats  on  New  York  Central  type  locomotive  at 
S^nectady.  1905-6;  tests  on  car  No.  5  at  Schenectady,  1906;  testa  made  by 
the  Electric  Railway  Test  Commission,  on  the  test  car  "Louisiana,"  1904-5; 
New  York  Subway  tests,  1905;  Dynamometer  car  tests  by  Prof.  Edward  C. 
Schmidt,  University  of  Illinois,  1010. 

Many  isolated  tests  have  been  made  from  time  to  time  other  than  those 
mentioned  above,  but  either  the  data  was  not  sufficiently  complete  or  the 
ooDditions  were  too  unfavorable  to  justify  using  the  results  obtained  as 
applying  to  other  than  local  conditions.  The  data  comprised  in  the  testa 
given  above  are  sufficiently  general,  as  they  include  the  operation  of  trains 
varying  from  a  single  35-tOD  car,  to  a  train  of  532  tons,  and  at  speeds  up  to 
130  miles  per  hr.  in  the  Zossen  tests. 

I.  rrictlonal  resistance.  The  laws  governing  the  frietlon  of  journal 
bearino  ■^'^  fairly  well  understood,  and  such  bearing  friction  opposing  the 
motion  of  a  train,  need  introduce  no  undetermined  factors  in  a  calculation 
of  train  lemstanco.  Such  friction  losses  decrease  with  the  pressure  on  the 
bearings  and  are  a  function  of  the  speed.  Hence,  the  expression.  /'  ~  A'+B'S^ 
where  ^  is  bearing  friction  expressed  as  lb.  per  ton,  A'  and  B'  are  constants 
determined  by  experiment  (see  Par.  8)  and  5  is  the  speed  expressed  conven- 
iently in  miles  per  hr.  Bolllnff  friction  (see  Par.  tl)  is  due  to  the  friction  of 
metal  rolling  on  metal  where  the  surfaces  are  not  j;>erfect;  the  bending  of 
raib  due  to  insufficient  support,  or  meager  cross-section  of  rail;  and  flange 
friction  between  rail  and  wneel  flange.     All  these  factors  are  proportional  to 

r)d,  and  hence  may  be  represented  bv  a  straight  line  function  of  speed, 
baring  and  rolling  friction  are  botn  approximately  proportional  to  the 
nieed  they  may  constitute  the  first  two  terms  of  a  train  resistance  formula, 
y,-^4-BS  (lb.  per  ton)  (1) 


» 
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T.  TIm  frietton  oonftteat*  A,  hu  been  determined  by  experiment  to  vev 

from  3.5  to  as  high  as  12  lb.  per  ton,  dei>endiiig  upon  the  weight  oonoentnted 
on  the  journal  bearings.  Both  the  Zoeaen  cars  and  the  New  Yoilc  Ceotid 
locomotive  have  indicated  in  teat  a  value  of  A  "3.5  to  5.  both  the  cars  and 
locomotive  having  a  weight  of  approximately  200,000  lb.  concentrated  on 
twelve  journal  bearings.  Teats  on  Car  No.  5  at  Schenectady  on  the  other 
hand,  gave  a  value  of  approximately  8.5  for  A,  this  ear  having  68,8H0O  lb.  on 
eight  bearings.  Hence,  the  impoaaibility  of  ^ving  a  single  value  to  A  that 
will  obtain  over  wide  variation  in  type  of  equipment. 

The  factor,  A*,  can  be  expreaaed  in  terms  of  tne  train  weight  and  the  fi^lov- 
ing  purely  empirical  term  is  suggested  as  agreeing  remarkably  eloee  with 
experimental  results. 

^--^  <*> 

\/W 

where  fT^tons  weight  of  train. 

In  using  such  a  term  it  is  oeoeasary  to  limit  A  to  a  minimum  value  of  3.5 

1.  TaluM  of  A    (Pftr.  T) 

20-ton  car 11.2  AO-ton  oar 6.45 

30-ton  car. 0.12  80-ton  ear 5.58 

40-ton  car 7.9  100-ton  car 5.00 

50-tan  car 7.07  200-ton  car 3.54 

9.  The  friction  oonstant  B.  The  coefficient  of  S  in  the  aeoond  term  of  a 
train  resistance  formula  (Par.  ft),  takes  oocnisanoe  of  the  increase  of  roUiujt 
and  bearing  friction  with  apeed.  This  coefficient  can  be  determined  expen- 
mentally  hy  operating  a  train  with  and  also  against  a  wind  of  known  velocity. 
Given  a  wind  of  say  10  miles  per  hr.  in  the  direction  of  the  test  track,  if  a 
series  of  runs  be  made  at  40  miles  per  hr.  kgainst,  and  60  miles  per  hr.  with 
the  wind,  the  effect  of  wind  resistance  would  oe  the  same  in  both  cases.  On 
the  other  hand,  any  difference  in  the  total  train  resistance  found  would  meas- 
ure the  (journsl  and  rolling)  frictional  difference  occurring  for  a  speed  change 
of  20  miles  per  hr.  Unfortunately  the  published  data  of  the  Zossen  test  sf* 
incomplete  in  this  respect,  and  offer  no  material  upon  which  to  place  a  value 
for  the  second  term  coefficient.  Other  tests,  made  for  the  purpose,  five 
values  of  B  for  speeds  up  to  80  miles  per  hr.  with  trains  of  an^  composition. 
As  the  effect  of  fi  is  small  with  heavy  trains  and  almost  negligible  with  ap^ 
card  operated  at  high  speed,  any  errors  introduced  by  reason  of  insufficient 
data^  do  not  seriously  affect  the  accuracy  of  the  train  resistance  formula  as 
applied  to  the  classes  of  equipment  commonly  met. 

Values  of  B  obtained  experimentaJly  vary  from  0.03  to  0.07,  dependiur 
upon  the  type  of  equipment  and  condition  of  track.  For  praotieally  aQ 
operating  conditions  a  value  of  B  — 0.03  will  give  sufficiently  accurate  result^ 
using  higher  values  of  B  for  very  light  equipments  (under  30-ton  oars)  and 
poor  track  conditions,  such  as  scanty  rail,  accumulations  on  rail,  etc 

10.  Wind  resistance.  By  far  the  most  important  term  of  a  train  renst- 
anoe  formula  (E<;^.  4)  for  light  trains  is  the  term  expreaaing  the  relation  be- 
tween  effect  of  wind  and  speed  of  train.  It  is  in  this  term  that  the  many 
elaborate  tests  made  with  steam  locomotives  have  failed  in  affording  accurate 
data,  especially  for  very  light  tniiiu  operating  at  high  speeds.  Such  testa 
have  usually  been  made  either  with  steam  indicator  or  dynamometer  car  u 
the  means  of  determining  the  effect  of  wind  pressure.  Tlie  indicator  card 
included  in  its  readings  ail  the  intermediate  internal  friction  losses  of  the 
locomotives,  thus  making  results  obtained  by  its  use  of  small  value  when 
applied  to  other  types  of  motive  power  having  much  smaller  internal  losses. 
The  dynamometer  oar,  while  giving  accurate  readings  of  the  draw-bar  pull 
required  to  haul  the  succeeding  trailers,  failed  to  indicate  the  amount  of 
head-on  wind  pressure,  which  constitutes  b^  far  the  larser  proportion  of  the 
total  remstance  opposinj^  the  progress  of  a  light  train  at  nish  speed.  Hence, 
the  tendency  to  discard  in  a  large  part,  the  experimental  cukta  obtcdned  fnm 
steam  locomotive  tests  and  place  reliance  upon  the  data  obtained  from  laBh 
teats  as  the  series  liated  in  Par.  6. 

Teste  made  upon  small  modeb  (Goes  In  1807)  and  by  means  of  whirliu 
surfaces,  seem  to  indicate  that  wind  pressure  increaaaa  as  the  square  of 
velocity. 

^    The  Zoaaen  experiments  also  indicated  that  the  wind  effect  ^x^om  the  ear 
increased  as  the  square  of  the  speed,  thus  following  along  the  line  t^laborap 
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toy  experiment  uid  pnvioiia  experimental  train  testa  by  Davi*  in  1900, 
Htnee,  that  portion  of  train  reaistanoe  whioh  results  from  tlie  effect  of  wind 
■ay  be  given  by  the  relation 

/,  _  £^  (lb.  per  ton>  (3) 

«kne  /«  is  the  wind  reaistanoe  in  lb.  per  ton,  C  ia  a  eonatant,  a  is  the 
projeeied  area,  and  W  ia  the  tr^n  weight  in  tons.  Tiiia  equation  leada  to 
,  Ike  third  term  of  Eq.  4. 

Valnei  of  O  (Kemot,  1884) 
IC-0.004    for  Sat  aurfaeea,  C- 0.0020  for  cylinder, 

iC-0.0024  for  octagonal  priam,  C -0.0014  for  aphere. 

U.  Mathod  of  """"f  wind  reiUtenee  azpariiiunte.  The  aimpleat 
lad  most  accurate  is  tlie  coaating  method,  where  a  moving  train  is  allowed 
to  drift  until  it  reachea  standatill.  the  rate  of  speed  decrease  and  elapaed  time 
Wig  seeurately  noted.  The  efforta  of  moat  experimenters  have  been 
'Aiecied  toward  securing  such  data  during  periods  of  no  wind  in  order  to 
jcfinunate  this  troublesome  feature.  However,  a  series  of  runs  talcen  with 
led  against  a  wind  of  known  velocity  offers  much  data  not  otherwise  avail- 
able, and  affords  a  ready  means  of  solving  directly  for  the  coefficient  of  the 
■ecood  and  third  term  of  the  train  resistance  formula  (Eq.  4). 

For  example,  given  a  wind  of  20  miles  per  hr.  velocity,  a  aeries  of  runs 
made  with  ijid  a^nat  such  a  wind  will,  at  say  60  miles  per  hr.  train  speed, 
cwTsipond  to  a  wind  preaaute  at  30  miles  per  hr.  with  the  wind  and  70  miles 
per  hr.  againat  the  wind,  the  rolling  friction  being  constant  at  the  value  ob- 
taining at  the  train  speed  of  50  miles  per  hr.  As  the  wind  pressure  varies  as 
the  square  of  the  speed,  such  a  series  of  testa  affords  a  means  of  determining 
the  coefficient  of  S*  for  the  particular  type  of  equipment  used. 

U.  TlM  llutpe  of  the  oar  end  has  a  large  influence  upon  the  coefficient 
of  5*.  such  a  result  being  reasonably  expected  from  the  results  of  experiments 
by  Goaa,  Kemot  and  others:  in  fact,  Davia  checked  up  the  valuea  of  0.004 
bnad  by  Kemot  for  flat  surfaces.  As  a  matter  of  fact,  no  cars  or  locomotives 
•nd  for  high-speed  service  have  perfectly  flat  ends,  and  hence,  all  experi- 
mental valuea  of  C  have  been  found  to  be  leas  than  0.004. 
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Km  per  Uoar 
Fio.  1. — ^Wind-resiatance  teet  (Berlin-Zoaaen), 

little  attempt  has  been  made  to  conatmct  cars  for  least  wind  effect, 
•wing  hugely  to  a  lack  of  full  understanding  of  the  benefits  to  be  secured 
Ikeieby,  The  can  used  for  high-speed  suburban  service  and  all  electric 
neomotirea,  with  few  exceptions,  are  provided  with  partially  rounded  enda, 
«ith  the  result  that  the  effective  wind  preaaure  ia  conaiderably  reduced.  A 
actable  example  of  the  extreme  type  of  pointed  noae  deaign  ia  the  ateel 
Buoleoe  motor-car  No.  7,  of  the  Union  Pacific  Company,  and  such  construc- 
tion is  a  step  in  thr  right  direction. 

TalOM  Of  C  vary  from  0.004  with  perfectly  flat  enda  to  aOOlS  with  noaaa 
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of  the  extreme  type,  while  the  average  rounded  end  suburban  0»r  and  ele« 
trio  locomotive  with  sloping  front  give  rise  to  values  of  C  from  0.003  tl 
0.0025  (see  Par.  10). 
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Fio.  2. — Train  resistmnce  (Berlin-Zosaen  tests 
1903;  AUgemine  car  weight  2UC,40U  lb.,  area 
130  sq.  ftO. 


Fia.  3. — End  elevatJon 
AUgemine  car  (Beriin- 
Zoaaen  testa). 


M.  The  eompleta  traln-rasiatene*  formula  for  single-oai  op«ratioo 
baoomea 

wherein  S  is  the  s|}eed  in  miles  per  hr.;  a  the  OTaa*4e«tion  in  (quan  (set, 
and  W  the  car  weight  in  torn. 

It  was  found  by  Davis  that  somewhat  larger  coeffioienta  for  B  and  C 
obtained  from  the  Limited  data  of  the  Bu^alo  and  Loolcport  tests,  but  much 
subsequent  data  seem  to  indicate  values  of  £  ■-  0.03  andC  —  0.002  for  can 
weighing  not  less  than  40  tons  and  having  partially  rounded  end*. 
U,  Comparlion  of  calculated  oar-raiUt»nc«  with  the  Mtaal  tMt 

▼aluei 
(Zossen  experiments)  * 


Speed  miles  per  hr.  10       20  40 

A-4.g2 4.92  4.92  4.92 

B3-0.03V 0.30  0.60  1.20 

Ca.9«       0.002.S«XI28  „  „.   ,   ,^„  „  „« 

-W-- ^10372— 0.25  1.00  3.98 


60  80        100      UO 

4.92  4.S2     4.92    4  92 
1.80  2.40     3.00    3.M 

8.93  15.90  24.80  V>-V> 


F  (calculated)- 5.47  8.52  10.08  15.85  23.22  32.72  44.M 

/?  (observed)  - 3.5     5.5       9.10  14.9     22.8     33.3    46.00 


•  Here  a- 128  eq.  ft.  and  W  -  103.2  tons  (2.000  lb.). 
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U  U  very'posBible  that  the  higher  values  obtained  at  the  maximum  speeds 
vere  influenoed  by  reason  of  the  track  being  not  rigid  enough  for  axwedo  of 
120  miles  per  hr.,  and  hence  increasing  the  value  of  B. 

II.  A  conildaratlon  of  tralna  of 
MvonU  c&n  makes  it  necessary  toi  ntro- 
dnee  an  additional  factor  in  the  third  term 
of  the  proposed  train-resistance  formula 
that  shall  express  the  effect  of  the  wind  re- 
■■tanoe  upon  the  sides  of  the  succeeding 
can.  The  head-on  wind  resistance  ia 
borne  by  the  leading  car,  and  hence  addi- 
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Fia.  4. — Train  nsUtance  (General 
Electric  tests) ;  wsight  63,000  lb. 
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Fio.  5. — Elevation  and  plan,  car 

No.  5  (General  £Iectria  teats). 

tiooal  cars  only  introduce  the  additional  skin  friction  offered  by  a  train  of 
greater  length. 

\%.  The  moit  rsUable  and  exhaustive  terlei  of  tests  mftde  with 
trains  composed  of  a  different  number  of  cars  is  offered  in  the  expert* 

mental  runs  of  the  New  York  Central  locomotive  No.  6,000,  duringits  50,000- 
mile  endurance  run,  hauling  trailers  up 
to  a  nine-car  train.  Over  140  runs 
under  different  climatio  conditions  are 
eondenacd  in  the  series  of  curves  shown 
In  Fig.  6,  where  the  train  resistance  ia 
expressed  in  pounds  per  ton  weight  of 
total  train  including  locomotive.  This 
■et  of  curves  indicates  very  plainly  the 
nduction  in  train  resistance  per  ton  of 
train  with  tbe^  increase  of  tram  weight, 
*Qch  a  reduction  being  largely  due  to 
tile  fact  that  the  head-on  wind  resist- 
ance remains  constant  for  any  com- 
position of  train,  being  influenced  only 
by  the  shape  and  cross-section  of  the 
locomotive. 

IT.  The  increase  In  skin  friction 
Uonff  the  surface  of  succeeding  cars 
corresponds  closely  to  10  per  cent,  of 
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Flo.  6. — Train-resistance  runs  (N. 
Y,  C.  locomotive  and  train). 

the  value  of  wind  resistance  as  expressed  by  Eq.  3,  and  for  a  train  of  several 
can  the  expreosion  for  wind  resistance  becomes, 

/..- ^    (1  +  -^) 

where  n  repreeents  the  number  of  carsin  the  train, 
tor  the  third  term  of  Eq.  4. 


(lb.  per  ton)  (8) 

This  may  be  substituted 
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II.  Th*  oompUto  formula  for  any  w*i(ht  and  eompoiitton  ot  trala 
(we  Par.  tt)  now  beoome*, 

f^^+0.03S+°^{X+'^)      Ob-pTtoo)     (6) 


Vw" 


The  above  formula  U  preaented  as  beinc  an  ezprMslon  of  the  knowledM 
of  train  resiBtanoe  with  the  data  extant,  out  an^  auch  formula  is  lamT^ 
empirical,  and  is  subject  to  change  from  time  to  Ume  ae  the  reaults  of  addi- 
tiooal  testa  become  available. 


}«_414  OrarEaiTeioCCab 


*-rL JEaz.Helffbt 

"T-r^^BonnlBf  Pot. 


FiQ.  7. — N.  Y.  C.  locomotive,  side  elevation. 

Figs.  0  to  13  show  curves  based  upon  this  train  resistance  formula,  and 
express  the  resistance  encountered  with  cars  of  from  20  to  60  tons  weight  op- 
erating singly  and  in  trains.  Also,  for  high-speed  locomotive  service,  a  aeries 
of  curves  IS  plotted  for  train  values  up  to  nine-car  train  operation.  All 
these  results  assume  a  perfectly  level  tangent  track,  free  from  any  foreign 
matter,  such  as  street  Bccumulations,  sand,  snow,  etc.  The  effect  of  such 
matter  is  to  increase  seriously  the  value  of  B,  hence  the  curve  valuea  ahould 
be  increased  if  conditions  are  unfavorable. 
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Fia.  8. — End  elevation. 


0  10  20  30  40  W 

Lb.pirTon    CMKLb.) 
Fia.  9. — Train  reaiatance,  ungle-car  train. 


1(.  Fraifht  train  raaiatanoa  i<  but  little  affected  by  wind  reaiitasoa 
owing  both  to  the  low  speoda  of  such  trains  and  due  also  to  the  small  croet* 
■eotion  of  the  car  compared  to  the  length  of  the  train.  What  wind  r^ 
aistance  is  offered  is  therefore  largely  skin  friction. 
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Tb*  nmitt  of  ■  serim  of  dynamometer  ear  testa  oondueted  by 
awrioc  EiperiineDt  Station  of  the  University  of  lUinoii,  are  given 
Edward  C.  Schmidt  in  a  paper  read  before  the  A.  S.  M.  E.,  May 
Tbeae  testa  covered  a  wide  range  of  car  weights  and  train  speed 
Civea  the  results  thereof. 
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.  10. — Train  resistance,  two-car 
train. 

Fia.  11. — Train  resist 
three-oar  train. 
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M.  Track  currea  are  usually  expressed  in  degrees;  a  1-deg, 
tsken  arbitrarily  as  one  in  which  a  100-ft.  chord  will  subtend  a 
ikg.  or,  which  is  the  same  thing,  will  subtend  a^l-deg.  angle  at   tl 
Hence  the  radius  of  a  1-deg.  curve 
is  approzimalely  (100X360)/(2') 
-  S,730  ft.     Similarly  the  radius  of 
sny  curve  in  feet  is  approximately 
$,730/No.  of  deg. 

tl.  Carre  location.  This 
custom  of  rating  curves  by  degrees 
instead  of  by  radius  has  undoubt- 
edly arisen  from  the  facility  offered 
forlaytng  out  a  curve  in  the  field 
with  a  transit.  For  instance,  a 
transit  is  set  up  at  the  point  of 
arrt,  PC  (Fig.  15),  and  several 
snglea,  BAB,  BAC,  etc.,  each  equal 
to  one-half  the  degree  of  the  curve 
lie  laid  off.  In  the  first  of  these 
directions  100  ft.  is  measured  off 
sad  a  stake  driven.  From  this 
stake  another  100  ft.  is  measured 
off  and  lined  in  by  the  transit  in  its 
sseood  position.  One-hundred-foot 
chords  are  thus  laid  off  until  point 
of  tangent  PT  is  reached.  As  in- 
dicated in  Fig.  15,  this  point  is 
seldom  at  an  even  station,  but  is 
slways indicated  by  astake  marked 
as  sbown^PT.  Su.  102-1-80.  Likewise  with  the  point  of  curve 
esse  the  PC  is  not  at  an  even  station,  the  first  stake  of  the  curve 
It  an  eren  (tation  so  that  the  remaining  stakes  of  the  curve  wil 
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Fia.  13. — Train  resistance,  locomotive  train. 


12         16         20         24 

ep«M)-M.p.H. 

FiQ.  14. — Train  reaistance  of  freight  trains. 

even  stations.     When  the  curve  is  sharp,  intermediate  stakes  are  Deeenvy 

and  are  driven  at  fractional  distances. 

It  is  evident  that  as  the  degree  of  curvature  in- 
creases, this  method  of  laying  out  a  curve  beeomea 
less  accurate  and  not  particularly  expeditiouf, 
therefore,  the  Sharp  outtm  met  in  dtystreeta  w 
generally  rated  aa  special  work  and  are  laid  nit 
and  assembled  in  the  works  of  the  switch  nuou- 
facturera  before  they  are  shipped,  in  which  caec 
the  curves   are  generally  ratea  by  radius. 

$%.  Curre  tlietion.  In  rounding  a  curve,  the 
rolling  friction  of  a  car  is  inoreaaed  due  to  the  in 
creased  flange  friction,  this  increase  being  approxi- 
mately at  the  rate  of  1.0  Ib.pertonforeachae^' 
of  curvature.  Aa  curves  are  of  neoeaaityofliniiteil 
length  they  do  not  become  a  aeriouB  factor  Id  trtio 


Fio. 


1 6. — Track-curve 
lay-out. 
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mistanoe  ealoulAtiona  except  in  the  calculation  of  locomotive  cosfltanta 
aaaisiied  to  mountain  grade  aervice,  where  both  sharp  curves  and  heavy 
grades  occur. 

SS.  QradM  are  expressed  in  percentages,  being  the  ratio  of  the  diatancs 
the  train  is  raised  to  the  distance  travelled,  in  other  words,  the  ratio  of  the 
ordizute  of  a  right-angled  triangle  to  the  hypothenuse.  A  grade  of  plus  1 
per  cent,  is  one  where  the  train  is  raised  vertically  1  ft.  for  each  100  ft. 
travelled;  a  minus  1  per  cent,  grade  is  one  where  the  train  falls  1  ft.  for  every 
100  ft.  of  distance  travelled.  It  follows  that  a  plus  1  per  cent,  grade  oalu 
for  a  tractive  effort  of  20  lb.  per  ton,  while  a  minus  1  per  cent,  ^rade  is  equiv- 
alent to  delivering  a  tractive  effort  of  20  lb.  per  ton  to  the  train. 

Where  gradients  are  small  it  is  not  necessary  to  consider  the  reduction 
in  train  weight  due  to  the  angle  of  direction  of  travel  to  the  true  horisontal 
ia  calculations  of  friction  (Par.  •)  and  adhesion  (Par.  SS).  However,  with 
the  excessive  grades,  it  is  necessary  to  correct  for  effective  train  weight. 

Grades  are  divided  in  railway  parlance  into  virtual  grades  and  ruling 
grades. 

M.  Tlrtnal  grades  are  of  limited  length  and  are  so  called  as  they  ex- 
press the  equivalent  grade,  a  value  always  something  less  than  the  true 
grade.  A  train  running  at  constant  speed  can  surmount  a  oertain  grade 
as  determined  by  the  maximum  tractive  effort  available.  The  moving 
train  however  may  be  compared  to  a  fly-wheel,  and  has  stored  in  the  moving 
mass  a  large  amount  of  energy,  which  is  usually  expended  in  heating  the 
brake  shoes  during  the  period  of  stopping.  This  stored  energy  may  be  used 
to  furnish  the  extra  tractive 
effort  required  to  ascend  a  100 
heavier  grade  than  the  avail- 
able locomotive  tractive 
effort  alone  would  per  mi  t, 
but  in  such  a  case  the  grade 
must  be  of  short  length.  gTS 
Ueooe,  the  actual  grade  may  J 
be  considerably  in  excess  of  1! 
the  virtual  grade,  provided  ^ 
it  is  so  short  that  the  inertia  g 
of  the  moving  train  can  sup-  2„ 
pl}r  the  additional  energy  re-  S 
quired  to  ascend  it.  ^ 

U.  The  ruling  grade  «. 
means  the  maximum  grade 
encountered  on  a  given  sec- 
tion  of  track  and  may  be  the  ^ 
actual  grade,  where  such  is 
of  long  extent,  or  the  virtual 
grade,  where  the  inertia  of 
the  train  in  ay  be  used  to 
advantage  in  overcoming  a 
heavier  short  grade.  The 
ruling  grade  of  freight  haul- 
ing roads  should  be  limited 
to  2  per  cent,  or  less  when  the 
ograpby  of    the  country 

fact,  on  a  modern  ireignt  roac ^  „ . 

maximum  would  be  considered  excessive,  and  would  demand  the  use  of 
helper  locomotives.  While  low  grades  are  not  so  important  on  electric 
suburban  railways  where  the  income  is  largely  derived  from  passenger  re- 
ceipts, the  future  possibilities  of  freight  traffic  over  these  lines  makes  a  low 
gradient  desirable  whenever  possible. 

t6.  Coefficient  of  adbeiion  expresses  the  ratio  between  total  tractive 
effort  and  weight  on  drivers.  Coefficient "F./IF  where  F«  is  the  maximum 
possible  tractive  effort  in  lb.,  and  W  is  the  weight  on  the  drivers  in  lb. 

This  is  expressed  in  per  cent,  and  is  a  variable  depending  upon  the  OOB- 
dition  of  track  and  composition  of  wheel.     See  Par.  t7. 

It  is  good  practice  to  design  the  motive  ^ower  of  a  car  or  locomotive  so 
tbiu  it  can  slip  the  wheels  on  a  dry  rail,  this  practice  not  being  strictly  fol- 
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Fio.  16. — Relation  between  per  cent.  wei«ht 
on  drivers  and  per  cent,  grade, 
topography  of    the  country 
will  permit,  in  fact,  on  a  modern  freight  road  any  grade  exceeding  1  per  cent. 
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lowed  in  very  high-speed  motor-car  equipment,  owii^  to  tlie  eaormoM 
current  input  that  this  would  demand  of  suoh  an  equipment,  designed  pri- 
marily for  low  tractive  effort  and  high  speed.  In  steam  locomotive  prmctiee, 
however,  it  is  customary  to  rate  the  locomotive  at  the  tractive  effort  corre- 
sponding to  a  coefficient  of  22  per  cent,  of  the  weight  upon  the  drivers,  that 
is,  at  practically  the  slipping  point  of  the  drivers.  This  practice  is  handed 
down  from  steam-locomotive  practice,  where  the  tractive  effort  is  fluctuatiiy 
during  one  revolution  of  the  driver,  hence  on  account  of  the  peiifeetly  uni- 
form torque  exerted  by  the  electric  motor,  the  electric  locomotive  coiUd 
readily  be  rated  about  15  per  cent,  higher  in  tractive  effort  for  the  same 
weight  upon  the  drivers. 

tt.  Coeffloia&U  of  adliMlon  with  uniform  torquo  (*pproz.} 

Clean  dry  rwl 30  per  cent. 

Wet  rail 18  per  cent,  with  sand  22per  oen^ 

Rail  covered  with  sleet 15  per  oent.  with  sand  20  per  i^nt. 

Rail  covered  with  dry  snow 10  per  cent,  with  sand  15  per  cent.' 

M.  Mazlmum  allowable  gradei.  The  values  for  ooeffioients  of  ad- 
hesion jgiven  in  Par.  t7  are  based  upon  the  assumption  that  the  motive 
power  gives  a  perfectly  uniform  torque.  Thus,  while  30  per  oent.  is  the  maxi- 
mum value  given,  tests  with  electric  locomotives  have  recorded  as  hi^h  a 
coefficient  as  35  to  40  per  cent,  under  very  favorable  conditions.     For  ettti^ 

motot-ca.T  service  where  all 
axles  are  equipped  With 
motors,  the  tractive  effort 
avuIafaJe  with  a  coefficient 
of  adhesion  of  22  per  cent. 
is  22  per  oent.  of  2.000 » 
440  lb.  per  ton,  or  sufficient 
to  carry  the  oar  up  a  22  per 
cent,  grade,  taking  no  ac- 
count of  train  resistance  or 
reduced  effective  weight  of 
car  on  such  an  extreme 
grade,  Par.  U.  A  motor 
car,  however,  has  to  opu^ 
ate  under  all  olimatic  cod- 
ditions,  and  hence  is  liable 
to  meet  conditions  wheffl 
the  coefficient  of  adheaioa 
may  drop  to  as  low  as  10 
per  oent.,  so  that  the  maxi- 
mum grade  in  practice 
should  never  exceed  12  to 
13  per  cent.  Should  such  extreme  grades  be  neoeasary,  some  form  of  track 
brako  should  be  provided  as  an  auxiliary  to  hand  or  air  brakes  in  order  to 
ensure  safety  in  operation.  Moreover,  all  curves  encountered  should  be 
compensated  where  grades  are  heavy,  especially  if  the  rigid  wheel  bsse  d 
the  trucks  is  large  and  the  radius  of  curvature  small. 

tt.  Xazimum  allowable  grade  with  trailers.  Where  trailers  are 
hauled,  it  becomes  important  to  know  what  maximum  grade  can  be  tai> 
mounted  with  the  tractive  effort  permitted  by  different  coefficients  of  adhe- 
sion. In  Fig.  16  is  shown  the  relation  between  per  cent,  of  total  train  weight 
on  the  driving  wheels  to  the  per  cent,  grade  that  can  be  surmounted  when  a 
flat  allowance  of  10  lb.  per  ton  is  made  for  train  resistance. 

Example.    A  motor  oar  weighing  36  tons,  all  axles  equipped  with  motofl^ 
hauls  a  Jailer  weighing  24  tons,  what  maximum  grade  can  It  ascend? 
Answer:  ToUl  train  weight  36  +  24-00  tona. 
Weight  on  drivers -36/60-' 60  per  oent. 

Hence,  from  Fig.  16,  it  is  found  that  the  triun  can  ascend  a  9.3  per  oent. 
grade  with  16  per  cent,  coefficient;  or,  with  adverse  rail  conditions,  a  grade 
of  5.7  per  cent,  with  a  coefficient  of  10  per  oent. 

to.  Starting  on  grade.  The  values  in  Fig.  16  provide  no  leeway  for 
starting  on  grade.  A  minimum  of  10  lb.  per  ton  is  required  for  etartinf 
freight  trains  and  an  additional  4  lb.  per  ton  for  train  resistanoe,  hewx^ 


f  IG.  17. — Hauling  power,  electric  locomotives. 
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totol  traotave  effort  on  grade  ia  expreawd  by  the  sum  4+10+(aOXper  oent. 

pade),  in  lb.  per  ton. 
Baeed  upon  above  formula,  Fig.  17  is  made  up,  nving  the  w«if  ht  of  looo- 

■itUie  required  to  operate  trains  from  600  to  3,000  tons  gross  weight  on  any 
I  crsde.  It  IS  assumed  that  all  the  locomotive  weight  la  on  the  orivers,  an 
I  MBumption  that  may  hold  true  in  slow-speed  freight  service  if  the  alignment 
I  ii  good.  Where  pony  or  bogie  guiding  trucks  are  neoeeaary  for  safety  in 
'    roukding  curves  or  to  prevent  '  nosing.'*  divide  the  values  of  locomotive 

voght  as  obtained  from  Fig.  17,  by  the  percentage  of  weight  on  drivers  to 
'    total  locomotive  weight  obtaining  in  the  design  of  locomotive  required. 

SPKBD-TIU  CUBVXB  AHD  MOTOK  0HARA0TIRX8TI0S 
!  II.  Aee«l«rftttott.  The  many  problems  connected  with  train  acceleration 
can  be  treated  either  analytically  or  graphically.  As  will  be  shown  later, 
tWre  are  so  many  variables  entering  into  the  consideration  of  train  move- 
ments at  variable  speeds  that  the  analytical  method  becomes  somewhat 
com^cated  and  difficult  to  follow.  The  graphical  method  is  equally  as 
accurate,  much  easier  to  work  with,  and  the  final  results  are  given  in_  such 
form  that  they  are  of  general  application  without  calling  for  the  familiarity 
of  terms  and  aymbols  made  necessary  by  the  analytical  treatment. 

There  are  several  terms  used  in  connection  with  train  acceleration  phe- 
nomena which  are  defined  in  Par.  %%  to  S8. 

tt.  TractlTe  effort  is  the  torque  in  [>ounds  developed  at  the  rim  of  the 
vbeejs.  divided  by  total  train  weight  in  tons.  This  term  is  usually  expressed 
in  pounds  per  ton  of  train  weight  and  includes  train  resistance  losses. 

S9.  Brakliiff  effort,  also  expressed  in  pounds  per  ton  is  the  opposite  of 
tractive  effort,  expresses  the  force  tending  to  retard  the  motion  of  the  train 
and  bring  it  to  rest. 

,  *M.  ftfttt  of  acoeleration  is  the  increment  expressing  the  rate  of  increase 
ia  q>eed  of  train,  and  may  be  expressed  in  feet  per  eeo.  per  sec,  or  miles  per  hr. 
per  sec. — usually  the  latter. 

U.  Rata  of  braking  is  the  increment  expressing  the  rate  of  decrease  in 
■peed  of  train.  Both  rate  of  acceleration  and  rate  of  braking  may  vary 
eonaiderably  during  aucoessive  periods  of  time,  depending  upon  type  of 
motive  power  and  brake  rigging  used. 

U.  Train  realatance  a  variable,  expressed  in  pounds  per  ton  and  tending 
to  retard  the  motion  of  the  train  (Par.  4  to  SO). 

ST.  8po«d-tiin«  euTTM  express  the  relation  of  the  above  variables  in 
curve  form,  generallv  with  speed  in  miles  per  hr.  as  ordinates,  and  elapsed 
time  in  seconds  as  abscissas. 

Si.  Snorgy  curras  show  the  energy  consumption,  generally  expressed 
as  watt-hours  per  ton  mile,  for  different  rates  of  acceleration,  braking  and 
train  resistance,  for  various  elapsed  times  over  a  given  distance  run. 

St.  Currei  of  free  accaleratlon.     A  better  understanding  of  the  possible 
movements  of  a  car  or  train  operating  at  different  speeds  over  aifferent 
distances,  is  obtained  by  elimi- 
nating   the    type    of    motive       qq. 
power  and  brake  rigging  used* 
and  assuming  straight-bne  ac- 
celeration, coasting  and  brak- 
ing enrvea.      The    results    so 
obtained  are  fundamental,  and 
may  be  applied   to  examples, 
conadering  any  type  of  motive 
power  using  a  correction  fac- 
tor, which  will  be  treated  later, 
known  as  the  efficiency  of  ac- 
celeration. 

40.  The  problom  of  train 
acceleration  deals  with  the 
movement  of  a  given  weight 

over  a  given  distance  within  a  specified  time.  As  it  is  impracticable  to 
start  and  stop  the  train  instantaneously,  it  is  necessary  to  deal  with  some 
finite  rate  of  acceleration  and  braking,  thus  giving  rise  to  the  simple  form 
o4  speed-time  onrves  shown  in  fig.   18.     >he  speed-time  curve  is  here 
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Flo.  18. — Typical  speed-time-distance 
curve  <no  coasting). 
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» 


showD  in  the  simplest  form,  acceleration  being  carried  on  at  constant  rate 
up  to  the  point  ol  apply' 
constant  rate  of  braking. 


up  to  the  point  oT  applying  brakes,  which  are  so  applied  as  to  also  give  s 
'•  "~        Xbe  area  enclosed  within  the  triangle,  A,  ^  C,  is 
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proportional  to  the  dzsUnoe 
travelled,  the  diatance  covered 
up  to  any  instaDt  beiog  lepr^ 
eented  by  the  distanoe-time 
curve  shown.  Thus,  with  the 
constantB  chosen  in  Fig.  18,  a 
maximum  Bi>eed  of  00  nulefl 
per  far.  ia  required  to  obtain  in 
averaKB  speed  of  30  milM  per 
hr.,  that  is,  coverins  a  distance 
of  5,280  ft.  in  120  sec 

41.  Th«  simple  formnlu 
raqulrod  in  tne  conatruo- 
tion  of  fundamental  ipeed- 
tlni«  eUTTM  are  given  u 
follows: 
Let  8  represent  velocity  in  ft.  per  sec:  /,  the  force  produoiDg  aocelerstioB 

expressed  in  lb.  per  ton;  (,  the  time  interval  expmeed  in  sec;  m*  tb&  mass, 

ffl>"w/(7>Bw/32;  w,  the  weight  in  lb. 

Then. 

p  _  ^'  „  ^  (ft.  per  sec.)  (7) 
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19. — Typical  speed-time  curves  (vary- 
ing coasting  resistance). 


On  the  basis  of  one  ton. 


32.2 /t 
■  2,000 


-0.016/<     (ft.  per  sec.  per  ton)    (8) 


It  is  more  convenient  to  express  velocity  in  miles  per  hr. 

Henoe  i-0.682> -O.OlOgg/t    (miles  tier  hr.  per  ton) 

The  distance  covered  in  any  given  time  may  be  expressed 


(») 


,_/f  y  /PX32.2 
2m  ^  2X2,U0U  ' 


'  0.00804 /(>     (ft.  per  ton)      (10) 


(See  Par.  U) 
4t.  Actual  speed-time  ourrei.     In  practical  operation  it  is  not  posaible 
to  choose  the  rate  of  acceleration  and  braking  with  such  niceness  as  showD  in 
Fig.  18,  a  greater  or  less  period  of  coasting  being  required.     Introducini 
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Flo.  20. — More  extended  set  of  speed-time  curves. 

coasting  gives  rise  to  the  form  of  speed-time  curve  shown  in  Fig.  19,  ahowisi 
three  friction  rates — /  =  0,  15  lb.  per  ton,  and  30  lb.  per  ton  respectivelj. 
With  no  friction  the  speed-time  curve,  ,4 ,  £,  C,  />,  is  constructed,  the  speeil 
being  maintained  oonstant  at  40  miles  per  hr.  during  the  coasting  period. 
With  IS  lb.  per  ton  friction,  the  speed-time  curve,  A,  £,0,  D,  is  formed,  and 
with  30  lb.  per  ton  friction  the  speed-time  curve,  A,  F,  B,  D.    Tia  intro- 
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teed  during  the  ooastiac  period 
lioh  for  the  sake  of  simpUoity 


dnetion  of  friction  oooarions  k  falling  off  of  b 
|roportional  to  the  friction  value  taken,  w 
u  here  aaaumed  to  be  oonatant  at  all  speeds. 

The  speed-time  curves  shown  in  Fie.  18  and  19  both  indicate  the  comple- 
tno  <k  we  run  of  5,280  ft.  in  120 sec,  althouKh  in  one  case  the  rate  of  aooeleni- 
tioD  was  that  produced  by  65.7  lb.  per  ton,  and  in  the  other  case  by  100  lb. 
per  ton.  These  curves  are  of  equal  area,  as  the  distance  in  each  case  is 
9.280  ft.  Thus,  it  becomes  possible  to  produce  any  number  of  speed-time 
carves,  for  a  given  distance  and  elapsed  time,  by  varying  the  rate  of  aocelerar- 
tioa  with  oonsequent  variation  in  time  of  coasting. 

A  more  extended  set  of  curves  is  given  in  Fig.  20,  for  the  same  distance  of 
1  mile  covered  in  120  sec,  the  rate  of  acceleration  varying  from  0.713  miles 
per  hr.  per  aeo.  as  a  mimmum  to  an  infinite  number  of  miles  per  hr.  per  sec. 
M  a  maximum. 

A  train  resistance  value  of  16  lb.  ^t  ton  is  assuined  constant  at  all  speeds 
and  the  dotted  curve,  A,  B,  is  descnbed  by  the  loci  of  the  maximum  sjpeeds 
mrhed  with  the  different  rates  of  acceleration.  The  highest  maximum 
tpeed  required  is  obtained  with  no  coasting,  and  the  minimum  speed  is  ob- 
tuoed  with  an  infinite  rate  of  acceleration.  The  pounds  ner  ton  correspond- 
ioff  to  the  different  accelerating  rates  are  given  as  including  15  lb.  per  ton 
traia  resistance^  hence  the  net  tractive  effort  values  correeoonding  to  the  rates 
of  acceleration  indicated  are  15  lb.  per  ton  less  than  the  figures  given. 

tf.  Application  of  unit-diatence  speed-Unie  curres.  Instead  of 
plotting  similar  curves  for  distances  other  than  5,280  ft.,  advantage  may  be 
taken  of  the  fact  that  the 
area  enclosed  by  the  speed- 
time  curve  is  proportional  to 
tbe  distance  travelled  and 
tite  coordinates  are  >  propor- 
tional to  tbe  square  root  of 
tbe  enclosed  area.  It  is  con- 
venient, therefore,  to  plot  a 
foil  aeries  of  curves  for  one 
(fittance,  preferably  one  stop 
per  mile,  that  is,  a  distance 
of  5,280  ft.  run,  and  to  apply 
the  results  so  obtained  lor 
any  other  distance  by  using 
a  factor  expressing  the  rela- 
tion of   the   square   roots  of 

tbe  distance  travelled.  This  is  shown  in  Fig.  21,  where  A,  B.  C,  Z),  repre- 
aeats  an  area  of  1  mile,  or  one  stop  per  mile,  A,  F,  T,  £,  two  stops  per  mile 
vith  a  facior_of  l/\/2«0.707;  A,  St  H,  K,  four  stops  per  mile  with  a  fac- 
tor of  l/\^4"0.6,  and  A,  (?,  /,  M^  one  stop  in  1)  miles  with  a  factor  of 
VTs- 1.225. 

Referring  to  Fig.  10,  it  is  obvious  that  a  similar  sheet  could  be  prepared 
for  any  elapsed  time  other  than  120  sec.  using  the  same  train  resistance  and 
Inaking  values  of  15  and  150  lb.  per  ton  respectively. 

44.  IznpOMd  time  limiti.  In  Fig.  22  is  shown  the  time  limits  imposed 
l^  15  lb.  per  ton  train  resistance,  and  150  lb.  per  ton  braking  for  any  length 
of  run  and  any  rate  of  acceleration.  Tbe  dotted  curves  indicate  tbe  loci  of 
the  several  maximum  speeds  reached  with  different  accelerating  rates  for  a 
ran  made  in  a  c^ven  elapsed  time.  Thus  the  dotted  curve  terminating  at 
80.7  lb.  per  ton  is  a  reproduction  of  the  similar  dotted  curve,  A^  B,  given  in 
Ti%.  20,  and  g^ves  the  maximum  speed  reached  with  any  rate  of  acceleration 
for  a  run  of  6,280  ft.  in  120  sec.  with  15  lb.  per  ton  train  resistance  and  150 
lb.  brakins  effort.  Similariy,  tbe  dotted  curve  terminating  at  100.4  lb.  per 
ton  ^ves  the  limiting  maximum  speeds  reached,  with  any  rate  of  acoeleratioa, 
when  a  run  of  5,280  ft.  is  accomplished  in  110  sec,  using  the  same  values  of 
train  resistanoe,  braking,  etc. 

45.  Tim*  Umiti  with  and  without  coasting.  The  full  line  C,  D,  gives 
the  an^le  made  by  a  coasting  line  when  the  rate  train  friction  is  15  lb.  per  ton. 
Thus,  in  a  run  completed  in  120  sec,  the  minimum  accelerating  rate  corre- 
sponds to  80.7  lb.  per  ton  (gross),  with  no  coasting  introduced,  for  hers 
braking  commences  as  soon  as  acceleration  ceases. 
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If  a  hisher  rftt«  of  aooelerfttion  than  80.7  lb.  per  ton  be  tued  for  a  cyele 
eompletea  in  120  sec,  for  example  132  lb.  per  ton  (sroBs),  coasting  muit 
be  introduced  between  the  accelerating  and  braking  Tinea.  This  coasttnc 
line  may  be  plotted,  with  132  lb.  per  ton  acceleration,  by  drawing  a  line 
parallel  to  full  line  C.D  (Fig.  22).  This  line  Btarta  at  the  intersection  of 
accelerating  line,  132  lb.  per  ton,  and  the  dotted  line  to  80.7;  and  terminate! 
at  the  interaection  with  the  braking  line  ending  at  120  aeo. 
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Amp. 
Fio.  23. — Typical  direct-current  motor  performance  (75  h.p.,  500  vola)- 

M.  Application  of  general  tpeed-tima  cairet.    By  the  use  ol  Rl- 

22,  it  becomes  possible  to  determine  tbe  time  required  to  make  a  run  over 
any  distance  with  any  rate  of  acceleration,  provided  the  train  resistance  ii 
15  lb.  per  ton  and  braking  corresponds  to  150  lb.  per  ton  retardinjt  effort 
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fMMpIc*  Qirea  a  diatanoe  of  8,000  ft.,  train  raaiatanoe  16  lb.  per  ton, 
bnkinc  effort  150  lb.  ^r  tea,  tractive  effort  gross  67.4  lb.  per  ton  (inolud- 
iai  15 lb.  per  ton  train  resistance),  what  is  the  minimum  time  required  to 
pttform  the  run  and  what  maximum  speed  is  reached? 

SoUtian:  From  Fig.  22,  minimum  elapsed  time  with  67.4  lb.  tractiv 
effort  ii  130  ae&  with  no  coasting.  Ratio  of  distanoes-i\/8,000/5.2t)0« 
1.23.  Henoe  for  8,000  ft.  time  of  run « 130X1.23-160  sec;  maxunum 
■peed  for  5,280  ft.  -  55.6  milesper  hr.;  henoe  for  8,000  ft.  speed  -  55.6X  1.M 
•68.6  miles  per  hr. 

4T.  In  aetuAl  praotloe,  »  o«rtain  unotint  of  coMting  la  neoastary; 
keasB,  the  run  of  8.000  ft.  ^Par.  4f),  would  be  made  in  somewhat  more  than 
tbe  minimum  possible  limit  of  160  sec,  or  else  the  tractive  effort  should 
be  increased  to  allow  for  a  higher  rate  of  acceleration  that  would  permit  of 
Kms  ooMting.  Fig.  22  is  of  universal  appUoation  as  it  is  not  hmited  to 
sny  partieular  tyiM  of  motive  power,  having  its  own  peculiar  speed  char* 
sctmstics.  Moreover,  the  values  of  15  lb.  and  150  lb.  chosen  for  train 
Kntance  and  braking  effort  respectively  are  oonserrative  oi>erating  values 
obtuning  in  practice. 

U.  Tha  mazlznum  Bi>e6d  reftelMd  during  the  parformuioa  of  » 
Mrrlea  run  will  be  little  influenced  by  the  type  of  motive  power  and  its 
turre  diaracteristios  (3ee  Par.  42).  The  values  indicated  in  Fig.  22  will 
bold  approximately  true  in  service  operation  with  series  motors  of  either  the 
sHematuig-current  or  direct-current  types,  and  hence,  the  curves  given  oon- 
ititote  a  set  of  fundamental  data  by  means  of  which  it  becomes  possible  to 
Utsdc  any  acceleration  problem  and  determine  the  data  required. 

41.  lUetrle  moton  usad  in  railway  feenrlce  are  of  the  following  types: 

(1)  Seriea-wound  direct-current  motors, 

(2)  Single-phase  alternating-current  motors, 

(3)  Polyphase  altemating-ourrent  induction  motors. 

In  addition  to  the  above,  there  have  been  several  attempts  at  operating 
■hunt-wound  direct-current  motors,  but  as  such  motors  have  not  come  into 
even  partial  use,  owing  to  the  superior  qualities  of  other  types,  the  shunt- 
voond  motor  will  not  be  discussed. 

M.  Dlraet-ourrvnt  aariea-wound  taoUtt  eharaotarlatica  and  appU* 
catlona.  The  direct-current  series  motor  has  the  general  charactenstioa 
■hown  in  fig.  23.  Applying  this  motor  characteristic  to  the  performance  of 
s  car,  it  becomes  necessary  to  reduce  the  motor  voltage  during  tbe  starting 
or  accelerating  period  of  the  car  in  order  to  limit  the  tractive  effort  to  a  value 
that  will  not  sup  the  driving  wheels.  In  other  words,  if  full  voltage  were 
to  be  applied  to  tbe  motor  at  standstill,  the  resulting  current  would  be 
enormous,  would  produce  a  torque  that  would  slip  the  wheels,  and  would 
i*x  exceed  the  safe  commutating  capacity  of  the  motor.  Hence,  the  neoea- 
aty  of  introducing  external  starting  resistance  in  successive  steps  during 
seoeleration,  with  the  result  that  the  starting  current  is  maintained  prao* 
tieally  constant  at  the  full-load  rating  of  the  motor. 
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Plo,  24. — Typical  apeed-time  curve  with  motor-curve  acceleration^ 

II.  A  ipaad-tlin*  etur*  with  dlreot-ourrent  nriat-wound  motor 
14  ifaown  in  Fig.  34,  indicating  a  constant  current  input  up  to  a  speed  of  28 
nilea  per  lir.     At  higher  values  of  speed,  tlie  motor  nas  full  voltage  applied 
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to  its  brushes,  and  faenoe  operates  with  a  cooitaatly  decreasing  current  uoti 
full  speed  is  reached,  when  current  and  tractive  effort  both  become  conataoi. 

II.  Advantafa  of  itraiffht-lln*  f unctioni.  As  many  acceleration  prob- 
lems  involve  curves  of  rather  short  radii  and  grades,  requiring  a  step-by-stm 
method  of  plotting  the  performance  of  a  train  operation,  any  general  spee(t 
time  curves  other  than  straight  line  functioas  (Fi^.  22),  would  not  be  d 
universal  application;  especially  aa  considerable  variation  exists  in  the  char- 
acteristics of  railway  motors  in  ^neral  use.  The  straight^Hne  function! 
give  sufficiently  cloae  approximation  aa  regards  maximum  speed,  rate  at 
aceeleratioa  and  general  constants  required  to  perform  s  given  schedule 
aa  indicated  in  Fig.  24,  comparison  of  straight  line  and  motor  characteristia. 

U.  The  altamatinf- current  lerlei-wound  motor  must  operate  at  a 
lower  flux  density  than  its  direct-current  competitor  and  hence  has  a  motor 
characteristic  that  is  even  more  drooping  than  that  of  the  direct-curreat 
series-wound  motor.     In  consequence,  there  is  less  straight-line  operation  and 

more  motor-curve  operation  dur- 
un    00  [  I  I  I  I  |\  I  I  [  [  [  I  I  I  [  I  I         ing  the  accelerating  period,  result- 
ing in  a  lesser  peak-load  demand 
upon     the     distributing     system. 
9t^     ml  I   I   I   I   I  t  I   I   I  1  1  I  ji   I  I  I  Thus,  while  constant  rate  of  aceel- 

■'••     •* ^sS~I£~IZIII***     eration  with  direct-current  moton 

«  Ij^Snic'^/;* may  be  carried  up  to  60  per  cent. 

*  _L.__.»n;£o-  of  the  free  running  speed,  this  ratio 

H  IWO  SM -,i!:_!5__tEjj.^^__  may  be  reduced  to  possibly  40  per 

Q       \~ T "fj^ff ~  "^^^    cent,  with  the  alternating-currant 

a         S       IIIIIIII^^_IIIII     S    ™otor. 

S laoo ^N I-I-^Z)^^ u       S4.  Bpaad  with  serlai-wouiid 

H         •      I  I  I  I   !   I  M  j^7  l-V^J  I  I  I    tl     moton.      The    maximum    speed 

attained  during  the  performance  of 
a  service  run,  however,  will  be 
practically  the  same  for  either 
direct-current  or  alternating-cur- 
rent series-wound  motors,  and  a 
preliminary  speed-time  run  may 
be  deduced  from  Fig.  22,  straight 
line  characteristics. 

Sf.  Tha  pol^phaae  induction 

0  2U>        400         (iOO  motor  is  practically  a  constant- 

■A™v.  speed   motor,  its  speed   dropiunf 

Pia.    25. — Typical    alternating-current    only    approximately    12  per  cent 

motor  performance  (75  h.p.,  225  volte),     from  no  load  to  maximum  tractiTe 

effort  developed.  During  the  se- 
oelerating  period,  therefore,  this  type  of  motive  power  labors  under  the 
disadvantage  of  demanding  full  rate  of  acceleration  carried  up  to  full  fw 
running  speed,  a  condition  calling  for  a  very  large^  peak  toad  as  compared 
with  either  direct-current  or  alternating-current  series  motor  performance. 

M.  The  charactariitloi  of  the  thraa-phaM  induction  moton  In 
uao  on  tha  Qreat  Northam  looomotiTea  are  shown  in  Fig.  26/  This 
motor  Is  rated  475  h.p.  at  75  deg.  cent,  rise  for  1  hr.,  and  the  speed  curve 
indicates  the  almost  constant  speed  at  which  such  equipments  must  operate. 

For  starting  and  for  fractional  speed  running,  a  resistor  is  inserted  in  series 
in  the  secondary  circuit,  the  speed  attained  being  xero  when  the  full  secon- 
dary e.m.f.  is  absorbed  by  the  combined  armature  and  external  resistanoe. 

Owing  to  its  general  unfitness  for  rapid-transit  service  with  frequent  stopSi 
the  induction  motor  is  limited  to  long  distance  running  aa  its  legitinuts 
field. 

•7.  Tha  parmlsslbla  rata  of  aocaleration  is  determined  fint  by  oon^ 
fort  of  passengers  and  second  by  the  tractive  effort  available.  It  has  been 
found  experimentally  that  the  discomfort  to  passengers  is  occasioi]«d  lar^ 
by  the  change  in  rate  of  acceleration  and  not  entirely  upon  its  intenaty. 
Thus,  a  very  high  rate,  2  miles  per  hr.  per  sec  may  oooaaion  no  disot^ 
fort  with  cars  having  cross  seats,  pro\aded  the  rate  of  acoeleration  » 
attained  gradually  with  no  abrupt  change.  The  followiiic  aooelarating  raits 
obtain  in  practical  operation. 
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M.  TabI*  of  »eG«Ieratiii|r  rat«s 

LocOUOTTVCfl 

jheam  looomotiveB,  freight  service O.ltoO.2  miles  per  br.  per  sec. 

flteim  looomotivn,  passenger  service 0.2  to  0.5  miles  per  hr.  per  sec. 

Ikctric  locomotives,  passenger  service 0.3  to  0.0  railes  per  hr.  per  see. 

Motor  Cars 

Eleetric  motor  cars  intern  rba  a  Service 0.8    to  1.3    miles  per  far.  per  see. 

Electric  motor  cars  city  service 1.3    to  1.8    miles  per  hr.  per  sec. 

Eleetric  motor  cars  rapid  transit  service.  ..1.5    to  2 .  (K)  miles  per  hr.  per  sec 
Hi{beat  practical  rate 2.00to2,5    miles  per  hr.  per  see. 


0  100        '.:LKI         3U0        400         OOO         000        700 

Ampcrei  Stator 
Fio.  26. — Typical  i>oIyphase  induction  motor  performance. 

n.  LImiti  of  acoelsratlon  raU.  The  rates  given  in  Par.  ••  apply  only 
to  that  part  of  the  accelerating  period  during  whicn  the  current  is  maintained 
practically  constant  by  means  of  cutting  out  suocensive  sections  of  the 
external  starting  resistance.  The  higher  rates  from  1.0  to  2.5  miles  per  hr. 
per  sec.  demand  a  gradual  increase  to  those  values  in  order  to  avoid  the 
discomfort  to  passengers  that  would  surety  result  from  a  sudden  application 
or  cessation  of  such  rates. 

The  coefficient  of  adhesion  (Par.  16)  also  determines  the  accelerating  rate 
by  limiting  the  available  tractive  effort,  thus  giving  rise  to  the  values  given 
sbove  for  locomotive  practice.  As  the  practice  is  common  to  run  loco* 
motives  very  close  to  the  limit  of  adhesion  for  full-speed  operation,  it  leaves 
but  a  small  excess  of  tractive  effort  available  to  accelerate  the  train.  High 
scceleration  demands  that  all  axles  shall  be  equipped  with  motors,  and  if 
trains  are  run,  that  all  cars  must  be  motor  cars,  that  is,  no  trailers  are 
permissible  when  extreme  accelerating  rates  are  required  to  make  the  schedule 
desired. 

M.  UmiU  of  braking  rat*.  The  limits  reached  is  acceleration  hold 
equally  true  in  braking.  As  a  matter  of  fact,  acceleration  may  be  at  a 
higher  rate  than  braking,  for  two  reasons:  first,  discomfort  to  passengers  is 
KTsater  during  braking  of  cross-scat  cars,  as  the  inertia  of  the  passenger  tends 
to  carry  him  away  from  his  seat  and  he  lacks  the  supportinfE  back  that  pre- 
vents discomfort  during  rapid  acceleration  when  his  body  is  pressed  back- 
ward; second,  in  braking  a  train  to  standstill,  it  is  necessary  for  the  operator 
to  stop  within  a  distance  of  a  few  feet  of  a  fixe<l  spot,  and  the  skill  shown  in 
judging  speed  anddistance  will  determine  the  braking  rate.  During  accelera- 
tion  no  such  limit  exists;  the  motorman  has  absolute  freedom;  m  fact,  a 
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■yitem  of  motor  control  ia  available  that  will  bring  about  uniform  or  aoto 
matic  accel«ratioD,  the  rate  beins  determined  by  the  neceasitiea  of  the  aernel 
61.  Tha  iiiartl»  aSaot  of  raTolTlnc  parte  must  be  conaidered.  Til 
factor  reduces  the  effective  accelerating  and  braking  rates.  In  other  w-ord| 
it  ifl  neoeoaary  to  expend  from  4  to  12  per  cent,  more  tractive  effort  diiiiii| 
acceleration  and  braking  in  order  to  overcome  the  inertia  of  car  wheels,  geafl 
and  motor  armatures,  than  is  required  to  accelerate  the  car  or  train  loop 
tudinally  on  a  level  track.     This  inertia  may  be  calculated  aa  follows: 

The  energy  of  a  rotating    body   -  W  +  jV- JF  +  j  ^V»    (ft-lb.)       (11] 

where    V  —  the  Speed  of  the  centre  of  gravity  of  the  body  in  ft.  per  oee. 

V  *  speed  of  train  in  ft.  per  sec. 
r  »  radius  of  ^ration  in  ft. 

R  *  radius  of  nm  in  ft. 
or  the  effective  weight  —  Wr'/Rf,     The  ratio  ri/R*  has  been  found  from  i 
large  number  of  testa  to  be  approximately  0.6  for  ordinary  deaigna  of  cal 
wheels,  hence  the  effective  weight  of  the  wheels 

-  0.6  X  weight  of  wheels  (lb.)  (12) 

The  ratio,  r>/K',  for  armature  is  approximately  O.S.     For  geared  motors  il 
la  important  that  allowance  be  made  for  the  higher  speed  of  the  armatuie' 

Hence  the  effective  weight  of  the  armature  —  0.5  (-tt-^ — ; — r — ,  X  gear 

Vdia.  of  wheel      " 
ratio)'  X  weight  of  armature  (lb.)  (13) 

It  is  common  practice  to  use  1(X)  lb.  per  ton  inatead  of  81 .2  lb.  per  ton  for  1 
mile  per  hr.  per  see.  acceleration,  and  take  dead  weight  of  train  only.  This 
•llowa  for  approximately  10  per  cent,  equivalent  weight  due  to  the  inertia  of 
rotating  parts.  It  is  a  very  simple  method  and  its  results  are  very  ne«r  the 
proper  amount  for  street  cars.     For  more  accurate  calculations,  see  Par.  M. 

U.  Par  oent.  of  total  traotlT*  ellort  oonaumad  in  rotatlnff  parte 

Electric  locomotive  and  heavy  freight  train 5  per  cent. 

Electric  locomotive  and  high-speed  passenger  traina 7  per  cent. 

Electric  high-flpeed  motor  cars 7  per  cent. 

Low-speed  motor  cars 10  per  cent. 

The  above  percentages  added  to  91.2  and  multiplied  by  the  rate  of  accel- 
eration will  give  the  total  pounda  tractive  effort  per  ton  required  for  aecelct^ 
ation. 

n.  GaleuUtlon  of  •eeolarkUon  rat*.  In  figuring  upon  accelerating 
and  braking  problems  for  different  daaaes  of  service,  the  peroentages  in  Par.  ■ 
ahould  be  added  to  the  actual  train  weight  to  obtain  (be  effective  train  weight. 
The  net  tractive  effort  as  determined  by  the  groaa  tractive  effort  minus  the 
train  resistance  can  then  be  used  in  connection  with  the  effective  train  weight 
to  arrive  at  the  rate  of  acceleration  aa  expressed  in  miles  per  hr.  per  sec 

M.  Sohedula  ipeed,  expressed  in  miles  per  hr.,  denotes  the  avera^  speed 
of  a  train  including  all  stops,  alow  downs,  etc.,  being  the  distance  run  in  miles 
divided  by  the  elapsed  time  in  hours,  including  time  of  stops  enroute.  See 
Par.  M. 

M.  Duration  of  tarTice  ttopt 

Through  trains,  steam 5  min. 

Local  trains,  steam 2  min. 

Interurban  cars,  electric 10  to  30  sec. 

City  rapid  transit  trains,  electric 10  to  20  sec 

(Sty  surface  cara,  electric 5  to  12  sec 

The  following  frequency  of  stops  are  characteristic  of  the  different  dasies 
of  railway  service: 

M.  Frequency  of  atopi  in  terrlo* 

Steam  locomotive  through  service 1  atop  in  100  miles. 

Steam  locomotive  local  service 1  stop  in  20  miles. 

Steam  locomotive  suburban  service 1  stop  per  mile. 

Electric  interurban  express 1  stop  in  10  miles. 

Electric  interurban  local 1  stop  in  2  miles. 

Electric  suburban lto2  atopa  per  mile 

CSty  elevated  or  rapid  transit 2toS  stops  per  mile. 

City  surface  lines 5  to  10  atopa  per  mih> 
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raUUen  b«tw*«n  lehadal*  uid  mwlnnnn  tpMd  with 
traqumojr  of  itopa  ia  expraawd  in  Fig.  27,  which  indioatm  the 
•pe«d  poaaible  to  make  with  trains  having  a  frae  nmning  apaed  of 

pt,  15.  00  and  7fi  milaa  par  hr.  raapectively. 

[  Thua  with  a  train  gaared  for  a  fraa  running  ip««d  of  60  milea  par  hr. 

«  U  poaaible  to  make  a  aoheditle  of  45.5  miles  per  nr.  with  one  stop  in  four 

■ilea,  37.5  niilea  per  hr.  with  one  stop  in  2  miles,  etc. 
For  frequent-atop  aarvioe,  a  low  tree-running  speed  is  desirable  aa  it  ia 

tasier  on  the  equipment,  oalla  for  leaa  motor  oapaeity  and  leaa  energy  oon- 

nuned  in  performing  the  servioe.     Henoe,  it  is  adviaable  to  use  the  lowest 

maiiinuizi  speed  that  will  give  the  schedule  desired. 

n.  BHaot  of  •ewlaratlon  on  (raquant-itop  larvloa.  When  using 
Fig.  27,  it  should  be  recognised  that  where  stops  are  more  frequent  than  one 
per  miJe,  the  rata  of  acceleration  becomea  a  controlling  factor,  and  as  shown 
IB  tbe  curve,  when  the  frequency  of  stops  approaches  three  or  more  per  milOt 
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Stops  par  Mils 

Tia.  27. — Relation  between  maximum  and  aohedule  speed  and  atopa  per 

mile. 


tbe  majdmum  free-running  speed  of  the  equipment  does  not  have  any  appre- 
eimbia  elfeot  upon  the  poasiDle  schedule  speed.  Hence,  for  frequent  stop 
service  where  it  is  of  great  importance  to  attain  the  highest  poasible  schedule 
speed,  recourse  ahould  be  had  to  Fig.  22,  in  order  to  determine  the  advantages 
of  higher  rates  of  acceleration  than  the  120  lb.  groea  which  forma  the  basis 
of  Fig.  2«. 

n.  meet  of  treok  euzvai  on  rapid  Mrvlce.  In  all  classes  of  service, 
doe  recognition  should  be  paid  to  the  effect  of  curvea  of  such  short  radii  as  to 
demand  slowing  down  while  rounding  them.  The  safe  speed  at  which  a 
curve  may  be  taken  will  depend  upon  the  elevation  of  the  outer  rail,  but  a 
greater  elevation  than  8  in.  is  not  common.  Also  curves  having  a  spiral 
a|>pnMU)h  will  ride  much  easier  tlian  those  in  which  the  tangent  leada 
diiectly  into  the  curve. 

TO.  Safe  mazUnum  ip«*d  on  track  onrvM 

Radius  of  curve,  ft. 10,000   5,000   2,000    1,000     600     200     100     50 

^leed,  miles  per  hr. 100         75         60         35       26       15       10       S 

The  above  values  apply  only  when  full  elevation  may  i>e  given  outer 
raiL  Speeds  will  be  less  when  operating  in  city  streets  where  such  eleva- 
tion is  not  possible,  and  where  wheel  flanges  of  three-quarters  of  an  inch  or 
less  are  the  rule. 

71,  Umltatloni  of  theoratloal  lehednlM.  On  any  road  abounding  in 
corvee  of  short  radius,  it  will  not  be  poesible  to  reach  the  schedules  given  in 
Fig.  27.  No  general  rule  can  be  given  to  fit  all  cases,  as  each  problem^  must 
be  treated  according  to  local  conditions.  There  is  suflBcient  leeway  in  the 
■chedulea  given  in  Ag.  27  to  allow  for  irregularities  of  stops,  as  there  is  in- 
dttded  a  period  of  10  sec  coasting  that  may  be  cut  out  when  a  stop  has 
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exceeded  the  limit  of  15  see.  anumed,  but  ezoeaaiTB  dnration  trf  stops  mi 
time  lost  in  meeting  and  passing  trains  on  nncld-track  Bystoms,  i«  ■ 
allowed  for. 

7S.  The  method  of  plottlnc  tpeed-tlme  relaUozu  consista  in  takii 
■ucoesaive  small  intervals  of  time  or  speed  and  assuming  that  the  a<»elerati| 
force,  train  resistance  and  other  factors  remain  constant  during  the  intern 
It  is,  therefore,  only  necessary  to  take  sufficiently  small  interv-ala  in  ord 
that  the  so-called  step-by-etep  method  may  give  results  of  great  aceurae 
Any  speed-time  calculations  are  at  best  an  approximation,  owing  to  the  fa 
that  in  actual  train  operation  there  u  a  constant  change  takingplace  in  tl 
fundamental  factors  asauTfied  as  the  basis  of  calculations.  Henoe  a  fi 
degree  of  accuracy  is  su^cient  to  afford  as  close  an  approximation  aa  tl 
problem  warrants.  This  does  not  mean  that  errors  made  in  calculatioi 
are  of  no  consequence,  but  that  it  is  not  required  to  assume  extremel 
small  speed  intervals  in  order  that  the  resulting  speed-time  values  aha 
bear  a  proper  relation. 

TS.  Speed- time  cunrei  following  motor  oharacteriatlce.    As  the  cha 

acteristics  of  different  motors  vary  somewhat  from  each  other,  and  there  : 
considerable  diversenco  between  the  characteristics  of  motors  of  differei 
types,  it  is  best  to  plot  spQpd-time  curves  from  the  characteristics  of  the  moU 
to  be  used  in  a  given  proposed  service.  Even  this  is  a  refinement  M 
neoessary  in  many  problems  of  a  more  general  character,  as  it  will  be  foua 
that  the  speed  and  torque  curves  of  modern  railway  motors  are  of  the  aaia 
general  shape  and  may  in  fact  be  expressed  by  a  simple  formula. 

T4.  Example  of  calculation  of  ipeed-time  curret;*  tracttTO  forc« 
The  best  step-by-step  method  of  plotting  rurves  consists  in  assuming  amai 
speed  increments,  two-mile  increments  giving  sufficient  accuracy  in  prac 
tically  all  cases. 

Example:  Given  a  car  weighing  32  tons,  with  an  equipment  of  4  moton 
Motor  characterLBtics  as  per  Fig.  23.  Average  line  voltage  500.  Find  tb 
relation  of  speed,  amperes,  distance  and  time  for  normal  acoeleraUon  vithii 
the  capacity  of  the  motors. 


10    20    30    40    &0    GO    70    so    UO  100  110 120  130  HO 
Tlmo  Id  Second! 

Fia.  28. — Speed,  distance,  and  current  time  curves. 

_  Solution:     Reduce   problem   to  consideration   of  the   performance   of  a 
single  motor  as  all  motors  may  be  assumed  to  equally  divide  the  work. 
Hence,   32/4  «■  8  tons  per  motor. 

Assume  safe  accelerating  current  per  motor  >-•  140  amp. 
From  (Fig.  22)  140  amp.  «  1,090  lb.  tractiveeffort  at  speed  of  27  miles  perbr. 
Car  friction  per  motor  116  lb.  (Fig.  Q)  at  27  miles  per  hr. 
1,090  —  116  »  Q74  lb.  net  available  for  acceleration  of  car  and  ntating 
paru  (Par.  61). 

974/8  »  122  lb.  per  ton  net. 
76.  Example  of  calculation  of  speed-time  currea,   acceleration. 
To  find  acceleration  expressed  in  miles  per  hr.  per  sec.  from  a  given  tont 
expressed  in  tb.  per  ton,  proceed  as  follows. 

•  For  another  method  of  plotting;  speed-time  curves  see  Mailloux,  C  0. 
"Notes  on  the  Plotting  of  Speed-lime  Curves,"  Proc  Am.  Inst,  of  Elec 
Eng..  1902,  Vol.  XIX.  p.  901. 
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AeedcTBtion,  expressed  in  miles  per  br.  per  sec.  — 
{t32.2X0.682)/2.000|xIb.  per  ton  -  (lb.  per  ton)/81.2.  Tbe  above  value 
^  (lb.  per  toa)/91.2  apphes  only  to  the  net  lb.  per  ton  available  for  car 
Mttleration  only.  In  this  particular  problem  assume  7  per  oent.  of  the 
^eeeleratins  tractive  force  as  being  required  to  overcome  tne  inertia  of  the 
itins  parts,  then  the  factor  of  acceleration  expressed  in  miles  per  hr,  per 
^netlb.  per  ton)/(91.2X1.07)  -  (lb.  per  ton)/97.5.  Hence— accel- 
ion^  123/97.5  M  1.25  miles  per  hr.  per  sec. 
Aaume  that  car  resistance  remains  constant  at  all  speeds  up  to  27  miles 
per  hr.,  as  error  introduced  thereby  is  so  small  as  to  make  it  unnecessary 
to  plot  the  curve  step  by  step  until  motor-curve  running  is  reached  at  27 
Biles  per  br. 
Tbe  several  relaUons  may  be  calculated  as  given  in  Par.  79. 

T(.  BolAtton  of  speed,  distance,  amparea  and  tlm*  (Far.  74); 
•xample  of  datailad  calculatloni 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

2 
2 

27 
29 
31 

1,090 
980 
790 

116 
119 
126 

974 
861 
664 

1.25 
1.10 
0.85 

21.6 
1.82 
2.25 

21.6 
23.4 
25.6 

428 
75 
99 

428 
503 
602 

140 
130 
112 

2 
2 
2 

33 
35 
37 

640 
640 
440 

133 
140 
147 

507 
400 
293 

0.65 
0.61 
0.37 

3.08 
3.92 
6.40 

28.7 
32.6 
38.0 

145 
196 
286 

747 

943 

1,229 

97 
86 
76 

2 
2 

2 

39 
41 
43 

370 
310 
270 

155 
163 
172 

215 
147 
08 

0.28 
0.19 
0.13 

7.15 
10.5 
15.4 

45.2 
65.7 
71.1 

410 
633 
952 

1,639 
2-,272 
3,234 

68 
61 
57 

2 

45 

230 

180 

50 

0.06 

34.4 

105.0 

2,230 

5,464 

62 

XoTE. — 1.  Speed  increment  of  2  milea  per  hr.  2.  Sum  of  speed  incre- 
mento.  3.  Groea  tractive  effort  as  obtained  from  motor  characteristics 
(Rg.  22).  4.  Car  friction  per  motor  (Fig.  9).  5.  Net  tractive  effort  avflUl- 
able  for  gross  acceleration  after  deducting  car  friction.  0.  Acceleration  as 
obtained  oy  dividing  net  acceleratinK  force  (column  5  reduced  to  lb.  per  ton) 
by  acceleration  factor  oa  determined  (97.5).  7.  Time  increment  as  deter- 
mined from  1  and  6.  8.  Total  elapsed  time  summation  of  7.  9.  Distance 
■ocrenient  as  determined  from  2  and  7,  10.  Total  distance  traveled,  sum- 
mation of  9.  11.  Amperes  as  determined  from  motor  characterititics. 
Values  in  3*  6,  6  are  average  values  obtaining  during  increase  of  speed 
ificrement  in  1. 

Tf.  Sxaaople  of  OAlcul&Uon  of  speod-tima  curres;  effect!  of  track 
earree,  grMM  ftnd  coaeting.  The  above  example  is  worked  out  on  basis 
of  level  tangent  track.  The  calculation  of  speed-time  curves  is  generally 
based  upon  this  assumption.  Where  it  is  necessary  to  predetermine  the 
performance  of  a  motor  operatinR  over  grades  and  around  curves,  add  or 
oedact  tractive  force  so  consumcdf  from  gross  tractive  effort  and  proceed  as 
in  Par.  7#.     Also  see  Far.  SS  and  S3. 

Completing  the  speed-time  c>[cle  by  introducing  coasting  and  braking 
nquires  tbe  same  treatment  as  in  Par.  76  except  that  both  coasting  and 
braking  are  equivalent  to  negative  acceleration.  Another  method  of  plotting 
ipeed-time  curves  is  given  by  Mailloux  in  Proceedings  American  Institute 
of  Electrical  Engineers,  June,  1902. 

nrsBaT  anb  power  coNsuMmoiv 

T8.  The  energy  consumed  In  moving  a  train  at  constant  speed  is 
e^wnded  in  overcoming  train  resistance  (Figs.  9  to  14  inclusive)  and  mtemal 
motor  losses.  It  is  customary  for  manufacturers  to  give  the  net  efficiency 
of  railway  motors  after  having  carefully  determined  their  internal  losses 
from  stand  teetoi  and  henoe,  the  railway  operator  is  conoemed  only  with  the 
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determination  of  the  eneTsy  required  to  OTtrcoma  train  redataaes  whan  thi 
speed  of  the  train  is  constant  at  any  fixed  milea  per  hr. 

Curves  given  in  Figs.  8  to  14  inclusive  express  in  pounds  per  ton  the 
train  resistance  of  different  weights  and  oombinations  of  cars.  Aa  a  ready 
means  of  changing  from  pounos  per  ton  to  watt-hours  per  ton-mile,  tlie 
following  holds  approximately  true:  Pounds  per  ton  X  3  —  watt-hours  par 
ton-mile. 

The  above  gives  the  watt-houia  per  ton-miles  net  output  of  the  motiTa 
power,  and  to  get  train  kilowatts  input  it  is  necessary  to  know  the  efficieney 
obtaining  for  different  siies  of  equipments  as  given  by  the  manufaeturera. 

Tt.  Effldeney  of  dlraet-eurrent  rallwajr  moton 


Capacity  h.p 

Max.  Efficiency,  per  cent. . 
Efficiency  Car,  full  speed, 
per  cent. 


200 
89 
78 


250 
89 
78 


•280 

91 
901 


'800 

93 
92 


SO.  The  nuudmuin  efBelenor  of  railway  moton  of  the  gaarad  typ* 

oecurs  during  maximum  output,  hence  the  values  quoted  should  be  used 
for  calculation  of  the  power  required  to  accelerate  a  ear  or  train.  An  ex- 
ception to  this  rule  may  be  taken  in  locomotive  work,  where  it  is  eustomaiy 
to  force  the  motors  to  nearly  their  maximum  rated  output  even  after  ttia 
train  has  reached  its  normal  maximum  speed. 

•1.  The  eflkelaney  when  the  ear  Is  at  full  ipaad  is  ^nerally  lower  with 
motor*  of  the  g^earecf  type,  owing  largely  to  the  losses  in  gears  and  also  ia 
the  magnetic  circuit  of  the  motors  themselves.  This  lower  efficiency  at 
higber  speeds  does  not  hold  true  of  motors  of  the  gearleas  type  as  indicated 
in  Par.  T9.  The  advantage  of  using  gearleas  motors  for  high-speed  passenger 
service  is  clearly  indicated  by  the  extremely  high  effiaiency  at  light  ou^iuta. 
On  the  other  hand,  such  motors  do  not  compare  favorably  with  the  geared 
tsrpe  for  heavy  freight  haulage  as  the  efficiency  fslls  off  rapidly  at  the  over- 
loads characteristic  of  this  class  of  service. 

n.  Power  raauiramentt  at  constant  speed.  To  determine  power 
required  to  propel  a  car  or  train  at  anv  constant  speed,  proceed  ss  fouows: 

n       r^  X  *  X  TV  Xr  /I,  /«j\ 

^ ,xTooo-  *'•'  "*' 

wherein  F  is  the  train  resistance  in  lb.  per  ton  (from  Figs.  9  to  14  indiuive); 
W  the  weight  of  the  car  or  train  in  tons;  V  the  speed  of  the  train  in  miles 
per  hr.,  and  i  the  motor  efficiency  with  the  train  at  full  speed. 

M.  Oaleulatlon  of  power  reqniramanta  of  motor-oar  traiaa.  The 
tables  show  the  kilowatts  input  required  for  motor-oar  trains,  and  also  for 
high-speed  passenger-train  and  low-speed  freight-train  operation.  These 
tables  are  based  <urectly  upon  the  train-resistance  values  given  in  Figs.  9 
to  14  inclusive,  and  represent  the  kilowatts  input  that  would  be  expected 
with  well-ballasted  rail  when  trains  are  running  at  constant  speed. 

Constants  assumed  in  these  calculations  are:  efficiency  at  full  speed.  7ft 
per  cent,  based  ujpon  the  use  of  direct-current  geared  motors;  and  tr«B 
resistance  as  obtained  from  the  formula 

Tractive  effort ^  -fO .  03  S  +0J02oV^^  "-I-v     (lb.  per  ton)    (16) 

VW  W        V.  ^     10   ^ 

Cross-sectional  area  of  cars  is  as  follows:  20-ton  ear,  eross-aeetion  90, 
sq.  ft. ;  30-ton  car,  cross-section,  100  sq.  ft. ;  40-ton  car,  crose-eectioa,  1 10 
sq.  ft.;  60-ton  car,  cross-section,  120  sq.  ft.;  SO-ton  oar  cross-section,  U9 
sq.ft. 

M.  OalctilatlOB  of  power  requlramonta  of  paaaanor-swvlM  I**? 
motlTai  involve  the  following  assumed  constants:  efficiency  at  full  spaso. 
90  per  cent,  for  locomotive  using  series-wound  direot-ourrent  motoia  of  tK 
gearless  type;  cross-section  of  ears,  110  sq.  ft.;  weight  of  car,  50  tons;  weiflt 
of  track  rail,  not  leas  than  80  lb.  per  yd. 


*  Motors  of  gearless  type. 
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Sec.  16-85 
Ut«I  tanfsnt 

Train    weicht 

Speed  (miles  per  hi.) 

10 

20 

30 

40 

50 

80 

70 

80 

90 

100 

2-20  ton  can 

2-30  ton  can 

2~«0toncan 

l-Sa  ton  oan 

2-40  ton  ean 

20  Ion  car 

30  ton  oar 

40  ton  ear 

a  ton  ear 

60  ton  car 

J-20  ton  can 

3-30  ton  can 

3-40  ton  can 

3-SO  ton  can 

J-«)  ton  ean 

^20  ton  eara. 

S-30  ton  ears 

S-W  ton  ean 

J-M  ton  can 

^-00  ton  can 

9.3 
ll.fi 
13.2 
14.8 
16.3 

6.5 

8.0 

0.4 

10.4 

11.5 

11.4 
14.0 
16.3 
18.4 
20.1 

14.8 
18.3 
21.3 
28.2 
31.3 

22.4 
27.4 
31.6 
35.5 
38.8 

16.2 
19.5 
23.1 
25.6 
27.0 

27.2 
33.3 
38.7 
43.7 
48.0 

35.3 
43.5 

60.8 
61.9 
72.8 

42.5 
61.4 
59.0 
66.3 
71.7 

32.0 
38.4 
44.1 
49.2 
52.8 

50.9 
61.8 
71.5 
80.6 
87.4 

66.4 
80.0 
93.2 
112.0 
130.0 

72.5 

87.0 

99.3 

111.0 

119.0 

56.7 
67.3 
76.2 
84.8 
90.2 

84.1 
103.0 
119.0 
134.0 
144.0 

109.0 
133.0 
154.0 
183.0 
208.0 

116.0 
137.0 
156.0 
175.0 
185.0 

93.5 
109.0 
124.0 
137.0 
144.0 

136.0 
162.0 
185.0 
206.0 
222.0 

171.0 
205.0 
237.0 
279.0 
312.0 

206 
234 
261 
274 

336 
374 
390 

520 
540 

099 
720 

"oii!' 

167 

188 
210 
218 

276 
305 
316 

430 
442 

684 
599 

"792' 

240 
271 
308 
326 

391 
437 
460 

602 
635 

806 
026 

i,b9'2 

303 
348 
406 
448 

493 
568 
622 

773 
835 

1.026 
1,100 

1,415' 

M.  nam   input  tor  eonituit-ipMd  nutaiaf  en  lanl  tuicent 
track,  locomotiv*  paawnmr  ■•mea 

(Intnti  taluf  txpruttd  in  KilotpaUt) 


Gmw 
train 

Speed  (nules  pei 

hr.) 

weicbt 

10. 

20 

30 

40 

50 

80 

70 

80 

90 

100 

200  ton*. 

17,6 

41.3 

76.8 

124 

196 

277 

398 

530 

710 

920 

aOOtona. 

20.1 

60.5 

108.0 

172 

25H 

369 

511 

689 

905 

1,160 

400  tons. 

.12.0 

79.0 

139.0 

219 

330 

462 

635 

840 

1,100 

1,405 

50O  tons. 

41.0 

99.0 

170.0 

268 

396 

563 

755 

995 

1,295 

1,645 

600  tons. 

50.0 

118.0 

203.0 

315 

464 

645 

876 

1,150 

1,489 

1,890 

700  tons. 

50.0 

135.0 

236.  U 

3«;i 

530 

736 

996 

1,305 

1,682 

2,132 

800  tons. 

60.0 

154.0 

267.0 

41(1 

506 

828 

1,117 

1,460 

1,878 

2,375 

900  tons. 

77.0 

173.0 

300.0 

45B 

663 

920 

1,238 

1,615 

2,070 

2,620 

IMOtons. 

85.0 

193.0 

330.0 

507 

730 

1,011 

1,358 

1,771 

2,261 

2,860 

ST.  Power  required  on  grades.  The  values  of  power  required  to  drive 
sear  at  any  speed,  apply  only  for  constant  speed  on  tangent  level  tracks. 
On  up  grades  there  is  required  an  additional  tractive  effort  of  20  lb.  per  ton 
6v  each  1  per  cent,  grade.  Hence,  to  calculate  power  required  on  grades, 
proceed  as  follows; 

The  total  train  resistance  is  FfF+F,,  in  lb.  per  ton:  wherein  F  is 
^  train  resistance  in  lb.  per  ton  found  from  the  curves,  and  Ft  the  trsctive 
>8ort  due  to  tiw  grade  (F,  —  per  cent,  grade  X  20).  Then  the  power 
ispnt  ia 

P'^^^  06) 


1,000* 
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wherein  W  ii  the  weight  in  tons  of  the  train;  Ft  the  total  train  reaiatuiM 
in  lb.  per  ton;  V  the  speed  in  miles  per  hr.,  and  q  the  efficiency  of  the  moton. 
Example:  Given  a  train  of  three  40-ton  cars  operating  up  a  2  per  cent, 
grade  at  40  miles  per  hr.  what  kilowatt  input  is  demand^  by  the  motonf 
Answer:  Prom  Fig.  11,  a  three-oar  train  requires  a  tractive  effort  of  9 
lb.  per  ton  at  40  miles  per  hr. 

To  this  add  for  grade  2X20 -40  lb.  per  ton   (see  M). 
Tractive  effort  from  Fig.  11  =-  9  lb. 

Total  tractive  effort                    49  lb. 
Train  weight    •=  3X40 -120  tons. 
Assuming  that  the  excessive  output  demanded  by  the  grade  will  almocl 
completely  load  the  motors,  the  maximum  efficiency  of  the  motor  will  be 
realised  on  the  grade;  with  an  80-h.p.  motor  this  would  be  87  per  cent. 
„                  .      2X120X49X40      ...,., 
Hence  input ^_aQOy.Q.Sl "°  k.Iowatts. 

88.  XnsTfT  of  »oo«leratioii.  The  above  power  values  are  baaed  upoa 
the  assumption  that  the  train  has  reached  full  speed  and  the  power  values 
arc  thone  required  to  maintain  the  train  at  constant  sjiecKi.  During  the  tims 
that  the  train  is  attaining  full  speed,  however,  it  is  necessary  to  impart  to 
it  the  energy  required  to  accelerate  the  mass  in  the  direction  of  travel  and 
also  to  accelerate  the  rotating  parts  around  iheir  several  axes. 

Energy  of  acceleration  ■*  — jj-  «*  -jr—         (ft-lb.)         (17) 

£  Jiff 

where  w  is  the  weight  in  lb.;  «  the  velocity  in  ft.  per  sec,  and  ff  the  gravity 
constant  (32.3  ft.  per  sec.  per  sec.)- 


iX  Lb 

PC 

ra 

m 

>• 

ctl 

re. 

^t 

r: 

3roM 

40) 

P 

uso 

- 

-- 

[ 

100 

140 

*ia 

a 

120 

\ioo 

u« 

\ 

V80 

\ 

70 

80 

\ 

\l 

V?f» 

\\\\\  1  'T^ 

\lv 

m 

\ 

>>^ 

w 

\\\ 

L\\ 

^^ 

30 

40 

# 

\ 

V 

^^ 

s 

^ 

^ 

N 

s 

\ 

■" 

^ 

- 

«5^ 

^ 

^ 

*1 

"~ 

.^ 

~" 

~ 

n 

^ 

= 

"■ 

— 

100 


140 


200 


ISO 
SecooiU 
Fia.  29. — Energy  stored  in  train  (iiuV2). 


3C0 


St.  Power  required  to  OTereome  train  raaUtanc*.  In  addition  u 
the  energy  of  acceleration,  it  is  necessary,  during  the  accelerating  period, 
to  furnish  power  to  the  train  in  order  to  overcome  train  resistance,  a  qu&ntilj 
constantly  changing  with  increa^iag  iu>eed,  and  finally  to  supply  various 
changmg  losses  in  the  motive  power  and  its  system  of  control.  The  straight- 
line  diagram  furnishes  the  simplest  means  of  attacking  the  speed-time  prob- 
lem, and  it  also  furnishes  the  fundamental  data  for  all  energy-oonsamp' 
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tion  eorv^.  as  it  eliminatea  the  question  of  motiTO  power  with  its  intemal 
losKSr  uid  coDAidens  ooly  the  moving  train  itaelf. 

M.  The  enerffy  roQuired  to  moTe  %  train  from  rest  to  a  giveii 
nlodtr  u  represented  by 

W~~^F%L  (ft-lb.)  (18) 

whereitt  m  ia  the  mass;  a  the  velocity  in  ft.  per  sec;  F%  the  total  train  ro- 
■uUnoe  in  lb.,  and  L  the  distance  in  ft.  covered. 

The  most  convenient  form  of  expressing  energy  values  is  in  watt-hours 
per  ton-mile.  Fig.  29  has  been  constructed  from  the  speed-time  data  in 
fig.  22,  ^ving  the  energy  consumption  for  any  rate  of  acceleraUon  and 
elapsed  time  for  a  distance  of  5,280  ft.  or  1  mile  run.  This  set  of  curves 
is  plotted  with  train  resistance  »  0,  and  hence  represents  the  value  of  the 
eon-gy  of  acceleration  only. 

91.  Xnersy  dissipated  In  t>r«klxkff.  In  bringing  a  train  to  rest  by  means 
of  brakes,  the  energy  stored  in  the  train  during  acceleration  and  represented 
by  m«*/2  ia  all  wasted  in  heating  the  wheels  and  brake  shoes,  and  the  values 
in  Fig.  29  therefore  represent  the  energy  thus  dissipated  as  heat.  The  curves 
have  no  value  as  applying  directly  to  service  conditions  as  all  moving  trains 
have  more  or  less  running  resistance,  but  they  are  useful  as  indicating  the 
energy  required  to  accelerate  the  mass,  all  of  which  reappears  as  heat  in  the 
biake  shoes  and  car  wheels,  unless  some  method  of  regenerative  braking  be 
used  (Par.  115).  At  best,  however,  such  regenerative  mr^thoda  are  vastly 
iaefficient  and  the  energy  values  given  In  fig.  29  represent  the  price  p^d 
for  a  high  schedule  speed  coupled  with  frequent  stops. 

9S.  Curves  of  energy  consumption.  Unless  the  train  reaches  a  speed 
of  more  than  40  miles  per  hr.  it  is  a  sufficiently  close  approximation  for 
preliminary  calculations  to  assume  a  constant  rate  of  tram  resistance  of 
nom  10  to  15  lb.  per  ton,  the  latter  fif^ure  being  the  more  conservative  value. 
Hence,  Figs.  30  and  31  are  plotted  with  a  constant  value  of  train  resistance 
at  all  speeds  of  10  and  15  lb.  per  ton  respectively.  These  curves  used  in 
conjunction  with  the  speed-time  curves  of  Fig.  22  permit  of  the  complete 
solution  of  any  acceleration  problem  so  far  as  relates  to  performance  of  the 
^«n  and  its  net  energy  consumption.  For  convenience,  both  speed- 
time  and  energy  curves  are  made  up^  with  the  same  elapsed  time  for  a  mile 
run  as  abscissa,  this  distance  run  being  chcwen  as  being  a  convenient  basis 
l<x  comparison. 

Having  determined  the  watt-hours  per  ton-mile  for  a  mile  ruiw  the  same 
value  holds  true  for  any  other  distance  run  as  long  as  the  speed-time  curve 
is  entirely  similar  in  every  respect  and  the  areas  are  proportional  to  the 
respective  distances  run.  Thus,  a  mile  performance  in  120  sec.  with  a 
tractive  effort  of  90  lb.  per  ton  (including  15  lb.  per  ton  train  resistance) 
will  require  an  output  rate  Of  73  watt-hr.  per  ton-mile,  and  the  same  energy, 
73  watt-hr.  pel  ton-mile,  would  be  required  to  perform  a  run  of  half  the 
cfistance  in  1/VT times  120  sec,  or  84.8  sec. 

Thus  while  the  speed-time  curves  must  be  changed  in  area  proportional 
to  the  distance  travelled,  the  value  of  enertor  consumption  found  for  one 
^stance  holds  equally  true  for  any  other  distance  made  with  a  similar 
speed-Ume  curve. 

tS.  Ssunple  of  ealeulation  of  energry  consumption.  Given  a  run 
<rf  1,760  ft.  to  be  made  in  75  sec,  train  weight  100  tons,  33.5  per  cent,  on 
drivers,  coefficient  of  adhesion  12  per  cent.,  train  resistance  15  lb.  per  ton. 
Find  energy  consumption. 

Available  tractive  effort-200,000X0.335X0.12»8.000  lb. -8,000/100 - 
80  lb.  per  ton. 

To  reduce  to  mile  basis  V6,280/ 1,760  X  75  —  130  seconds.     (See  Par.  48.) 

From  Fig.  31,  1  mile  in  130  sec.  with  SO  lb.  tractive  effort  gives  60 
watt-hr.  per  ton-mile. 

The  same  value,  60,  is  true  for  1,760  ft.  made  by  similariy  shaped  speed- 
time  ciirve  in  75  sec. 

t4.  BCotor-curre  acceleration.  Instead  of  being  able  to  accelerate  a 
train  at  a  uniform  rate  until  maximum  si>ced  is  reached,  all  types  of  electric 
motors  operate  best  with  a  certain  amount  of  motor-curve  acceleration  at  a 
nts  ooostaotly  falling  off  from  the  initial  or  straight-line  acceleration  which 
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ii  (Hily  earned  part  way  to  full  speed.  Also,  the  eleotrio  motor  hfts  internal 
Inaefl,  eiectrical  and  meohanioal,  which  together  with  certain  loaees  inherent 
toita  system  of  control  make  it  necessary  to  add  a  greater  or  less  percentage  to 
ibe  Dei  energy-consumption  curves  given  in  order  to  obtain  the  input  to  the 
tnia.  The  aifferent  types  of  motors  have  their  distinctive  internal  loeeea 
■ad  type  of  control,  and  the  performance  relation  of  the  several  motor 
tampmenta  to  the  net  energy-oonsumption  curves  is  best  expressed  by  the 
cfioency  of  acceleration  of  the  several  systems. 

M.  Th«  effleSezLcy  of  aeooUratiozi  is  the  percentage  of  the  net  energy 
eoosamption  of  motor  output,  to  the  gross  input  of  the  train.  The  values 
vna  in  Figs.  30  and  31  hold  true  as  the  net  output  of  any  type  of  motor 
lod  control  system,  hence,  given  the  efficiency  of  acceleration  of  any  sys- 
tem, the  net  energy  values  form  the  basis  of  calculating  tniu  inputs  for  any 
oiwrating  conditions.     See  Par.  ffS,  108  and  118. 

The  losses  in  the  motor  equipment  during  acceleration  are  divided  into : 
internal  motor  loeees  including  loas  in  gears,  and  losses  incident  to  method  of 
control. 

H.  Internal  motor  louet  consist  of  copper  DB  in  armature  and  field, 
kytteresis  and  eddy*current  losses  in  the  iron  circuit,  bnish-friotion  and 
f'fi  losst  bearing  friction  and  gear  losses.  All  these  losses  are  included  in  the 
ewes  famished  by  the  manufacturers  for  normal  500  volts  constant  potential 
It  the  brushes,  but  no  such  values  are  readily  available  for  fractional-voltage 
operation  during  the  accelerating  period. 

tr.  Stertin^  roaUtanoo  loaaas.  It  is  customary  to  assume  full-load 
cvrrent  of  a  railway  motor  during  the  straight-line  acceleration  period,  and 
>t  standstill  the  IR  drop  in  the  motor  copper  will  approximate  50  volts.  It 
n  necessary,  therefore,  to  provide  suificient  starting  resistance  in  series  with 
the  motor  to  take  up  the  remaimng  450  volts  or  the  difference  between  the 
fine  potential  and  the  motor  copper  drop.  This  starting  resistano  is  cut  out 
lasucceosive  steiw  as  the  motor  armature  gains  speed  and  establishes  its  own 
counter-electromotive  force,   until  a  pwriod  is  reached,   when  the  starting 
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Flo.  32. — Direo(.<>uTrent  control  of  Beries-wound  motors  (shadinc  shows 
lou  in  stuting  rheostat). 


resistance  is  entirely  short-circuited  and  the  full  line  e.m.f.  is  just  sufficient 
to  maintain  full-load  current  through  the  motor.  This  period  completes  the 
atrsislit-liiie  acceleration,  as  after  this  point  the  series-wound  motor  will  still 
seooerate  the  train,  but  at  a  constantly  decreased  rate,  until  full  constant 
tpeed  is  attained,  it  is  evident  then,  that  a  lar^e  amount  of  power  is  con- 
nmed  in  the  startinc  resistance  and  to  reduce  this  excessive  loss  at  starting, 
tlw  method  was  introduced  of  connecting  two  motors  in  series  during  half  the 
period  of  straifht-line  acceleration,  thus  reducing  the  amount  of  starting 
reastanoe  required  (Par.  M). 

A  current-input  curve  is  plotted  for  the  three  methods  of  control  of 
direct-current  railway  motors  in  Fig.  32  the  shaded  portion  indicating  the 
Clergy  lost  in  heating  the  starting  resistances,  and  showing  the  economy 
tsioed  by  starting  with  motors  in  series.  This  economy  is  expressed 
aomericaUy  in  Par.  M. 
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M.  UBoisney  of  aeeelarfttion  dlrmit-eurrant  Mrtat-wound  moton 

(Pw.  W) 


I 


Per  cent,  of 
straight-line 
acceleration. 
(See  Par.  M) 

.     Motors, 
parallel. 
(Per  cent.) 

Two  series 

parallel. 
(Per  cent.) 

Four  series,  two 

series-parallflL 

(Per  cent) 

100 
90 
80 

70 
60 

80 

40 
80 
20 

10 

0 

43 
46 
49 

53 
S6 

68 

62 
65 
68 

72 

75 

60.0 
S9.0 
62.0 

64.0 
67.0 

69.0 

71.0 
72.6 
73.5 

74.6 

75.0 

W.S 
62.5 
05.0 

67.0 

eo.o 

71.0 

72.5 
73.8 
74.0 

74.8 

76.0 

M.  The  par  cent,  of  stralcht-UiM  AceeUrfttion  is  the  ratio  of  the 
time  oonstant  current  is  supplied,  to  the  total  time  current  is  euppUed  to 
the  motors,  and  it  thus  becomes  a  measure  of  the  shape  of  the  speed-time 
curve.  In  typical  rapid  transit  servioe,  the  constant  aooelerating  period 
is  from  25  per  cent^  to  36  per  cent,  of  thp  total  time  dtiring  which  power  is 
supplied  before  coasting  and  braking  begins. 

Henoej  100  per  cent,  of  Btraijsht-line  acceleration  denotes  the  fact  Ukst 
the  cutting  out  of  starting  r^istance  has  just  been  accomplished,  while 
0  per  cent,  of  straight-line  acceleration  means  that  the  train  ia  running  free, 
at  full  speed,  at  the  free-running  efBcieDey  of  the  motors. 

100.  Example  of  calculation  of  energy  conBumption  during  »ce«l«ra- 
tlon  with  the  two-motor  aerles-paraUel  combination.  In  this  system 
the  efficiency  of  acceleration  ranges  from  66  per  cent,  to  76  per  oent.  A  typietl 
speed-time  curve  will  reouire  approximately  30  per  cent,  of  straightrUne 
acceleration,  hence,  the  efficiency  of  acceleration  which  meets  general  operat- 
ing conditions,  will  be  approximately  73  per  cent,  forgeared  motors  of  75h.p> 
or  over  and  68  to  73  per  cent,  for  smaller  motors.  Tne  value  of  73  per  oent. 
efficiency  may  be  used  directly  in  connection  with  the  energy  v^uee  gi^a 
in  Figa.  30  and  31,  that  is,  the  energy-curve  values  divided  by  0.73  wilTgiTe 
the  gross  train-input  watt-houra  per  ton-mile  at  the  train,  allowing  for  no 
losses  in  the  distribution  s^tem. 

Example:  Given  a  mile  run  made  in  135  see.,  traetive  effort  of  110  Ih. 
per  ton  including  10  lb.  train  reustance,  find  average  input  for  100  ton  tnuji. 

Anatoer:  From  Fig.  30,  energy  consumption  net  ^  38  watt-br.  pw  ton- 
mile.     Input  >  38/0.73  »  52  watt-hr.  per  ton-mile. 

Train  makes  1  mile  in  135  sec  =  1  mile  in  147  sec,  including  13  w& 
atop  n  24.5  miles  per  hr.  schedule  speed. 

Hence,  the  power  input  is 

P  "  52X  100X24.6- 127  kw. 

101.  Relation  between  achedula  speed  and  frequency  of  ttopi  ii 
shown  in  Par.  lOSL  In  other  words,  an  effort  has  been  made  to  proportion 
properly  the  maximum  free-running  speed  of  the  e<^uipmeQt  to  the  schedule 
speed  obtaining  for  a  given  number  of  stops  per  mile.  Thus  an  equipmeot 
operating  with  one  stop  per  mile  can  make  24  miles  per  hr.  schedule  with  stops 
of  12  sec.  and  should  properly  be  geared  for  40  miles  per  hr.  If  the  equip- 
ment were  geared  for  higher  maximum  speed  than  40  miles  per  hr.,  the  r^ 
suiting  achedulo  speed  would  not  be  much  in  excess  of  the  24  miles  per  hr.  gi%*eiii 
while  the  power  consumption  would  have  been  considerably  greater.  On  tbe 
other  hand,  an  equipment  geared  forsomewhat  lower  maximum  speed  than 40 
miles  per  hr.  could  still  make  24  miles  per  hr.  schedule  with  a  12-seo.  stop  ooeOP* 
ring  at  every  mile,  but  requiring  a  higher  rate  of  acceleration  than  the  1.1  mill 
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per  hr.  per  see.  aasumed.  Aa  a  htjKh  rate  of  acceleration  ia  undesirable  with 
nish-meed  equipmeDts,  the  rates  given  in  the  table  should  not  be  greatly  ex- 
eeeded  unices  there  are  strong  local  reasons  making  such  high  rates  necessary. 

IM.  Intamiptloni  to  lerrloe  treated  ai  "equlTalent  stopi/'  The 
t^>le  of  schedule  speed  includes  little  or  no  leeway  to  make  up  for  lost  time, 
tod  where  such  interruptions  of  service  are  liable  to  occur  they  should  be 
treated  as  additional  stops  per  mile,  and  the  proper  schedule  speed,  maxi- 
mum free-running  speed,  etc.,  should  be  taken  for  the  equivaUiU  number  of 
■tops  per  mile,  including  actual  stops,  slow-downs  for  curves,  crossings,  etc., 
una  margin  for  unexpected  delays.  Thus,  with  one  actual  atop  of  15  sec 
duration  occurring  every  2  miles,  there  may  be  slow-downs  for  curves,  etc., 
making  the  equivalent  number  of  stops  approximate  one  per  mile,  in  which 
case  a  24-mile  per  hr.  schedule  with  40  miles  per  hr.  maximum  speed  of 
n^uipment  would  be  a  safer  estimate  of  speed  possible  than  the  32  and  45 
miles  per  hr.  respectively  given  for  one  stop  in  2  miles.  In  other  words, 
keep  the  maximum  speed  of  the  equipment  at  the  lowest  value  that  will 
admit  of  maintaining  the  schedule  desired  with  the  frequency  of  stops  given. 
Not  only  ia  there  a  saving  in  energy  consumption  resulting  from  the  use  of 
bwest  possible  maximum  speed,  but,  as  will  be  shown  later,  there  is  also  a 
large  saving  in  the  capacity  of  motor  required  to  perform  the  service. 
IBS.  Train  Input  In  kw.,  frequent-stop  service,  tangent  level  track 


Stops  per  niilo 


i 


i 


i 


8 


Schedule  «i>eed,  milea 

per  hr. 
Uaiiinam  speed,  mile, 

sei  hr. 

Stope,  seooDda 

ES.  of  aooel.,  i>er  oent. 
Accel.,  miles  per  hr. 

per  SCO. 


50.0 

66.0 

30.0 

75.0 

0.8 


40.0 

66.0 

20.0 
75.0 

o.e 


32.0 
45.0 


24.0 
40.0 


18.6 
30.0 


15.5  13.7 
26.0  23.0 


15.0  12.0  10.0 

75.0  74.0  72.0 

1.0     1.1     1.2 


9.0 

70.0 

1.3 


8.0 

09.0 

1.4 


12.5 

21.0 

7.0 

68.0 

1.5 


11.7 

20.0 

0.0 

67.0 

1.6 


11.0 

19.0 

5.0 

65.0 

1.7 


The  above  data  are  common  to  all  trains. 


Stops  per  mile 

H 

H 

H 

1 

2 

3 

4 

5 

6 

7 

90  ton  car. .... 

51 

36 

29 

26 

24 

23 

22 

22 

30  ton  car 

96 

09 

51 

40 

3fl 

33 

32 

31 

31 

40  ton  oar 

176 

119 

85 

Ki 

61 

45 

43 

41 

40 

40 

50  ton  ear 

195 

130 

94 

73 

61 

55 

62 

50 

49 

49 

ao  ton  car. 

200 

140 

106 

82 

70 

64 

62 

60 

69 

68 

2-20  ton  oars. . 

78 

60 

SO 

45 

43 

41 

40 

40 

2-30  ton  cars.. 

137 

104 

80 

09 

64 

62 

60 

59 

88 

2^0  ton  cars.. 

228 

160 

124 

103 

89 

82 

79 

77 

76 

75 

2-50  ton  cars. . 

255 

183 

147 

125 

111 

103 

99 

97 

95 

94 

2-60  ton  cars.. 

282 

202 

165 

144 

127 

117 

115 

113 

111 

110 

3-20  ton  cars.. 

102 

76 

67 

63 

61 

60 

59 

58 

3-30  ton  cars. . 

173 

135 

112 

97 

90 

88 

86 

84 

83 

3-40  ton  ears.. 

280 

200 

164 

140 

127 

117 

115 

113 

111 

110 

3-50  ton  cars.. 

3(H) 

236 

198 

172 

155 

145 

142 

1 39 

137 

136 

3-60  ton  cars.. 

342 

263 

219 

191 

175 

167 

163 

ItiU 

158 

167 

5-20  ton  cars. . 

144 

124 

110 

102 

08 

97 

95 

94 

5-30  ton  car,. . 

238 

196 

171 

154 

145 

142 

139 

137 

136 

5-40  ton  cars.. 

370 

292 

24(1 

210 

197 

1S8 

183 

180 

178 

170 

5-50  ton  cars.. 

438 

350 

302 

270 

250 

236 

228 

225 

222 

220 

5-60  ton  ears.. 

495 

400 

352 

314 

290 

280 

275 

271 

20(S 

263 

These  train  resistances  corresponding  to  the  different  train  weights  agree 
with  Rgs.  9  to  14. 
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104.  Suburbui  can  in  city  mttIm.  Wliile  the  valuM  ctTen  in  tlie  UUa 
cover  the  entire  field  of  rapid  transit  service  from  seven  stops  per  mile  to  on* 
stop  in  8  miles,  it  frequently  happens  that  the  relation  between  maximnm 

r    .     ,,  ,    .  tbet     ■ "' '   -' ' ""— 


and  schedule  speed  given  cannot  M  approximated  in  actual  service  opentaoa 
owins  to  peouLar  local  requirements.  Thus  a  suburban  oar,  operating  at 
40  mues  per  hr.  maximum,  may  be  called  upon  to  operate  in  dt^  service  st 
terminals  or  en  route  where  the  frequency  of  stops  approximate  six  per  mile, 
a  condition  properly  caUins  for  a  maximum  spe«d  of  20  miles  per  hr.  Tb« 
power  consumption  given  for  six  stops  per  mile  would  be  greatly  increased  in 
the  case  of  a  high-speed  suburban  car  operating  on  such  service,  even  thoocb 
aeries  running  were  adopted  exclusively  in  the  city  service.  Series  running 
would  then  correspond  to  the  efficiency  of  acceleration  given  in  Par.  M,  for 
all  motors  in  parallel^  and  would  thus  be  10  per  cent,  or  more  lower  than  for 
sefies-paralleT operation;  hence  the  figures  for  kilowatts  input  at  train  gives 
in  the  table  represent  minimum  values  resulting  from  a  proper  proportiea 
between  the  maximum  free-running  speed  of  the  equipment,  the  schedale 
speed  and  the  frequency  of  stops. 

101.  Yor  ratal  of  aeealeratlon  other  than  thoaa  given  In  tba  taUt 
(Par.  lot),  where  the  frequency  of  stops  is  greater  than  one  per  mile,  anj 
special  case  should  be  worked  out  from  the  general  watt-hour-per-ton-mils 
curves  (Figs.  30  and  31). 

100.  rraquent-itop  Mrrlea  for  alaetrle  looomottves  is  not  treated 
here  as  it  is  assumed  that  the  legitimate  field  of  the  locomotive  is  in  exprM 
service  having  very  infrequent  stops,  in  which  case  the  energy  of  acceleration 
forms  but  a  small  peroentage  of  tne  total  input  of  the  train. 

lOT.  The  single-phaie  railwu  motor,  being  a  series-wound  type,  can 
be  operated  by  means  of  non-inductive  external  starting  resistance  as  in 
the  case  of  the  direct-current  series-wound  motor.  Owing,  however,  to  tb< 
facility  with  which  alternating  voltage  may  be  varied  by  statia  tnuuformeis, 
a  better  method  of  control  is  oiEFered  by  means  of  shifting  the  motor  terminsli 
from  tap  to  tap,  brought  out  from  the  step-down  transformer  or  oompensitor 
constituting  part  of  the  car  equipment.  The  potential  control  thus  mads, 
possible  introduces  no  losses  commensurate  with  the  starting  resistance  losses 
of  direct-current  motor  control,  and  is  the  most  efficient  form  of  control  yet 
evolved  for  railway  work. 

Owing  to  the  fact  that  the  cltaracteristic  curve  of  the  single-phase  motor  is 
more  sloping  than  even  that  of  the  direct-current  series-wound  motor.  Figs. 
23  and  25,  the  period  of  straight-line  acceleration  will  be  a  lesser  percentaia 
of  the  total  time  power  is  supplied  to  the  car;  that  is,  the  motor-curve  raoniai 
will  commence  at  a  lower  spieed  than  in  the  case  of  direct-current  motor  opeis- 
tion,  thus  giving  rise  to  a  factor  of  20  per  cent,  aa  the  peroentage  of  sttsi(lit- 
line  acceleration  to  the  total  acceleration  period  of  a  typical  run. 

lOS.  The  eflkdenoy  of  acceleration  for  the  slnfle-phaBe  motw 
equipment  may  be  assumed  to  be  70  per  cent.  This  value  includes  all  loon 
in  the  step-down  transformer  required,  and  hence  the  net  energy  valuet 
given  in  Figs.  30  and  31  when  divided  by  0.70  will  ^ve  the  total  input  at  tbe 
car  for  such  equipments.  Where  cars  are  operated  over  dty  stnets,  it  is 
sometimes  necessary  to  run  on  direct  current  in  which  case  the  motors  sn 
controlled  like  direct-current  motors. 

lot.  The  free  running  afllcieney  of  ilngla-phaie  ((i^uipmsnti  nsr 
t>e  taken  at  from  70  to  75  per  cent,  for  equipments  ranging  in  capacity  from 
50  to  2p0  h.p.  per  motor,  hence  giving  to  the  alternating-current  equipment 
an  all  round  efficiency  of  about  70  per  oent.,  whether  aooeleratiiu  or  runniu 
at  constant  speed,  a  performance  closely  approximating  that  of  the  direct- 
current  motor  equipment. 

110.  The  three-phaae  induction  motor  is  installed  upon  but  a  lev 
roads.  It  is  practically  a  synchronous  motor,  there  being  a  maximnni  of 
but  5  per  cent,  difference  in  speed  between  full-load  and  free  running.  The 
variation  from  synchronous  speed  is  proportional  to  the  tractive  effort.  The 
efficienc:^  of  acceleration  corresponds  to  that  of  a  direct-current  shunt-woand 
motor  with  constant  field. 

111 .  There  are  two  methoda  of  control  of  induotion  moton  aviilaUe 
for^railway  service,  reduced  voltage  in  the  primary  and  variable  non-induetlTe 
resistance  in  the  secondary.     Reduced  voltage  introduces  aa  exoeediiiilj 
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poor  po««r>faetor  during  the  starUog  or  fraotional  speed  period,  and  ftlso 
eataila  a  prohibttivo  IiR  lou  in  the  secondary,  if  this  be  of  the  short-oirotiited 
(■qiiirrel-«ace)  type.  Voltage  variation  is  only  used  in  speoial  oases  where 
the  exoeenTO  sise  of  the  required  motor  is  no  handicap. 

Saoondary-resUtano*  control  of  thxee-phue  iUp-rlnir  moton  It 
the  method  ordinarily  employed.  The  rotor  winding  is  terminated  in  three 
rings,  which  allow  the  insertion  of  non-inductive  resistance  in  the  rotor 
rircuit.  This  reaistance  is  decreased  as  the  motor  comes  up  to  speed,  and 
the  rings  short>«irouited  at  approximate!^  10  per  cent,  below  synefaronous 
speed.  This  meUiod  of  starting  results  in  a  poor  ef&oiency  of  aooeleration 
(Par.  IXX). 

lU.  Conoaten&tlon  control  may  be  employed  to  increase  the  eflScneney 
of  acceleration  of  three-phase  sliK^-ring  motors.  As  the  speed  of  the  induction 
motor  is  fixed  by  tts  frequency  of  supply  and  not  by  its  impressed  e.m.f.  it  is 
not  possible  to  connect  two  such  motors  in  series.  It  is  possible,  however,  to 
eonneet  the  stator  winding  of  motor  No.  1  to  the  line,  the  rotor  winding  of 
motor  No.  1  to  the  rotor  winding  of  motor  Na  2  short-circuiting  the  stator 
winding  of  motor  No.  2;  this  constitutes  the  concatenated  metnod  of  con- 
necting induction  motora  and  corresponds  in  results  to  the  series  connection 
of  direct-current  series-wound  motors.  With  induction  motors  so  eon- 
neeted,  stability  is  obUuned  with  half-speed  of  the  rotors  and  a  concatenated 
set  ean  be  treated  in  all  respects  as  a  single  induction  motor  having  double 
the  number  of  poles  in  its  field. 

Concatenation  is  feasible  only  with  motors  of  low  frequency,  25  cycles 
or  less,  owing  to  the  low  power-factor  incidental  to  such  a  combination. 
In  geniBral,  however,  concatenation  is  used  with  railway  induction  motors, 
not  to  effect  ajpoesibie  increase  in  the  efficiency  of  acceleration,  but  to  provide 
a  second  efficient  running  speed  for  the  low-speed  requirements  in  terminal 
yards. 

lli.  Kfflclency  of  acoelcratton;  three-pha—  induction  motorg 
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The  accelerating  efficiency  of  an  induction-motor  railway  equipment 
is  indicated  for  pandlel  operation  only,  concatenation  not  being  considered. 
As  straight-line  acceleration  will  constitute  fully  50  per  cent,  of  the  total 
period  during  which  i>ower  is  supplied  in  a  typical  rapid-transit  run,  an 
,  loduetion-motor  equipment  will  nave  an  efficiency  of  acceleration  not  to 
'  exceed  55  per  cent.  This  represents  the  power  efficiency  and  does  not  include 
the  power-factor  which  will  approximate  80  per  cent,  during  acceleration 
witii  Don-inductive  resistance  inserted  in  the  secondary  circuit,  thus  making 
the  apparerU  efficiency  of  acceleration  approximately  44  per  cent. 

Hence,  for  acceleration  problems  involving  a  consideration  of  railway 
induction  motors  of  the  polyphase  type,  divide  energy  vidues  given  in 
Figs.  30  and  31  by  0.44  to  obtain  the  volt-amp.  input  at  the  train  and  fioC 
iiCauding  any  trolley  or  distribation  losses.  The  proper  field  of  the  induction 
motor  is  the  haulage  of  trains  at  constant  speed  behind  locomotives  and  the 
use  of  this  motor  will  be  further  discussed  under  Locomotion. 

114.  Kegen«ratiTC  (djmamlc)  braUnf.  In  service  calling  for  frequent 
starting  and  stoppinfc  of  trains,  it  is  evident  that  the  mS*/2  constituting  the 
energy  loss  in  heating  brake-shoes  and  wheels,  forms  a  considerable  i;>cr- 
eenta^e  of  the  total  energy  input  to  the  train.  As  the  electric  lao/bat  is 
reversible,  that  is,  can  absorb  power  and  give  out  mechanical  energy,  or  can 

E've  out  electric  power  when  mechanically  driven  as  a  generator,  it  aeems 
asible  to  expect  that  some  means  of  control  can  be  designed  which  will 
enable  a  train  to  be  braked  electrically  with  reduced  wear  and  expense  of 
Iffake-sfaoe  miuntenanoe,  besides  returning  to  the  line  a  considerable  per- 
eentage  of  the  energy  delivered  to  the  train  during  acceleration.  Also  on 
roada  having  excessive  continuoua  grades,  it  is  desirable  to  return  energy  to 
the  line  partiy  for  the  economy  thus  effected,  but  largely  in  order  to  reduce 
the  danger  that  goes  with  braking  long  heavy  trains  by  means  of  brake-shoes. 
Hi.  Xotor  capacity  for  reffenerativc  braking.  The  standard  direot- 
emrent  motor,  beTog  al  the  series-wound  type,  cannot  be  used  directly  as  a 
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direot-current  ^nerator,  and  aome  xnodifiofttion  of  shunt  wimfing  or  exdti 
tion  of  the  senea  field  at  low  potential  must  be  used  in  order  to  enable  t' 
motor  to  aet  as  generator  when  braldng  the  train.     Of  the  total  ener, 
delivered  to  the  train  during  ft  typical  city  run,  nearly  one-third  of  the  amou 
ifl  wasted  due  to  the  inefficiency  of  the  motor,  gears,  and  method  of  contid 
Of  the  remaining  two-thirds,    fully  25  per   cent,  is    to  overcome   trail 
resistance,  leaving  50  per  cent,  of  the  original  train  input  as  available  (41 
.regenerative  purposes.     Owing  to  the  complications  required  tobrakeaam' 
direct-current  motor  equipment  available  for  fj^neration,  it  would  not  I 
possible  to  effect  the  same  efficiency  of  deceleration  as  the  70  to  75  per  cenL! 
possible  during  acceleration.     Furthermore,  the  capacity  of  a  railwiQr  motorj 
to  do  work  is  limited  by  its  heating,  and  this  heating  is  dependent  upon  tbn 
superficial  area  and  weight  of  the  motor,  hence,  if  the  motor  Is  chosen  witl  , 
due  regard  for  its  safe  temperature  rise  when  used  for  accelerating  the  car, 
its  thermal  capacity  must  be  increased  in  due  proportion  to  the  amount  (M 
extra  motor  lose  entailed  in  electrically  braking  the  car.     This  extra  weight  | 
<rf  equipment  will  in  turn  entail  an  additional  expenditure  of  eneny  dunng  I 
the  accelerating  period,  so  that  the  effect  of  braking  the  train  e^trically 
with  the  same  motive  power  used  for  acceleration,  will  oe  to  increase  the  duty 
of  such  motors  considerably,  and,  hence,  their  weight  and  first  cost. 

lie.  Kconomy  of  refeneratlTe  braking.  Assuming  that  an  efficicDC^ 
of  60  per  cent,  could  be  obtained  during  retardation  by  electric  braking,  it 
would  mean  the  possible  saving  of  30  per  cent,  in  the  energy  consumptioa 
of  the  car,  provided  the  car  weight  were  not  increased  due  to  the  lancpr 
motor  capacity  demanded.  It  is  not  possible,  however,  to  effect  any  such 
economy  as  the  figure  indicated,  and  from  16  to  20  per  cent,  saving  of  crosi 
input  would  more  neaHy  represent  the  possibilities  of  regenerative  control, 
on  a  class  of  service  calling  for  very  frequent  stops.  It  is  evident  ^at  when 
stops  are  infrequent  as  in  high-speed  interurban  service,  the  effect  of  regenera- 
tion would  become  negligible  so  far  as  economy  of  operation  ia  concerned 

IIT.  The  flnt  cost  of  regoneratlTe  control,  and  the  increased  eoet 
of  maintenance  offset  the  advantages  derived  from  a  possible  smaller  ene^y 
consumption  of  the  car.  It  is  not  too  much  to  expect  that  the  car  equipment 
will  be  increased  fully  60  per  cent,  in  weight  and  first  cost  if  regenerative  con- 
trol be  adopted,  and  the  possible  15  to  20  per  cent,  energy  must  be  balanced 
against  the  interest  on  the  additional  first  cost  and  cost  of  maintaining  Um 
equipment. 

As  any  system  of  re^neratlve  control  depends  upon  the  counter  e.mi. 
of  the  revolving  armature,  it  is  evident  that  when  approaching  sero  speed 
there  will  be  no  torque  developed  by  the  motor,  and  hence,  regenerative 
braking  must  be  used  in  connection  with  air  brakes,  with  resultant  decreased 
saving  in  economy.  For  street-car  service,  including  interurban  serriee, 
it  can  be  said  that  there  is  small  attraction  in  regenerative  control,  not  because 
such  control  is  not  possible,  but  because  the  added  complication  and  expeoie 
brings  no  adequate  return  in  the  cost  of  the  energy  saved. 

118.  Begoneratire  control  used  In  connection  with  loeomotina 
for  hmvff  passenger  or  freight  serriee  on  mountain-grade  sactioni, 
offers  many  advantages  far  outweighing  io'lmportanco  the  possibility  of  a 
smtUl  amount  of  energy  saved.  One  of  the  disadvantages  attending  the 
operation  of  long  heavy  trains  on  mountain  grades,  is  the  danger  incurred 
in  braking  the  trains  on  the  down  grades.  More  accidents  occur  when  trains 
are  running  down  grade  than  when  operating  up  grade,  due  to  the  fact  that 
ovcrhcatea  brake  shoes  and  car  wheels  may  cause  a  derailment,  and  also 
due  to  breaking  apart  of  long  trains  when  the  brakes  are  released  momen- 
tarily for  the  purpose  of  recharging  the  train  pipe.  On  such  classes  of 
service,  a  regenerative  system  of  control  offers  safer  means  of  holding  truns 
on  down  grades  than  exists  with  present  air-brake  control,  and  its  claime 
in  this  direction  make  it  worthy  ot  very  careful  consideration  for  this  clsse 
of  service. 

RAILWAY  MOTOR  CAPAOITT 

lit.  Limitations  of  design.     Thecapacity  of  railwavmotoratodovoA 

cannot  be  measured  by  the  same  standards  governing  the  rating  of  motois 
of  the  stationary  type.  Conditions  of  operation  demand  that  the  moton 
shall  rnnform  to  the  requirementa  of  a  4  ft.  8|  in.  gage  track,  and  in- 
gnantiy  a  whod  base  of  not  over  78  in.,  and  prefersibly  leas.    The  n- 
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___  spuK  thus  available  makee  it  imperative  that  the  weight  and  out- 

dickensioas  of  railway  motors  shall  be  scaled  to  the  lowest  poesible  limit 

^^.Jstent  with  the  average  and  momentary  output  demanded  by  service 

iqaireinentB.     It  ia  cuatomary,  therefore,  in  railway-motor  deaijsn,  to  force 

he  deiudby  of  the  magnetic  circuit  far  in  excess  of  what  is  considered  good 
tiee  in  the  d^ign  of  stationary  motors.     The  effect  of  this  high  saturar 

of  the  iron  circuit  is  to  entail  an  iron  hysteretic  and  eddy-current  loss 

rf such  a  high  value  as  to  preclude  the  possibility,  in  many  cases,  of  running 
fee  motor  conUnupusly  at  full  voltage  without  overheating  it  due  to  the 
■xm  looB  alone.  It  is  evident,  therefore,  that  recourse  must  benad  to  methods 
of  comparative  rating  of  riulway  motors  other  than  the  usual  continuoua 
iQBiuns  at  full  voltage,  obtaining  in  the  case  of  stationary  motors.  Ou 
beocnotivea  these  space  restrictions  have  been  largely  overcome  by  use  of 
the  side-rod  drive  with  the  motor  mounted  above  the  wheels. 
'  ISO.  Tbe  iiftTw<Ti«.i  rating  of  a  railway  motor  shall  be  the  mechanical 
^■entpat  at  the  car  axle,  measured  in  kilowatts,  which  causes  a  rise  of  tem- 
Ifuature  above  the  surrounding  air  not  exceeding  90  deg.  cent.  (162  deg.  f ahr.) 
«t  the  cominutator,  and  75  deg.  cent.  (135  deg.  fahr.)  by  the  thermometer, 
fit  any  other*  normally  accessible  part  after  1  hr.'s  continuous  nin  at  ita 
Ittted  voltage  (and  frequency,  in  the  case  of  an  alternating-current  motor) 
iWartaxkd  with  the  motor  covers  arranged  to  secure  maximum  ventilation 
ivithoat  external  blower.  The  rise  in  temperature,  as  measured  by  resistance, 
jfcaU  not  exceed  100  deg.  cent.  (180  deg.  fahr.)  during  the  test. 

The  statemeat  of  the  nominal  rating  shall  include  the  power,  voltage 
>Bd  armature  speed  at  rated  volts  and  kilowatts. 

Ul.  The  eontinaoua-ratin^  Input  of  a  railway  motor  shall  be  defined 
By  the  current  in  amperes  at  which  it  may  be  operated  continuously  at  half, 
three-quarters  and  full  voltages  respectively,  without  exceeding  the  specified 
tnnperatures,  when  operated  on  test  stand  with  motor  covers  and  cooling 
pitem.  if  any,  arranged  as  in  service.  Inasmuch  as  the  same  motor  may 
be  operated  under  different  conditions  as  regards  ventilation,  it  will  be 
yetseary  in  each  case  to  define  the  system-  of  ventilation  which  is  used. 
la  ease  motors  are  cooled  by  external  blowers,  the  volume  of  air  on  which 
the  rating  is  based  shall  be  given. 

Its.  The  maziinuzn  load  on  railway  motors  doee  not  usually  exceed  160 
pcf  cent,  of  the  nominal  rating. 

US.  Two  factum  determine  the  capacity  of  railway  niotor%  namely: 
•oaunutation  and  heating.  During  the  accelerating  period  the  current  input 
damaoded  by  a  railway  motor  is  always  considerably  in  excess  of  the  current 
■fterward  required  to  run  the  car  at  full  speed  on  level  tangent  track.  The 
TsJae  of  this  current  will  depend  upon  the  several  conditions  entering  into 
^  problem,  weight  of  train,  schedule  speed,  and  frequency  of  stops,  these 
Ufitora  determining  the  rate  of  acceleration  and  maximum  speed  required  as 
pveviously  outlined.  A  motor  must  be  selected  which  can  commutate  the 
■bnormaf  current  required  during  the  accelerating  period  without  excessive 
lurking  at  the  brushes. 

Ifti.  Division  of  load  between  motors.  For  cloee  calculations  it  is 
iieeessary  to  plot  the  actual  speed-time  curves  obtaining  with  any  individual 
Biotor.  In  dividing  the  total  current  input  to  the  train  by  the  number  of 
motors,  in  order  to  obtain  the  current  p)er  motor,  it  can  be  assumed  that 
eachmotor  will  take  its  equal  share  of  current  at  all  speeds,  provided  the  mo< 
tors  are  of  the  same  type  and  capacity,  and  have  the  same  gear  ratio. 

115.  Kftect  of  aooeleration  rate  and  maximum  speed  on  capacity. 
His  evident  from  working  out  a  few  examples,  that  high  rates  of  acceleration 
nn  be  used  only  when  low  maximum  speeds  are  possible,  and  that  an 
abnormally  lar^e  motor  capacity  will  be  essential  if  high  rates  of  acceleration 
ue  demanded  in  connection  with  high  maximum  speeds.  Thus,  although 
motor  equipments  of  the  direct-current  series- wound  type  can  always 
furnish  enough  current  to  slip  the  driving  wheels,  such  high  current  inputs 
will  be  demanded  as  will  considerably  exceed  the  safe  rated  commutating 
espAcity  of  motors  operating  cars  at  the  50  miles  per  hr.  or  more,  common  to 
ioterurban  high-speed  service.  Various  devices  have  been  brought  out  for 
the  purpose  of  limiting  starting  currents  to  safe  predetermined  values,  and 
the  current-limiting  device  now  forms  a  component  part  of  Mrtain  types  of 
eoDtrol  equipment. 
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IM.  Tlie  heatinff  of  railway  moton  in  operation  is  eauaed  by  intenial 
copper,  iron  and  brush  loasea.  These  losses  vary  not  only  in  intensity  but 
also  in  distribution  with  different  tvpcs  of  motors  and  claasos  of  serrioe. 
At  lero  speed,  the  losses  are  all  in  tne  copper  of  field  and  armature,  beinff 
(livided  according  to  their  relative  resistance.  As  the  armature  apeed 
increases  there  is  an  iron  loss  distributed  between  the  iron  of  armature  and 
pole  face  and  tips,  depending  upon  the  design  of  the  motor.  This  iron 
1088  starts  from  aero  at  standstiU  and  increases  to  a  maximum  at  the  moment 
of  cutting  out  Btarting  resistances,  after  which  it  decreaaes  somewhat: 
this  again  is  a  matter  of  motor  desi^  As  the  various  losses  are  the  cause 
of  temperature  rise  in  the  motors,  it  is  necessary  to  trace  their  influence  upon 
the  inoividual  part  of  a  motor  under  study. 

117.  Internal  motor  loitei.  As  the  heating  of  a  motor  is  the  result  of 
the  average  losses  within  it,  the  average  losses  and  their  distribution  up  to 
any  moment  of  shutting  off  i>ower  must  be  determined.^ 

Internal  motor  losses  during  fractional-speed  runmng  are  indicated  in 
Fig.  33  where  abscissas  give  elapsed  time  and  ordinates  represent  power  lost. 
In  other  words,  the  losses  depicted  are  not  instantaneous  losses  at  any  given 
speed,  but  integrated  losses  from  the  time  of  starting  from  rest,  to  gaining  that 
speed. 

Equally  important  with  the  determination  of  the  various  internal  losses 
is  their  distribution.  Thus  in  a  closed  motor  the  armature  loss  must  be 
conducted  throush  the  field  structure  before  it  can  reach  the  outade  surface 
of  the  motor  and  be  dissipated  into  the  surrounding  air.  Added  to  the  beat 
imparted  to  the  field  structure  by  its  own  l*H  losses  and  pole  faoe^lossos, 
there  is,  therefore,  considerable  heat  delivered  to  it  by  virtue  of  its  serrioe  as  • 
conducting  medium  for  the  armature  heat.  On  the  other  hand,  the  field 
structure  would  conduct  the  armature  heat  at  a  more  rapid  rate  were  it  not 
for  its  own  internal  loss.  It  becomes  important  to  establish  a  relation  for 
this  interchange  of  heat  between  field  structure  and  armature,  the  relation  bong 
best  expresaea  by  the  ratio  of  armature  loss  to  field  loss,  as  indicated  in  fig.  33. 
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Baeonda 
FiQ.  34. — Speed*time  run  (serieo 
parallel  control). 

lis.  Thermal-oapaoi^  cunrei  furnish  the  foundation  for  all  det•^ 
minations  of  motor  capacity  for  any  service;  it  is,  therefore,  important  to 
understand  the  method  of  their  construction.  A  tsrpioal  speed-time  nia, 
Fig.  34,  is  performed  over  a  tangent  level  track  with  proper  weight  of  car  and 
gear  ratio  for  a  given  motor,  a  succession  of  these  runs  being  made  for  8  or 
10  hr.,  or  until  the  motors  have  attained  a  constant  temperature.  This 
typical  run  will  call  for  certain  internal  losses  in  the  motor  having  a  fixed 
ratio  between  armature  and  field  losses,  and  there  is  a  direct  connecdon 
between  these  losses  averaged  over  the  8  or  10  hr.  run  and  the  tsm- 
perature  rise  of  the  several  parts  of  the  motor.  Fig.  35  is  thus  constructed 
from  results  of  a  series  of  such  temperature  runs,  each  separate  lO-hr. 
run  elving  rise  to  a  certain  ratio  of  armature  to  field  losses,  and  therefore 
establishing  one  point  upon  the  field  and  armature  thermal-capadty  curve. 

Itt.  Application  of  continuouB  rating.  The  continuous  rating  of 
railwasr  motors  (see  Par.  ISl)  differs  from  that  of  constant-speed  moton  ut 
that  it  is  based  not  on  the  normal  voltage  of  the  motor  but  on  voltages  which. 
combined  with  the  rated  continuous  current,  will  give  the  average  con  km 
corresponding  to  the  particular  service.     For  convenience  the  ooatinnooi 
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J  is  iJTen  in  ftmperw  at  half,  three-fourtha  and  full  voltagftB.     To  det«r- 

nune  the  suffldenoy  of  the  motor  for  a  given  aervice,  a  typical  speed-time  run 
alMi^  be  plotted  and  from  that  the  square-root-of-tbe-mean-«quare  (rm.s.) 
current  should  be  obtained.  ThiB  should  correspond  to  the  rated  continuous 
earrent.  With  the  modern  self-ventilated  motors,  this  practically  controls 
tike  temperature,  since  the  increased  speed  that  goes  with  higher  core  losses, 
also  eauses  a  better  circulation  of  air  tnrough  the  motor  and  carries  off  more 
heat.  It  is  found  that  ventilated  railway  motors  carry  practically  the  same 
current  at  all  voltages.  Enclosed  motors  carry  5  to  10  per  cent,  more  current 
at  the  lower  speeds  corresponding  to  low  voltages  and  frequent  stopping 
scnrioe  than  at  higher  speeds  and 
TolUges  corresponding  to  inter- 
urban  service. 

110.  AppUefttion  of  tharmal- 
capadtij  euTTM.  Any  given 
•erriee  operation,  although  made 
up  of  short  and  lon^  runs,  can  be 
reulved  into  a  single  typical 
q>ssd*tune  curve  which  wUf  call 
for  the  same  internal  losses  and  the 
same  distribution  of  motor  losses 
as  would  obtain  under  service  con- 
ditions. By  utilising  data  as  given 
in  the  thermal  capacitor  curve.  Fig. 
35,  for  a  given  motor,  it  is  possible 
to  predict,  with  reasonable  accur- 
acy, the  temperature  rise  of  a  motor  for  any  operating  conditions  coming 
within  the  limits  of  the  motor  capacity.  As  such  cnloulations  demand  a  vast 
number  of  experimental  runs,  the  expense  of  which  can  only  be  borne  by 
nulway-motor  manufacturers,  some  better  form  of  expressing  the  relation  of 
railway  motor  capacity  and  service  performance  is  necessary  for  approzima- 
tioQ  work.  Owing  to  the  fact  that  railway  motors  of  the  direct-current 
series-wound  type  have  become  standardised  along  certain  lines,  it  is  possible 
to  establish  a  working  relation  between  the  commercial  1-hr.  rating  of  a 
motor  and  ita  ability  to  do  work  under  service  conditions. 

ISl.  Sorica  capacity  cuitm.  Applying  results  similar  to  Fig.  35,  to  a 
series  of  speed-time  curves  for  different  distances  run,  a  curve  similar  to 
Elg.  30  is  obtained  for  an  equipment  having  a  fixed  gear  ratio,  in  this  case 

Proportioned  for  a  maximum  speed  of  45  miles  per  hr.  on  tangent  level  track, 
'his  curve,  called  a  service  capacity  curve,  gives  directly  the  temperature 

rise  for  a  given  equipment,  in  this 
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35. — Thermal  characteristics. 


h.p.    motor,    for    any 
ed   that  can   be  per- 


case    a    125-h.r 

schedule  soeea    _         __  , 

formed  with  a  varying  number  of 
stops  per  mile,  the  equipment  being 
geaied  for  45  miles  per  hr.  maxi- 
mum speed  when  running  free. 

ISS.  AppUcatlon  of  aerrica 
cmpmdtj  cufTM.  It  will  be  noted 
that  the  tons  train  weight  [wr 
motor  for  a  given  temperature  rise 
do  not  vary  greatly  over  the  whole 
range  from  five  stops  per  mile  down 
to  less  than  one  stop  per  mile.  In 
other  words,  a  railway  _  motor 
ec^uipment  of  fixed  gear  ratio  when 
mounted  on  a  car  of  fixed  weight,  will  attain  approximately  the  same  tem- 
perature rise  above  the  surrounding  air,  irrespective  of  the  number  of 
itops  per  mile  demanded  by  service  conditions.  Thus  from  Fig.  36  16  tons 
per  motor  gives  tempterature  rise  of  60  deg.  cent,  for  the  motor  under 
consideration,  and  this  temperature  rise  holds  good  whether  the  car  is  making 
1  schedule  speed  of  11.5  miles  per  hr.  with  five  stops  per  mile,  or  29  miles  per 
hr.  with  one  stop  per  mile. 

This  fact  furnishes  a  means  of  simplifying  the  expression  giving  the 
ration  between  the  1-hr.  commercial  capacity  test  and  service  capacity 
of  the  railway  motor.    It  is  sufficient  for  purposes  of  approximation  to  rate  a 


Fig.  36.- 


2  3 

-Motor  service  capacity. 
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given  motor  at  the  tons  train  weight  p«r  motor  which  ean  be  hauled  for  • 
givcD  maximum  speed  or  gear  ratio,  talung  say  00  deg.  cent,  rise  as  a  basia. 

in.  Allowable  temperature  riM  under  worUnc  oondlttom.  Owing 
to  the  fact  that  preliminary  calculations  do  not  start  with  any  given  nnotor 
as  a  basis,  it  becomes  preferable  to  express  the  values  given  in  curves  similar 
to  Fig.  36  in  a  more  convenient  form.  Such  values  are  given  in  the  following 
tables  expressing  the  relation  between  the  maximum  train  speed  when 
running  free  on  tangent  level  track  and  the  horse-power  commercial  rating 
of  railway  motors  required  to  limit  the  temx>eraturea  rise  to  60  deg.  cent, 
above  the  surrounding  air  taken  at  25  deg.  cent.  A  temperature  rise  of  60 
deg.  cent,  has  been  taken  in  order  to  ensure  a  reasonably  long  life  to  the  motor 
insulation,  a  much  higher  temperature  rise  causing  a  too  rapid  deterioration. 
In  this  connection  mav  be  mentioned  the  possibility  of  running  motors  at  much 
higher  temperature  wnen  they  are  provided  with  mica  and  asbeatos  insulation 
with  no  fabrio. 

IM.  BofM-power  motor  eapaeitr  required  itandard  direot- 
ourrent  motor* 
Single-Car  UNrrs 


H.p.  required  for  gross  weight  of  equipped  ear  including 
passengers,  of 


Max.  speed, 
miles  per  hr. 


30 
36 
40 
45 
50 
55 
00 
05 


20  tons 


120 
145 
180 
215 


30  tons         40  tons 


155 
190 
230 
275 
320 


190 
240 
295 
350 
410 
465 
525 


50  tons 


225 
280 
345 
405 
475 
545 
620 
710 


60  tons 

255 
315 
390 
455 
525 
600 
690 
790 


30 
35 
40 
40 
."jO 
55 
60 
65 


Two-Cab  Tbai.ss 


30 
35 
40 
45 
50 

190 
235 
285 
335 

255 
310 
375 
445 
520 

315 
390 
480 
JiOO 
655 

55 

750 

60 

850 

05 

375 

440 

470 

MS 

570 

665 

670 

775 

7R.5 

900 

900 

1,030 

1,010 

1.160 

1.140 

1,320 

Threr-Car  Trains 


30 

255 

350 

35 

310 

430 

40 

370 

520 

45 

440 

610 

50 

510 

700 

55 

800 

60 

65 

1 

1 

435 

5.30 

625 

.vto 

060 

770 

050 

800 

920 

770 

930 

1,080 

900 

1,080 

1.260 

1.030 

1,240 

1,430 

1,160 

1,430 

1,620 

1,310 

1,600 

1,830 

375 
460 
5m) 
670 
770 


Five-Car  Trains 


510 
640 
770 
900 
1.070 
1,240 


680 
8.30 
1,010 
1,180 
1,370 
1,.570 
1,770 
2,010 


840 
1,0.30 
1,230 
1.450 
1.680 
1,920 
2.I0O 
2,480 


970 
1.230 
1,470 
1,710 
2,010 
2,300 
2.580 
2.910 
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TlMte  teUes  ue  baaed  upon  the  temperature  rise  of  60  deg.  oent.  above 
aarTouikding  air,  assumed  to  be  25  deg.  cent.  The  horae-power  capacity  re- 
quired conforms  to  the  commercial  rating  of  railway  motors,  that  is,  the  1- 
hr.  horae-power  rating  which  will  occasion  a  temperature  rise  of  75  deg. 
eeaL  above  surrounding  air,  taken  at  25  deg.  oent 

The  capacities  given  are  approximate  only,  and  are  intended  as  a  guide  in 
IH«liminary  calculations.  Where  accuracy  is  demanded,  or  where  operating 
conditions  are  abnormal,  it  is  necessary  to  plot  speed-time  and  distance-time 
curves  for  the  particular  motor  characteristics  nd  conditions  obtaining, 
from  wMeh  the  motor  temperature  should  be  calculated  from  a  detail  knowl- 
edge vi  the  motor  thermal  constants.  The  method  is  indicated  previously 
■a  this  description. 

lit.  DlTiston  of  train  horve-power  capacity.  The  horse-power  capac- 
ity given  for  any  train  weight  may  be  split  up  into  the  required  number  of 
Quits.  Thus,  a  train  composed  of  five  4(>-ton  cars  running  at  4*5  miles 
per  far.  requires  1,180  b.p.  motor  capacity.  This  may  be  divided  into 
six  unite  of  200  h.p.  each,  that  is,  three  motor  cars  equipped  with  double  200 
h-p.  motofv  hauling  two  trailers,  or  each  car  of  the  train  may  be  a  motor  car 
and  be  equipi>ed  with  a  pair  of  120-h.p.  motors.  Approximately  the  aamo 
tempnature  rise  will  obtain  in  either  case. 

^  Certain  motors  of  modem  construction  provide  for  longitudinal  ventilation 
other  with  blower  on  armature  or  with  external  blower.  In  either  cose,  the 
vmature  and  field  losses  are  carried  off  independently  of  each  other  by  the 
iatroduction  of  externi^  air,  benoe  the  ratio  of  losses  in  such  motors  becomes 
of  secondary  importance. 

UC.  Division  of  capacity  for  ilnffla  cara  and  traini.  For  single-car 
operation  a  four-motor  equipment  is  preferred  for  double-truck  cars,  this 
bein^  especially  true  where  snow  or  heavy  grades  are  charncteriatic  of  th« 
■eryice.  For  train  operation,  two-motor  equipments  are  used,  aa  the  dis- 
ftbling  of  a  single  unit  will  not  incapacitate  the  train. 

The  horse-power  capacity  specified  in  Par.  1S4  for  train  operation  shouM 
be  made  use  of  only  when  cars  are  always  operated  in  trains  and  never, 
nngly.  For  example,  five  40-ton  cars  operating  in  a  train  at  00  miles  per 
hr.  require  a  motor  capacity  of  1.770  h.p.,  or  354  h.p.  per  car,  a  motor  capacity 
too  low  for  single  car  operation,  which  demands  525  n.p.  Hence,  where  cars 
■re  run  indiscnminately,  singly  and  in  trains,  the  full  motor  capacity  per  car 
■hould  be  taken  as  given  in  the  table  of  single-car  operation. 

13T.  Power  reaolrementi  with  ilngle-phaae  equipment.  Owing 
to  the  short  period  during  which  single-phase  motors  have  been  operated, 
tbeir  design  has  not  yet  become  standardized,  nor  is  there  sufficient  operating 
dsta  upon  which  to  base  anything  more  than  general  conclusions  of  the  horse- 
power required  for  a  given  service.  The  single-phase  motor  is  essentially  a 
oigh-apeed  motor,  having  a  high  copper  Iohs  and  low  core  loss,  hence,  is 
more  particularly  adapted  to  constant-speed  running,  and  suffers  in  com- 
parison with  the  direct-current  scries  wound  motor  when  u.ied  for  accelera- 
tion work.  There  is  no  lack  of  starting  torque  with  the  alternating- cur  rent 
motor,  but  a  large  tractive  effort  is  obtained  only  at  the  expense  of  a  lar^ 
copper  loas,  so  that  alternating-current  motors  are  unsuitable  for  rapid 
transit  service  demanding  repeated  hi^h  rate  of  acceleration,  not  because 
such  motors  cannot  furnish  the  tractive  effort  required,  but  because  the 
copper  loss  incident  to  such  high  tractive  efforts  will  heat  the  motors  unduly 
if  tused  exclusively  for  acceleration  service.  Thus  the  alternating-rurrent 
motor  becomes  much  heavier  than  the  direct-current  motor  on  the  baaia  of 
lervice  performed  with  frequent  stops. 

IIS.  81n|[l«-phaae  equipment  for  a  lerrloe  embraolnf  Infrequent 
ttopa.  In  intemrban  or  cxpre«i  service  with  infrequent  atups,  the  smaller 
core  loss  of  the  alternating-current  motor  biingR  it  more  nearly  on  a  par  with 
the  direct*current  scries  wound  motor  as  regards  output  per  pound  weight 
of  motor.  It  is  possible  therefore  to  use  the  figures  of  Par.  1S4  as  applymg 
to  altema Unit-current  motor  capacity,  where  stops  are  not  greater  than  one 
in  2  milee.  However,  the  table  should  not  be  used  in  connection  with  higher 
frequency  of  stops  given,  as  then  the  resulting  motor  capacity  indicated  in  the 
table  must  be  largely  increased  when  applied  to  alternating-current  motors. 

Owing  to  the  fact  that  the  chief  advantaice  of  the  single-phase  motor 
Ues  in  its  ability  to  utilise  the  benefits  of  trolley  potentials  of  11,000  to 
15,000  volts  as  compared  with  the  000  to  3,000  volts  used  with  direot-current 
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motors,  queetiona  of  safety  limit  the  field  of  operation  of  aittfnatinf^nrreBl 
motors  to  lines  operating  over  private  rights  of  way  except  where  alternatiaff 
current-direct-ourrent  equipments  are  used  or  a  lower  alternating-ciUTSsl 
v<^tage  is  used  on  the  troUey  as  is  sometimes  done. 

IM.  ThTMhphftitt  equipment.  Owing  to  the  few  applications  of  thrw 
phase  induction  motors  to  railway  oonditions,  no  statements  can  bs  msdf 
regarding  the  capacity  of  such  motors  for  service  performed.  The  induetiai 
type  of  alternating-current  la  not  at  all  adi^>ted  for  aeoeleration  work,  owisi 
to  the  poor  efficiency  of  the  car  ec^uipment  durii^  fractional  speed  runniaft 
The  field  of  the  three-phase  induction  motor  lies  in  the  direction  of  a  serviec 
calUng  for  constant  enort  at  constant  speed,  and  the  problems  wherein  thil 
type  of  motive  power  can  be  considerea  are  so  special  and  infrequent  as  IQ 
place  it  entirely  outside  the  lines  of  standard  apparatus. 

140.  LocomotiTe  xnotim.  Locomotive  operation  demands  &  speebl 
treatment  of  the  motor  capacity  subject,  in  most  cases  requiring  such  spsdsl 
knowledge  of  the  motor  construcUon  as  to  prevent  any  generu  oondiUBaBi 
being  drawn  with  the  limited  data  at  hand.  The  locomotive  motor  is  de- 
signed more  along  the  lines  of  a  stationary  motor,  that  is,  owing  to  the 
necessity  for  operating  a  locomotive  close  to  the  tractive  limit,  its  motivi 
power  is  running  continuously  at  nearly  its  full-load.  With  a  looomotin 
working  at  75  per  cent,  or  more  of  the  dipping  point  of  the  driven,  there  iai 
poBsibiuty  of  but  small  overload  and  hence  uie  motors  may  be  desiisM 
with  lower  density,  in  fact  like  a  stationaiy  motor.  With  the  absence  n 
extreme  overloads,  the  question  of  eommutation  becomes  secondary  and  tlM 
seleotion  of  a  motor  becomes  a  matter  of  its  ability  to  radiate  the  beat 
generated  for  the  service  specified.  The  whola  question  of  motor  capacity 
for  locomotives  is  so  intimately  connected  wiUi  mechanical  problems  of  loco- 
motive design,  that  it  must  be  placed  in  the  list  of  special  ^Txiblems  reguiiins 
the  careful  cooperation  of  the  manufacturers.  Locomotives  for  swifcchioc 
service  use  the  motor  intermittently,  and  the  above  remarks  do  not  api^y* 
lil.  Standard  Oeneral  lleotrie  railway  moton,  non-commntatlni 
pola  tyiM,  SOO  volts 


Motor 

H.p. 

No. 
motors 

Typo 
oontrol 

Weight 

motor 

Ob.) 

Weisht  total 

54 

28 

2 

K-10 

1.900 

4,760 

4 

K-12 

8.865 

'    81 

30 

2 

K-10 

K-12 

2,020 

6.000 
9.345 

78 

3fi 

a 

K-10 

2,560 

6.080 

4 

K-28 

11,630 

67 

40 

2 

K-10 

2,475 

5,860 

4 

K-28 

11.260 

80 

40 

2 

K-10 

2,890 

6,660 

4 

K-28 

12.860 

88 

40 

2 

K-10 

3,070 

7,080 

4 

K-28 

13,630 

67 

SO 

2 

K-11 

3,026 

7,110 

4 

K-14 

Mult.  Unit 

14,385 
14,745 

98 

50 

2 

K-36 

3,^10 

7.815 

4 

K-35 

14.910 

4 

Mult.  Unit 

16.865 

73 

75 

2 

K-28 

4,137 

9.740 

4 

K-34 

18.760 

2 

Mult.  Unit 

10.580 

4 

Mult.  Unit 

19,670 

66 

126 

2 

Mult.  Unit 

4.375 

11,515 

4 

Mult.  Unit 

21,270 

76 

160 

2 

Mult.  Unit 

6,170 

13.585 

4 

Mult.  Unit 

26,520 

69 

200 

2 

Mult.  Unit 

6,230 

15,820 

4 

Mult.  Unit 

31.000 
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141.  CtmHnutd. 

60»-T(rit  dlTMt-otiimit  eommntetiiic-pol*  typ« 

Type 

H.P. 

No. 
moton 

Type 
eoDtrol 

Weight 

motor 

(lb.) 

Weisht 

total 

equipment 

SOO 

600 

200 

Tolt 

TOlt 

2 

K-se 

2.120 

6,400 

83 

40 

K-35 

9.880 

Mult.  Unit 

10.410 

210 

40 

60 

K-36 

K-35 

Mult.  Unit 

2,900 

7.000 
13,200 
13,460 

303 

40 

50 

K-36 

K-3ft 

Mult.  Unit 

2,6«5 

6,460 
12,100 
12,350 

219 

40 

50 

K-36 
K-35 

Mult.  Unit 

2,890 

6,833 
13.140 
13.390 

201 

55 

66 

• 

K-36 

K-35 

Mult.  Unit 

Mult.  Unit 

2.886 

7.000 
13.180 

7.690 
18.280 . 

210 

«0 

70 

2 

K-36 
K— 84 

Mult.  Unit 
Mult.  Unit 

3,370 

7.760 
15.710 

8.600 
15.680 

218 

60 

70 

2 
4 

2 

4 

K-36 

K— 34 

Mult.  Unit 

Mult.  Unit 

3,200 

8,100 
15.000 

8,330 
14,060 

214 

65 

75 

3 

4 
2 

4 

K-35 

K-34 

Mult.  Unit 

Mutt.  Unit 

3,805 

9,282 
17,414 

9,430 
17,240 

233 

05 

80 

2 

4 

K-35 
K-34 

Mult  Unit. 

3.350 

8,370 
15,700 
15,940 

20« 

90 

110 

2 
4 

2 

4 

K-35 

K-44 

Mult.  Unit 

Mult.  Unit 

3,865 

9.200 
18.330 

9.800 
18,300 

225 

95 

lis 

2 
4 

Mult.  Unit 
Mult.  Unit 

3,860 

10,200 
18,769 

222 

115 

140 

2 

4 

Mult.  Unit 
Mult.  Unit 

4.100 

10,710 
19,900 

207 

135 

165 

2 
4 

Mult.  Unit 
Mult.  Unit 

5,100 

13,060 
25,950 

212 

195 

225 

2 

4 

Mult.  Unit 
Mult.  Unit 

6,200 

14,800 
29,780 
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141.     Continutd.     (OO-ltOO-TOlt    dlrect-ouirent     eommntetlnc-pol* 

motori 


Type 

H.P. 

No. 
motora 

Type 
control 

Weight 
motor 

Weight 
total 

(lb.) 

1200 
volt 

800 
volt 

217 

205 

225 
1205 

207 
222 
207 

60 

80 

105 
110 

110 
130 
140 

2 

2 

4 
4 
4 
2 
4 
4 
4 
4 

K-42 
K-17 

Mult.  Unit 
K-42 
K-47 
Mult.  Unit 
Mult.  Unit 
Mult.  Unit 
Mult.  Unit 
Mult.  Unit 
Mult.  Unit 
Mult.  Unit 

3,250 

3,930 

3.880 
3,850 

6,180 
4.100 
6,180 

8,650 
15.150 
17,150 

9,860 
17,600 
19,730 
20,989 
10.400 
18,250 
26,220 
22.380 
26,870 

205 

80 

\ 

K-42 

Mult.  Unit 

3.860 

9,850 
20.000 

14S.  Forced  ▼entllaUon  is  being  resorted  to  especially  in  the  case  of  the 
larger  motors  for  locomotives,  as  owing  to  the  limits  imposed  by  standard 
gage  and  allowable  wheel  base  it  often  becomes  extremely  difficult  to  conceft- 
trate  the  required  motor  power  without  exceeding  safe  temperature  limiti. 
As  the  siie  of  locouiotive  motors  is  largely  determined  by  their  ability  to 
radiate  heat,  the  use  of  forced  ventilation  naturally  follows  as  the  next  step 
in  advance. 

148.  Standard  WestinorhouM  dlreet-eurront  non-commutatliif 
pole  railway  motora 


Weight 

Weight 
double 

end 
control 

motor 

Total 

Motor 

ft. 

H.P.  at 
500 

volts 

No.  of 
motor 

Type  of 
control 

incl. 
gears 
and 

weight 
equip- 
ment 

(lb.) 

case 
(lb.) 

(lb.) 

56 

Split 

60 

2 

K-11 

1,200 

3.000 

7,200 

4 

K-14 

2,400 

14.400 

76 

Split 

75 

2 

Unit  switch 

1,770 

3,840 

9.450 

4 

Unit  switch 

3,640 

19.000 

92-A 

Spht 

35 

2 

K-36 

1,170 

2.265 

5.700 

4 

K-35 

1,560 

10.620 

IOl-B-2 

Split 

40 

2 

K-3a 

1,140 

2.780 

6.700 

4 

K-3S 

1.610 

12.730 

lOl-D-2 

Split 

50 

2 

K-36 

1,150 

2,780 

6.710 

4 

K-35 

1.760 

12.880 

93-A-2 

Split 

60 

2 

K-36 

1,230 

3,440 

8.110 

4 

Unit  switch 

2.160 

15J)20 

112-B 

Split 

75 

2 

Unit  switch 

1.838 

3,485 

8.800 

4 

Unit  switch 

2.310 

16.250 

121- A 

Split 

85 

2 

Unit  switch 

1,920 

-4,300 

10,530 

4 

Unit  switch 

2,820 

20.020 

ue 

Split 

125 

.2 

Unit  switch 

2,130 

4,675 

11,480 

4 

Unit  switch 

3.070 

21,7R1 

114 

Split 

160 

2 

Unit  switch 

2,610 

6.300 

13,210 

113 

Split 

195 

2 

Unit  switch 

2,820 

6,560 

15,920 
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Ul   Cmiijuud.     Diraot-enrrent  oonunutatlnc  pola  railway  motorg 


i 

, 

-5 

<a  0 

1 

1 

ll 

Is- 

li 

S|3 

h 

£ 

s;^ 

fc> 

o 

s. 

•So* 

1|= 

H 

a 

X 
"38" 

^ 

1 

r- 

^.9 

(2« 

328 

Box 

30 

2 

K-36 

1,170 

1,680 

4,530 

4 

K-35 

1,560 

8,280 

323-A 

Split 

38 

40 

2 

4 

K-36 
K-35 

1,170 
1,560 

1,800 

4,950 
9,120 

307 

Split 

40 

50 

•2 

4 

K-36 
K-35 

1,140 
1,610 

2,850 

6.840 
13.010 

3D7-CA 

Box 

40 

50 

2 

4 

K-36  . 
K-35 

1.140 
1,610 

2,600 

6.460 
12.250 

306 

Split 

SO 

UO 

2 

4 

K-36 
K-35 

1.150 
1,760 

2.850 

6.850 
13,160 

306-C.\ 

Box 

SO 

UU 

2 

4 

K-36 
K^35 

1,150 
1,760 

2,660 

6,470 
12.400 

305 

Split 

60 

75 

2 

4 

K-36 
Unit  switch 

1,230 
2,160 

3,550 

8,330 
16,360 

310-C 

Box 

60 

75 

2 
4 

K-36 
Unit  switch. 

1.230 
2,160 

3,510 

8,250 
16,200 

304 

Split 

75 

1)0 

2 
4 

K-35 
Unit  switch 

1,505 
2,310 

3,550 

8,665 
16,510 

317 

Box 

75 

90 

2 
4 

K-35 
Unit  switch 

1.565 
2.310 

3,660 

8,885 
16,950 

333-B 

Box 

100 

115 

2 

4 

Unit  switch 
Unit  switch 

1,920 
2,820 

3,870 

9,660 
18,300 

302-A 

Box 

140 

2 

4 

Unjt  switch 
Unit  switch 

2,130 
3,070 

4,685 

11,500 
21,810 

301-D 

Box 

175 

2 

Unit  switch 

2,610 

5,510 

13.830 

300-C 

Box 

220 

2 

Unit  switch 

2,820 

6.47S 

15.770 

tOS-D 

Box 

225 

2 

I'nit  switch 

2,830 

6,740 

16.300 

148.    Continued. 

MOO-1500-TOlt  motors 

Motors  insulated  for  1200  volts                                         1 

No. 

Frame 

H.P. 

600 

volts 

No.  of 
motors 

Type, 
control 

Approx. 

weight  double 

end  contol 

(lb.) 

Weight  of 
motor  in- 
cluding 
gear  and 
gear  case 
(lb.) 

727-C 

324 

321 

322      ■ 

33»-B-3 

308-I>-3 

Box 
Box 
Box 
Box 
Box 
Box 

50 

75 

90 

115 

115 

225 

Unit  switch 
I* nit  switch 
Unit  switch 
Unit  switch 
Unit  switch 
Unit  switch 

2,590 
2,700 
2,750 
3,200 
3,200 
Locomotive 

2.060 
3,660 
4,150 
4,085 
3,870 
6,740 

Motors  insulated  for  1500  volts                                        1 

No. 

Frame 

HP. 
750 
virits 

No.  of 
motors 

Type  control 

Approx. 

weight 

double  end 

control  (lb.) 

Weight  of 
motor  in- 
cluding 
gear  ana 
gear  case 
(lb.) 
4,150 
4,685 
6,740 
6.740 

321 
322 

308-B-6 
308- D-3 

Box 
Box 
Box 
Box 

110 
140 
185 
275 

4 
4 

4 

4 

Unit  switch 
Unit  switch 
Unit  switch 
Unit  switch 

3.«»0 

3,7.50 
Locomotive 
T>ocomotive 
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IM.  Altonuktiiic-flurMnt  aincU-phaM  raUwar  moton 

^^ 

H.p. 

No.  of 
motora 

equip- 
ment 

Type  of 
control 

Weight 

oontrol 
Ob.) 

W««hto» 

motor 
gear,  gear 

bearinn 
and  aue 

cape 

Ob.) 

Weight 

of  dnve 

details 

Ob.) 

Sernoe 

136- B 
133- A 
148- A 
409- B 
412 

76 
100 
126 
178 
225 

4 
4 
4 
4 
2 

Unit  switch 
Unit  switch 
Unitawtieb 
Unit  switch 
Unit  switch 

8,635 
9,670 
9,300 
16,400 
11,600 

4,600  lb. 
6,300  lb. 
6, 100  lb. 
6,900  lb. 
7,200  lb. 

8001b. 

Motor  ear 
Motor  ear 
Motor  ear 
Motor  ear 
Motor  oar 

KAILWAT-MOTOB  OOHTBOL 

111.  Olaulfloatloil.  There  are  two  general  tyiws  of  control  need  with 
direot-ouirent  seriea-wound  railway  motors,  namely:  drum  control  and 
multiple-unit  control.  With  each  of  theee  types  there  are  two  systems  which 
may  be  used,  these  being  known  as  the  straight  rhaoatatio  control  system  and 
the  seriea-iwraUel  oontrol  system. 

14<.  Witb  the  (traixht  rhaoitatia  iTitam  of  aoMlaratioii  the  moton 
are  connected  permanently  in  seriee  or  parallel  according  to  the  arrangement 
deaired,  and  the  full  starting  resistance  is  connected  in  series  with  the  motor*. 


This  resistance  is  then  notched  out  of  circuit,  step  by  step,  until  full  potential 

~"  lent  is  used  for  single-motor  eqni^ 

menta;  two-motor  equipments  on  douola 


is  applied  to  the  motora.     This  arrangement  i 


4ll0tanPUBlM 


voltage  (two  600-volt  moton  inaulated  to 
withsUnd  1,200  volta  on  a  1,300  volt 
circuit],  and  for  slow-apead  industrial  eara 
or  mimng  locomotives  of  small  oapacitiee. 
14T.  The  eblaf  adraatacaa  of  a 
MriM-parailal  oontrol  tyitom  arc  that 
two  running  speeds  are  obtained,  and  that 
economy  is  effected  during  acceleration. 
The  motors  or  groups  of  moton  (Fig.  37) 
/0«>^      rO-'or-t  are  first  connected  in  seriea  with  the  full 

""W/    ■  W  \0i~a4  starting  resistance  in  the  circuit.    Thia  ra- 

^  /    \  /  sistance  is  then  notched  out  of  the  circuit, 

atep  by  step,  until  fuQ-lim  potential  is 
applied  to  the  moton  or  groups  of  moton 
in  aeries.  A  portion  of  tha  naiatane*  is 
next  r»-introduaed  in  the  eirouit,  and  the 
moton  or  groups  of  moton  are  connected 
in  parallel.  Finally,  the  resistance  ia  cut 
out  of  the  circuit  step  by  atep  until  f  oll-lina 
potential  ia  across  the  moton  or  groups  of 
moton  in  parallel. 
148.  Three  methoda  of  tranaitlon  from  lortof  to  paraltol  are  in  use, 
these  being  known  as  the  shunting  or  *' K"  method,  the  brid|cing  method, 
and  the  open  circuit  or  "L"  method.  Shunting  tnnaition  denvea  its  name 
from  the  lact  that  in  changing  from  aeries  to  parallel,  reatatanoe  ia  r»4ntro- 
duced  into  the  circuit,  then  one  motor  or  group  of  moton  is  short-eireuitad 
(shunted)  and  is  subsequently  thrown  into  parallel  with  (he  other.  In  the 
bridging  tranaitton,  after  the  motora  are  running  in  full  aeriea  with  no  reaiatance 
in  circuit,  a  portion  of  the  main  reaiatance  ia  thrown  in  parallel  with  each  of  the 
motora  or  groups  of  motora.  Following  this,  the  einnut  between  the  motora  ia 
opened  in  such  a  way  as  to  leave  reaiatance  in  seriea  with  eaehof  the  moton 
or  f  roupa  of  motora,  and  the  latter  in  parallel.  TIw  open-dnuit  transition 
derives  its  name  from  the  method  of  opening  the  power  areuit  entirely  befon 
changing  the  conneotiona. 


Motor  conneotiona. 
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lit.  Tba  dlittaetiT*  loatura  of  erlindor  (drum)  oentrol  i*  that  the 
varioua  electrical  oonneotiona  are  made  and  broken  manually,  by  meana  of  a 
howl  oontroller.  Thia  oonaiata  o(  an  upright  cylinder  upon  which  are 
mounted  the  oontaeta  and  againat  which  atationary  finseta  preaa.  When 
the  cylinder  ia  rotated  (b^  meana  o(  a  handle)  the  contacta  connect  th*  pro|>er 
'  to  form  the  lequired'Clectrical  connectiona. 


110.  OyUndar  (dnun)  eontroUan  or*  claiiHUd  oa  foUowa:  Type  "  K  " 
ControQet*  are  of  the  aeneo-parallel  type  and  include  the  feature  of  ODuntinc 
aod  ahort-oircnitlnc  one  motor  or  group  of  motora,  when  changing  from 
■tries  to  parallel  connection. 

Type  L"  controllera  are  of  the  aeriea-parallel  type,  but  oompletely  open 
the  power  circuit  during  transition  from  aeriee  to  parallel  connection. 

Type  "  JZ  "  Controllen  are  of  the  rheoatatic  type  and  are  deaigned  to  control 
COB  or  more  motora  by  meana  of  reaistanoe  only.  Certain  of  theae  controllera 
we  arranged  ao  that  the  motora  may  be^  grouped  either  in  aeriee  or  in  parallel 
at  the  option  of  the  operator,  but  oa  thia  muat  be  acoompliahed  by  throwing 
a  leparote  lever,  theae  eontroUeza  are  not  uaed  aa  aeriea<parallel  oontrolleia  and 
theu'  field  ia  limited. 

Tyiw  "B  "  controllera  may  be  either  of  the  rheoatatic  or  the  aeriea-parallel 
typeo,  but  the^  differ  from  the  ordinary  rheoatatic  or  acriee-parallel  con- 
traUera  by  having  the  oontaeta  arranged  ao  that  if  denred,  the  i>ower  may  be 
cut  off,  the  motor*  reveraed  ^and  then  ahort-circuited  through  a  variable 
KaiataDce,  the  motora  thua  acting  as  aeriee  generators.  Beaide  the  braking 
effect  of  the  motors  acting  aa  generatora,  uae  ia  aometimea  made  of  magnetic 
nil  brakes  or  axle  brakea,  the  coila  of  theae  magnetic  brakea  being  in  aeriea 
with  the  short-circuited  generatora. 

Ul.  Thantadcmpocitrof  dram  eontrollara  ia  baaed  upon  tha  maxi- 
mum horse-power  of  the  motoia  with  which  they  can  be  uaed,  the  motora  being 
mted  in  accordance  with  atandard  practice,  that  ia,  the  1-hr.  or  nominal  ratine 
aa  defined  in  the  atondoidiaation  rulea  of  the  American  Institute  of  Electrical 
Engineers.  Thia  rating  is  usually  baaed  upon  a  preaaure  of  BOO  volts,  ao  that 
controller  ratings  are  baaed  upon  a  nominal  potential  of  600  volts.  If  the 
controllera  are  used  with  motora  wound  for  lower  voltagea,  the  horae-power 
mting*  will,  ia  general,  be  proportionately  leas. 

IH.  Itandard  aariaa-parallal  oantroUan 


Title 

Capacity  at 
eOOvoita 

Controlling  pointa 

Maximum 
potential 

K-10 
K-II 
R-13 
K-98 
K-34 
K-36 
K-30 
K-61 

2-40  h.p. 

2-60  h.p. 

4-30  h.p. 

4-40  h.p. 

4-76  h.p. 

4-56  h.p. 

2-60  h.p. 

2-60  h.D. 

(KeldT 

control  motora) 

6  aeries 

4  parallel 

5  series 

4  parallel 

5  series 

4  parallel 

6  seriee 

5  parallel 

6  series 

4  paraUel 
6  series 

3  parallel 

4  aeriea 

4  poraUel 

6  series 

(1    with   short   field) 

4  paraUel 

(1  with  abort  field) 

600  volts 
OOOvolU 
600  vol  ta 
OOOvolta 
750  volta 
750  volte 
750  volte 
750  volte 

US.  AiuHlarr  e«nta«tor  oontroL  In  order  to  increaae  the  reliability 
and  elBeieney  of  drum  type*  of  oontioUen  there  haa  been  developed  a  system 
whaceby  tit*  main  power  circuit  ia  broken  by  means  of  ramote-control 
switches  mounted  under  tha  oar,  when  the  controller  ia  moved  to  the  "off" 
poaition.  The  uae  of  theae  additional  poweiwipented  awitchea  relievea  the 
main  eontrollar  fingera  of  the  aerioua  arcing  and  burning,  especially  when 
openiiis  tba  ebenit  under  overioad  conditions. 
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The  remote-control  Bwitohes  for  use  with  hand  controUeni  may  be  vther  ei 
the  electro magoeticaUy  operated  type  or  of  the  electropneumatically  operated 
type,  and  are  enclosed  by  sheet-iron  covers  making  them  suitable  for  moont- 
ing  under  the  oar.  The  switches  are  equipped  with  the  magnetic  blowovl 
feature,  which  enables  them  to  open  the  power  otrouit  under  practically  any 
condition. 

164.  Tripjilny  msohuiliin.  In  connection  with  the  remote-control 
switches  a  tripping  mechanism  is  provided,  arranged  so  that  it  will  be 
actuated  by  any  current  above  a  predetermined  value.  When  actuated,  the 
control  circuit  operating  tho  switches  is  opened,  thus  dropping  the  switches 
and  opening  thepowe/  circuit.  The  tiipping  mechanism  for  use  with  the 
magnetic  switches  is  a  separate  piece  of^apf>aratuB  arranged  for  mounting 
in  the  cab,  and  may  be  reset  by  hand  after  tripping.  Where  the  pneumatia 
switches  are  used,  this  overload  device  is  mounted  on  the  end  plate  of  the 
frame  holding  the  switches,  and  is  arranged  to  be  reset  either  electrically  by 
means  of  a  control  wire,  or  mechanically,  by  releasing  a  latch. 

ISS.  Cylinder  (drum)  controllen  vhich  are  designed  for  OM  vith 
ftuxlliary  switches  are  similar  to  the  standard  controllers  of  the  same  type. 
except  that  in  addition  to  the  main  circuit  fingers,  two  control  fingers  are  pro- 
vided for  making  and  breaking  the  circuit  controlling  the  auxiliary  awitenes. 
These  fingers  are  operated  by  a  pivoted  arm,  which  is  actuated  bv  a  cam  on  the 
controller  drum,  and  are  equipped  with  magnetic  blowouts.     When  turniof 


Ooatntl  Md  &•■•! 
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Fio.  38. — Multiple  unit  control. 

the  controller  cylinder  from  the  "olT"  position,  tho  main  circuit  fingers  mtke 
contact,  and  then  the  ram  arrangement  allows  the  oontrol  fingers  to  doff. 
When  turning  the  cylinder  in  the  opposite  directon,  this  sequence  is  revenea, 
so  that  the  control  circuit  and  the  auxiliary  switches  are  opened  before  ttrt 
main  circuit  fingers  leave  the  contacts. 

A  projection  is  also  provided  on  the  disc  to  open  the  contactors  in  paMiOf 
from  series  to  parallel.  It  may  readily  be  seen  that  with  this  arrangemeBt 
all  heavy  arcing  occurs  at  the  contactors  and  DQt  in  the  cooiroUer. 
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IM.  Multipl»-unit  control.  The  dietinotive  features  of  multiple  unit 
control  are:  the  various  main  circuit  connections  are  made  and  commutated 
l^r  means  of  individual  power-operated  switches  (either  electrically  operated 
or  dectropneumatically  operated);  the  various  switches  are  controlled  by 
means  of  secondary  or  contrul  circuits.  The  multiple-unit  type  of  control 
Tu  brought  out  primarily  for  the  control  of  motom  in  a  service  requiring 
that  ears  bo  operated  singly  or  severally  coupled  together  in  a  train  and  oper- 
ated simultaneously.  This  control  is  also  used  very  extensively  at  present 
OD  car  equipments  where  the  motors,  have  a  capacity  of  tiO  h.p.  or  more  at 
£00  volts.  When  several  cars  are  coupled  together  in  a  train,  the  control 
"tnin  lines"  of  the  cars  are  connected  together  oy  means  of  jumpers  between 
can  so  that  if  the  train-line  wires  are  energized  from  any  master  controller 
on  any  car,  similar  control  circuits  in  each  car  are  energixed,  thus  causing  the 
Hmultaneoua  operation  of  all  motor  cars.  The  control  circuits  of  each  car 
are  arranged  no  that  when  operating  in  trains,  the  movement  of  all  cars  will 
be  in  the  same  direction  regardless  of  whether  any  of  the  oars  are  turned  end 
for  end.     See  Fig.  38. 

The  iHinmpal  pieces  of  apparatus  which,  in  general,  make  up  a  multiple 
vnit  control  equipment  are  as  follows: 


Main  circuit  apparatus 

Control  circuit  apparatus 

Current  collectors 
Switches  and  fuses 

A    number    of    remotely     controlled 
switches  mounted  in  groups 
Renstora 
Reverser 

Control  switches 

Master  controllers 

Junction  boxes 

Receptacles 

Jumpers 

Relays  (if  necessary) 

Two  general  types  of  multiple  unit  control  are  used  in  this  country,  these 
two  types  differing  chiefly  in  the  method  of  operating  the  individual  switches. 
The  control  system  manufactured  by  the  Westinghouse  Elec.  A  Mfg.  Co. 
opiates  the  main  switches  pneumatically,  whercns  that  manufactured  by 
the  General  Electric  Co.  closes  the  main  switches  by  means  of  solenoids. 
Both  companies  manufacture  automatic  as  well  as  manually  operated  control 
for  multifue-unit  acceleration. 

IfT.  0«neral  Electric  multiple -unit  control  is  described  In  detail  in 
Par.  IM  to  i#7.  In  the  automatic  system  the  acceleration  is  effected  by  cur- 
rent-limiting relays  and  interlocking  switches  on  the  contactors.  The  mul- 
tiple-unit system  of  control  with  hand-operated  or  manually  controlled 
teceleration  is  in  general  use  both  for  train  and  single-car  operation.  It  is,  in 
effect,  identical  with  the  hand-operated  cylinder  t^pe  of  control  except  that 
insteeid  of  combining  all  the  various  circuit-breaking  contacts  upon  a  single 
eylindcr  operated  by  hand,  it  divides  each  contact  into  a  separate  circuit- 
weaker  or  contactor,  and  actuates  those  electrically  through  train  wires  by 
means  of  a  small  master  controller.  The  motor  control  therefore  comprises 
those  parts  which  handle  motor  current,  all  of  these  parts  being  electrically 
opexated  and  located  underneath  the  car. 

lis.  The  mMter  oontroUer  (Par.  157)  Fig.  30  compriflea  those  parts 
which  switch  the  control  current  operating  the  motor-control  apparatus. 
The  master  controller  (Par.  159)  is  operated  by  hand,  and  is  located  in  the 
Tcstibide  at  either  end  of  the  car.  The  motor  control  is  local  to  each  car. 
and  current  for  this  circuit  is  taken  directly  from  the  trolley  or  third-rail 
through  the  contactors,  starting  resistance  and  reverser  to  the  motors,  thence 
to  the  ground.  Where  it  is  necessary  to  operate  with  a  gap  in  the  third-rail 
system,  it  is  sometimes  customary  to  install  such  a  train  line  that  any  oar 
may  supply  the  motor  current  for  the  other  cars  of  the  train. 

The  master  control  includes  train  wires  (Par.  167)  made  continuous 
throughout  the  train  by  means  of  couplers  between  the  cars.  On  each  car  the 
operating  ooiJs  of  the  motor  control  are  connected  to  this  train  line  through 
a  cut-out  switch,  these  train  wires  being  energised  in  proper  sequence  by  the 
hsnd'operated  master  controller  on  the  platform.  Current  for  the  master 
control  is  taken  directly  from  the  trolley  or  third-rail  through  the  master 
contvoller,  wbiob  if  being  operated  by  the  motorman,  to  the  trun-kne,  and 
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thus  to  the  operatinc  o<m«  of  the  oontaoton  forminc  the  motor  eontrol  on  all 
oars  of  the  train.  Id  Fig.  40  is  shown  the  oontrtd  apparatus  for  mn^»-ear 
operation. 

T»o  Wirt  Csm&l  UaiU  B«lrj 
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FiQ.  39. — ^prague  General  Electric  multiple-unit  control. 
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Flo.  40. — Sprscue  General  Electric  Automatic  type  M  eontioL 

IH.  Th*  Buwtw  controllar  (Par.  1ST)  ia  nmiiar  in  deaicn  to  the  orifiiul 
oylioder  oontroller  in  that  it  contains  a  movable  cylinder  and  that  ■tatiosary 
oontaot  flncera  are  uaed  to  lupply  current  in  proper  Mquaaee  to  the  diSenat 
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<<■«•  of  tha  train  line,  for  eDerpiin|{  the  openting  ooila  of  the  motor  eontrol. 
TV  Talue  of  the  currant  required  u  very  small,  not  exceeding  2.6  amp.  for 
taefa  ear  in  the  train.  The  master  controller  ia  provided  with  two  handles, 
one  for  operatins  and  one  for  reverains  the  train  movement. 

Tha  opsrattnc  hanrtla  is  provided  with  a  button  which  muat  be  kept 
down  except  when  the  handle  of  the  eontrotler  is  in  the  off  position,  as  le- 
leannc  this  button  permits  ao  auxiliary  oirouit  to  open,  cutting  off  the  supply 
of  enrrent  to  the  master  controller,  and  thus  de-energiiing  the  train-line  and 
openins  up  the  motor-eontrol  apparatus.  This  button  ia  intended  to  serve 
••  a  safety  appliance  in  case  of  physical  failure  of  the  motorman. 

Th*  iwaraar  h»n<ll«  is  oonneoted  to  a  separate  cylinder  which  establishes 
control  connections  for  throwing  the  electrically  operated  reverser  either 
forward  or  reverse  ]>osition  when  the  master-oontroller  handle  is  on  the 
off  point.  The  operating  circuit  for  the  reverser  is  so  interlocked  that  unless 
'  the  revaner  itseu  corresponds  to  the  direction  of  the  movement  indicated  by 
I  tte  reverser  handle  of  the  master  controller,  the  line  contactors  on  that  oar 
cannot  be  energised. 

IM.  Tha  eontaotor  (Par.  IIT)  ia  a  switch  operated  by  solenoid  coils, 
'  and  each  eontaotor  may  be  considered  as  the  equivalent  of  a  finger  and  its 
'  eoneappnding  0}rlinder  segment  in  the  hand-operated  "fC'-type  controller. 
It  oonaiats  of  an  iron  magaet  frame  with  an  operating  coil  and  two  main  con- 
:  tacts,  one  fixed  and  the  other  directly  connected  to  the  movable  finger. 
Those  main  contacts  open  and  close  in  a  moulded-insulation  arc  ehute  pro- 
vided with  a  powerful  magnetic  blowout.     Interlocks  are  provided  for  making 
tke  necessary  oonneotions  in  control  oirouits  to  ensure  proper  sequence  in 
operating  the  diSerant  contactors. 

All  of  the  eontaotors  ara  mounted  in  a  box  placed  beneath  the  oar,  this  box 
being  Kirovided  with  a  sheet-iron  cover  lined  with  insulating  material. 

Kt.  Tba  reTWMT  (Par.  1ST)  is  a  switch,  the  movable  part  of  which  is  a 
rocker  arm  operated  by  two  electromagnets  working  in  opposition.  The 
coils  reeeive  tneir  energy  from  the  master  controller  through  the  train-line, 
and  the  connections  are  such  that  only  one  coil  can  be  operated  at  a  time. 
Leads  from  the  motors  an  connected  to  the  main  reverser  fingers,  and  by 
means  of  copper  bars  on  the  rocker  arm,  the  proper  relations  of  armature  and 
field  winding*  ara  established  for  obtaining  forward  or  backward  motion  of 
the  car.     Also  see  Par.  ITS. 

Itt.  Cireult  eonpton  batwaan  eurt  (Par.  1(T)  ara  so  designed  as  to 
give  a  eorreeponding  connection  of  train  wires,  this  being  secureaby  means 
of  proper  mechanical  design  of  plug  and  sockets,  it  being  rendered  impossible 
to  msert  the  plug  in  the  socket  improperly, 

IM.  AntomsUe  multipla-uiilt  control.  Sprague  General  Electric 
(Par.  1(T)  provides  for  the  acceleration  of  the  train  at  a  predetermined 
value  of  currant  in  the  motor,  this  feature  being  provided  without  preventing 
Uw  nianaal  operation  of  the  master  controller  at  less  than  the  preaetarminea 
cmreot  if  desired. 

The  operation  of  the  contactors  is  controlled  from  the  master  controller, 
bnt  is  governed  hy  a  notching  or  .current*limit  relay  in  the  motor  circuit,  so 
that  the  aeoelerating  current  of  the  motors  is  substantially  constant. 

This  is  aooomplished  by  having  small  auxiliary  interlocking  switches  on 
eertain  of  the  contactors,  the  movement  of  each  connecting  the  operating 
eoil  of  the  succeeding  contactor  to  the  control  circuit.  The  contactore  are 
eaergised  under  all  conditions  in  a  definite  succession,  starting  with  the 
moton  in  serie*  and  all  resistance  in  circuit;  the  resistance  is  subsequently  cut 
out  step  by  step:  the  motora  ara  then  connected  in  parallel  with  all  resistance 
in  cireuit.  and  the  resistance  again  cut  out  step  by  step.  The  profresaion 
esn  be  arrested  at  any  point,  however,  by  the  master  controller,  and  is  never 
carried  beyond  the  point  indicated  by  the  position  of  the  master  controller. 
The  rate  of  the  progression  is  governed  hy  tne  current-limit  relay,  so  that  the 
advance  cannot  be  made  at  a  rate  so  rapid  that  the  current  in  the  motors  will 
exceed  the  prescribed  limit.  One  of  these  relays  is  provided  with  each  car 
equipment,  so  that  while  the  contactors  on  each  car  of  a  train  are  controlled 
from  the  master  controller  in  use  for  the  application  and  removal  of  power, 
the  rate  of  progression  through  the  successive  atepe  is  limited  by  the  ralay 
on  saob  oar  independently,  according  to  the  adjustment  and  ounant  raquire- 
manta  of  that  partioular  oar. 
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IM.  The  control  for  ttOO-volt,  1,500-volt  and  ICAOO-Toltesr  oqalp- 
menti  (Par.  197)  is  eaaentially  the  same  as  that  deaoribed  for  000-toU  wmot 
except  that  two  motora  are  usually  connected  permanently  in  eeries.  Series 
parallel  connection  of  the  two  groups  of  motors  provides  for  half  speed  and 
full  speed,  but  when  full  speed  ia  desired  on  600-voIt  supply,  a  cominutatinc 
switch  is  provided  with  the  1,200'Volt  equipments,  ihus  onanginx  the  motors 
from  two  in  series  to  all  in  multiple.  Usually,  however,  two  motors  remain 
permanently  in  series,  and  provide  half  speea  when  1,200-volt  cars  run  over 
terminal  traoks  supplied  with  energy  at  600  volts.  A  dynamotor  or 
motor-generator  set  run  from  the  trolley  supplies  current  at  low  voltaAe  for 
actuating  the  contactors.  The  air  compressor  and  heaters  operate  direct 
from  the  trolley  circuit. 

16S.  A  control  cut-out  switch  ^Par.  1S7)  is  provided  in  each  car.  so 
that  in  an  emergency  the  operating  coils  of  the  contactorB,  the  reverser,  and 
the  circuit-brealcer  on  a  particular  car  may  be  disconnected  from  the  contitd 
circuit.  It  is  necessary  to  energise  j>ositiveIy  two  distinct  train  w^irea  in 
order  to  operate  the  contactora  required  for  starting  the  motora.  Several 
small  fuses  are  provided  in  the  control  circuit  for  effective  protection  of  the 
control  apparatus.  Should  the  train  break  in  two,  the  control  currant 
would  be  automatically  and  instantly  cut  off  from  the  detached  rear  portion 
without  affecting  the  ability  of  the  motormao  to  control  the  front  part  of 
the  train. 

IM.  Protection  Affalnit  failure  of  l>ower  (Par.  1ST).  Another 
automatic  protection  for  individual  cars  is  provided  by  a  second  or  potential 
relay,  which  has  its  coil  connected  to  the  lead  from  the  collecting  shoes  of 
the  tespective  car.  The  contacts  are  so  connected  in  the  contactor  circuits* 
that  in  case  of  failure  of  power  to  any  car  (such  as  would  be  caused  by  paaau 
over  a  dead  section  of  rail),  this  relay  is  de-energised  and  causes  the  contnM 
circuits  on  that  car  to  be  thrown  back  to  the  series  position  with  resiataacs 
in  circuit.  When  power  is  re-applied  the  ooatrol  progresses  step  by  step  toits 
former  advanced  posi  lion.  This  method  prevents  any  aurging  or  overloadiiMl 
in  such  contingencies. 

16T.  Train-wire  circuits  (Par.  196).  There  are  five  circuits  leadtnc 
from  the  master  controller,  and  five  corresponding  train  wires.  The  five 
circuits  comprise  one  for  forward  direction,  one  for  reverse,  one  each  for 
series  and  parallel^  and  the  fifth  for  controlling  the  acceleration.  When  the 
master  controller  is  moved  to  its  first  forward  point  a  direction  wire  is  vuet' 
gised  which  throws  the  reverser  to  its  forward  position,  if  it  is  notalresdy  so 
thrown.  The  reverser  is  electrically  interlocked  so  that  it  cannot  be  man- 
ipulated when  the  motors  are  taking  current. 

The  operating  circuit  is  so  arranged  that  unless  the  reverse  is  thrown  for 
the  direction  of  car  movement  indicated  by  the  master-controller  handle, 
the  contactors  and  motors  on  that  particular  car  are  inoperative.  When  tbo 
reverser  has  moved  to  the  proper  position,  connections  are  made  by  it  from 
the  direction  wire,  through  the  forward  reverser-operatingcoU,  to  the  coils  of 
the  contactors  which  control  the  main  or  trolley  leads  to  the  motora. 

168.  The  Westlnghouse  unit-switch  syttem  of  control  is  arranced 
for  use  cither  on  alternatinc-current  or  direc^urrent  circuits^  and  for  capae- 
itics  varying  from  the  smallest  double-motor  equipments  to  those  of  the 
largest  locomotives.  The  control  circuits  for  an  alternating-current  in* 
staTlation  are  usually  energized  from  a  storage  battery,  while  those  for  s 
direct-current  installation  may  either  be  operated  from  a  atorago  batten 
or  by  the  use  of  energy  from  the  line.  When  the  latter  is  used  for  the  contrOlt 
a  resistanoe  is  inserted  between  the  trolley  and  the  ground  whenever  tbe 
master  controller  is  in  one  of  the  operating  positions}  taps  leading  from  this 
control  resistor  provide  various  low  voltages  at  which  the  control  circuits 
may  be  energised. 

Wostinghouse  tinit-switch  control  equipments  are  claaaified  accordioC 
to  whether  they  are  arranged  for  hand  (manual)  or  automatic  acceleration, 
whether  they  employ  energy  from  the  line  or  a  battery  for  control. 
and  whether  they  have  any  other  distinctive  features,  such  as  field  coatiol 
or  multiple  operation  with  General  Electric  Co.'s.  type  "  M^'  control.  Swns 
of  these  standard  designations  are  as  follows:  HB^  AB^  HLF,  AL„  ALU^  etc 
Thus  it  will  be  noted  that  " H"  signifies  hand  acceleration,  "A"  automation 
*'B"  battery  control,  "Z<"  line  control,  *'F"  field  control  of  motorSi  etc. 

1866 


BLBCTBIC  RAILWAYS 


Sec  16-169 


IM.  The  HL  lyitem  of  oontrol  (Weatinghouae)  is  widely  used  for  the 
eoDtrol  of  direct-current  moton  on  city  and  interurban  cars  and  is  described 
in  detail  in  Par.  ITO  to  179.  A  standard  car  equipment  for  the  control 
<rf  4-40-h.p.,  500-volt  motors  arranged  for  double  end  operation  ia  trains 
includes  the  following  part: 


Main  circuit  apparatus 

Control  apparatus 

2  Trolleys 

1  Li(htiiiiis  arrester 

1  Main  knife  switch 

I  Main  fuse  box 

1  Switch  croup 

1  Reveraer 

I  Main  grid  resistor 

2  Master  controllcra 

2  Control  and  reset  switches 

1  Control  resistor 

3  Train  line  junction  boxes 

2  Train  line  receptacles 
1  Train  line  jumpers 

1  Set  of  pneumatic  details 

In  Fig.  41  is  shown  the  control  connections  of  the  above  apparatus.  This 
wystem  of  control  uses  the  shunting  method  of  transition  from  series  to 
parallel  for  the  smaller  sixes  of  motor  equipments,  but  for  the  larger  equlp- 
nents,  the  bridging  method  is  used  Par.  liis. 

170.  The  main  kzilfe  iwltch  (Par.  169)  is  arranged  for  mounting  uoder- 
nath  the  car  and  is  enclosed  in  a  box«  which  protects  it  from  the  weather, 
sad  insures  against  accidental  contact. 

_  The  nudn  fuse  box  CPar.  1$9)  is  of  the  magnetio-blowout,  oopper- 
ribbou  type,  arranged^  for  mounting  under  the  car.  The  connection  of  this 
fuse  box  in  the  main  circuit  is  shown  clearly  in  Fig.  41. 

171.  Switch  group.  The  various  main-circuit  connections  are  made  by 
means  of  a  number  of  independent  switches  known  as  unit  switches,  each 
provided  with  a  strong  magnetic  blowout,  and  normally  held  open  b^  a  pow- 
erful spring.  Each  switch  ia  closed,  when  desired,  by  compressed  air  acting 
on  a  piston.  This  action  forces  the  switch  Jaws  together  against  the  spring 
pressure*  the  force  being  sufficient  not  only  to  compress  the  spring;,  but  also 
to  apply  a  heavy  pressure  at  the  switch  jaws.  The  air  is  admitted  to  or 
exh^listed  from  the  cylinder  through  a  valve  which  is  operated  by  means  of  a 
solenoid  in  the  control  circuit.  The  switch  group  consists  of  a  number  of 
these  unit  switches  mounted  with  blowout  coils,  in  a  common  frame,  and 
completely  enclosed  by  removable  sheet-iron  covers  lined  with  asbestos. 
Sviiches  for  cutting  out  damaged  motors  are  mounted  on  one  end  of  the 
group,  and  the  overload  trip  relay  is  mounted  on  the  other  end. 

in*  Une  iwitch.  In  larger  equipments,  where  it  is  necessary  to  have 
a  lu>ger  number  of  switches,  two  of  the  switches  are  mounted  in  a  separate 
frame  with  the  overload  trip.  This  assembly  constitutes  what  is  termed  a 
line  switch. 

The  orerlOftd  trip  mechanism  (Par.  169)  consists  of  a  core,  which  is 
drawn  into  the  end  blowout  coil  of  the  switch  group  or  line  switch,  when 
an  ezoeamve  current  passes  through  this  coil.  The  core  is  normally  held  out 
by  means  of  a  spring,  but  when  drawn  into  the  blowout  coil,  is  latched  and 
nust  be  released  either  manually  or  by  energiiing  a  reset  coil.  When  actu- 
ated, the  trip  opens  the  control  circuits  of  certain  switches  which  cut  off  the 
power.  Calibration  for  various  currents  is  accomplished  by  an  adjustment 
of  the  air  gap. 

When  the  position  (whether  closed  or  open)  of  a  switch  necessitates  a 
change  in  the  control  circuits,  an  interlock  must  be  employed  to  effect  this 
change.  This  intertock  consists  of  a  block  carrying  contacts  so  mounted 
on  the  switch  that  it  will  be  moved  from  one  position  to  another  according  to 
the  position  of  the  switch.  PresHiDg  against  this  block  are  stationary  fingers 
to  which  the  control  wires  are  attached. 

ITS.  BdTorter  (Par.  169).  The  direction  of  rotation  of  the  motors  is 
ehanced  by  reversing  the  main  fields.  The  revcrser  consists  of  the  necessary 
number  of  main  circuit  finKers  mounted  on  a  stationary  base,  and  ar- 
ranged to  press  against  contartn  carried  on  a  movable  drum.  The  drum 
with  tta  contacts  is  moved  to  the  forward  or  to  the  reverse  position  by  one  or 
the  other  of  two  pneumatic  cylinders  closely  resembling  those  in  the  twitch 
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croup.     Each  cylinder  ia  controlled  by  a  magnet  valre,  also  mmilar  to  thoae 
in  the  switch  group.     Also  see  Par.  171. 

174.  Maatar  controller  (Par  169).  The  Tarious  control-circuit  con- 
nectiona  are  commutated  by  means  of  the  master  controller.  Thip  controller 
is  similar  in  the  general  plan  of  construction  to  a  main  drum  oontroller, 
having  one  handle  governing  the  direction  of  motion,  and  another  govemixKs 
the  acceleration,  the  two  handles  being  mutually  interlocked.  A  magnetic 
blowout  is  also  provided  for  rupturing  the  arc  at  the  high-voltage  fingers. 
Eoergy  for  the  control  is  obtained  through  a  tap  taken  from  the  trolley  circuit 
aheaoof  the  main  knife  switch.  This  control  power  passes  through  a  fused 
control  and  reset  switch,  and  thence  to  the  master  controller.  When  the 
master  controller  is  thrown  on,  the  control  resistor  is  energised  and  a  tmp 
from  this  resistor  is  led  back  to  the  master  controller.  This  low-voltaji^ 
eoeigy  (125  to  150  volts  approx.)  is  transferred  to  the  various  oontrol  dcuite 
by  the  master  controller. 

175.  The  control  realitor  consists  of  a  number  of  resistance  units 
mounted  in  a  common  frame  with  a  sheet-iron  cover.  Each  unit  is  made  by 
insulating  a  slotted  steel  ribbon  with  mica  and  enclosing  this  insulated 
ribbon  ID  a  sheet-iron  scabbard.  This  scabbard  is  firmly  pressed  against  the 
mica  insulation,  and  being  waterproof  renders  the  resistor  especially  soitaUe 
nulway  service. 

17t.  The  control  junction  boxes  am  made  of  iron  and  are  arranged  to 
receive  conduit.  Each  includes  a  multiple  terminal  board,  facilitating  in* 
stallation  of  the  control  wiring  between  various  pieceis  of  apparatus. 

177.  Train  line  receptacles  are  provided  when  multii^e  operation  of 
cars  is  desired.  These  receptacles  together  with  the  necessary  train  Uae 
Jumpers  complete  the  control  circuits  between  adjacent  cars,  sUowing 
nmultaneous  operation  of  all  equipments  so  connected. 

178.  Pneumatic  details,  for  supplying  air  at  the  proper  pressure  for  the 
oontrol,  are  furnished  with  each  equipment.  These  consist  olan  air  strainer. 
a  reduoiag  valve  (when  the  main  reservoir  air  pressure  is  above  75  lb.),  a 
check  valve  and  a  control  rraervoir.  The  check  valve  and  oontrol  reservoir 
permit  the  operation  of  the  control  system  in  event  of  failure  of  the  main  air 
supply,  the  control  reservoir  having  sufficient  air  capacity  to  operate  ibfi 
oontrol  a  great  number  of  times.  liooal  conditions  sometimes  require  ex* 
tenaive  control  operation  even  though  the  main  air  supply  fails;  in  such  cassf 
an  emei^ncy  oontrol  reaervoir  is  employed.  The  uae  of  air  for  braking  pur- 
posea  has  proven  that  very  little  trouble  may  be  expected  from  this  source  if 
the  piping  ia  properly  arranged  and  the  reservoirs  droned  at  proper  intervals. 
The  uae  of  air  for  operating  switches  insures  a  heavy  contact  pressure  at  the 
switch  jawB,  which  pressure  ia,  of  course,  independent  of  trolley  voltage. 

179.  Sztra  equipment  for  automatic  acceleration.  Equipnaents 
arranged  for  automatic  acceleration  differ  from  those  for  hand  acoeleratioa  ia 
the  master  controller,  switch  ^roup,  and  by  the  addition  of  a  limit  switch. 
The  operation  of  the  control  is  such  that  the  first  controller  point  institates 
series  operation  with  all  resistance  in  the  circuit.     The  other  controller  potnti 

E've  full  aeriea  with  no  resistance  and  full  parallel  with  no  resistance,  therQ 
)ing,  in  general  but  three  notches  on  the  controller.  The  limit  switch  or 
current-limiting  relay  is  a  device  consisting  of  a  coil  and  plunger,'the  [hunger 
carrying  a  disc  contact.  This  relay  may  be  so  set  that  at  any  predetermined 
current  through  the  coil  the  plunger  will  lift  and  open  a  oontrol  circuit. 
Thus,^  if  a  resistance  step  is  short-circuited^  the  current  through  the  moton 
will  rise,  and  since  the  limit  coil  is  in  series  with  one  of  the  main  motors 
the  plunger  will  lift,  thereby  opening  a  control  circuit.  As  the  motor  speed 
increases,  the  current  will  fall  until  a  value  is  reached  where  the  limit-switch 
plunger  will  drop,  closing  the  operating  control  circuit.  This  operating  con- 
trol circuit  closes  another  main  switch,  which  again  causes  a  nae  in  motor 
current  and  again  lifta  the  limit  plunger.  This  performance  is  repeated, 
cutting  out  resistance  step  after  step  until  all  has  ry^n  removed.  ,        I 

Fig.  43  sbowa  the  main  and  schematic  connections  for  a  quadruple  equip- 
ment of  75-h.p„  600-voIt,  direct-current  motors  and  type  "  AL  "  control. 

The  chief  difference  between  the  switch  groups  of  a  hand-accelerated  equip- 
ment and  one  arranged  for  automatic  acceleration,  lies  in  the  interlocKinc 
of  the  control  circuita  and  in  the  number  of  control  circuita.  The  interlocking 
for  an  automatic  equipment  is  a  great  deal  more  complicated  than  for  other 
types  of  control,  as  may  be  seen  by  reference  to  Fig.  42. 
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Fio.  43. — Westinghotue  000-voU  direct-current  motor-oar  main  and  oontrol 
schematic. 

IM.  Tap-pottntial  control  of  ilxMrle-phM*  moton.  The  aingle- 
phaee  motor  u  eaBentially  the  same  in  its  oharaoteristics  as  the  direct-current 
Bnie»-woiind  motor,  andean  be  started  at  low  voltage  by  means  of  inserting 
series  rewatance  according  to  the  direct-current  standard  method.  With 
altematin^-ourrent  supply,  however,  it  is  possible  to  obtain  fractional 
voltage  without  sacrificing  efficiency,  as  the  step-down  transformer  forming 
part  of  the  alternating-current  car  equipment  can  be  constructed  with  taps 
so  that  it  will  furmsh  fractional  voltage  without  the  necessity  of  introducing 
itarting  resiatanoe.  The  universal  method  of  starting  single-phase  motors 
is,  therefore,  by  the  so-called  tap-potential  con- 
trol,  and  the  function  of  the  control,  whether  it 
be  hand-operated  "  /C"  type  or  multiple  unit,  is 
to  connect  the  motor  terminals  successively  to 
transformer  taps  of  increasing  i>otential  while 
starting. 

Itl.  The  hand-operated  control  of  ting le- 
phaae  motort  is  identical  with  the  type  " K" 
controller  used  with  direct-current  motors,  ex- 
cept that  advantage  is  taken  of  the  fact  that 
■Itema ting-current  arcs  of  considerable  sise  can 
be  broken  in  the  air  without  the  aid  of  the  mag- 
Detio  blowout.  Where  the  cars  are  to  be  oper- 
ated from  both  alternating-current  and  direct- 
current  trolley  with  the  same  equipment,  the 
hand-operated  control  is  provided  with  magnetic 
blowout   for  direct-current  operation,  uaing  the 

same  controller  without  the  magnetic  blowout  for  EtltematiDg-curreDt  opera- 
tion, aoleas  the  motor  equipment  be  of  large  capacity. 

in.  Control  of  ilnffle-phaee  moton  for  combined  altematinff- 
current  and  (Urect-current  lerrlce.  The  control  of  single-phase 
motor  is  effected  by  connecting  the  motor  terminals  to  transformer  taps  of 
increasing  potential  in  order  to  vary  the  speed,  while  reversal  is  effected  by 
reversing  tne  series  field-winding  connections,  thus  caUing  for  practically  the 


Fio.  44. — Tap  control. 
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same  combinations  a*  demanded  in  direct-current  seriea  motor  control. 
Alternating-current  Beries  motorB  are  wound  for  potentials  of  approzinuitely 
225  to  300  volts  per  motor,  and  such  motors  in  order  to  meet  the  exactions  of 
commercial  operation  must  sometimes  be  adapted^  to  run  with  GOO-toH 
direct-current.  In  such  cases  it  requires  some  additional  features  in  control 
to  perform  this  double  service  of  alternating-current  and  direct-current 
oontroL 

18S.  The  WestlnghouM  altematlnc-cuiront  motor-control  is  very 
similar  to  the  direct-current  unit-switch  control.  All  circuit  oonneetioos  for 
the  unit-switch  control  are  practically  the  same  throughout  for  both  direet- 
current  and  alternating-current  operation.  Separate  trolloTi  are  used  for 
alternating-current  and  direct-current  operation,  and  high-potential  wires  aro 
enclosed  in  ;netal  tubing,  thoroughly  grounded  in  order  to  ensure  safety  to 
operator  and  passengers. 

Type  3^*  -Ai  MafttrCctftrofhr 

O  —  ru^p,^   .ft* 
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Fio.  45. — Westinghouse  automatic  alternating-current  motor  control. 

When  passing  from  one  compensator  tap  to  the  next  it  is  evident  that  an^ 
metal  contact  bridging  the  ^ap  between  the  two  will  cause  a  short  circuit 
in  the  active  transformer  winding,  and  hence,  it  is  necessary  to  introduce 
either  a  dead-resistance  or  an  inductance  in  the  circuit  when  paosing  from  one 
step  to  another  on  the  compensator.  The  inductance,  called  a  preventive 
coil,  is  more  often  used  in  locomotive  work. 

114.  Combinod  altematlzkf-currflnt  and  direct-curront  oqul^ 
manti.  At  times  existing  conditions  may  require  the  operation  of  an  equip- 
ment on  both  alternating-current  and  direct-current  aystema,  an  example 
of  this  being  the  equipments  of  the  N.  Y.,  N.  H.  A  H.  R.  R.  Co.  which  enters 
the  Grand  Central  Terminal  in  New  York  City.  No  change  is  required  in  the 
single-phase  motor  for  direct-current  operation,  but  since  the  control  is 
necessarily  of  a  different  character,  some  means  must  be  provided  for  re-ar- 
ranging circuits.  This  is  usually  accomplished  by  means  of  a  drum  tvpe  of 
change-over  switch,  but  if  heavy  currents  are  to  be  handled,  individual  knife 
switches  are  employed.  The  control  apparatus  used  with  a  combination  al- 
ternating-current-direct-current  equipment  is,  in  general,  more  comiJicated 
than  equipments  for  straight  alternating-current  or  straight  direct-ourreat 
operation. 
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Fia.  46.— Westinghouse 
tap  oontror 


':    IM.   KiamtMr  of  itertlaff  jp«»lntl.     Owinf  to  the  fact  that  tha  alternat- 

fc^-current  motor  characteiisUc  is  more  drooping  than  even  that  of  the  direct* 

jmrenft  aeriea-wouiul  motor,  fewer  etartiog  points 

!are  required  for  alternating-curreDt  control.     The        I  ^^^_ 

Gener&l  Electric  Company  uses  five  atepa,  and  the 

IWeatinKhouse  usee  six  steps  when  the  speed  does 

[aot  eiiceed  40  to  46  miles  per  hr.  maximum.    As 

«seh  point  on  the  controller,  with  potentiid-tap 

«Datrol,    oonstitutea  a   running  point  at  full  efn- 

leieney,    it  is  not  necessary  to  use  series-parallel 

«DiuieGtioD  of  motors  as  is  done  with  direcW;urrent 

motors . 

las.  Multiple- unit  eontrol  equipments  for 
fltn|pl»-pl&«M  moton  differ  somewhat  from 
dKrectr-curreut  equipments  in  the  general  plan  of 
«neration.  This  aiffereuee  is  eonfined  chiefly  to 
itbe  msin  circuitaand  main-dreuit apparatus.  The 
ilii^i-teiieion  current  pssses  from  the  overhead 
:e«leetor  through  an  ou  eircuit-breaker,  to  a  trans- 
•ibnner.  Low  voltage  ourrents  are  fed  to  the  main 
ixsotora  through  a  group  of  unit  switches,  which  can  be  arranged  for  auto- 
n&atie  or  non-automatio  aooeleratioo.  fig.  45  shows  the  connections  for  a 
jtiypieal  type  "AB,**  11,000-volt  single-phase  eqiupment. 

TTnS  OF  KAILWAT  MOTOE8 
18T.  Direet-eurrent  lertet-wound  motor.  Wound  for  potentials  of 
.frora  500  to  1,200  volts  is  the  standard  railway  motor.  Motors  of  from  500 
to  60O  volts  are  used  in  and  around  large  cities,  l,2007volt  motors  being 
adopted  on  intenirbaa  electrified  lines.  Armature  and  field  windings  are 
aonnected  in  series  and  the  use  of  motors  of  the  commutating  pole  type  is 
iaereasing.  AU  motors  designed  for  street,  interurban  and  rapia  transit  ear 
rOr  train  service  have  four  field  poles,  the  structure  being  entirely  enclosed 
with  hand  hole  covers  making  it  waterproof.  Such  motors  transmit  power 
'by  single-reduction  gear,  motors  being  suspended  at  one  end  upon  the  car 
mzle  and  spring  suspended  at  the  other  end. 

For  locomotive  work,  the  General  Electric  Company  has  brought  out  a 
two-pole  gearlees  motor,  which  design  is  also  adapted  for  high-speed  single- 
•ar  aervice  calling  for  large  motor  outputs.  The  two-pole  series  motor  is 
especially  adapted  to  very  high  speed  service;  it  minimizes  cost  of  repairs 
and  operates  with  decreased  noise  and  greatly  increased  efficiency  for  express 
service.  For  further  description  of  gearless  motors  see  locomotives  (Par. 
S«0). 

IM.  The  lingle-phsM  serlei  motor  has  been  developed  along  several 
fines  of  which  the  seriee-wound  compensated  motor  is  the  one  most  generally 
uaed  in  the  United  States.  The  single-phase  motor  differs  from  the  direot- 
eurrent  seriee-wound  motor  in  having  two  fields,  the  series  or  energising  field 
and  the  oompeniatlnf  field.  The  office  of  the  latter  is  to  compensate  for 
or  oeutralise  the  inductance  of  the  armature  produced  by  the  alternating  cur- 
rent therein.  Compensation  may  be  the  means  of  raising  the  power-factor  of 
a  single-phase  motor  to  values  closely  approximating  100  per  cent.,  and  hav- 
ingan  operating  value  above  05  per  cent. 

^Ttus  compensating  field  may  be  either  conductively  or  inductively  pro- 
duced, depen<^ng  upon  whether  the  winding  is  traversed  by  the  main  motor 
eurrent,  or  by  the  current  produced  in  its  own  short-circuited  winding  by 
the  alternating  armature  flux.  So  far  as  concerns  operation  from  alternat- 
ins-eurrent  supply,  one  form  is  about  as  efficient  as  another,  but  the  conduc- 
tive eompensation  is  an  aid  when  the  alternating-current  motor  is  called 
npcm  to  operate  as  a  direct-current  motor. 

The  eerles-field  winding  of  the  nngle-pbase  compensated  motor  is  con- 
nected in  series  with  the  armature,^  and  the  direction  of  rotation  can  be  re* 
versed  by  reversing  the  field-winding  connections  similar  to  direct-current 
^..ation.  The  series-field  winding  may  be  distributed  in  a  number  of 
^  ots  in  the  field-magnet  structure  similar  to  the  compensating-field  winding. 
Of  it  ma^  take  the  form  of  a  concentrated  winding,  in  which  case  it  is  similar 
to  the  winding  of  a  direct-current  series  motor  embracing  inwardly  project- 
ing poles.     The  concentrated  field  winding  is  largely  used  in  alternating- 
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currant  moton  of  the  series  type,  while  the  distributed  field  winding  i 
required  for  motors  of  the  repulston  or  sLmilar  typos.  As  the  series-«oinpea 
sated  motor  is  universally  used  in  this  country,  aod  the  repulsion  and  wimSia 
types  are  limited  to  Bpecial  oases  demaading  special  characteristics  of  tJh 
motive  power,  the  series  type  motor  alone  will  be  considered. 

As  the  armature  rotates  in  an  alternating  field,  there  is  a  dbort  dreni 
developed  when  brushes  touch  two  commutating  segments  at  onee.  TU 
short  circuit  is  very  large  at  starting,  being  reduced  to  a  reasonable  amouB 
when  running  at  full  speed.  To  reduce  the  amount  of  this  short-circuit  em 
rent,  and  better  the  low-epeed  commutation,  the  alternating-curreDt  aerie 
compensated  motor  is  sometimes  provided  with  resistance  leads  connectin 
armature  winding  with  commutator  bars.  Such  leads  are  desirable  wit. 
motors  of  the  series  compensated  t^rpe,  where  full  field  strength  is  used  £ 
starting  and  there  is  no  commutating-pole  effeet  to  neutralise  the  shorl 
circuit  voltage  when  moving. 


Pig,  50. 


Pig.  si. 


IM.  The  repulsion  motor  as  originally  developed  by  Thomson  and 
perfected  is  shown  in  Fig.  49.  The  field  winding  is  very  similar  to  the  fidd 
winding  of  an  induction  motor.  The  armature  is  an  ordinary  series-wound 
armature  short-circuited  upon  itself.  The  repulsion  motor  is  very  similar  is 
its  operating  conatanta  to  the  single-phase  compensated  motor  but  cannot 
be  used  for  speeds  much  lugher  than  100  per  cent,  of  aynchronism,  owing  to 
the  imi>erfect  commutation  at  the  higher  speeds.  It  nas  the  advantage  of 
having  its  field  drouit  distinct  from  the  armature  circuit,  hence,  permiituc 
of  a  field  winding  of  an;i^  potential  best  suited  for  control  or  operation.  With 
this  type  of  motor  it  is  possible  to  operate  8|000  volts  direct  on  the  field 
winding  if  desired. 

Best  results  appear  to  be  obtainable  from  a  combination  of  repulsion-motor 
eonnections  for  starting  and  operation  at  low  speeds,  changing  to  serier 
motor  connections  for  speeds  above  synchronism.  This  is  e£Fected  automatie' 
ally  by  relays. 

190.  In  the  Latour  motor,  which  is  a  modification  of  the  WintaP* 
Eichberg  motor  the  armature  winding  is  short-circuited  in  part  only,  rathtl 
than  through  diametrically  o[>posite  brushes,  with  the  result  that  the  am^ 
ture  PR  loss  is  reduced.  This  typo  is  limited  in  its  field  of  application  II 
special  cases.  1 

191.  The  three-phase  induction  motor  has  sU  the  cKaraoteristics 
a  direct-current  shunt-wound   or   constant-speed   motor,   and   comprises 
three-phase  primary  winding  either  star  or  delta  connected,  with  a  tl 
phase  secondary  winding  either  Btar  or  delta  connected.     The  eeoon 
terminates  in  collector  rings  across  which  non-inductive  resistanoe  is  insei  _ 
during  the  acceleratinfc  period,   after  which  the  collector  rings  an  sboi 
circuited.     The  inducUon  motor  may  be  wound  for  the  trolley  potential 
desired,  as  the  potenUal  of  the  secondary  winding  is  entirely  Independr' 
of  that  of  the  primary.     The  constant-speed  oharacteristio  of  this  type 
motor  IS  especially  adapted  for  duty  of  a  constant  nature,  lueh  as  hai  * 
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flw  a  rccular  profile,  either  level  or  up  a  uniform  gradient,  in  other  words, 
vhm  there  is  no  combination  of  slow-epeed  grade  haulage  and  bigh-epeea 
Welasnrioe. 

IM.  The  linffltt-phaM  induction  motor  has  been  used  for  railway 
irposes  on  experimental  roads,  but  owing  to  the  lero  starting  torque  of 
-is  motor  it  ia  neeeeeary  to  operate  it  in  conjunotion  with  an  auxiliary  startr 
iagdevioe  and  throw  the  motive  power  into  action  by  mechanical  clutches 
sr other  means  after  full  motor  speed  has  been  obtained.  This  type  of  motive 
power  ia  very  limited  in  its  field  of  application. 

19S.  The  gplit-phaia  converter  Byatein  comprises  a  method  of  obtaining 
polyphase  current  from  a  sinc^e-phase  trolley,  for  the  operation  of  polyphase 
Botora.  It  consists  of  a  phase  converter  which  ia  essentially  a  polyphase 
iaduction  motor  the  capacity  of  which  is  approximately  76  per  cent,  of  the 
ispacity  of  the  motors  it  supplies.  As  the  phase  converter  is  operated  from 
ne  phase  only,  it  requiree  a  starting  motor  to  bring  it  up  to  near  synchronous 
ipeed.  In  all  applications  of  this  principle,  the  single-pnase  current  has  been 
sonTerted  into  two-phase  current.  In  the  Norfolk  dt  Western  loconoiives, 
these  two  phases  are  changed  to  three-phase  by  a  connection  similar  to  the 
:«eU-known  Scott  system.  The  advantage  claimed  for  the  three-phase  is 
that  the  motor  has  a  better  performance  and  is  also  better  for  pole  onanging 
vfaite  it  entails  no  more  regulating  switches  and  has  fewer  leads. 


BBAKINa 

I 

IM.  Betardlnff  faeton.  In  order  to  bring  a  moving  train  to  a  stop,  it 
il evident  that  some  external  force  opposed  to  the  motion  of  the  train  must 
\t  applied.  The  ideal  force  would  oe  applied  at  the  centre  of  gravity  of 
Ibe  car  (producing  no  tendency  for  the  car  to  rotate)  and  would  be  sufficient 
te  stop  the  train  in  case  of  emcrfiency  in  the  shortest  possible  time,  without 
■ndue  shock  to  passengers  or  equipment.  With  the  exception  of  a  few  in- 
Jtanoes,  such  as  short  cable  roads  up  a  mountain  side,  the  only  available 
lone  whieh  may  be  utilised  in  stopping  a  train  is  the  friction  which  exists 
Vtween  the  wheels  and  the  rails.  This  force,  besides  being  applied  at  the 
lower  rim  of  the  wheel  and  consequently  not  at  the  centre  of  gravity  of  the 
ear.  is  abo  a  variable  quantity  of  uncertain  magnitude,  and  therefore  not  an 
ideal  retarding  force.  For  instance  the  adhesion  between  a  dry  rail  and  wheel 
nay  be  equal  to  about  30  per  cent,  of  the  pressure  between  wheel  and  rail, 
wher^ia  with  a  wet  rail  it  may  be  only  half  that  amount.  The  addition  of 
nnd  to  a  slippery  rail  will  increase  the  adhesion  from  15  per  cent,  to  about 
35  per  cent,  oi  the  weight  on  the  rails,  and  this  amount  can  usually  be  relied 
^on  in  making  emergency  stops.  This  force  of  25  per  cent,  of  the  weight 
en  the  rails  applied  to  a  car  will  produce  a  retardation  equal  to  one-quarter 
the  acceleration  due  to  gravity,  or  8.04  ft.  per  sec.  per  sec,  or  nearly  5.5  miles 
per  hr.  per  sec.  Jf  it  were  possible  to  apply  this  force  instantly  and  uniformly 
throughout  the  stops,  a  stop  from  an  initial  speed  of  60  miles  per  hr.  could 
be  made  in  about  11  sec,  or  in  a  distance  of  480  ft.  This  force,  however^  is 
ooly  available  when  the  wheels  are  rolling  on  the  rails,  for  as  soon  as  slipping 
oecurs  the  adhesion  rapidly  decreases.  Therefore  the  force  which  opposes 
the  reroiution  of  the  wheels,  namely  the  brake-shoe  friction,  must  never  ex- 
aeed  that  which  is  keeping  the  wheels  turning,  namely  the  adhesion  between 
the  wiieels  and  ruls.  This  opposing  foroe  is  obtained  in  several  different 
wajrs,  the  most  familiar  being  by  applying  brake-shoes  to  the  rim  of  the  wheels 
with  consderable  force  by  means  of  hand  or  power  brakes.  Another  method, 
which  is  applicable  in  electric  traction,  is  known  as  electric  braking,  as  die- 
lingDiebed  from  mechanical  braking,  and  oonsiste  in  opposing  the  revolution 
of  the  wheels  with  the  counter-torque  of  the  motors  or  by  the  fricUon  of 
dectiically  operated  brake  discs. 

IM.  Tcgtg  to  det«raiine  friction  coefflcients.  About  the  first  sys- 
leniAtie  testa  to  determine  the  value  of  the  coeffidont  of  friction  btttwe«n 
tarftka  ghOM  and  wheel,  and  between  wheel  and  rail  were  conducted  by 
Bu-  Douglass  Galton  and  Mr.  George  Westinghouse  in  1878  and  1879  on  the 
London,  Brighton  &  South  Coast  Railway,  England.  A  report  of  these  t«8ts 
^jpears  in  the  proceedines  of  the  Institute  of  Mechanical  Engineers  of 
London,  for  April,  1879.    The  Uble  in  Par.  IM  gives  the  resulU  of  these  tesU: 
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IM.  OMffleiant  of  friction  M  yarioui  ipMdi. 

OMt-iron  brafca 

bloeki  on  iteel  Una 

Number  of  ezmri- 
menU  from  which 

Speed 

CoeffieienU  of  friotion 

Milea 

Feet  per 

Extreme 

Obaerved 

Meaa 

perhr. 

12 

SO 

88 

0.123 

0.058 

0.07- 

•7 

S6 

81 

0.136 

0.060 

o.ii: 

66 

SO 

73 

0.153 

0.080 

O.IK 

77 

45 

66 

0.179 

0.080 

o.ir 

70 

40 

59 

0.194 

0.088 

0.14< 

80 

38 

51 

0.197 

0.087 

0.14i 

9* 

30 

44 

0.196 

0.008 

0.1ft 

70 

28 

36i 

0.208 

0.108 

o.iei 

69 

20 

29 

0.240 

0.133 

0.19! 

78 

15 

22 

0.280 

0.131 

0.221 

84 

10 

14i 

0.281 

0.161 

0.24] 

28 

7» 

11 

0.328 

0.123 

0.244 

20 

Under  5 

Under  7 

0.340 

0.IS6 

0.27] 

Joat 
moving 

Juet 
moving 

O.S3( 

Fleamini  J«Dkin  (steel  on  ateel)  0.0002 

0.337 

0.365 

0.351 

Rennie.     Static  Friction  under 

Premure  of  180  lb.  per  cq.  in. 

....  300 

Preflsure  of  33fi  lb.  n«r  an.  in. 

847 

■^       ^ 

197.  Variation  of  trlotlon  ooefiBclent  with  ipeod.     From  the  t«]i 
given  in  Par.  196,  Mr.  R.  A.  Parlce  has  developed  the  following  fonnola 

From  the  mean  valuee  /  -   .  ,  „n,„o  g  t* 


from  the  maximum  valuee      /  — 


1+0.03532  5 
a382 


(a 


l+a2933  5 

where  /••  coefficient  of  friction,  and  S  ••  apeed  in  milea  per  hr.     The  latU 
formula  gives  values  corresponding  more  nearly  to  recent  experiments. 
198.  CoefiBoient  of  friction  as  affected  by  time* 


Miles 
per  hr. 

Commencement 
of    experimentf 

After 
5  sec. 

After 
10  sec. 

After 
15  sec 

After 
20  see. 

20 
27 
37 
47 
60 

0.182 
0.171 
0.152 
0.132 
0.072 

0.152 
0.130 

0.096 
0.080 
Q.0S3 

0.133 
0.119 
0.083 
0.070 
0.058 

0.116 
0.081 
0.069 

0.099 
0.072 

J 

199.  Decrcaie  of  the  coefficient  of  fHetton  wttb  Icncth  of  bral 

•pplicatlen  la  represented  by  Mr.  R.  A.  Parke's  formula,  which  is  i 

follows:  ' 

1+0.000472  t  .  ^ 

^""1  +  0.00239  t  '' n 

*  Sir  Douglas  Qalton  has  alao  published  the  following  values  of  the  t| 
efficient  of  dynamic  friction  as  affected  by  time  of  brake  applioatioii.         J 

t  The  figures  in  this  column  are  somewhat  different  from  those  that  bll 
Just  been  given  in  the  altered  table,  because  they  resulted  from  the  avelH 
of  fewer  experiments;  but  the  effect  of  time  in  reducing  the  coeffidentl 
friotion  may  be  aeoepted  as  correct.  ~ 
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vhareiii  /  is  the  coeffieient  of  friction  at  begiDning  of  application;  f  the 
mSdent  of  friction  after  brake  application  of  T  aec. 

Oenaral  Uwi  aSectinc  friction  eoeflSdant.  The  absence  of  more 
tttended  observations  and  the  complex  nature  of  fiuotuations  of  the  coeffi- 
cient of  friction  make  it  impossible  to  formulate  a  practical  mathematical 
fjiastion  which  will  determine  the  rate  of  retardation  under  varyinf  condi- 
tioDS.  However,  the  results  of  the  tests  shown  in  the  tables  above  indicate 
I  law  of  variations  which  may  be  briefly  stated  as  follows,  regardless  of  the 
■sterials  used. 

(a)  The  coefficient  of  friction  increafles  with  the  decrease  in  speed; 

(h)  Decreases  with  the  increased  distance  through  which  Drakes  are 
•|i|ilied,  and 

(e)  Decreases  with  the  increase  of  pressure. 

^  m.  To  obtain  a  uniform  braUnc  aSort  throughout  tha  stop,  the 
■nke-shoe  pressure  must  be  varied  to  compensate  for  the  fluctuations  in  the 
•osfficient  ol  friction,  that  is,  the  brakeHshoe  pressure  must  be  decreased  as 
^  diminution  in  speed  increases  the  coefficient  of  friction,  and  increased  as 
tts  distance  of  brake  application  decreases  the  coefficient  of  friction,  and 
jhrther  increased  to  compensate  for  the  decrease  of  the  latter  with  ineieased 


psisuit. 
r  For  c« 


For  certain  speeds  the  increase  in  coefficient  of  friction  with  decrease  in 
wesd  ia  practically  neutralised  by  a  decrease  due  to  increased  distance 
M  fiietional  contact.  For  lower  speeds,  however,  the  increase  from  the 
inner  cause  is  more  rapid  than  the  decrease  from  the  latter,  necessitating 
m  slmoet  abrupt  decrease  in  brakoHshoe  pressure  near  the  end  of  a  stop,  in 
vder  to  avoid  slipping  the  wheels  on  the  rails  and  discomfort  to  passengers. 

m.  Sfflelent  emor^aner  braUng.  For  the  same  pressure,  the  co- 
ftfident  of  brake-shoe  friction  at  60  mues  per  hr.  is  only  aoout  half  that  at 
to  miles  per  hr.  ^  It  ia  therefore  evident  that  an  emergency  stop  for  high 
kned  is  less  efficient  than  for  a  low  speed,  since  an  emergency  application 
nplies  that  the  maximum  pressure  wnich  will  not  slip  the  wheels  near  the 
pa  of  the  stop,  is  instantly  applied  at  the  very  outset.  A  considerably 
■orter  stop  may  be  made  ii  the  pressure  apidied  during  the  earlier  periods 
■  tbe  stop  IS  greatly  in  excess  of  that  whieh  will  slip  the  wheels  at  low  speed, 
nt  in  tbe  abaenoe  of  the  motorman's  skill,  soma  means  must  be  provided  to 
ieerease  the  pressure  near  the  end  of  the  stop,  in  order  that  the  limits  of  rail 
Uetion  will  not  be  exceeded,  and  the  efficiency  of  the  stop  thereby  decreased. 
This  proviaiont^  however,  requires  additional  apparatus,  which  on  general 
Rtiaciplcs  ia  objectionable  uxuess  the  showing  is  so  favorable  as  to  warrant 
nrther  complications. 

Mt.  Application  of  tha  retarding  force.  Thus  far,  attention  has  been 
isToted  to  outlining  methods  for  overcoming  the  obetades  presented  by  the 
umplex  nature  of  the  fluctuations  of  the  ooefficient  of  brake-shoe  friction 
tUeh  prevent  the  utilisation  of  the  theoretically  poasible  retarding  forcea, 
the  nature  of  the  application  of  these  forces  imposes  difficulties  which  pre- 
mtt  tbe  full  utilisation  of  the  weight  on  the  trucks  and  wheels,  thereby 
Irectly  affecting  the  braking  force. 

At  the  present  time  it  is  customary  to  equip  double-truck  oars  with  either 
ivo  motors  or  four  motors,  depending  upon  the  nature  of  tbe  service.  In  the 
iirmer  ease  both  motors  are  usually  placed  on  one  truck  thus  permitting 
■•  nae  of  a  lighter  truck  for  a  trailer.  Tbe  pressure  which  may  be  safely 
"   1  to  the  wheels  of  the  motor  truck  without  causing  the  wheels  to  slip. 


■anot  be  ai^ed  to  the  wheels  of  the  trailer  truck.  Hence  the  brake  rigging 
last  be  so  proportioned  that  tbe  greatest  portion  of  the  braking  is  aone 
Bon  the  wheels  of  the  motor  truck.  Consiaering,  however,  the  case  where 
M  normal  distribution  of  weight  is  equal  for  all  wheels,  it  is  found  that,  dut^ 
ag  braking,  a  greater  pressure  may  be  applied  to  the  wheels  of  the  forward 
ruck  without  causing  them  to  slide  than  may  be  applied  to  the  wbeela  of  the 
*sr  truck.  The  explanation  is  somewhat  simplified  when  oonsidaring  aingle- 
■r  opentioD,  dnoe  draw-bar  forces  may  be  eliininated. 
SM.  TtrUeal  thnut  on  forward  truck.  The  resultant  of  all  the  parallel 
ones,  which  act  on  the  elementary  masses  of  the  car  tending  to  keep  it  in 
Botion,  is  equal  to  the  sum  of  all  these  forces  acting  through  tbe  center  of 
nvity  of  the  car  and  in  the  direction  of  motion.  Directly  opposed  to  the 
lotion  of  the  oar  ia  the  wind  piessuie,  which  is  exerted  normal  to  tbe  ele- 
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mentary  surfaces,  the  resultant  passing  approximated  through  the  centn 
of  gravity  of  the  car.  Wind  pressure,  oowerer,  is  aumcient  to  cause  onl^  t 
slight  retardation  compared  to  that  obtained  with  the  brakes,  and  its  efl^ed 
has  been  neglected  in  this  consit^ration.  The  retarding  force  of  the  braka 
acts  at  the  surface  of  the  rail  and  as  all  parts  ot  the  structure  are  retarded 
equally,  the  king  pins  must  transmit  the  force  required  to  produce  IIm  sanM 
retardation  in  the  car  body  as  is  produced  in  the  truck.  Tnc  total  retarding 
force  less  the  amount  required  for  retarding  the  wheds  and  trucks  therefore 


\ 


TJXl 


rTTT 


DIrseilou  of  Motion 
Fio.  52. — Braking-stress  diagram. 

acts  at  the  points  of  support,  which  are  somewhat  lower  than  the  centre  of 
gravity  of  the  car  body.  The  moment  of  these  forces  about  the  centre  of 
gravity  of  the  car,  is  balanced  by  the  moment  produced  by  the  increased 
pressure  of  the  forward  truck  acting  upward  throuKh  the  point  of  support; 
at  the  same  lime  the  weight  on  the  rear  truck  is  decreased. 

105.  The  distribution  of  weight  on  the  wheels  of  e*eh  traefc  is 
affected  in  the  same  manner,  except  that  the  retarding  force  transmitted 
through  the  king  pins  to  the  car  body*  Wiso  reacts  to  further  increase  the 

pressure  on  the  front  pair  of  wheels 
of  each  truck.     Because  eitherend 
of  the  car  may  at  some  Ume  be- 
come the  rear  end,  it  is  easentisi 
that   the  brake-shoe   pressure    be 
kept  the  same  for  all  wheels  which 
necessarily  restricts  the  roaximum 
pressure  which   can  safely  be  em- 
ployed to  that  which  will  not  slip 
the   wheels  with  the  least  weight. 
In  the  case  of  the  eight-wheel  pas- 
scagcr    car,     the    effective    wnral 
pressure  which  may  be  utilised  laj 
braking  is  only  about  85  percenC 
of  that  permissible  with  the  totsL 
weight  on  the  wheels. 
SOC.  Location  of  brake-shoes  affecting  recoil  at  Instant  of  stopplnf*! 
On  account  of  the  stored  energy  in  the  revolving  wheels,  gears  and  armatui 
which  may  amount  to  5  or  10  per  cent,  of  the  total  stored  energy  of  the 
a  consideration  of  the  effect  of  these  forces  upon  the  truck  through  the  bi 
hangers  is  essential.     With  outaidc-hung  brake-shoes  the  pressure  due  to  tl 
friction  between  brake-shoes  and  wheel,  is  downward  for  the  leading  wheel 
thereby  causing  compression  of  the  forward  springs  of  the  truck.     For  tl 
trailing  wheel  the  pressure  is  upward,  thereby  relaxing  the  rear  springs  < 
the  truck.     The  recoil  of  the  forward  springs  results  in  the  backward  motitf 
of  the  car  body  so  disagreeable  to  passengers  at  the  instant  of  stoppiaj 
With  inside-hung  brake-shoes,   the  brake-shoe  friction  force  acts  upwsn 
through  the  hanger  links  of  the  forward  portion  of  the  truck  and  downwsrl 
through  the  haneer  links  of  the  rear  portion  of  the  truck,  thus  tending  U 
neutralise  instead  of  aggravate  the  effect  of  the  rotating  influence  of  the  ciU 
body.     The  problem  of  proportioning  the  length  of  brake-shoe  hangers  sod 
the  proper  inclination  ca  the  same  to  the  tangent  at  the  point  of  oontaa 


Fxo.  53. — Stress  diagram. 
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fi  the  oentre  of  the  sbooi  in  order  to  compeiuate  exactly  for  the  rotatiog  in- 
ftncDce  of  the  car  body,  is  too  involved  for  presentation  here.  For  this 
Rason  reference  is  made  to  Mr.  R.  A.  Parke's  excellent  paper  in  the  Proceed- 
;  ioCB  of  the  American  Institute  of  Electrical  Engineers.  Vol.  XXII,  Dec,  1902. 
MT.  A  common  form  of  hand  brake  consists  of  a  vertical  shaft  at  each 
ad  of  the  oar  fitted  at  the  top  with  a  ratchet  handle  or  crank,  or  geared  to 
s  hand  wheel.  By  means  of  this  mechaaiam,  the  raotorman  can  wind  up  a 
Chun,  one  end  of  vhich  is  fastened  to  the  lower  end  of  the  vertical  shaft  and 
the  other  end  to  a  rod  which  connects  with  a  system  of  brake  levers.  By 
means  of  a  pawl  (or  dog)  which  engages  in  a  ratchet  wheel  on  the  vertical 
ihaft  near  the  floor  of  the  car,  the  motorman  is  enabled  to  maintain  a  pree- 
iore  on  the  brake-sboe  while  he  gains  a  more  favorable  purchase  for  applying 
nwe  pressure,  or  uDtU  such  times  as  he  desires  to  release  the  brakes.     Tma 


Fio.  54. — Diagram  of  brake  rigging. 

brake  has  been  found  capable  of  supplying  sufficient  brakioE  power  for  the 
safe  control  of  light  cars  running  at  moderate  speed,  but  for  ncavy  cars  and 
high  speeds  the  physical  effort  and  time  required  to  properly  apply  the  brakes 
render  it  necessary  to  provide  other  means  of  supplying  the  proper  force  in 
a  minimum  length  of  time.  Hand  brakes,  nevertheless,  are  always  provided 
as  as  additional  safeguard,  even  though  Uie  cars  may  be  equipped  with  power 
brakes,  as  it  is  always  customary  to  set  up  the  hand  brakes  on  all  cars  when 
they  are  left  standing. 

S06.  Air-brakes  (Par.  S09  to  SS9)  in  some  form,  have  been  universally 
adopted  on  idl  steam  roads  for  braking  both  passenger  and  freight  trains,  and 
the  results  have  been  attended  with  such  success  that  modifications  and  im- 
provements of  the  old  steam-railroad  air-brake  system  have  been  developed 
and  adopted  by  a  vast  majority  of  electric  lines  operating  heavy  high- 
speed interurban  cars,  either  singly  or  in  trains.  On  account  of  the  varying 
elumfccter  of  the  service  on  different  electric  roads,  it  has  been  found  neces- 
sary to  develop  several  systems,  or  modifications  of  the  same  system  which 
will  be  best  adapted  for  the  service  in  hand. 

The  most  familiar  types  at  present  are  known  aa  the  following:  the  atraiifht 
air-brake  ayHem  (Par.  i09),  recommended  for  single-car  operation  only;  the 
ewtergency  Btraight-air  ayatem  (Pur.  SIB),  suitable  for  two-car  operation,  par- 
ticularly when  one  is  operated  single  most  of  the  time  and  with  a  trailer  added 
during  rush  hours;  the  automatic  air-brake  (Pur.  S18),  suitable  for  electric 
trailis  of  three  cars  or  more;  the  combined  atraight  and  aiUomatic  air-brake 
(Par.  SS7),  designed  for  locomotive  operation,  no  matter  whether  steam  or 
dectrie;  fA«  eUctropneumatic  air-brake  (Par.  SS8),  at  present  in  an  experi- 
mental state,  but  particularly  adapted  to  train  operation,  inasmuch  as  the 
tijie  element  in  the  application  and  release  of  the  brakes  on  the  rear  end  of 
a  Uwg  train  is  practically  eliminated. 

t09.  The  stralflkt  ftlr-brake  lyitem  described  in  detail  in  Par.  110  to 
Si4,  consists  Msentially  of  a  source  of  compressed  air  (either  a  tank  filled  at 
iotarvals  from  a  compressor  at  charging  stations,  or  an  air  compressor,  motor 
or  axle  driven,  located  upon  the  car);  a  reservoir  which  receives  the  air  from 
the  charging  tanks  or  from  the  compressor  and  in  which  the  pressure  is  main- 
tained practically  constant  by  means  of  a  reducing  valve,  or  by  a  governor 
which  automatically  controls  the  operation  of  the  compressor;  a  brake 
cylinder,  the  piston  of  which  is  connected  to  a  system  of  brake  levers  in  such 
a  manner  that  when  the  piston  is  forced  outward  by  air  pressure  the  brakes 
are  apf^ed;  an  operating  valve  mounted  in  each  vestibule  by  means  of  which 
the  compressed  air  is  either  admitted  or  released  from  the  brake  cylinders; 
a  pipe  system  connecting  the  above  parts,  including  cut-out  valves,  extra  hose, 
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and  angle  fittings  between  can.  In  order  to  prevent  any  poaaibility  of  mocit 
mulating  an  exceeaive  pressure,  a  a&fety  valve  designed  to  open  at  100  lb.  pe 
eq.  in.  ia  placed  in  the  air-supply  system.  _  A  set  ofpreasure  gages  is  usually 
supplied  with  each  complete  equipment  in  order  that  the  motormma  ma] 
observe  the  pressure  in  the  reservoir  and  remedy  any  defects  in  the  govern 
ing  apparatus. 

110.  To  operata  the  motormkn'f  TalTe  (Par.  tOt),  the  handle  ia  insertee 
when  the  valve  ia  in  lap  position,  where  the  slot  in  the  body  of  the  valve  is  en 
larged  for  this  purpose  (in  order  to  prevent  its  removal  in  any  other  pontion) 
In  this  position  tne  valve  is  set  so  that  air  can  neither  pass  into  nor  ou^ 
of  the  brake  cylinder.  Moving  the  handle  to  the  left  places  the  valvi 
in  "full  release,  that  is,  connects  the  brake  eylinder  to  the  atmosphere  aac 
allows  the  air  which  holds  the  brakes  applied,  to  escape,  and  the  spriai 
which  is  opposed  to  the  air  pressure,  restores  the  piston  and  releases  thi 
brakes.  After  the  brakes  have  l>e«D  released  the  valve  is  returned  to  laf 
position,  which  is  the  normal  running  position.  To  partially  release  the 
brakes,  which  is  necessary  in  braking  in  order  to  prevent  shoeka  as  tbi 
car  stops,  the  handle  Is  moved  to  the  right  and  quickly  returned  to  lap. 
This  rrauoes  the  pressure  on  the  brake-shoes,  but  does  not  entirely  releaai 
them. 

HI.  To  apply  the  brakei  for  a  swrics  atop  (Far.  tM),  the  handle  ii 
moved  to  the  right  a  little  past  the  lap  position,  then  back  tothe  lap.  This 
oonneota  the  reservoir  with  the  brake  cylinder  through  a  small  opening  in  the 
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Fia.  55. — General  Electric  straight-air  brake  system. 


valve,  then  holda  the  pressure  constant  until  it  is  necessary  to  release  or  apply 
more  pressure.  Moving  the  handle  further  to  the  right  connects  the  reeer- 
voir  to  the  brake  cylinder  through  a  large  opening,  thus  causing  the  cylinder 
to  fill  rapidly  and  instantly  apply  the  brakes  with  maximum  pteaaure. 
Hand  is  usually  applied  to  the  tracks  as  soon  as  the  handle  is  turned  to  th« 
emergency  position  in  order  to  avoid  skidding  the  wheels. 

Ua.  In  deieandinc  inMlas  (Par.  SM),  a  light  applioation  of  the  brakes 
should  be  made  and  the  handle  returned  to  lap.  A  sufficient  length  of  time 
should  be  allowed  for  car  to  feel  the  effect  of  the  brakes  before  applying  more 
pressure.  If  speed  is  higher  than  desired  a  second  light  application  should 
Be  made  and  operation  repeated  as  often  as  necessary  until  tne  desired  speed 
is  obtained,  or  until  the  car  has  left  the  grade. 

111.  Cm  with  trailer  (Par.  SM).  The  straight-air  system  of  air-brakes, 
although  only  recommended  for  single-oar  operation,  may  be  used  when 
operating  with  a  trailer.  The  equipment  for  trail  oars  oonsiats  of  a  brake 
cylinder  and  system  of  levera  similar  to  the  ones  on  the  motor  car,  and  a 
length  of  pipe  running  the  entire  length  of  the  oar  and  provided  with  hose 
oouplinga  and  cut-out  cocks  for  connections  to  the  forward  and  rear  cara- 
In  eonneeting  up  tntit  can,  all  the  hose  couplings  must  be  thoroughly  united 
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to  insure  that  air  win  apply  throughout  the  entire  tndn.  All  the  eat-out 
oocka  mnat  be  open  except  those  on  the  rear  of  the  last  car,  and  the  front  of 
the  first  car. 


Beterrolr  Lino 
Fig.  66. — General  Electric  emergency  straight-air  brake  system. 

tl4.  Held  of  ftppUoatlon  (Par.  S09).  So  far  as  ungle-oar  operation  is 
concerned,  the  striught  air-brake  system  is  very  satisfactory,  as  the  desired 
fiexibility  in  the  matter  of  graduations  of  applications  and  release  of  the 
brakes  with  due  regard  to  the  passengers  standing  can  readily  be  secured,  and 
this  apparatus  is  usually  so  simple  in  construction  that  the  motorman  may 
become  familiar  with  its  operation  to  such  an  extent  that  accurate  stopa  may 
be  secured  with  a  minimum  amount  of  instruction.  In  trains  of  considerablo 
length,  however,  the  response  of  the  brakes  on  the  rear  cars  is  too  slow,  since 
all  the  air  must  pass  from  the  main  reservoir  on  the  front  car  through  tho 
opening  in  the  motormao's  valve  to  the  brake  cylinders  of  each  car.  As  tho 
aadition  of  each  car  adds  to  the  volume  of  the  brake  system,  the  main  reser- 
voir on  the  first  car  must  be  considerably  in- 
creased. The  reservoir  capacity  must  be  so  pro- 
portioned that  the  pressure  will  not  be  reduced  to 
such  an  extent  that  the  brake  application  will  be 
insufficient  and  result  in  overrunning  the  desired 
stopping  place.  These  latter  objections  would  not 
necessanly  prevent  the  use  of  this  type  of  air- 
brakes on  short  trains  of  two  or  three  cars,  but  add 
to  the  objection  that  a  broken  hose  connection  or 
leaky  train  pipe  renders  the  brakes  on  the  whole 
train  inoperative. 

tl5.  The  emerfoncy  ttralsht  air-brake, 
described  in  detail  in  Par.  116  and  SI7,  differs 
from  the  straight  air-brake  in  the  details  of  the 
motorman's  valve  and  in  the  addition  of  an 
emergency  valve  and  reservoir  line  which  cou- 
nects  the  motorman's  valve  with  the  emergency 
valves  (Fiip.  56  and  57)-  In  the  case  of  a  trail 
car,  an  auxiliary  reservoir  (Par.  117)  is  also  added, 
as  shown  in  Fig,  58. 

In  the  ordinary  operation  of  single  cars  or  short 
trains,    the   emergency   valve   is  seldom  brought 

into  play.  It  is  necessary,  however,  to  provide  a  short  direct  passage  from 
the  reservoir  to  the  brake  cylinder  in  order  to  ensure  the  quicicest  possible 
action  in  time  of  emergency  and  to  provide  some  means  of  automatically 
brakinc  the  rear  cars  should  a  break  occur  in  the  train  line.     At  otb  ~ 


FiQ.  57. — Emergency 
valve. 
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times  when  it  ia  deeirad  to  malce  a  aervioe  appGeatioii  or  rdeaae.  tiie  (ir  i* 
admitted  or  exhausted  through  the  motorman'e  valre  the  same  a*  in  the 
straight  air-brake. 

lis.  Imereenor  appUoktlon  (Par.  fU).  With  the  motorman's  tsItc 
in  the  emergency  poeition,  it  allows  air  to  escape  from  the  rsserroir  line  and 
causes  the  reservoir  pressure,  which  is  above  that  in  the  emergencjr  valve,  to 
compress  the  spring  which  holds  the  valve  in  its  normal  position,  thus 
opening  a  port  in  the  valve  casing  which  communicates  with  the  brake  cyl- 
inder for  the  direct  passage  of  the  reservoir  air.  The  line  from  the  reservoir 
supplying  the  air  for  this  process  should  not  be  confused  with  the  reservoir 
line.  During  an  emergency  application,  all  communication  with  the  trun 
and  reservoir  lines  is  cut  off.  To  release  the  brakes,  therefore,  it  is  neces- 
sary first  to  return  the  emergency  valve  to  its  normal  position  by  recharging 
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Fio.  58. — General  Electric  emergenoy  atraight-air  brake  for  trail  can. 


the  reservoir  line  to  the  reservoir  pressure.  This  equaliiing  of  prenurM 
allows  the  spring  under  the  valve  to  return  it  to  its  original  position,  and  the 
brakes  can  be  released  in  the  same  manner  as  after  a  ser\-ice  application  b^ 
exhausting  the  air  from  the  train  line.  The  recharging  of  the  reservoir 
line  is  accomplished  by  moving  the  motorman's  valve  to  emergency-releMS 
position  at  the  extreme  left  of  the  slot  in  the  body  of  the  valve.  With  the 
motorman's  valve  in  this  position,  a  connection  is  opened  between  the  ro&in 
reservoir  and  the  reservoir  line  and  also  a  connection  between  the  train  line 
and  atmosphere.  With  the  emergency  valve  in  normal  position  there  is  ^ 
direct  passage  to  the  train  line  and  brake  cylinder,  and  the  service  applies- 
tions  and  release  are  made  by  increasing  or  decreasing  the  pressure  in  the 
train  pipe. 

tlT.  Auxiliary  reiarroir  with  trailer  <Par.  lU).  In  the  case  of  ft 
trail  car,  the  auxiliary  reservoir  is  charged  during  emergency  release  by  the 
air  pressure  equalising  on  both  sides  of  the  slide  valve  through  charging 
grooves  in  the  valve  casing.  At  other  times  it  is  charged  from  the  main  res- 
ervoir through  the  charging  grooves  in  the  emergency  valve  on  the  motor 
oar. 

In  case  of  accident  to  the  reservoir  line  the  air  can  be  exhausted  from 
the  auxiliary  reservoir  and  the  train  operated  on  straight  air  without  inter- 
rupting the  service.  An  accident  to  the  train  line  has  no  effect  upon  the 
action  of  the  emergency  valve  which  still  can  be  employed  as  ordinarily 
by  throwing  the  motorman's  valve  to  the  emergency  position.  As  the 
straight  air-brake  principle  predominates  in  this  system,  it  is  subject  to  the 
same  objection  which  prevents  the  use  of  the  straight  air-brake  on  longer 
trains,  namely  the  time  limit.  For  this  reason,  the  automatic  air-brake  is 
used  on  trains  of  three  or  more  cars. 

,  S18.  The  automatic  air-brake,  described  in  detail  Par.  Sit  to  tU. 
differs  from  the  straight  air-brake  in  that  the  former  requires  a  decrease  in 
the  train-pipe  pressure  to  apply  the  brakes,  and  an  increaae  in  presBure  to 
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Fia.  60.— 8. 1, 
triple  valve. 


)  tbem,  whereas  in  the  latter,  air  is  admitted  to  the  train  pi{>e  to  apply 

the  brakes  and  exhausted  to  release  them. 

119.  The  apparatus  required  (Par.  SIS)  for  this  system  in  addition  to 
tikat  already  mealioaed  for  the  straight  air-brakes  is  as  follows:  a  set  of 
duplex  pressure  ga^ea,  which  indicate  simultsDeoualy  the  pressure  in  the 
main  reservoir  and  in  the  train  pipe;  an  auxiliary  reservoir,  for  storint^  the 
air  used  by  each  car  in  braking;  a  triple  valve,  the  function  of  which  la  to 
admit  air  irorn  the  auxiliary  reservoir  into  the  brake  cylinder  and  to  release 
it  therefrom  (in  release  position,  the  auxiliary  reservoir  ia  recharged),  and  ao 
air-whistle  reservoir,  with  suitable  check  valve  for  sup- 
plying air  to  the  air  whistle. 

This  system  is  capable  of  a  great  many  refinements 
which  may  be  added  or  omitted  as  requirements  of  a 
particular  service  may  prescribe.  The  main  points  of 
difference  between  particular  automatic  air-brake 
equipments  will  sencrally  be  found  in  the  details  of  the 
triple  valves,  and  the  addition  of  pressure  maintaining 
and  reducing  valves.  These  features  are  essential  in 
certain  classes  of  grade  work  in  order  to  prevent  brakes 
**  leaking  off."  These  particulars  have  been  intention- 
ally omitted  from  this  consideration  in  order  to  avoid 
undue  complexity.  Two  forms  of  triple  valves,  how- 
ever, need  to  be  considered  here  inasmuch  as  the  plain 
triple  valve.  Fig.  59,  is  only  used  on  comparatively  short  trains,  about  five 
cars  in  length,  whereas  the  quick-action  triple  valve,  Fig.  60,  is  designed  to 
be  uaed  on  much  longer  trains. 

550.  Kznerffency  application  (Par.  SIS).  For  the  emergency  position 
shown  in  diagram.  Fig.  60,  the  train  line  is  open  to  the  atmosphere,  allowing 
auxiliary  reservoir  pressure  on  the  ri{[ht  of  the  slide-valve  piston  forcing  it 
to  the  left  against  the  graduating  spring,  compressing  it  ana  uncovering  the 
brake  cylinder  port.  Air  ia  thus  permittca  to  flow  from  the  auxiliary 
reservoir  directly  into  the  brake  cylinder;  at  the  same  time  the  ports  leading 
to  the  atmosphere  and  to  the  train  pipe  are  closed. 

551.  To  raUase  tha  brakes  (Par.  SIS),  the  main  reservoir  air  is  admitted 
through  the  train  to  the  chamber  at  the  left  of  the  slide-valve  piston,  forcing 

it  to  the  right,  and  connecting  the  brake- 
cylinder  port  to  the  exhaust  pipe.  At  the 
same  time,  air  at  the  main  reservoir  pressure 
raises  the  check  valve  and  recharges  the  aux- 
iliary reservoir  to  main  rnservoir  pressure. 

A  ^aduated  release  of  the  brakes  may  be 
obtained  with  this  ty^e  of  valve,  by  piping 
the  exhaust  from  the  tnple  valve  to  the  motor- 
man's  valve  where  a  movement  of  the  valve 
handle  will  release  the  air  the  same  as  in  the 
straight  aii^brake. 

ISS.  Necessary  train-line  reduction 
(Par.  S18).  A  service  application  requires 
only  a  slight  reduction  in  train-lino  pressure 
(from  6  to  7  lb.)  which  is  sufficient  to  permit 
the  slide-valve  piston  to  slightly  compress  the 
graduating  spring  and  partially  open  the  brake-cylinder  port,  when  the 
auxiliary  reservoir  pressure  has  been  reduced  to  about  the  same  value  aa 
the  train-line  pressure,  the  graduating  spring  will  return  the  slide  valve  to 
lap  position,  closing  all  the  ports  before  the  brakes  are  fully  applied.  The 
auxiliary  reservoir  and  brake  cylinder  are  usually  so  proportioned  that  the 
brakes  are  fully  applied  when  the  brake  piston  displacement  is  sufficient  to 
reduce  the  auxiliary  reservoir  pressure  about  15  lb.  Therefore,  a  train  pipe 
reduction  greater  than  15  lb.  fully  applies  the  brakes  and  is  wasteful  of  air, 
because  the  train  pipe  and  the  auxiliary  reservoir  must  be  fully  charged  after 
each  application. 

SSS.  The  quick-action  triple  valve  (Par.  S18),  shown  in  Fig.  60,  is  de- 
signed to  be  used  on  freight  trains  of  considerable  length,  its  function  ia  to 
apply  and  release  the  brakes  on  the  rear  cars  so  quickly  that  the  running  in 
■ad  out  of  the  slack  is  avoided.     Fig.  62  ia  a  diagrammatical  section  of  the 


Fio.  60. — K  triple  valve. 
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triple  valve  shown  ia  Fie.  60.  In  the  full  raleaae  position  shown,  air  U 
allowed  to  pan  from  the  brake  cylinder  through  porta  in  the  alide  valve,  Um 
same  as  in  the  plain  triple  valve.  The  auxiliary  reservoir  is  charged  through 
grooves  around  the  slide-valve  piston,  and  also  through  the  raiaed  cheek 
valve  and  the  uncovered  port  in  the  slide  valve.  The  operation  of  the  auto- 
matic air  brake  (Par.  US)  in  conjunction  with  this  valve  is  deaeribed  in  Par. 
tM  toSM. 
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Fia.  61. — WeatinchouM  automatic  air-brake. 

tl4.  B«leM«  with  qulek-Mtion  triple  Talre  (Par.  Sli  and  ItS).  In 
release  position,  the  decrease  in  train  line  pressure  allows  the  valve  piston  to 
move  to  the  left,  clofling  the  charging  grooves  and  feed  port,  /,  and  exhaust 
port,  P.  Just  before  valve  piston  strikes  the  graduating  stem,  a  cavity  in 
the  grading  valve  on  top  of  the  slide  valve  connects  ports  which  allow  eoia- 
'munication  from  the  brake  cylinder  to  the  emergency  chamber  and  train 
pipe.  The  piston  in  the  emergency  chamber  is  only  loosely  fitted,  so  that 
the  air  whtcn  is  admitted  from  the  train  pipe  to  the  unseated  check  valve 
passes  into  the  brake  cylinder  before  communication  is  established  between 
the  auxiliary  reservoir  and  the  brake 
oyliader.  Owing  to  the  fricUon  in  the 
train  pipe,  a  reduction  of  air  pressure  at 
the  front  end  of  the  train  is  not  felt  at  the 
rear  end  until  some  time  later.  Thus  the 
venting  of  the  train  pipe  at  each  oar  re- 
sults in  hastening  the  reduction  for  ea^ 
car  following^;  at  the  same  time  requiring 
a  leas  reduction  at  the  engineer's  valve  to 
apply  the  brakes  with  a  ^ven  pressure, 
since  the  auxiliary  reservoir  is  not  re- 
quired to  supply  all  the  air  to  the  brake 
cylinder. 

When  the  brake-cylinder  pkesaure  is  re- 
duced below^  that  in  the  train  line,  the 
slide-valve  piston  moves  to  the  right  with 
the  graduating  valve  and  closes  all  ports 
leading  to  the  brake  cylinder.  The  tendency  for  the  brake-pipe  and  auxil- 
iary-reservoir pressures  to  equalise  through  the  connections  to  the  brake 
cylinder  is  prevented  by  the  proportioning  of  the  respective  porta,  so  that  the 
auxiliary-reservoir  pressure  decreases  faster  than  the  brake-pipe  preasurea, 
and  insures  the  travel  of  the  piston  to  the  right. 

StS.  In  retarded  releaae  with  qulck-aetlon  triple  Talve  (Par.  118  and 
SSS)  the  train  line  is  quickly  re-charged,  forcing  the  valve  piston  to  the  ex- 
treme right.     Thus  is  prevented  the  re-charginc  of  the  aiudliary  raeervoir' 


FiQ.  62. — K  triple  valve. 
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hroi^  the  wh^rging  froovM  befon  opening  a  snuU  port  in  the  ilide  vftlre, 
mcdcT  permit  the  train  line  preaaure  to  raue  the  check  valve  and  slowly 
B-eh&rge  the  auxiliary  reaervoir.  The  function  of  the  ohargjnx  deviee 
hbown  on  the  outside  of  the  valve  in  Fig.  60)  is  to  prevent  the  inertia  of  the 
He  valve  from  forcing  it  to  the  extreme  right  of  lie  travel  when  the  valve 
ision  is  brought  up  against  its  stop.  The  restricted  area  at  the  left  end  of 
he  exhaust  cavity  of  the  slide  valve  partly  closes  the  exhaust  port,  and  allows 
he  brmke-oylinder  air  to  flow  slowly  into  the  atmosphere.  On  account  of  the 
kietion  in  the  train  pipe,  it  is  impossible  to  re-charge  the  train  line  at  the 
car  of  the  train  faster  than  the  air  will  flow  through  the  charging  grooves 

m  the  triple  valves.     As  a 

bMult.      only      the     triple    ^    „,,  »;    ,  *'  , 

hralvea  of  the  foremost  care    [^>^iri—  -l&M. ^ 

^ve  to  retarded  release. 
others  remaining  in 
jbill  release,  which  releaaes 
Vbe  brakes  on  the  rear  ears 
quickly. 

SSC.  Kmernncj  u- 
pHeation  with  quick- 
■stlon  triple  valve  (Par. 
tU  and  tSi).  The  sudden 
ndaction  of  train  pipe 
pressure  in  the  emergency 
position  of  the  engineers 
valve,  moves  the  slide- 
valve  iHston  to  the  left, 
compreeaing  the  graduat- 
ing epring  and  opening  a 
port  directly  to  the  brake 
cylinder,  and  also  opening 
another  port  to  the  emer- 
gency chamber  which  un- 
■eata  the  emergency  valve. 
At  the  same  time  the  train* 
fine  pressure  opens  tfae 
ebeck  valve  and  air  flows 
from  the  train  line  directly 
into  the  brake  cylinder, 
i^plj^ng  the  brakes  with 
maxunuro  pressure.  The 
quick  ventinc  of  tfae  train 
bne  insures  the  rapid  serial 
action  of  the  brakes  on  the 
rear  cars. 

SST.  The  oombined 
rtrairlit  and  automatle 

atr-brake,  as  the  name  implies,  consists  of  two  sets  of  motorman's  valves 
for  the  control  of  each  system.  The  straight  air-brake,  operating  with 
preaeure  between  6£  and  70  lb.  per  sq.  in.,  applies  and  releases  the  brakes  on 
the  front  car  independently  of  the  brakes  on  the  other  cars.  The  automatic 
brakes  operate  with  air  pressure  from  100  to  110  lb.  per  sq.  in.,  and  apply  the 
brakes  on  the  remainder  of  the  train  independently  of  the  brakes  on  the  front 
ear.  The  chief  advantage  of  such  an  arransement  is  the  possibility  of  hold- 
ing the  brakes  on  the  locomotive  applied  while  the  train  brakes  are  released 
for  the  purpose  of  re-charging  the  auxiliary  reservoirs. 

Sn.  The  electropneuznatic  iTitem  is  practically  the  same  as  the 
present  automatic  system,  eicept  toat  the  valves  are  operated  by  solenoids 
in  much  the  same  way  as  the  contactors  in  the  multiple-unit  train  control. 
At  the  present  time  air  control  is  retained  as  a  safeguard  in  case  of  failure 
of  the  electric  control.  With  electric  traction,  the  possibilities  of  this  sys- 
tem seem  to  be  unlimited  and  automatic  retardation  as  well  as  acceleration 
is  quite  feasible. 

U9.  The  air  reMrroin  should  have  a  capacity  sufficient  to  supply  air 
for  three  or  four  applications  without  reducing  the  pressure  more  than  from  12 
to  15  lb.     Otherwise  every  ordinary  application  of  the  brake  will  throw 
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th«  oompresaor  into  action,  thus  keeping  the  latter  In  a  eonsiani  state  o 
fltarting  and  stopping,  and  causing  unneoeasary  wear  to  both  eompreaH 
and  governor.  The  Weatinghouse  Traction  Brake  Company  recoiai 
mended  the  following  siies  of  reservoirs: 

With    3-in.  brake  cylinders  use  16  in.X4S  in.  reservoirs. 

With  10-in.  brake  cylinders  use  16  in.  X60  in.  reserroiis. 

With  12-in.  brake  cylinders  use  16  in.X72  in.  reservoirs. 
The  lengths  given  above  are  over  alL 

These  reservoirs  are  fitted  with  drain  cocks,  and  should  be  drmioa^ 
frequently  in  order  to  prevent  any  water,  oil,  or  dirt,  brought  in  by  thi 
oorapreased  air,  from  being  carried  further  into  the  brake  system.  If  ail 
Iowck!  to  stand  for  several  days,  the  reservcnr  will  fill  with  water,  therefag 
reducing  its  capacity,  and  will  also  allow  moisture  to  pass  into  the  pipui| 
system  and  collect  in  pockets,  where  it  will  be  likely  to  freese  in  oold  weathcc 

550.  Track  brakes  have  been  developed  for  operation  in  oonnectioi 
wiUi  rither  power  or  hand  brakes,  the  distinctive  feature  being  the  utilia» 
tion  of  the  power  generated  by  the  motors,  when  property  connected,  M 
energise  a  oowerful  electromagnet,  thereby  drawing  a  suitable  track  shoe  M 
the  rail  with  considerable  force.  The  friction  between  the  track  shoe  and 
rail  is  transmitted  to  the  brake  shoes  on  the  wheels  through  a  system  al 
brake  levers,  thereby  adding  to  the  braking  effort  of  the  brake  shoes  on  tha 
wheels  an  amount  equal  to  the  drag  of  the  track  shoes  on  the  rails  aad  thi 
counter  torque  of  the  motors  acting  as  generators.  It  is  possible,  becmusa 
of  the  automatic  regulation  of  the  magnetic  attraction  between  the  track 
shoe  and  rail,  to  utihie  as  great  or  possibly  greater  brake-shoe  pressure  than 
is  customary  with  either  hand  or  air  brakes  without  skidding  the  vheeU* 
but  in  practice  this  is  seldom  requir^  and  considerably  less  braking  prtsaaurs 
is  customary.     The  friction,  between  the  track  shoe  and  rail,  necesssu^y  to 

f)roduce  the  requisite  brake-shoo  pressure  will  depend  upon  the  design  oi  the 
ink  motion  and  the  speed  of  the  train.  However,  this  is  usually  greater  than 
i.he  braking  effort  exerted  by  the  wheel  brakes,  and  where  the  speed  is  low. 
advantage  can  be  taken  of  a  high  coefficient  of  friction  which  is  impoaasblA 
where  the  wheels  are  apt  to  skid,  as  in  the  case  of  power  brakes.  It  is  thm 
evident  that  the  retardation  possible  with  track  brakes  is  at  leant  twice  as 
great  as  with  power  brakes,  rendering  the  former  particularly  well  adapted  aa 
emergency  brakes  for  heavy  grades,  which  are  characteristic  of  scenic  rail- 
w^s,  etc. 

ft  should  be  noted,  however,  that  dnce  this  brake  depends  upon  tb« 
electromotive  force  generated  by  ^e  motors  when  running  as  generatoca,  it 
cannot  be  depended  upon  to  hold  a  train  on  a  grade  or  bring  it  to  a  stop 
unless  a  connection  is  made  with  the  trolley  for  this  purpose.  There  are 
various  objections  to  resorting  to  this  means  of  energising  the  brake  solenoid, 
except  in  an  eraerKenoy,  consequently  the  electric  track  brake  is  limited  in 
its  applications  to  roads  where  it  is  necessary  to  provide  an  additional  safe- 

guard  at  the  expense  of  considerable  complications  to  the  ordinary  form  of 
rakes. 

TB1TCK  AND  CAB  B0DIX8 

551.  Clauiflo&tlon  of  truoki.  The  development  of  the  self-propelled 
oar  has  led  to  some  modifications  in  standard  truck  design.  The  savaral 
types  of  trucks  all  fall  in  two  general  groups — namely,  the  single-tniok 
(Par.  SSS),  and  the  double  or  bogie  truck  (Par.  SSS). 


Fia.  64. 

SSS.  Tha  tingle-traek  onr  is  intended  for  city-street  service,  and  when 
the  maximum  speed  does  not  exceed  25  miles  per  hr.  The  two  axles  of  the 
nngle-truck  are  rigidly  aligned  by  side  frames,  so  that  of  necessity  the  rind 
wheel  base  must  be  short  in  order  to  negotiate  sharp  curves,  thus  limiting  toe 
lensth  of  car  used,  because  too  much  overhang  is  productive  of  much  rocking 
and  unsafe  riding,  and  is  objectionable  also  when  rounding  sharp  curves  ia 
dty  streets.     In  order  to  provide  easy  riding,  the  oar  superstenoture  is  sop- 
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•orted  apon  elUptlo  and  eoil  >prliifft  dengned  to  Uke  up  the  shock  resulting 
■em  riding  over  uneven  track.  Single-truck  cars  are  limited  to  a  maximum 
kfiCth  of  about  %  ft.  over  all  and  a  maximum  weight  including  car  body 
laa  trucks,  but  exclusive  of  electrical  equipment  of  approximately  16,000  lb. 

StS.  The  double-truck  oar  is  equipped  with  two  distinct  trucks  joined 
logeiber  through  the  medium  of  the  car-body  framing.  The  swivel  or 
bofi*  truck  consists  essentially  of  two  or  more  axles  centred  in  common 
Me  frames  which  are  joined  by  a  cross  piece  or  bolster  carrying  a  centre 
piste  and    also  side-bearing  plates  upon  which  the  car  body  rests. 

The  bogie  truck  may  comprise  two  or  more  axles  mounted  in  a  single 
■trnrture.  the  prevalent  type,  however,  is  composed  of  two  axles  for  cars 
Kighing  up  to  50  tons  total  weight.  For  very  high-speed  service  or  for 
heavy  cars,  three-axle  trucks  are  to  be  recommended. 

tt4.  ClAUificatlon  of  bo^e  trucki.  The  standard  foui^wheel  bogie 
truck  is  built  along  different  hues  depending  upon  the  service  which  it  is  to 
perform.  As  the  weight  of  the  car  body  is  carried  upon  the  cross  piece  or 
Mstor  oonnecting  the  side  frames,  it  is  evident  that  the  construction  of 
this  bolster  and  its  support  offers  a  means  of  cusbioning  the  effect  of  shocks 
liven  the  car  wheels  when  riding  over  uneven  track.  There  are  three  general 
^pea  of  bogie  trucks,  namely:  the  rigid-bolster  type  (Par.  tS6),  the  floating- 
mster  type,  (Par.  S96);  and  the  swinging-bolster  type  (Par.  SST). 

ttA.  The  rlfid-bolster  tjpe  (Par.  S34)  is  suitable  for  locomotive  work 
Mly,  as  the  cushioning  effect  of  the  car  body  by  means  of  springs  is  not 
juried  to  sufficient  length  for  easy  riding  qualities.  The  bolster  is  solidly 
sstened  to  the  aide  frames  and  forms  an  integral  part  therewith.  The  ipring- 
supended   car   superstructure    is    sustained   by    means   of    box    springs 


Pio.  65. — Motor,  locomotive-frame,  rigid  bolster. 

ilaoed  between  the  side  frames  and  the  journal  boxes.  These  springs  may 
>e  of  semi-ellipUc  (Fig.  65)  or  spiral  type  (Fig.  68).  This  type  of  construc- 
ion  offers  no  compensation  for  the  swaying  of  the  superstructure,  and  is 
herefore  not  adapted  for  high-speed  or  passenger  service. 

SM.  The  flofttiziff-bolstar  conatruction  (Par.  S84),  comprises  in  part 
\  bolster  mounted  upon  elliptic  springs  which  rest  upon  the  side  frames.  The 
tolster  thus  has  an  independent  vertical  movement,  and  travels  in  ways  in 
he  side  frame.  This  type  of  construction  is  best  adapted  to  locomotive 
rucks  designed  for  slow-speed  service,  as  the  superstructure  is  not  sufficiently 
Ushiooed  to  provide  easy  riding  for  high-speea  passenger  service. 

SSt.  The  iwlngiiijg-bolflter  construction  (Par.  S34)  comprises  a  mov- 
tble  bolster  traveling  in  a  guide  or  transom  and  mounted  upon  elliptic  springs, 
\  construction  very  similar  to  the  floating-bolster  ty[}e.  In  the  former, 
Knrever,  the  elliptic  springs  do  not  rest  directly  upon  the  side  frames,  but 
est  in  a  saddle  hung  from  the  transom  or  side-frame  construction  in  such  a 
BMDer  that  opportunity  is  provided  for  a  transverse  swing  of  the  super- 
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structure.  Thia  arrongament  jMnnita  th«  ■nperstnuton  to  swins  or  n 
when  rounding  ourrea,  and  oSen  a  very  eaay  riding  truck  for  hicfa  •!>• 
paiaenger  Hrvioe.  To  inoraaae  the  euahioning  effect  *tiU  further,  the  m 
xramefl  are  not  directly  mounted  upon  the  ioumal  boxes  but  have  coil  spitn 
interpoeed,  either  placed  directly  over  the  journal  boxes  (Fig.  68)  or  betwe 
tbe  ude  bar  and  tne  truck  frames  (Fig.  67}  or  a  combination  of  both. 


\ 


Fia.  68. — Swing  bolster  truck  (Brill  Co.). 

The  flvinging-bolater  truck  is  designed  for  high-speed  pasBenger  serrioe. 
and  is  satisfactory  for  maximum  speeds  up  to  70  or  80  muea  an  nour.  For 
very  high  speeds  it  is  preferable  to  provide  a  bogie  truck  ooDstruction  con- 
aistiDg  of  three  aziep,  the  two  outside  axles  carryias  less  weight  than  the  oeotn 
Azie,  and  preferably  carrying  no  motors  gearw  thereto. 
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IS8.  Ooiutmetion  of  boUtar  and  tid*  flTMnM.  The  tniek  boleter  may 
be  made  <A  wood  or  metal,  and  both  the  centre  i^late  and  sid&-bearing  plates 
whioh  it  carries,  may  be  ball  or  roller  bearings,  in  order  to  reduce  the  {notion 
and  p^mit  the  trudc.  to  respond  readily  to  the  demands  of  track  curvature. 
The  aide  frames  may  be  built  up  of  steel  plates  riveted  together,  or  forged 
or  east  in  a  single  piece.  Th'e  construction  is  rigid  and  provides  for  good 
alignment  of  the  axiee. 

SS9.  Maziinum  traction  trueki  are  designed  for  city  service  at  speeds 
not  much  exceeding  30  miles  per  hr.,  and  are  useful  where  it  is  desired  to 
mount  a  sinste  motor  on  a 
truck  providing  for  four 
wheels,  having  a  short 
wheel  base,  and  carrvin; 
TO  per  cent,  of  the  total  car 
weight  upon  the  driving 
wheel,  which  is  larger  in 
diameter  than  the  trailing 
wheel.  Maximum  traction 
trucks  are  not  suitable  for 
high-speed  service. 

t4a  ClMSiflcatlon  of 
ear  bodlM.  Car  bodies 
differin  eonstruotion  according  to  local  requirements.  They  may  be  divided 
into  two  general  types,  namely:  open  cars,  and  closed  cars.  The  dividing 
line  between  these  two  types  is  not  uiarply  defined  owing  to  the  introduction 
during  the  past  few  years  of  the  convertible  and  semi-convertible  type  of 
ear  body,  which  permite  the  oomplete  closing  in  of_  the  ear  body  sides,  or 
partial  removal  thereof  according  to  climatic  conditions.  The  true  type  of 
open-car  body  is  arranged  with  cross  seats  which  will  seat  five  passengers  per 
seat  and  in  the  larger  cars  seating  75  passengers  per  car. 


Fzo.  09. — Maximum-traction  truck  (Brill  Co.). 


C 


=« 


Fio.  70. 


capacity  24. 


innn.nTi.n.n.n.nEz 

Fio.  71. — Seat  capacity  44. 


Besides  the  convertible  and  semi-convertible  type  of  closed  cats,  a  eombina- 
tion  open  and  closed  car  is  used  for  warm  climates,  as  it  offers  the  createst 
advantages  for  all-the-year  operation. 

Ml.  AiTuuamant  of  M»t>.  The  closed-body  car  ma^  be  provided  with 
either  longituainal  or  cross  seats,  the  former  being  used  id  the  shorter  ears 
of  30  ft.  overall  and  under,  and  the  latter  in  the  larger  city  and  suburban 
cars.  In  general  it  may  be_  stated  that  longitudinal^eeat  cars  are  suitable 
only  for  short  runs  and  medium  rates  of  acceleration,  and  transverse  seats 

should  be  used  in  order  to  pro- 
vide comfort  for  the  passenger 
where  the  accelerating  rates 
are  high  or  the  run  extended. 
The  prevalent  t^pe  of  trans- 
verse-seat oar  is  indicated  in 
Fig.  71,  and  usually  contains 
short  longitudinal  end  seats  in 
addition.  Owing  to  the  possi- 
bility of  crowding  at  the  car 


E 
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Fio.  72. — Sekit  capacity  44. 


entrance,  it  has  been  found  advisable  to  provide  more  standing  room  at  these 
points.     This  leads  to  a  composite  tyj;>e  of  car  having  longer  longitudinal  end 
seats  and  providing  transverse  seats  in  the  centre  portion  of  the  car  only. 
In  some  mstancea  it  ia  necessary  to  provide  narrow  city  cars,  and  insufficient 

yace  is  allowed  for  transverse  seats  capable  of  seating  to  people  on  the  side, 
modification  of  transverse-seat  car  is  constructed  for  BU<m  oases  having  the 
longitudinal  aisle  and  providing  a  two-paaeenger  seat  on  one  side  and  a  one- 
passeoger  seat  on  the  other. 
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Ml.  Cntraneei  and  exits.  In  rapid-tranait  senrioe,  where  large  crowds 
must  be  handled  with  a  minimum  time  allowed  for  stops,  it  is  desirable  to 
use  doors  at  the  sides  so  arranged  that  the  orowd  can  circulate  rapidly,  with 

as  little  interference  as  possible 
II II   ri    IVI   \'\    \'{   I'l   n  n   n    If-^.^^^^een  the  boarding  and  the 
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"Fia.  73. — Seat  capacity  44. 


TunrmF! 


leaving  passengers.  In 
cases  this  is  accomplished  bjr 
end  doors  for  entraace  and  s 
oentie  door  ior  exit,  wUle  ia 
one  type  of  side-door  car  then 
is  a  door  opposite  each  seat,  all 
doors  being  operated  from  one 
point  by  compressed  lur.  In 
the  west  a  type  of  car  with  a  single  side  door  in  the  middle  is  becominc 
popular.  The  par->s-70U-enter-ean  hare  greatly  simplified  the  fare- 
coUector's  problem  in  large  cities  and  are  rapidly  displacing  the  other  types. 
In  these  cars  the  entrance  and  exit  are  kept  distinct,  so  that  the  passengers 
are  obliaed  to  circulate. 

MS.  btrft  eompartmentl  on  luburban  can  (Par.  IM).  For  sub- 
urban service  it  is  desirable  to  provide  a  imoUnc  oompartment  divisioned 
off  from  the  main  portion 
of  the  oar  and  connected  to 
it  by  a  door.  Such  a  car 
should  preferably  be   run 

single  ended  with  the  smok-  

ing  compartment  in  front.   V  ^^_^^         jnnnnnnn 

However,    it    ia    common    AL— J         H  II    1^ 

practice  to  run  such  cars     ^^^Mt— J  '  '   '  ' ' '  '   '  [•>  I  ■!  '  ■■  "  -« 

double    ended,    in    which  Fio.  74.— Seat  capacity  37. 

case  all  passengers  may  be 

compelled  to  pass  through  the  smoking  compartment  in  order  to  reach  the 

main  seating  portion  of  the  car. 

Owing  to  the  necessity  of  taking  care  of  baggage  or  express  material 
on  suburban  lines,  many  such  oars  are  supplied  with  a  baf  ga^  oompart- 
mant  which  is  also  used  as  a  smoking  compartment,  and  in  addition  s 
toUat  should  be  provided  where  the  run  is  of  considerable  length. 

M4.  Airuigemant  of  intarurban  can.  Many  oari  ara  heated  (Sec. 
22),  with  hot  water  instead  of  electrically,  and  the  more  elaborate  high- 
speed interurban  cars  opemt- 
ing  over  long  distances  provide 
a  compartment  for  exprssi 
matter,  smoking  compartment, 
main  passenger  compartment, 
toilet  rooms,  etc.  The  motors 
man's  compartment  is  din- 
sioned  off  from   the  bsggsfs 
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FiQ.  7S, — Single.ended  car. 


compartment  and  such  cars  are  generally  run  Bingle.ended,  requicing  the  i 
of  a  loop  or  Y  at  the  terminals,  see  Fig.  75. 

US.  Doubla-deok  oars.  For  certain  classes  of  city  service  where  the 
track  capacity  is  Umited  and  speeds  are  moderate,  recourse  may  be  had  to  s 
double-deck  or  top-seated  oar.  Unless  endoeed  these  cars  are  only  suitable 
for  climatea  having  small  temperature  change  and  must  be  operated  at  low 
speed  (26  miles  per  hr.  or  less)  in  order  to  prevent  poesibility  of  overturniag. 
Acceas  is  had  to  the  upper  seating  portion  of  the  car  by  means  of  stairways. 

BXLV-PKOPELLID  CABS 

tM.  CUllUlcatlon.  Self-propelled  cars  are  divided  into  three  genenl 
types,  as  follows;  storage  battery  (Par.  S4T);  gasoline  or  oil  motor  (Par. 
>4S);  gas-electric  (Par.  »4»). 

S47.  Tha  atorage-battary  oar  is  suited  to  very  special  oondition>,  ami 
has  not  yet  been  considered  for  general  railway  service  owing  to  the  liraita- 
tioDS  in  weight,  cost  and  restricted  mileage  of  the  battery.    (See  Section  20.) 

iU.  Tha  gaa-motor  ear  has  come  into  limited  use  on  interurban  lin" 
and  on  feeder  lines  of  steam  roads.  Its  greatest  disadvantage  lies  in  the 
mechanical  transmission  of  power  between  motor  and  driving  wheels. 
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SM.  Tlie  fM-«l«ctrio  car  (Fig.  76)  claims  aa  its  advantage  the  elimina- 
tion of  all  mechanical  troubles 
by  subetituting  electric  drive 
throush  generator  and  motors. 
Such  cara  are  in  service  to  a 
limited  extent  where  operatiDg 
conditions  are  favorable.  Gas- 
deetric  locomotives  are  possi- 
ble only  when  the  service  de- 
mand can  bo  taken  care  of  by 
the  maximum  output  of  the  ^as 
motor,  not  mucn  exceeding 
250  b.p.  The  possibilities  of  the 
gas-electric  drive  are  not  yet 
foUy  worked  out  or  appreciated 
by  operating  men.  and  the  use 
of  such  eqiupment  is  influenced 
largely  by  the  possibility  of 
using  a  cheap  fuel.  Cars  are 
now  in  interurban  service  that 
consume  approximately  5^o  gal. 
of  gasoline  per  car-mile. 

■I.BCT&IC  LOCOMO- 
TITX8 

MO.  CUMUoatlon.  Elec- 
tric locomotives  may  be  di- 
vided into  four  general  classes 
aa  follows:  a,  miscellaneous  in- 
terurban freight  service;  b, 
yard-shifting  and  interchange 
freight;  c,  main-line  freight;  d, 
main-line  passenger. 

Ul.  LooomotlTei  for  In- 
terurban linei  are  all  of  the 
same  general  type  of  construc- 
tion and  comprise  a  cab  car- 
ried on  two  four-wheel  trucks 
upon  which  aremoun  ted  single- 
geared  motors  in  the  usual 
manner.  The  locomotive  is  of 
construction  similar  to  inter- 
urban cars,  except  as  to  super- 
structure and  gearing  of  mo- 
tors. The  service  performed 
by  electric  locomotives  on  sub- 
urban and  interurban  lines  can 
generally  be  taken  care  of  by  a 
locomotive  weighing  from  30 
to  50  tons,  all  weight  being 
disposed  on  the  drivers,  and 
equipped  with  four  geared 
motors  of  standard  types. 
These  motors  have  an  aggre- 
gate capacity  not  greatly  ex- 
ceeding 1;000  h.p.  at  a  1-hr. 
rating.  The  trains  hauled 
may  reach  15  or  20  cars,  total- 
ling 500  to  800  tons  as  a  maxi- 
mum, w^bile  the  average  service 
comprises  the  movement  of 
freight  trains  of  considerably 
leas  number  of  cars.  The  duty 
of  interurban  locomotives  is 
very  variable  and  is  of  such 
an  intermittent  character  as 
seldom  to  require  accurate  predetermination  of  motor  capacity. 
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in.  awitobinf  (yard)  loeomotlTM  are  ol  th«  luna  naatl  typa  •■ 
those  in  uK  OD  intsnirban  linei,  except  that  the  speed  is  much  lower  and  that 
the  total  weight  may  reach  100  tons  when  such  looomotives  are  used  between 
large  yards  for  the  interchange  of  freight.  The  service  is  intermittent  and 
the  average  speed  is  below  4  miles  per  hr.  The  average  energy  input  is  lees 
than  80  kw.  lor  a  60-ton  locomotive.    Slow-speed  armatures  and  a  maximum 


\ 


Flo.  77. — Interurban  locomotive  (elevation). 


Pantograph 
_-j-__         Trolley 


Reuifamt 


Hood  Enqinti 


'Motors 


Diit  Valve 


f lei  Com  for       Han      5^ 

far  forced  Verrlt-  5tiiitt/r.   Ktttrmn 
lotion  at  Motor    r/ry/w 


Fio.  78. — Interurban  looomotive  (oroas-eeetion). 


Fio.  79. — Switching  locomotive. 


gear  ratio  are  best  suited  for  the  service.  Often  two  moton  are  eonneclsd 
permanently  in  series  in  order  to  limit  the  maximum  speed  and  power  demand 
to  reasonable  amounu.  While  yard  locomotives  will  vai^  from  30  to  100 
tons  total  weight,  good  examples  of  the  heavier  types  are  given  in  sueceediag 
paragraphs. 
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.•line  frdsht  loeomotlToi  pr«aent  s  gnat  Tariation  in  design 
aad  motor  equipment.  Main-line  service  demands  a  locomotive  equipment 
capable  of  withstanding  a  large  sustained  output,  and  hence  calls  for  different 
motor  characteristics  than 
thoee  which  meet  the  require- 
■nenta  of  Aiy  and  interurban- 
nilway  semce.  Steam-loco- 
motive practice  providee  for  a 
locomotive  rating  on  ruling 
grade,  based  upon  a  tractive 
effort  eorresponaing  to  a  coeffi- 
cient of  adnesion  of  approxi- 
mately 18  per  cent,  of  the 
weight  upon  the  drivers.  This 
is  exceeded  somewhat  under 
favorable  rail  and  climatic  con- 
ditions, but  a  lower  rating  is 
found  neoeesary  during  winter 
months  in  cold  climates. 
Hence  assumption  of  18  per 
cent,  coefficient  of  adhesion 
may  be  considered  good  prac- 
tice in  determining  electric 
loeomotive  rating  on  ruling 
grade*. 

M4.  Kmnple  of  ealeol*- 
tton  of  pammilbla  tratUng 
load.  An  electrio  locomotive 
weicbs  100  tons,  all  weight  be- 
ing disposed  on  drivers,  what 
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Fio.  80. — Motor  characteristics  Butte 
Anaconda  A  Pacific  direct-current  locomo- 
tive. 


trailing  load  rating  can  it  be  given  on  1  per  cent,  grade? 

Tractive  effort  due  to  grade  of  1  per  cent,  i" 
Tractive  effort  due  to  train  resistance  * 


Lb. 

ao 
e 


Total,  26 

Locomotive  tractive  effort  -  200,000  X 18  per  cent.  -  36,000 

36,000/26-1,386  tons  gross  train  weight 
1,385-100-  1,285  tons  traiUng 
In  Fig.  80  are  presented  the  characteristic  performance  curves  of  the 
Butte,  Anaconda  and  Pacific  type  of  locomotive  motor.     This  operates  with 
dirset-ourrsnt  supply  at  1,200  volts  (two  in  seriea  for  2,400  volts). 


Trolity  Loclted  D> 


37-*-    - *     i» 100 -V 

Flo.  81. — Butte  Anaconda  and  Pacific  2,'100-volt,  direct-current  locomotive . 


Mf.  The  maiimum  tractive  effort  of  a  maln-Une  freight  loeomo- 
tlT«  should  correspond  to  a  coefficient  of  adhesion  of  30  per  cent.,  as  this 
value  is  n*ached  under  good  rail  conditions  with  electric  locomotives.  The 
difference  between  18  per  cent,  and  30  per  cent,  gives  the  range  in  tract- 
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ive  afFort  available  for  starting  on  ruling  grade  and  is  ample  with  fair  rai 
conditions. 

As  the  ruling  grade  existing  upon  the  profile  of  steam  railways  does  na4 
extend  unbroken  for  distances  greatly  exceeding  15  to  20  miles,  it  is  possible 
to  proportion  the  continuous  rating  of  a  main-une  locomotive  for  somewhat 
less  than  a  tractive  effort  corresponaing  to  18  per  cent,  coefficient  of  adhesioa. 
For  example,  with  modern  locomotive  motors  of  the  fully  ventilated  type,  it 
is  found  that  the  1-hr.  rating  is  approximately  25  per  cent,  more  than  tha 
continuous  rating.  Hence,  where  the  rulins  grade  is  short,  the  average  duty 
of  the  locomotive  will  be  less  than  would  correspond  to  an  18  per  cent, 
coefficient  of  adhesion.     In  consequence  it  is  becoming  reoognlied  that  main- 


•70' 


R! 


^ 


!!! 


Fio.  82. — New  York  Central  000-volt  direct-current  gearleas  locomotive 
(type  of  1907,  4  motors). 

line  freight  locomotives  should  be  provided  with  motors  capable  of  supplyiniE 
continuously  and  without  injurious  heating,  a  tractive  effort  corresponding 
to  approximately  16  per  cent,  coefficient  of  adhesion  of  the  weight  upon  the 
drivers,  see  Par.  1S6. 

SM.  RatlBir  of  typical  slow-speed  main-Una  (reifht  locomotiTe 

Weight  on  drivers 200.000  lb. 

Rated  tractive  effort,  rulinE  grade 36,000  lb. 

Corresponding  coefficient  of  adhesion 18% 

ContinuouB  tractive  effort 32,000  lb. 

Coefficient  of  adhesion 16% 

One  hour  output 40.000  lb. 

Coefficient  of  adhesion 20% 

Starting  tractive  effort  for  5  min. 60,000  lb. 

Coefficient  of  adhesion 30% 

UT.  Speed  of  electrio  locomotiTes  for  main-line  freiffht  serrlee 

wilt,  of  course,  be  proportioned  to  meet  requirements,  but  in  general  for 
mountain  grades  it  will  approximate  15  miles  per  hr.  on  ruling  grade  vitb 
rated  tonnage,  and  will  reach  a  maximum  of  from  25  to  35  miles  per  hr.  oo 
level  tangent  track.  Special  conditions  calling  for  a  higher  speed  either  on 
ruliog  grade  or  level  track  can  be  met  in  electric-locomotive  design  to  an 
almost  unlimited  extent,  due  to  the  flexibility  of  electric  motor  construction 
and  control. 

SU.  There  are  sereral  types  of  heavy  freight  locomotives  in  service: 

(a)  Those  comprising  a  cab  or  Bupcrstructure  containing  the  control  appa- 
ratus, air  compressor,  blowers,  operating  compartment,  etc.,  mounted  per- 
manently  on  the  side  frames  which  carry  the  drive  wheels.  The  St.  Clair 
Tunnel  single-phase  locomotive  is  an  example  of  this  type. 

(b)  Those  in  which  the  cab  is  carried  on  two  bogie  trucks  which  are  coupled 
together  by  some  form  of  link  or  hinge  coupling.  In  both  this  type  and  the 
one  previously  described,  the  motors  are  geared  to  the  axle  like  an  ordinary 
street  car  motor  except  that  in  the  case  of  large  motors  it  is  usual  to  have  tvia 
gearing.  The  Cascade  Tunnel  three-phase  and  the  Detroit  Tunnel  direct- 
current  locomotives  are  examples  of  this  type. 
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(c)  Those  in  whioh  the  cab  is  carried  on  two  trucks  each  having  two  dririnc 
axles  and  one  radial  or  pony  axle.  The  motora  are  mounted  above  thesxles 
on  the  truck  frame  and  geared  to  quills  surrounding  the  driving  axles,  the 
quills  being  connected  to  the  driving  wheels  by  long  heUoal  sprinn.  The  cab 
rests  on  four  Bpring-eupported  surface  plates  on  each  truck.  The  trucks  are 
coupled  together  as  in  (b)  so  that  no  draw  bar  strain  is  carried  by  the  cab. 
The  New  Haven  single-phase  freight  locomotives  given  in  Par.  181,  are  of  this 
type.  They  are  also  used  for  heavy  passenger  sendee  up  to  60  miles  per 
hour. 

(d)  Those  having  cabs  mounted  on  trucks  as  in  (c)  but  having  two  motors 
mounted  rigidly  between  the  side  frames  of  each  truck,  geared  to  a  jack  shaft 
through  twin  gears,  aod  the  Jack  shaft  connected  to  the  driving  wheels 
through  side  rods.  The  Norfolk  A  Western  split  phase  locomotives  (see 
Par.  S61)  are  of  this  type. 

SSf .  Hain-lino  pau«nrer  locomotlTes  are  re<)uired  to  operate  safely 
at  speeds  of  60  to  75  m.p.b.  and  the  heaviest  service  requires  that  trailing 
loaaJB  of  1,000  tons  be  handled  at  these  high  speeds  in  ord«r  to  meet  the 
requirements. 

MO.  Cozutruetlon  of  main-Une  pauasfar  looomotlTM.  The  gear- 
less  construction  operated  upon  the  New  York  Central  electric  sone  since 
1007  has  proved  very  successful  with  high  operating  efficiency  and  low  oost 

of  mainteoance,  see  Fig-  S2. 
The  full  advantages  of  gear- 
less  construction  can  only  be 
realised  with  direct-current 
bipolar  motors.  The  original 
installation  of  forty-seven 
locomotives  on  the  New  York 
Central  have  been  supple- 
mented by  sixteen  additional 
locomotives  of  the  geaiiess 
direct- current  motor  type,  but 
with  a  different  wheel  arrange- 
ment better  adapted  to  higher- 
speed  main-Une  operation,  see 
Fir  83. 

Gearlesa-motor  constniction 
provides  the  simplest  form  of 
mechanical  drive  possible  to 
use,  and  is  well  adapted  to 
meet  the  requirements  of  lugh* 
speed  passenger  service.  For 
the  characteristic  curves  of  s 
typical  direct-current  gearless- 
motor  locomotive,  see  Fig.  84. 
The  New  York.  New  Haven 
&  Hartford  single-phase  pas* 
senger  locomotives  are  of  gear- 
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Fia.  84. — Locomotive  motor  cbaracteriatics 
(N.  Y.  C,  8-motor,  1913  type). 

teas  coDfltruction  but  owinic  to  the  fact  that  the  motora  are  apring  supported 
and  the  locomotivea  are  free  from  noeing  teiidency,  they  operate  safely  at 
speeds  of  75  to  80  miles  per  hour.  Forty-one  of  these  locomotives  hsTC 
been  in  bard  service  since  1907.  They  are  handicapped  by  being  obliged 
to  operate  on  600  volts  direct  current  as  well  as  on  single  phase  altematini 
current.  These  locomotives  are  also  notable  for  the  fact  that  they  have  field 
control  on  direct  current,  and  voltage  control  on  single  phase. 

The  electric  locomotives  on  the  Pennsylvania  Terminal  electrification  in 
New  York  (see  P.  T.  &  T.  locomotive  in  Par.  Stl)  are  built  for  the  arduoat 
service  of  taking  the  hea^^  trains  of  steel  cars  through  the  tunnels  leading  to 
and  from  the  terminal  ana  v:ros8  the  meadows.  They  regularly  haul  truTinx 
loads  of  800  tons  up  the  1  \  and  2  per  cent,  grades  at  spe«ls  of  30  to  40  milei 
per  hr.  These  locomotives  have  established  good  records  for  reliability  and 
low  cost  of  maintenance.  They  have  the  motors  mounted  high  in  the  e»b 
thoroughly  protected  from  dust  or  dirt,  and  connected  to  the  driving  wheels 
through  jack  shafts  and  side  rods.  See  Fig.  85.  Field  control  is  also  >» 
important  feature  as  will  be  seen  from  the  table  under  Par.  Ml, 
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POWKB  DIBTBIBUnOH  FOB  BAILWAT  KLKJTBinOATIOir 
iM.  Than  an  thn*  sritams  of  power  dlitribuUon  that  may  be  ocn 
■idered  for  the  electrification  of  main  line  railways,  aa  follom: 


(a)  Single  phase  alternating  current; 

(b)  Three  phase  alternating  current; 


I 


(c)  Direct  current. 

M4.  Slncle  phue.  One  of  the  prime  requisites  for  main-line  eleotrifia 
tioQ  is  A  high  voltage  for  distributing  the  power  from  substations  to  cars  ao 
locomotives.  This  is  necessary,  first,  to  minimise  the  copper  in  the  distrit 
uting  system;  second,  to  secure  maximum  efficiency  of  distribution;  third,  t 
Bimplify  the  collection  of  currents  for  large  amounts  of  power.  The  use  c 
single  phase  alternating  current  permits  the  use  of  very  nigh  voltages  on  tfa 
trolley — as  high  in  fact  as  there  is  any  reason  for  using.  In  this  country  th 
voltages  vary  from  3,300  and  6.600  which  are  used  on  interurban  lines  aa 
some  of  the  earlier  main-line  electrifications,  to  11,000  which  is  now  acoeptei 
as  the  standard  for  main  lines.  In  Europe  voltages  as  high  as  15,000  are  ix 
use,  but  it  is  felt  in  this  country  that  this  is  higner  than  necessary.  Witl 
the  ezceotion  of  one  small  installation,  25-cycle  current  is  used  for  ul  ain^ 
phase  railways  in  this  country.  In  Europe,  however,  the  preference  is  ^voi 
to  15  or  16 1  cycles.  A  frequency  of  25  cycles  has  the  aavantage  of  being  i 
standard  for  power  distribution  in  many  localities,  and  in  lower  cost  of  powM 
station  and  substation  apparatus.  It  has  the  disadvantage  of  greater  stsi 
and  weight  of  commutator-type  motors,  and  thus  limiting  the  output  from  i 
given  space  on  a  locomotive. 

O;  

tors 


On  snort  single-phase  lines  the  ener^  may  b^  fed  directly  from  the  genera- 
to  the  trolley,  but  for  long  lines,  it  is  necessary  to  use  a  high  voltage  foi 


transmiBsion  and  feed  the  trolley  from  step-down  transformers.  Thess 
transformers  are  usually  located  in  substations  but  are  sometimes  of  the  out- 
door type.     In  either  case  regular  attendants  are  not  required. 


TroThy  Baiei 


Third  RaU  Shoe 
Fig.  86 — Single-phase  twin-motor  geared  locomotive. 

Two  types  of  equipment  are  at  present  operated  from  sin^e-phase  trolleys: 

^a)  Cars  and  locomotives  having  commiUfUor  type  mUora  with  series  charae- 
t  eristics ; 

(b)  Splii-pha*e  locomoiiKs  have  induction  motora  which  derive  Che  additional 
phases  from  the  phase  converter  in  the  locomotive  cab.  The  phase  converter 
consists  of  a  polyphase  stator  and  a  squirrel-cage  rotor,  tne  oombinatioo 
being  in  effect  an  induction  motor  fed  from  single-phase  supply  and  getting 
its  polyphase  field  by  means  of  its  rotating  armature. 

Both  types  employ  step-down  transformers  on  the  locomotive  so  that  the 
motors  have  low  voltages  applied  to  them.  The  former  tvpe  is  particulariy 
suited  for  passenger  service  with  both  multiple  trains  ana  locomotives.  It 
is  also  well  suited  for  high-speed  freight  and  switching  service.  In  such  ser- 
vice the  variable  speed  characteristics  are  valuable.  The  split  phase  loco- 
motive is  particular!)^  desirable  where  heavy  grades  are  encountered  which 
neoesflitate  high  tractive  efforts  and  where  the  automatic  regeneration  of  tbe 
motors  down  grades  saves  power  and  decreases  the  liability  of  accidents. 

The  disadvantages  attending  the  use  of  single-phase  current  are  in  tbe 
relatively  high  cost  and  low  efficiency  of  motive  power,  the  cost  of  supplyinc 
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aiDel^ptiaM  power  and  the  inductive  interference  of  the  sin^e-phaae  tndley 
witn  neighboring  telephone  and  telegraj^th  circuita.  The  iatt«-  ha»  been 
largely  overoome  by  the  installation  of  eenea  track  transformers,  the  primary 
of  which  carries  the  trolley  current  and  the  secondary  is  connected  in  the 
track  return  circuit.  This  hoe  the  effect  of  keeping  the  return  current  in  the 
track. 

The  great  advantages  of  the  single-phase  system  of  distribution  lie  in  the 
high  emciency  of  the  substations  and  trolley,  and  the  low  cost  of  the  distribut- 
ing system. 

Large  single^phase  looomotives  with  commutator  type  motors  are  in  serrioe 
on  the  following  main  line  electrifications: 

New  York,  New  Haven  A  Hartford  Railway. 
Grand  Trunk  Rwy.,  St.  Clair  Tunnel. 
Boston  and  Maine  Railway — Hoosao  Tunnel. 
Spokane  and  Inland  Empire  Railway. 

This  system  has  also  been  adopted  for  the  New  York,  Westcheetw  &  Boe- 
ton  Rwy.,  and  the  Pennsylvania  Railway,  both  usinf  multiple  unit  traina, 
the  former  for  New  York  and  the  latter  for  Philadelphia  suburban  service. 

The  Norfolk  and  Western  Rwy.  is  using  split  phase  locomotives  with  three- 
phase  motors  for  heavy  mountain  graide  service.  See  Par.  S61.  Liquid 
rheostats  are  used  in  starting  these  looomotives. 

t6B.  Throe  phase.  The  three-phase  system  of  distribution  is  not  used  to 
any  extent  in  this  country  chie6y  on  account  of  the  difficulties  arising  froio 
the  double  overhead  trolley  which  complicates  the  yards  and  cross-overs  so 
much.  It  is  used  extensively  in  Italy,  and  the  three-phaae  looomotivea  in 
use  there  are  the  lightest  electric  locomotives  of  their  capacity  in  the  world. 


■o  S  "o, 

I?  e  JS  ^ 

Fia.  88. — Great  Northern  Cascade  Tunnel  three-phase  locomotive. 


Three-phase  locomotives  are  usually  used  with  about  3,300  volts  on  the  trol- 
leya  and  this  voltage  is  applied  to  the  motors  without  the  use  of  lowering 
transformers.  The  Cascade  Tunnel  of  the  Great  Northern  Railway  has  the 
only  three-phase  locomotives  in  operation  in  this  country.     See  Fig.  88. 

IM.  Direct-current  elttCtrlflc»tlon  consists  of  a  direct-«urreut  motor 
equipment  fed  from  an  overhead  trolley  or  third  rail  which  receivos  power 
from  aubstalions  containing  rotary  converters  or  motor-generator  se^ 
It  is  the  system  in  almost  univerral  use  in  city  and  interurban  elecUio 
railways,  but  varies  as  to  the  voltage  of  the  direct-current  supply.  As 
a  result  of  perfecting  the  commutating  or  interpole  motor,  it  has  been 
possible  to  wind  motora  for  higher  voltagea,  and  1,200-volt  direct-curreot 
motors  are  now  in  commercial  operation.  These  motora  are  connected 
two  in  series  and  are  fed  from  a  2,400-volt  trolley.  Still  higher  voltage 
equipments  are  eatirely  possible,  as  indicated  by  factory  experimental  ap- 
paratus built  and  tested,  and  every  requirement  of  the  heaviest  main-line  serv- 
ice can  be  provided  for  at  moderate  cost  of  locomotives  and  diatributioD 
systems.  The  chief  disadvantage  of  the  direct-current  system  has  been  the 
relativelv  high  coat  of  feeder  copper  and  substations  and  their  low  efficiency 
but  this  has  been  largely  overcome  by  the  adoption  of  higher  TOltates.    The 
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•dnntasea  of  this  system  include  simplicity,  low  cost  and  high  efficiency  of 
the  locomotives,  the  option  of  trolley  or  third-rail  distribution,  the  choice  of 
locomotive  or  multiple-unit  trains,  the  benefits  of  bi-polar  gearlees-motor 
soastniotion,  and  the  use  of  balanced  three-phase  power  supply  of  any  fre- 
qneney  and  entailing  no  serious  telephone  or  telegraph  interference. 

Larce  diract-eurrent  locomotives  are  in  service  upon  the  following  main- 
tins  eleetrifiaaUons. 


P.  R.  R.  New  York  Terminal 

B.  *  O.  Tunnel  Railway 

New  York  Central  Railway 

Detroit  TUnnel  Railway 

Butte,  Anaconda  &  Pacific  Railway 

Canadian  Kortliern  Railway 

Chicago,  Milwaukee  A  St.  Paul  Railway. 


600  volts 

600  volts 

600  volU 

600  volts 

2,400  volU 

2,400  volU 

3,000  volts 


DISnUBUTIHa  BTBTKMS 

SCT.  Train  dSagraxns  represent  in  graphic  form  the  movement  of  all 
trains  over  a  given  division  during  the  24  nr.  of  operation.  Such  diagrams 
are  usually  plotted  with  distance  as  ordinates  and  elapsed  time  as  abscissas, 
and  they  are  of  the  greatest  value  in  determining  the  average  and  maximum 
sostaineid  demands  upon  the  distributing  and  generating  systems. 

The  average  train  input  for  a  given  service  is  determined  according  to 
methods  outhned  in  Par.  78  to  118,  so  that  a  train  diagram  is  useful  for 
indicating  the  local  demand  upon  any  part  of  the  distributing  system  during 
any  period  of  24  hr.  The  train  diagram  also  furnishes  means  of  obtaining 
the  totij  average  load  upon  the  entire  division  covered  by  the  diagram,  by 
plotting  in  curve  form  the  total  average  kilowatts  demanded  by  the  several 
train  movements  intersecting  equally  spaced  ordinates.  Thus,  referring  to 
Fig.  W,  representing  a  typical  train  diagram  wherein  is  depicted  the  per- 


A.M.  ~  f.M. 

Fio.  80. — Typical  train  sheet  (suburban  service). 

formance  of  both  local  and  express  trains,  the  ordinate,  a  — fr,  intersects  the 
graphs  of  five  trains.  Assume  that  the  various  trains  demand  the  following 
average  input: 

Local  passenger 100  kw. 

Express  passenger 130  kw. 

Freight 210  kw. 

The  line,  a  — 6,  intersecting  the  various  train  movements,  therefore,  calls 
lor  a  station  output  at  3:15  p.ti.  as  follows: 

Three  local  passenger  trains 300  kw. 

One  exprees  passenger  train 130  kw. 

One  freight  train 210  kw. 

640  kw. 
iM.  Oaleulktsd  load  ourre.  B^  erecting  other  ordinates  upon  the  24- 
hr.  performance  sheet  it  becomes  possible  to  plot  a  detailed  generating-station 
loaa  curve  for  the  24  hr.  with  the  train  movements  as  predetermined.  This 
train  load  curve  does  not  show  momentary  fluctuations,  and  these  must  also 
be  considered  in  determining   the   character  of  the  distribution  system, 


1383 


dbyv^iuuyie 


Sec.  16-209 


ELECTRIC  RAILWAYS 


egpeci&Uy  in  suburban  aod  other  aysCenui  where  the  tnin  units  are  lars6  and 
operate  at  infrequent  intervals. 

m.  OUaaiflcatlon  of  lerrloa.  As  affecting  the  diBtributinc  ayateni. 
railway  service  may  be  divided  into  two  broad  classes  as  foUows:  a,  fre- 
quent or  congested  service ;  b,  infrequent  operation.  Under  class  a  is  grouped  ■ 
alt  city  systems,  underground  or  elevated  roads  and  certain  suburban 
roads  where  the  headway  between  train  units  is  small.  Under  ctaaa  b  is 
grouped  all  interurban  and  most  suburban  roads,  in  fact,  all  olaaaes  of 
service  where  the  interval  between  trains  is  fairly  large,  as  10  min.  or 
more,  and  where  the  train  unit  operates  at  a  high  maximum  speed  and  thus  de- 
mands considerable  input.  The  treatment  of  classes  a  and  b  service  as  affect- 
ing the  distribution  system  must  be  somewhat  different  as  in  class  1  momen- 
tary fluctuations  due  to  starting  of  cars  have  little  effect  upon  the  sise  of  con- 
ductor determined  upon  for  feeders,  or  location  and  capacity  of  substations  if 
these  are  used.  In  class  b  the  momentary  input  demanded  during  accelera- 
tion is  often  the  determining  factor  in  selecting  the  amount  of  feeder  con- 
ductor and  substation  capacity  required. 

STO.  ClaMlflCAtlon  of  dlstrlbutiozi  iratemg.  Distribution  systems 
may  be  divided  in  general  into  two  olasiet,  whioh  are  secondary  systems 
(Par.  ITl),  and  primary  systems  (Far.  SBS). 

>71.  Secondary  lyitenu  consist  of  the  trolley  wire,  third  rail  or  other 
conducting  medium,  extending  from  the  generating  station  or  substation 
and  the  feeders  connected  thereto;  also  the  track  return  with  its  feeders  and 
boosters,  if  used.     The  conductivity  and  physical  characteristics  of  the 

secondary  distributing  sy»- 
tem  are  determined  partJy 
by  the  momentary  demand 
oi  each  train  unit  and  partly 
by  the  average  input  required 
by  an  aggregation  of  such 
units,  where  the  interval  be- 
tween trains  is  short.  For 
instance,  in  suburban  service 
a  high  speed  car  may  be 
equipped  with  motors  aggre- 
gating 300  h.p.  to  the  car. 
and  the  conditions  of  service 
may  demand  an  input,  dur- 
^  ^  '^    p  M  ^^  aooeteration,  of  4(X)  kw., 

F.O.  90.-Typical  load  diagram.  J^' "caMn'Jud^  IcSe-J^ 

tioa,  coaating,  braking  and  atanding  still  during  atops,  may  not  bo  much 
greater  than  100  kw.  per  car.  As  the  train  interval  is  so  great  that  possibly 
not  more  tban  two  cars  receive  power  from  a  substation  at  one  time,  it  be- 
comes necessary  to  determine  carefully  the  amount  of  over-load  during 
starting  as  influencing  the  conductivity  of  the  distributing  circuit  and  the 
substation  capacity.  On  the  other  hand  in  city  servioe,  a  substation  or 
generating  station  may  feed  fifty  or  more  cars,  and  individual  feeders  may 
carry  the  load  of  perhaps  fifteen  cars,  thus,  making  the  momentary  demana 
of  any  one  car  a  matter  of  small  importance.  In  such  cases  the  determiaa- 
tion  of  conductivity  and  substation  capacity  would  leat  upon  the  sum  of  the 
average  load  of  all  the  cars. 

171.  The  permlulble  drop  In  TO^fac*  of  the  conducting  system  between 
car  and  bus  bar  with  a  specified  load,  determines  its  conductivity.  This 
permissible  drop  varies  under  different  conditions  of  operation  and  types  of 
apparatus  used.  Following  are  approximate  percentages  of  allowable  voltage 
drop: 

City  systems 8  per  cent,  average  .  12  per  cent,  maximum 

Suburban    direct-current    sys-  10  per  cent,  average  20  per  cent,  maximum 

tems 

Interurban  direct-current  ays-  12  per  cent,  average  23  per  cent,  maximum 

terns 

Interurban   alternating-current  5  per  cent,  average     10  per  cent,  maximum 

systems 

Three-phase      induction-motor  5  per  cent,  average     10  per  oent.  maximum 
systems 
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m.  Tba  oo&dnetenea  of  th«  elrcuit  between  motors  ajid  biu  barat 
ii  iddom  deternuned  by  its  proper  relation  "with  interest  on  flrtt  cost  of  the 
CMiduetins  eystem  and  the  coat  of  energy  lost,  ae  the  first  cost  of  the  diatribu* 
titm  conductors  so  determined  is  considerably  in  excess  of  current  praotioe  in 
Uns  reepect.  In  city  systems  the  average  and  momentary  maximum  drop 
are  practically  the  same  owins  to  the  small  effect  of  the  starting  current  of 
uy  one  oi  the  large  number  of  ears  controlled  by  one  feeder.  In  intenirlMa 
qnrtems,  where  generally  but  two  oars  are  controlled  by  one  feeder,  the 
in*Tif»wCT>  fluctuation  ia  much  in  exceaa  of  the  average  drop. 

ST4.  Kal&tton  of  trolley  wire  and  feeden.  Feeders  are  differently 
frouped  according  to  the  demands  of  the  service  and  the  physical  arrangement 
of  the  trolley  sections.  The  simplest  conducting  system  to  the  car  upon  the 
track  consiata  in  that  shown  in  Tig.  01,  wherein  the  trolley  ia  connected 
through  drouit-breakera  directly  to  the  positive  bus  bar  with  do  Auxiliary 
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Flo.  01. — No  feeders.  Fio.  92. — Single  feeder. 
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Fio.  93. — Multiple  feeders.  Fia.  94. — Seetionaliied  trolley  irire. 

faedeis,  and  the  negative  bus  is  connected  to  the  track  return.  The  trolley 
■•  ceneially  sectioned  at  the  station  and  each  section  controlled  by  an  ind^ 
pendent  feeder  panel. 

Where  the  trolley  conductor  itself  has  not  a  sufficiently  high  conductivity, 
H  is  reinforced  with  auxiliary  feeders  connected  to  it  at  frequent  intervals. 
Sm  Fig.  02.  The  result  of  such  feeder  reinforcement  is  simply  to  increase 
the  conductivity  oi  the  trolley  circuit,  and  corresponds  to  an  enlargement  of 
the  enwe-seetion  of  the  trolley  conductor  itself.  This  grouping  is  best  fitted 
for  feeding  a  small  number  of  units,  and  is  more  useful  in  the  operation  of 
suburban  or  interurban  systems  than  ip  city  work. 

tTC.  The  most  •eonomloal  copper  distribution  for  feeding  >  Urg* 
number  of  tridn  unlti  would  consist  in  a  separate  feeder  to  each  train  so 
proportioned  that  the  drop  in  all  feeders  would  be  equal  to  the  maximum 
drop  permissible.  As  this  would  bo  impossible  without  too  great  a  multi- 
plicity of  feeders,  the  arrangement  in  Fig.  93  is  adopted.  A  better  arrange- 
ment of  the  same  feeder  connection  is  shown  in  Fig.  04  which  is  identicalto 
that  in  Fig.  03,  except  that  the  trolley  itself  is  sectioned  so  that  each  feeder 
independently  controls  a  single  section  of  trolley  and  the  cars  drawing 
energy  from  that  section  (Far.  176  and  ITT) . 

tre.  length  of  troUay  wire  Mettona.  Trolley  sections  may  be  from 
a  few  hundred  yards  to  2  miles  or  more  in  length  in  city  service,  depending 
upon  the  lay-out  of  the  streets  and  the  importance  of  sectionalising  different 
streets  or  sections  of  the  same  street  in  such  manner  as  to  occasion  the  least 
possible  interruption  to  general  traffic  in  case  of  failure  of  any  one  trolley 
section  or  its  feeder. 

fTT.  Segregated  troUer-wlre  leettont.  The  trolley  wire  may  be  solid 
throughout  as  shown  in  Fig.  03,  or  preferably  eeotionalised  as  shown  in  Fig. 
88,  in  which  case  the  different  sections  are  entirely  independent  and  each 
feeder  and  each  trolley  section  is  calculated  to  give  the  limiting  IR  drop  when 
feeding  the  maximum  group  of  cars  drawing  energy  from  that  seotion  of  the 
troUey.  The  direct^niirent  feeder  distribution  shown  in  Fig.  04,  applies 
more  espeoiaily  to  city  systems  and  may  be  elaborated  to  any  extent  required 
b*  tile  complexity  of  a  large-city  troUey  system.  Sectionaiising  the  trolley 
is  desirable  from  the  stanopoint  of  localising  the  effect  of  trolley  breaka  or 
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groundB,  and  ia  neceuary  in  large-city  lystema  supplsrinc  ft  oonridarftble 
number  of  car  units  iravelinK  over  different  routes.  Thus,  with  the  section- 
aliied  Bystem.  the  failure  of  the  trolley  on  one  section  will  not  affect  the  cnier- 
fttion  of  ears  on  ft  different  route.  The  ends  of  trolley  sections  ahoula  be 
Joined  at  adjaoent  ends  by  a  switch  or  oircuitr^reaker  which  normally  remains 
open.  This  switch  may  be  closed  if  such  procedure  be  demrable,  as  in  the 
case  of  possible  failure  of  an  individual  trolley  feeder.  These  trolley'i>ole 
■witches  may  be  operated  manually,  or  thev  may  be  controlled  electrically 
from  the  supply  station  if  they  are  located  at  very  important  pointa  not 
tx>nvenient  oi^  access. 

ST8.  Fe«d«r  copper  eftloulfttlons  depends  upon  the  character  of  the 
service,  trolley  potential  and  permisnble  drop.  In  and  about  cities,  000- 
volt  equipment  is  universally  used,  while  for  suburban  and  interurbao  scrrioe 
both  600-volt  and  1,200-vort  systems  are  in  operation.  Still  higher  direct- 
current  potentials  are  beio^  proposed,  but  the  1,200-600- volt  combinatioa 
works  out  so  conveniently  in  practice  that  the  urn  of  higher  voltages  will 
probably  be  restricted  to  special  locomotive  installationa. 

The  use  of  1,200  volts  direct-current  or  higher  makes  it  posnble  to  install 
direct-current  generators  of  this  potential  and  feed  direct  to  the  trolley,  pro- 
vided the  generating  station  can  be  centrally  located  on  a  road  not  over  35 
to  40  miles  long.  One  such  installation  isiu  operation,  and  a  high  efficiency 
results  from  the  elimination  of  step-up  and  step^lown  transformers,  trans- 
mission line  and  synchronous  converters. 

2Tt.  Pwniftnant  ftnd  booiter  fe«dan.     City  service  demands  a  feeder 

distribution  capable  of  taking  care  of  rush  daily  loads  without  prohibitive 

I       I  drop.     In   addition  a  properly  proportioned 

Q    ^  system  should  eanlsr  carry  infrequent  heavy 

I      <VMr^Y loads  on  certain  secUons  snch  as  those  due  to 

I  . — — II         zz: — I      amusement  parks,  race   courses,  etc      The 

—J L  ,.,,.i^^ — I — 1»  daily    rush    load    justi&es    the    expense  of 

Flo.  95. Use  #f  booster,      feeder  conductor  permanently  installed,  but 

infrequent  loads  are  beet  taken  care  of  by 
feeders  arranged  for  use  with  series  or  shunt  boosters  in  the  power  house. 
In  other  words,  the  infrequent  load  occurs  so  seldom  that  It  does  not  justify 
the  expense  of  a  large  amount  of  feeder  conductor,  which  may  be  inoperativs 
during  the  greater  iwrtion  of  the  year.  With  the  pyramidal  feeder  system. 
Figs.  93  and  91,  it  is  entirely  possible  to  use  the  outride  feeder  as  a  booster 
feeder  in  case  the  infrequent  heavy  load  should  oooaaon  a  proftubitive  dn^* 

tSO.  Facton  determining  leotionftl  layout.  A  city  feeder  system 
should  be  so  designed  that  the  voltage  of  no  part  of  tJie  trolley  to  ground  will 
be  more  than  100  volts  lower  than  that  at  the  switchboard  wnen  momentary 
fluctuations  due  to  starting  cars  are  etlininated.  This  100-volt  average  drop 
should  apply  to  the  rush  load  occurring  in  diuly  operation.  The  laying  out 
of  a  city  direct-current  network  consists  in  establiahiog  the  limits  of  tbe 
territory  controlled  bjr  each  substation  ^or  generatiDg  station  if  separsts 
stations  be  used);  sectionalizing  the  district  according  to  routes  and  streets, 
determining  the  average  load  upon  each  section  as  obtained  from  the  averut 
input  demanded  by  the  several  cars  on  this  section;  and  determining  tM 
cross-section  of  the  conductor  required  for  feeder  sufficient  to  limit  the  IR 
drop  including  track  return,  to  100  volts.  In  crowded  city  districts  the 
trolley  will  be  cut  up  into  such  short  sections  that  the  additional  TR  drop 
occurring  therein  will  not  materially  add  to  the  combined  return  track  and 
feeder  dro^  of  100  volts.  For  the  outlying  districts  less  feeder  drop  must  bt 
required,  in  order  to  allow  for  the  larger  drop  occurring  in  Uie  longer  trolley 
sections.  Trolley  sections  will  vary  m  length,  depending  upon  the  density 
of  service,  street  intersections,  etc.,  ranging  from  one  quarter  oi  a  mile  op 
to  2  miles  or  more  in  the  suburbs. 

SSI.  Components  of  a  dty  distribution  tntam. 

a.  Trolley,  consisting  of  a  grooved  copper  conductor  upheld  by  so-esUel 
oross-suspeosion  approximately  20  ft.  to  22  ft,  over  the  centre  of  the  track. 
This  trolley  conductor  is  sectionalised  according  to  local  requirements  IBM! 
lengths  of  from  one  quarter  of  a  mile  to  2  miles  or  more.  I 

b.  Feeder  i^ttom,  consuting  of  copper  oondueton  extending  from  tfat 
several  trolley  sections  to  the  supply  station.  The  feeder  may  be  undef> 
ground  in  conduits  in  the  congested  sections  and  carried  overhead  on  polel 
in  tbe  suburbs,  or  in  small  towns. 
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in  the  supply  station,  which  can  be  oonneoted  in  aeries  with 
ny  feeder  extending  to  a  temporarily  overloaded  sectioa  for  the  purpose  of 
npplyins  the  added  voltage  required  to  compensate  for  the  excessive  feeder 
■ad  trolley  drop. 

d.  Track  return,  oonsiflting  of  the  track  rails,  bonded  at  the  joints. 

e.  Track  return  feeders,  consisting  of  copper  conductors  reinforcing  the 
track  at  points  of  greatest  drop  or  at  points  where  the  track  is  negative  to 
&e  neighboring  pipes. 

f.  Pressure  wires  extending  to  important  points  on  both  trolley,  track 
ud  pipes,  and  serving  to  indicate  at  all  times  the  potential  of  the  several 
parte  of  the  distribution  system. 

Such  large  city  ayatoma  are  a  matter  of  growth  and  not  of  calculation,  as 
the  practice  giving  ^ood  results  in  one  city  may  not  be  directly  applicable  to 
the  different  conditions  obtaining  in  another  city. 

S9S.  Feeders  for  underground  troUoT  or  conduit  syitenis.  Such 
tyHems  are  described  in  Pur.  9t4.  The  trolley  conductors  are  two  in  number 
•ad  are  located  underground  between  the  two  rails.  These  conductors  are 
ef  oppoette  polarity,  and  there  is  no  track  return  circuit.  The  arrangement, 
themoft.  neoessitateB  double  the  number  of  feeders  required  with  the  seo- 
tionaliaed  overhead  trolley  used  with  track  return.  As  both  positive  and 
negative  rails  are  insulated  from  ground,  the  conduit  systems  practically 
eliminate  any  stray  currents  and  electrolysis.  Conduit  systems  are  installed 
to  avoid  the  unai^ntliness  of  the  overhead  trolley,  and  can  only  be  considered 
ia  the  largest  cities  owing  to  the  enormous  expense  of  their  installation. 

I8S.  Priznsry  distribution  comprises  the  location  of  substations  and  the 
high-tension  overhead  transmisaion  lines  or  underground  cables  connecting 
the  Bubetations  to  the  genera  ting-station  bus  bars.  Primary  transmission 
■Tstemfl  invariably  employ  alternafciDg-current,  and  where  synchronous 
ranverters  or  motor-generator  sets  are  used,  this  primary  current  is  of  the 
thre^-phase  type  transmitted  over  three  wires  or  in  multiples  of  three  if 
duplicate  circmts  are  provided.  Owing  to  the  novelty  of  single-phase  rail- 
vay-motor  distribution  systems  and  the  close  interconnection  of  secondary 
and  primary  distribution  systems  when  applied  to  alternating-current  motor 
operatioDf  this  subject  will  be  considered  later  (Par.  SSS). 

554.  Methods  of  sendn^r  direct-current  substations.  Substations 
for  direct-current  systems  are  located  at  strat^c  points  aloDf  the  line  of 
travel  l>eet  suited  for  secondary  distribution.  These  substations  may  be 
fed  from  a  oommon  trunk  line  to  which  all  substations  are  connected;  this 
W  eommon  practice  in  suburban  and  interurban  railways  operated  by  direct- 
current  motors.  In  such  cases  the  trunk  line  preferably  connsts  of  two  inde- 
pendent circuits,  each  of  which  may  be  used  alone,  providing,  thereby,  for 
oootanuity  <A  service  in  case  of  the  accidental  grounoing  of  one  set  of  lines. 
It  is  also  common  practice  to  interrupt  the  transmission  line  at  each  sub- 
station, providing  both  incoming  and  outgoing  line  panels  at  each  substation 
in  order  that  the  transmission-une  troubles  may  be  lociUiied  between  two 
adjacent  subs  rather  than  that  a  whole  trunk  line  be  put  out  of  commission 
due  to  the  fault  of  any  ];>ortion  thereof. 

In  city  systems  or  in  interurban  systems  where  the  traffic  is  very  heavy 
and  where  freedom  from  interruption  of  service  that  is  of  greatest  importance. 
it  is  good  practice  to  connect  each  substation  to  the  generattng-station 
bus  bars  through  its  own  individual  transmission  line  or  underground  cable. 
Iq  fact,^if  the  substation  is  very  large,  this  divisibility  of  the  transmission 
circuit  is  sometimes  carried  to  the  extreme  of  providing  each  substation 
with  several  cables  connected  either  to  individual  synchronous  converters 
or  to  different  bus-bar  sections.  If  this  bus-bar  segregation  is  resorted  to 
each  section  is  allowed  to  control  two  or  more  synchronous  converters. 
It  is  evident  that  this  multiplicity  of  high-tension  transmisnon  lines  or  cables 
can  be  made  use  of  only  in  very  large  and  important  cities,  or  in  interurban 
•ystems  taking  care  of  a  very  congested  traffic. 

555.  single-phase  generation  and  transmission.  Altemating- 
enrrent  single-phase  railway-motor  systems  are  best  energiied  by  single- 
phase  generation  and  transmission,  owing  to  the  simplicity  of  single-phase 
connections  throughout  the  system.  The  method  of  connecting  the  various 
alternating-current  substations  to  the  generating  station  consists  usually 
tn  tjrinK  all  substations  to  a  single  trunk  line  through  circuit-breakers 
designed  to  open  on  short-circuit  only.     Individual  transmission  lines  to 
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eaoh  aubststion  may  be  praferable  under  certain  oonditiooB,  but  multiplieit; 
of  transmission  cirouits  u  Renerally  to  be  disoouraced  owins  to  the  csonoider 
able  increase  in  cost  over  a  angle  or  duplicate  trunlc  line. 

tM.  Bincla^luM  c*nwstlen  with  thrM-phase  altomAton. 
Owing  to  the  enormous  aggregate  kilowatt  capacity  of  three-phase  25-cycli 
generators  already  in  operation  for  electric  railway  work,  and  due  to  tb« 
fact  that  single-phase  railway  installations  are  often  an  extension  of  existing 
direct-current  systems,  it  becomes  necessary  to  consider  the  different  Bysteml 
of  primary  dismbution  for  alternating-current  roads  operating  from  three- 
phase  generators.  The  simplest  means  is  to  use  one  leg  of  the  three-phaae 
system  for  the  alternating-current  railway  distribution,  that  is,  to  treat  the 
generator  as  a  single-pbase  machine  and  carry  out  the  transmission  srbeme 
and  substation  connections  in  all  respects  as  though  the  other  two  legs  of 
the  three-phase  generator  did  not  ezut.  In  this  case  the  connections  will 
be  as  described  in  Par.  >M  for  single-phase  generators.  The  objection 
to  this  method  of  connections  is  the  reduction  of  generator  capacity  re- 
sulting when  a  three-phase  alternator  is  operated  nngle-phase.  For  tlie 
same  heating,  the  single-phase  output  of  a  three-phase  generator  will  approxi- 
.  mate  two-tnirds  of  its  three-phase  output  on  balanced  load.  Altnouch 
single-phase  distribution  is  rimplest,  the  resulting  leductiott  in  generator 
capacity  may  be  so  serious  in  certain  installations  as  to  necessitate  the 
consideration  of  three-phase  distribution  to  the  transformer  subatations 
(Par.  187). 

MT.  Threa-phan  transmliiion  "legged"  to  leetlonalised  trolley. 
Where  the  road  is  of  extended  length,  the  secondary  distribution  or  trcdiey 


LgBrJ  "VB^  Hv' 

^  O      ^      O 

Fio.  97. — Single-phase  to  trolley. 

imjpJ       ^m^        l/fwrJ 
jWifx        £iai&rt        x^o 

Fio.  98. — Three-phase  to  trolley. 


Fio.  96. — Substation  systems. 


Fio.  99. — Three-phase  to 
single-phase. 


Fio.  100. — Three-phaae  to 
two-phase. 


I 


circuit  may  be  divided  into  sections,  and  each  section  fed  from  a  separate  ' 
phase  of  the  three-phase  primary-distribution  system..  This  system  of  cos-  j 
nections  secures  all  the  beneBts  of  three-phase  generation  and  traaamianos,  i 
provided  the  load  is  equally  balanced  upon  the  several  trolley  sections,  bat  | 
requires  double  the  conductivity  in  the  secondary  distribution  system  owisf  i 
to  the  impossibility  of  tying  substations  solidly  together  so  that  tiaiu 
midway  between  substations  will  draw  equally  on  both.  < 

A  modification  of  the  three-phase,  single-phsse,  substauon  connecuou 
ia'  shown  in  Fig.  99,  wherein  each  substation  contains  two  transformei*  • 
connected  in  open  delta,  so  that  correeponding  phases  feed  each  end  of  a  troUejr 
section  and  each  succeeding  trolley  section  will  correspond  to  the  differeot 
phases  of  the  three-phase  primary  distribution.  This  method  of  consectiw 
IB  often  open  to  the  objection  that  the  road  may  not  be  of  sufficient  lengto 
to  permit  of  its  division  into  a  sufficient  number  of  equally  loaded  seetiosi 
to  correspond  to  the  three  transmission  phases  or  multiple  thereof. 
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tH.  ThrM-ph*M.  two-phftM  truuformer  oonntotlon  (See.  6) 
cu  be  used  where  the  roaa  ia  of  limited  extent.  Thia  method  consists 
m  employing  the  three-phase  two-phase  oonneotion  of  subataUon  trsns- 
(onner,  feeding  tike  two-phases  to  adjacent  trolley  sections,  bo  that  corre- 
^iM^«g  phases  will  be  fed  to  a  given  trolley  section  from  the  transformer  aub- 
sution  at  its  terminals.  This  system  of  connections  will  not  provide  perfect 
bslsaoe  upon  the  three-phase  side  of  the  transformers  unless  the  loads  are . 
Mtnintfl  upon  Uie  several  trolley  sections.  Sufficient  balancing,  bowevert 
iDsy  be  obtained  in  the  majority  of  cases,  and  this  system  of  connection  is 
is  quite  extended  use. 

SM.  Two-phftse  generation  and  ilncXo-PliaM  distribution.  Two- 
phase  generators  may  be  used  to  supply  single-phase  railway  distribution 
mtema  by  sending  out  transmission  lines  from  the  two  phases  in  different 
(UTdctions,  thus  amounting  in  principle  to  two^  separate  single-phase  trans- 
nuHion  systems.  This  method  of  connection  is  open  to  the  objection  that 
unless  the  loads  are  perfectly  balanced  upon  the  two  phases,  the  voltage 
legulation  will  be  very  poor*  and  in  oases  of  generators  having  poor  inherent 
regulation,  it  ma^  reacn  suoh>.  proportions  as  to  endanger  the  lamps  and 
the  genersi  operation  of  the  equipments. 

tM.  Oenoral  conaidoratlonfl  in  design  of  a  new  ilngle-phaM 
[  motor  gyfltoni.  In  general  a  new  railway  system,  favorable  for  the  opera- 
r  ticm  of  single-phase  motors,  operates  to  best  advantage  with  the  single- 
phase  system  of  generation  and  transmission,^  provided  the  contemplated 
road  has  no  future  connections  with  neighboring  systems  and  is  free  from 
entanglements,  such  as  power  distribution,  operation  of  synchronoua  eon- 
rerters,  ete.,  requiring  multiphase  generation  and  distribution.  Where 
it  is  advisable  to  provide  for  the  future  utilisation  of  three-phase  power, 
three-phase  generators  may  be  installed,  operating  either  on  one  leg  as  single- 
phase  generators,  or  using  all  three  legs  in  connection  with  toree-phase 
two-phase  transformer  connections  in  the  substations  in  order  to  provide 
for  reasonably  good  balancing  of  the  three-phase  primary  distribution. 

m.  Three-phase^  induction-niotor  lyitenu  ms^  employ  the  same 
method  of  substation  connections  and  primary  distnbution  as  outlined 
ander  the  head  of  synchronous  converter  substations  for  direct-current 
motor  systems.  Owing  to  the  fact,  however,  that  transformer  substations 
of  aU  kinds  may  be  (^>erated  without  attendance,  such  substations  are  best 
connected  to  a  main  trunk  line  through  circuit  breakers  operated  by  relays 
dssigned  to  open  only  on  short-circuit.  Where  the  control  of  the  sub- 
station is  extremely  important,  attendance  should  be  supplied,  or  each  in- 
(fividual  substation  shoidd  be  connected  to  the  generating  station  by 
separate  transmission  tines  having  automatic  control  at  the  generating  end 
<Muy.  In  all  oases  the  trolley  or  secondary  connection  to  the  transformer 
funrtation  should  be  safeguarded  by  automatic  switches  designed  to 
<^)en  on  short^ircuit. 

SM.  Keoiataneo  of  trolley  wire  oirouits  is  dependent  upon  the  weight  of 
trolley  copper  and  track  rail,  and  also  upon  the  composition  and  bonding 
of  the  latter.  Trolley  conductors  are  either  .000,  or  0000  A.W.G.,  the 
sroaUeet  sise  being  seldom  used  owing  to  its  lack  of  strength  and  the  diffi- 
culty of  clamping  its  amall  diameter. 

MS.  TrdUoy  wire  and  track  reslstaneo  per  milo 


Track  Tsa 

Ohms  re- 
sistance 2  rails 

OOOTroUey 
and  2  rails 

0000  Trolley 
and  2  tails 

SO  lb.  per  yd 

flOlb.  per  yd 

70  lb.  per  yd 

80  1b.  per  yd 

80  lb.  per  yd 

100  tb.  per  yd 

110  lb.  per  yd 

0.0S3 
0.044 
0.038 
0.033 
0.030 
0.027 
.    0.024 

0.383 
0.374 
0.368 
0.363 
0.860 
0.367 
0.335 

0.313 
0.304 
0.298 
0.293 
0.290 
0.287 
0.284 

000  Trolley  -  0.33  ohms.     0000  Trolley  -  0.26  ohms. 
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>M.  Bpaoifle  mriitano*  of  traek  rail.  Track  rails  oontain  as  bicb  aa 
0.40  to  O.fiO  per  cent,  carbon  and  0.70  per  cent,  mancaoese;  these  two  ele- 
ments largely  affect  the  specific  roaistanoe,  hence  standard  track  rail  may 
be  taken  at  approximately  20  microhms  per  centimeter  cube*  when  bonded 
with  bonds  having  half  tne  conductivity  of  the  rail. 

m.  Ixnpedanoa.  The  use  of  alternating  current  in  the  trolley  and  rail- 
circuit  necessitates  some  mo<Ufioation  in  the  above  values,  as  the  effective 
reaistanoe  ia  Increased  by  reason  of  the  inductive  reactance  of  both  troUey 
and  rail,  and  also  due  to  eddy  currents  set  up  in  the  rail  itself. 

ns.  Ball  impadanoa.  The  impedance  of  a  rail  depends  in  a  considerable 
degree  upon  its  chemical  composition,  a  reduction  in  permeability  also 
reducing  the  internal  losses.  In  general  the  action  is  a  skin  effect,  and  the 
impedance  and  resistance  are  inversely  proportional  to  the  perimeter  of  the 
rail  and  are  proportional  to  the  square  root  of  the  frequency.  Tbis  pro- 
portion assumes  an  unbroken  rail,  and  the  introduction  of  ahort  lengths  of 
rail  bonded  together  calls  for  modifications.  Thus  at  25  cycles  the  im^- 
anoe  of  track  rail  of  standard  outline  and  composition  is  approximately  eight 
times  the  ohmic  resistance  offered  to  the  passage  of  direct  current;  at  15 
cycles  a  ratio  of  6.2  obtains,  etc.  The  power-factor  at  either  frequencjr  is 
approximately  80  per  cent.  Considenng  a  track  circuit  with  Doadio^ 
experimental  results  show  an  impedanoe  at  25  cycles  of  6.0  timea  the  ohmio 
resistance. 

Under  the  following  conditiona  the  measured  impedanoe  of  ndl  of  various 
weights  is  given  below;  height  of  trolley  above  track,  approximately  20  ft.; 
gage  of  track  standard,  4  ft.  8.5  in.;  powervfactor  of  circuit,  80  per  cent; 
average  power-factor  of  load  80  per  cent.;  ratio  of  impedance  to  ohmie 
resistance,  6.6  to  1.0;  frequency,  26  cycles  per  sec. 


Weight  of  rail,  lb.  per 

yd. 
tmpedanoe  ohma  per 

mile  2  rails. 


00 
0.291 


70 
0.251 


80 
0.218 


90 
0.198 


100 
0.179 


110 
O.llS 


MT.  TroUay-wire  Impadanoa.  In  addition  to  the  increased  impedance 
of  the  rail  itself,  the  impedance  of  the  overhead  troUejr  oonduetor  is  also 
increased  by  reason  of  its  reaotance  when  carrying  alternating  current.  TeaU 
made  upon  000  and  0000  conductors  indicate  an  increase  in  impedance 
1.5  the  ohmic  resistance.  The  conditions  under  which  the  following  values 
were  obtained  were,  with  the  exception  of  the  impedance  ratio,  the  same 
as  those  given  in  Par.  S9A.  Impedance  per  mile  of  000  trolley  >■  0.405 
ohms.  Ratio  of  impedance  to  ohmic  resistance,  1.5.  Impedance  per  mils 
of  0000  trolley  —  0.390  ohms.     Ratio  of  impedance  to  ohmic  reaiatanee,  1.5. 

tM.  The  height  of  trolley-win  aboT*  rail  can  be  varied  aomewhat 
from  the  20  ft.  assumed  without  introduoing  an  apptvoiable  error.  The 
power-factor  of  80  per  cent,  assumed  for  the  load  .la  aomewhat  lower  than 
would  be  experienced  in  a  well-proportioned  alternating-current  railway 
installation,  but  the  small  error  of  4  or  5  per  cent,  introduced  by  assum- 
ing full  impedance  drop  of  the  trolley  and  rail  circuit  ia  justifiable  in  making 
preliminary  estimates  where  the  character  of  load  cannot  be  very  closely 
determined. 

M*.  CUitUIOktton  of  trolley  eonttruotlon. 

(a)  Span  construction  (Par.  SOO). 

(b)  Bracket  oonatruotion  (Par.  SOfl). 

The  costs  of  typical  trolley  construction  are  given  in  Par.  UT  to  Ml. 

•M.  Span  COIiatraetion  comprises  polea  on  either  aide  of  the  track  con- 
nected by  cable  from  which  is  suspended  the  trolley  conductor.  The  trolley 
may  be  nung  directly  from  the  span  wire  through  an  intermediary  insulated 
hanger  or  may  be  suspended  from  a  galvanised  steel  catenary  (Par.  Ml) 
which  in  turn  is  supported  by  the  span  wire.  Span  construction  may  lie  used 
to  provide  a  support  for  the  trolley  wires  over  any  number  of  tracks.  With 
more  than  two  tracks  it  ia  preferable  that  the  sifle  poles  shall  be  aelf^up- 

*A  cube  whose  side  —  1  cm. 
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porting  steel  towers  joined  by  very  heavy  catenary  construotion,  the  whole 
eombination  being  thoroughly  anchored  to  withstand  streasea,  or  else  the 


Fia.  101. — Cross  suspension. 


Flo.  102. — Bracket  suspension. 


side  towers  should  be  joined  by  a  light  steel  truss,  forminjs  a  bridge  cnnstruo- 
iioD,  this  latter  being  used  in  steam-railroad  electrification  where  the  num- 
ber of  tracks  exceeds  two. 

101.  Trolley  wires  generally  have  a  cross-section  equal 
to  3.000  or  4,000  cm.  A.W.G.,  and  are  drawn  in  three 
sections;  round,  figure  8,  and  grooved.  The  use  of  round 
wire  is  objectionaDle  owing  to  the  difficulty  of  securely 
clipping  it  to  the  hangers  without  forming  a  projection 
on  the  wire  itself  which  will  tend  to  throw  off  the  current 
collector  in  high-speed  operation. 

The  use  of  figure  8  wire  is  open  to  the  objection  that 
owing  to  its  unsymmetrical  cross-section  it  is  very  difficult 
to  handle  during  installation,  although  it  affords  a  ready 
means  of  fastemng  and  leaves  a  clean  unbroken  under- 
surface  suitable  for  high-speed  operation.  ^ 
The  grooved  trolley  wire  (Fig.  103)  is  in  greatest  use 
and  consists  of  a  round  wire  grooved  on  opposite  aides  sufficiently  deep  to 
permit  gripping  by  adjustable  clamps  or  hangers.      Owing  to  its  round 


Fio.  103.— 
Trolley  clamp. 


Fli.  104. — Two-track  bracket  construction. 
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Fig.  105.— Combination  pole. 
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croaa-amtion,    it  is  readily  unreeled  and  inatalled,  and  preeenta  all  the  ad- 
vantacee  of  a  amooth  under  surface. 


haviof  A 


) 


Ml.  BrMkst  oomtruction  compriaee  a  aelf-«upporting  pole 
projeoting  arm  or  bracket  exteodiiic  over  the  track  and  supportins  the 
trolle/  wire  dther  directly  or  by  meana  of  a  steel  catenary  cable.  The 
pole  is  cenerally  of  wood*  and  the  best  construction  provides  for  anoiioriost 
each  pole  to  guard  against  lateral  strains  due  to  wind  and  the  unbalauicca 
wejght  of  the  overhung  trolley. 

The  trolley  is  usuaDy  not  attached  directly  to  the  projecting  mnn  or 
bracket,  but  to  a  flexible  cable  attached  thereto,  whoee  office  is  to  provide 
for  the  needed  amount  of  flexibility.  Span  construction  is  more  flexible 
than  bracket  construction,  but  bv  use  of  the  flexible  bracket  cable,  the 
latter  can  be  made  sufficiently  cusnioned  to  twrmit  the  operation  of  trolley 
wheels  up  to  60  miles  x>er  hr. 

SOS.  Catenary  oonatruotion  (Par.  SOO)  has  been  brought  into  promi- 
nence with  the  development  of  the  alternating-current  motor,  but  its  applica- 
tion is  not  confined  to  alternating-current  motor  installation  as  ita'exoelleiit 
mechanical  qualities  are  of  equal  benefit  in  the  case  of  high-speed  direct- 
current  motor  installations.  Catenary  construction  comprises  either  a 
span  or  bracket-supporting  structure  over  which  is  bung  a  stranded  gal- 
vaniaed  steel  cable  looeely  suspended  with  20  in.  or  more  drop  between 
supports,  thus  giving  rise  to  tne  term  catenary.  From  this  catenary  or 
messenger  cable  is  suspended  the  grooved  trolley  wire  by  means  of  bangerv 
of  different  lengths.  The  number  of  these  hangers  varies  from  a  minimum 
of  three  between  supports  to  a  maximum  of  a  hanger  every  10  ft.,  the 
object  being  to  secure  a  practically  flat  trolley  wire  of  equal  height  at  all 
points  above  the  track. 


Fia.  106. — Three-point  catenary  suspension,  tangent. 


Fro.  107. — Three-point  catenary  suspension,  curve. 

SM.  AdTUitafai  of  catenary  eonatruotlon.  The  flexible  suspension 
of  a  catenary-hung  trolley  and  the  flat  surface  which  it  presents  to  the  trolley 
collector  makes  it  admirably  suited  for  the  operation  of  high-speed  equip- 
ments whether  these  be  of  the  alternating-current,  or  direct-current  type. 
This  form  of  construction  is  furthermore  especially  adapted  to  withstand 
the  high-voltase  stress  of  the  trolley  voltages  employed  in  alternating- 
current,  secondary  distribution  systems,  owing  to  the  fact  that^the  catenary 
is  generally  suspended  from  porcelain  insulators  of  the  high-potential 
transmission  type,  forming  both  a  strong  mechanical  structure  and  having 
bigh-pressure  reaisting  qualitiee. 

With  oatenaiy  construction  it  ia  possible  to  adopt  a  greater  apacina 
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batmen  mipporia  than  U  ouatomsry  with  the  self-supporting  trolley  wire 
ooBitruotion. 

KM.  DbtuiGa  between  troUey-wire  •upporte  on  tansenti 

Self-supportinc  trolley 110  ft. 

Catenary  wooden-pole  bracket  construction 150  ft. 

Catenary  steel-pole  bracket  construction 200  ft. 

Catenary  steel-briilge  construction 300  ft. 

The  only  limit  placed  upon  the  distance  between  supporta  in  catenary 
eooatruetion  on  tangent  track  is  the  likelihood  that  long  spans  will  have  con- 
siderable lateral  sway.  This  is  corrected  in  part  by  suspending  the  trolley 
from  a  double  catenary  construction,  thus  forming  a  iriangtuar  truss  of 
considerable  rigidity.  Catenary  construction  is  only  adapted  to  tangent 
traek  and  curves  of  long  radius,  as  it  requires  additional  pull-o£F  poles  at- 
tended with  considerable  expense  in  order  to  be  adapted  to  sharp  curves. 

t06.  Pole  ruylllf.  With  wooden-pole  bracket  oonstniction  it  is  cus- 
tomary to  anuior  the  poles  on  curves,  often  on  tangents. 

lOT.  DupUcktlon  Ot  primary  eireuitf .  Primary  transmission .  circuits 
may  be  carried  upon  the  same  poles  that  serve  as  a  support  for  the  trolley. 
The  transmission  line  so  supported  may  be  supplemented  by  a  separate 
transmission  line  hung  on  independent  poles,  in  order  to  provide  greater  as- 
snntsee  for  continuity  of  service. 

tM.  Btendmrd  trolley  potentials  In  use  are  as  follows:  600  volts 
direct-curi«nt,  1,200  volts  direct-current,  3,300  volts  alternating-current, 
0,600  volts  altemating-curTent,  11,000  volts  alternating-current. 

An  alternating-current  trolley  potential  of  3,300  volts  has  been  used  in 
several  installations  but  is  being  superseded  by  6,600  volts  in  the  smaller,  and 
1 1,000  volts  in  the  larger  installations. 

tOf.  Orarhead  eolleotiiu  derleaa  for  use  with  trolley  may  be  divided 
into  three  classes:  wheel  (Par.  tlO),  roller  (Par.  >14),  and  sliding-bow 
(Par.  IIS). 

no.  The  trolley  wheel  consists  of  a  grooved  wheel  of  composition  metal 
ran^og  from  3.5  in.  to  0  in.  in  diameter,  depending  upon  whether  the 
servioe  is  low  or  high  speed.  Wheels  are  carried  on  a  self-lubricating  bearing 
and  press  against  the  trolley  at  pressures  from  15  to  40  lb.  depending  upon  the 
fnaximum  speed  of  the  equipment,  this  pressure  being  maintained  throughout 
a  wide  range  in  height  of  trolley  wire  in  order  to  provide  for  reduction  in 
standard  height  of  22  ft.  made  necessazy  when  going  beneath  bridges, 
ndverts,  etc. 

til.  Api>roximat«  life  of  trolley  wheeU 

<^ty  service  25  miles  per  hr.  maximum ll.CMX)  miles 

Suburban  service  35  miles  per  hr.  maximum 6,000  miles 

Interurban  service  50  miles  per  hr.  maximum 3,500  miles 

High-speed  service  00  miles  per  hr.  maximum 2,000  miles 

>U.  The  current  capacity  of  the  trolley  wheel  is  determined  by  its 
speed  and  the  pressure  of  contact  between  wheel  and  wire,  the  higher  the 
need  the  greater  the  pressure  necessary  to  maintain  contact  without  arcing. 
High  speed  also  demands  a  very  nicely  balanced  wheel  and  the  maximum  spe^ 
at  which  trolley  wheels  are  used,  corresponds  to  a  car  speed  of  60  miles  per  hr. 

Following  are  the  current-carrying  capacities  of  trolley  wheels  at  various 
speeds. 


Speed  in  milee  per  hr 

Current  capacity  in  amperes. 


5 
1,000 


10 
860 


650 


30 
550 


40 
400 


50 
300 


60 
200 


This  table  is  compiled  on  the  basis  of  maximum  current-carrying  capacity 
at  the  different  speeds  with  trolley  and  wheel  in  good  condition.  The  wheel 
is  balanced  for  the  higher  speeds  and  the  contact  pressure  varies  from  20  to 
40  lb.  between  trolley  and  trolley  wheels. 

lit.  Tlezible  trolley-wire  suaiMnaion  for  the  higher  speeda.  At 
the  huEher  speeds  it  is  absolutely  necessary  that  the  trolley  suspension  be 
very  flexible,  preferably  hun^  from  a  catenary  and  with  the  clip  fastening 
the  trolley  wire  of  as  li^ht  weight  as  possible  in  order  to  minimise  the  blow  ot 
the  trolley  wheel  striking  it. 
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114.  TroUa7  rollan  ara  aometimM  uaed  in  place  tA  tnOsf  wheels  wheiv  H 
ia  desired  to  make  use  of  a  reveraible  coHecting  construcUon  or  where  the 
trolley  potential  is  so  high  as  to  make  it  desirable  that  all  control  of  the 
trolley  collecting  devices  snail  be  automatic  and  not  manual  with  cord.  Roll- 
ing contacts  consist  of  a  brass  or  composition  roller  about  5  in.  in  diametmr 
and  30  in.  long,  supplemented  by  stationary  wings  to  provide  for  greater 
oS-centre  displacement  of  the  trolley  than  can  be  taken  care  of  by  the  roller. 
Roller  trolleys  are  being  used  for  high-voltage  direct-current  loeomotivea 
with  Bucceea,  and  improvements  in  design  have  made  it  poMible  to  collect 
any  current  required  for  main-line  freight  or  passenger  truns  with  direci- 
ourrent  2,400-volt  supply. 


Fig.  109. — Pantograph  roller. 


tli.  Blldinc  ihoe  troU«7*  are  in  very  general  use  at  moderate  speeds, 
carrying  currents  of  moderate  value,  and  the  development  of  high  po- 
tential alternating-current  trolley  collectors  has  brought  this  form  of  con- 
struction into  prominence.  In  man^  alternating-current  Toads  the  use  of 
trolley  wheels  operated  by  means  of  insulated  linen  cord  is  still  adhered  to, 
but  the  majority  of  such  roads  are  adopting  some  form  of  roller  or  aHdiiig- 
bow  contact.  As  the  application  of  the  sliding-bow  trolley  to  high  speed 
operation  calls  for  certain  modifications  in  its  construction  as  hitherto  made, 
no  complete  operating  data  are  extant  in  regard  to  its  earrving  capacity  or  its 
life.  For  speeds  between  50  and  60  miles  per  hr.,  the  sliding  contact  has  an 
appre<nabl^  leas  life  than  either  the  trolley  wheel  or  roller,  but  continued  use 
oi  the  sliding  bow  at  these  speeds  is  resulting  in  the  selection  of  metals  and 
forms  of  construction  which  will  provide  for  a  reasonably  long  life.  A  double- 
shoe  trolley  has  lately  been  developed  for  collecting  heavy  currents  which  will 
probably  supersede  the  roller.  It  is  much  lighter  and  will  collect  much  heav- 
ier currents. 

SIS.  Bllding-bow  conBtructlon  may  be  supported  either  by  a  trolley 
pole  mounted  upon  a  spring  base  along  the  lines  of  standard  trolley-wheel 
construction,  or  the  bow  or  scraper  may  bo  held  in  a  horiiontal  pontiou  >t 
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•0  heichls  by  maaam  of  tbe  ao-oalled  pantograph  construction.  The  panto- 
fnphham  is  ynvferable  for  altemating^urrent  roads  as  it  permits  reversal  of 
the  ear  direction  without  reveianc  the  trolley,  and  furthermore,  by  reason  of 
the  parallel  motion  introduced,  it  aoea  not  interfere  with  trolley  construction. 


T       -J 
.1         V 

1 

^3T 

\^^     "jl- 

^___i 

Ballbl 

Fio.  1 10. — Sliding  bow. 


Fio.  111. — Pantograph  bow. 


SIT.  Tbird-rall  eonitruction  may  be  divided  into  two  broad  classes: 
a,  overrunning  contact  (Par.  SIS);  b,  underrunning  contact  (Par.  SS4). 

Third-rail  voltages  of  600  and  1,200  volts  (Central  California  Traction) 
are  in  operation  and  still  higher  potentials  are  being  proposed.  The  limiting 
third-rail  voltage  has  not  yet  been  reached,  and  it  la  probable  that  the  de- 
velopment of  improved  forms  of  construction  will  result  in  the  use  of  higher 
voltaaws  for  steam-road  electrifications,  Coete  are  given  In  Par.  SH  and  SM. 
BoBOac  of  the  third-rail  is  treated  in  Far.  SSS. 

SIS.  Orarmnninc-eontaot  third  ralli  were  the  first  introduced  and  are 
in  more  general  use.  The  construction  consists  essentially  in  supporting  a 
steel  raiC  of  either  standard  track  or  special  composition,  upon  insulators 
placed  ever^  10  ft.  These  insulators  rest  on  supports  carried  upon 
projecting  ties.  Rails  are  joined  loosely  by  fish  plates,  are  bonded,  and  at 
intervals  are  thoroughly  anchored  to  prevent  creeps^.  Contact  is  made 
with  the  collecting  surface  of  the  rail  by  means  of  a  third-rail  shoe  suspended 
from  the  trucks  of  the  ear  or  locomotive. 


^     T 


Fia.  112. — Unprotected  third-rail. 


Fio.  113. — Protected  third-rail. 

Sit.  Vr0t«et<d  thlrd-rall  construction  is  a  modification  of  the  above,  and 
consists  in  providing  a  wooden  or  metal  shield  over  the  rail  in  order  to 
]>rotect  it  from  snow  and  sleet  or  accidental  contact,  the  rest  of  the  oonstruc- 
tion  being  identical  with  that  outlined  above.  The  wood  or  iron  construction 
is  supporisd  by  uprights  placed  every  10  ft.  or  more,  and  such  protection  Is 
usually  substantial  enough  to  bear  the  weight  of  a  man  midway  between 
nippOTt*. 
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Fia.  114. 


Tn»B 


ttO.  Third-rail  roadi  alTtiig  location  of  third-rail 
(Reviaed  1910) 


Name  of  road 


Albany  A  Hudson  R.R.  Co 

Aurora,  Elgia  and  Chioac o  R.R.  Co 

Baltimore  k  Ohio  R.R.  Co 

Berlin  Elevated  and  Undeii^und 

Boston  Elevated  Ry.  Co 

Brooklyn  Rapid  Transit 

Central  London 

Central  Calif.,  Traction  Co. 

Grand  Rapids,  Grand  Haven  'ft  Muskegon 
Ry.  Co. 

Interboro  Rapid  Transit  Co. 

Manhattan  Elevated 

Subway,  East  side.  Viaduct  &  West  Farms 
Subway,  all  excepting  above  division .... 

Lackawanna     &     Wyoming     Valley     Rapid 
Transit  Co 

Uverpool  Overhead  Railway 

Long  Island  R.R.  Co 

Mersey  Railway 

Metropolitan  &  District ..'. 

Metropolitan  West  Side  Elevated  Ry.  Co. . . 

Michigan  United  Rys.  Co 

Milan-Qallarate 

New  York  Central  *  Hudson  River  R.R.  . . . 

Northern  Electric  Co 

Northeastern 

Paris-Orleans 

Philadelphia  Rapid  Transit  Co 

Philadelphia  ft  Western  Ry.  Co 

Puget  Sound  Eleo.  Ry.  Co 

Scioto  Valley  Traction  Co 

South  ffide  Elevated  Ry.  Co 

Union  Elevated  R.R 

Waterloo  City 

West  Jersey  ft  Seashore 

West  Shore 

Wilkesbarre  ft  Hasleton  Ry.  Co 


Type 


U.T. 
U.T. 
P.T.i 

P.T.» 
U.T. 

P^B. 

U.T. 


P.T.« 

U.T. 
P.T.i 

U.T. 

P.T. 


U.T. 
U.T. 


P.B. 
U.T. 


P.B. 
P.B.» 
U.T. 
U.T. 
U.T. 
U.T. 

U.T. 

pTt. 


Inches  on  Fig.  04 


20.25 

20.25 

30.35 

14.375 

20.407 

20.50 

Centre 

29.50 

19.00 


20.75 
20.75 
26.00 

20.344 

Centre 

27.50 

22.00 

IS. 00 

20.60 

21.60 

26.625 

28.26 

25.50 

19.25 

25.625 

27.00 

27.50 

21.22 

28.00 

20.126 

20.125 

28.25 

27.344 

32.00 

28.00 


6.00 
6.25 
3. SO 
7.05 
5.94 
6.0O 
1.50 
3.00 
6.00 


7.50 
7.50 
4.0O 

3.00 
1.50 
3.50 
4.60 
3.00 
11.25 
6.00 
7.50 
2.75 
5.662 
3.25 
7.126 

5.76 

7.125 
6.00 
11.662 
6.187 
0 
3.50 
2.76 
5.00 


Ml.  The  location  of  the  third-rail  is  determined  by  ph^cal  character- 
istios  of  the  rail  and  by  the  character  of  the  rolling  stock  passing  over  it,  that 
is,  sufficient  clearance  must  be  provided  to  allow  the  passue  of  low-preaauxe 
locomotive  cylinders,  hopper  cars,  etc.,  and  also  the  thira  rail  must  be  laid 

<  Two  side  guards  and  slotted  covering  through  stations. 

*  One  side  guard  on  outside  6.25  in.  distant,  extending  6.6  in.  above  top  of 
rail. 

*  One  side  guard  on  outside. 

• "  « Like  that  shown  in  Fig.  118  "Protected." 
■  Farhan  System. 
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'to  provide  aufficient  elearanoa  through  tuanela,  eto.  The  distenee  from 
I  track  icaee  line  to  oeotra  of  thiid-rul  varie*  from  20  in.  to  28  in.  and 
tke  heisht  above  track  \a  from  lero  inches  to  nearly  8  in.  The  smaller 
distanaea  apply  to  elevated  and  subway  roads  operating  only  one  class  of 
roUins  stock,  and  the  greater  distances  apply  to  interurban  lines  or  elec- 
trified steam  lines  where  provision  must  be  made  for  the  passage  of  all 
cla^KS  of  freight  cars  and  possible  steam  looomotivefl. 

nS.  Third-rail  Jumpars  are  used  to  oonnect  the  third  rail  severed  at 
cmsnaca  and  consist  of  coi>per  cables  bonded  to  the  rail  and  extending 
throus&  underground  conduits.  Jumper  cables  are  heavily  insulated,  are 
lead  covered,  and  enter  the  ground  through  solidly-constructed  concrete 
structures. 

Stt.  TUrd-rail  inanlstors  consist  either  of  impreenaied  wooden  blocks, 
leconstructed  granite  or  porcelain  insulators  designed  to  be  held  in  chairs 
fastened  to  elongated  ties  and  forming  a  loose  support  for  the  third  rail. 
Id  order  to  provide  for  elongation  of  third  rail  caused  bv  extremes  in  tem- 
pensture  there  is  no  solid  fastening  between  the  third  rail  aod  its  insulating 
support,  and  jumpers  must  be  of  sufficient  length  to  allow  for  creepage. 


r 


Fra.  116. — Underrunning  third-rail. 

n4.  Vndarmimliic  thlrd-raila  of  the  protected  type,  first  installed 
on  the  New  York  Central  R.R.,  offer  some  advantage  over  the  overrunning 
type  in  regard  to  better  protection  against  accideutal  contact  and  against  sleet 
and  snow.  The  contact  surface  being  the  under  side,  is  self  cleaning,  and 
thia  form  of  third  rail  has  successfully  operated  through  heavy  snows 
completely  covering  the  third-rail  structure.  The  Central  Califorma  Trac- 
tion Co.  operates  an  underrunning  third-rail  at  1,200  volts. 

au.  Laakaca  from  third-rail  is  extremely  small  and  may  be  nedeeted 
unless  the  road  bed  should  be  deeply  impregnated  with  salt.  Even  though 
the  third-rail  be  covered  with  snow  it  is  found  that  the  leakage  is  too  small 
to  constitute  a  noticeable  item  of  expense. 


fo»  H    Boll  _.w  , 

■  -T-'-V — [ 


Ji««nl  PnMaasC  BfaM 

J-  •K">«In<aHWIaoa(dIWtaa 
A  •  •«"  f  •>  Hl|Vu  IbciioUil  FtaOUn 

Fio.  116. — Shoe  for  standard  and  inverted  rail. 

tM.  Third-rail  Ihoas  (Par.  ttT)  are  of  two  general  types:  those  acquiring 
their  pressure  by  gravity  and  those  actuated  by  means  of  springs.  The 
unprotected  overrunning  third  rail  was  first  used  in  conjunction  with  gravity 
shoes,  and  in  many  instsllstions  this  form  of  shoe  is  still  in  operation.  Where 
rails  are  protected  it  is  necessary  to  provide  a  form  of  shoe  which  will  operate 
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in  the  limited  apaoe  between  nil  and  protection,  and  mieh  ahoM  ■!•  hiacad 
and  actuated  by  apringi  in  order  to  provide  the  nee  wary  preaanre. 

tlT.  Current  eapaelty  of  tltlrd-rall  ahoai  is  much  in  exceaa  of  that  of 
any  form  of  overhead  current  collector,  especially  in  regard  io  current 
eajiMunty  at  high  apeeda.  Testa  have  been  made  which  indicate  that  elec- 
tricity may  be  collected  at  the  rate  of  2,000  amp.  from  a  single  shoe  at  a 
speed  of  35  miles  per  hr.,  and  500  amperes  at  a  speed  of  70  miles  per  hr. 
Owing  to  the  considerable  wearing  surface  of  a  cast-iron  shoe  its  life  may  be 
taken  as  ezoeeding  26,000  milee. 

tlS.  CondnetiTitr  of  the  third  rail  deiiends  ui>on  its  compontion, 
and  it  is  sometimes  the  practice  to  roll  third  rails  of  special  composition  in 
order  to  increase  their  conductivity.  The  specific  resistance  of  steel  has 
been  found  to  be  proportional  to  the  i>er  cent,  of  manganese  and  carbon  which 
it  contains.  Of  these  two  elements  manganese  is  the  most  objectionable, 
and  the  standard  track  rail  contains  from  0.40  to  0.50  per  cent,  carbon  and 
as  high  AS  0.70  i>er  cent,  manganese,  which  gives  it  a  specific  reeiatance 
ranging  from  ten  to  twelve  times  that  of  pure  copper.  For  samples  of  special 
construction  aee  Far.  SM. 

SM.  Compoiitlon  of  special  third  ralli 


Material 


Manhattan 
railway 


New  York 
subway 


Albany 

and 
Hudson 


Carbon 

Manganese 

Sulphur 

Phosphorus 

Ratio  of  resistance  compared 
to  copper 


Per    cent. 
0.073 
0.340 
0.073 
0.060 

7.7 


Per    cent. 
0.10 
O.flO 
0.05 
0.10 

8.0 


Per    cent. 
0.090 
0.440 
0.08 
0.088 

7.25 


ISO.  Bunasted  thlrd-rall  oompoaitioii  ipocifteatloa 

Carbon  not  to  exceed 0.12  per  cent. 

Manganese  not  to  exceed 0 .  40  per  cent. 

Sulphur  not  to  exceed 0.05  per  eent. 

Fhoaphonis  not  to  exceed 0. 10  per  cent. 

The  specific  resistance  of  a  third-rail  of  composition  given  above  will 
be  approximately  14  microhms  per  centimeter  cube*  at  20  deg,  cent.  (68  deg. 
fahr.)  or  seven  and  three-<]uarters  times  that  of  oommeroial  copper. 

Including  bonds,  the  table  given  in  Par.  SSI  is  representative  of  third- 
rail  rolled  according  to  these  speoifications  for  special  rail  ^ving  14  niicrofants 
per  centimeter  cube  and  for  a  track  rail  a  composition  giving  20  microhms 
per  centimeter  cube.* 

SSI.  Beitstanee  of  ralli  Inelndinc  bonds 


Weight  of  rail  lb.  per 

Third-rail  resistance 
ohms  per  mile 

Two  track  rails,  resist- 
ance ohms  per  mile. . . 


40 
0.003 
0.060 


50 
0.074 
0.053 


60 
0.062 
0.044 


70 
0.053 
0.038 


80 
0.046 
0.033 


90 
0.042 
0.033 


100 
0.038 
0.027 


no 

0.034 
0.024 


This  table  is  based  upon  the  use  of  O-in.  bonds  having  a  carrying  capacity 
equal  to  one-half  that  of  the  rail. 

SSt.  Thlrd-rall  maintenance  is  a  very  small  item,  as  testa  have  shown 
the  rail  to  wear  an  extremely  small  amount,  even  in  very  heavy  service. 
Tests  taken  show  that  the  passage  of  2,000,000  thiid-raO  shoea  reaulled  in 
wearing  away  0.006  in.  of  speciu  soft  rail.  The  maintenance  of  a  third- 
rail  incudes  such  items  of  expense  as  maintaining  the  bonding,  alignment. 


*  Meaning  cube  whose  nde  "  I  cm. 
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and  inmilAtora  in  cood  condition  together  with  the  upkeep  of  jumpers  and 
the  cables.  This  expense  has  been  found  in  practice  to  be  very  small  and 
(he  low  maintenanoo  charge  of  third-rails  together  with  the  possibility 
which  such  a  system  ofifers  for  handling  unlimited  eurrent  values  at  any 
flpeed  constitute  the  strongest  arguments  in  favor  of  its  adoption. 

SSS.  Protection  of  third  rail  acainst  ilest  &nd  snow  is  affected 
£reetly  by  the  Tarioua  forms  of  protected  third  rail,  and  it  has  been  found 
that  especially  the  underrunning  type  can  operate  in  snow  entirely  surround- 
ia%  the  third  rail  without  difficulty,  owing  to  the  fact  that  the  under  contact 
surface  of  the  rail  ia  sell  cleaning.  With  the  various  forms  of  exposed  over- 
running rail  it  has  been  found  that  the  accumulation  of  sleet  may  be  pre- 
vented by  the  use  of  calcium  chloride  mixed^  with  water  in  the  proportion  of 
1  lb.  to  5  gal.  and  sprayed  upon  the  rail  at  intervals  of  not  more  than  2  hr. 
dnrins  the  continuance  of  the  storm. 

tt4.  Underground  trolley  or  conduit  iTitenu  are  in  use  only  in  the 
very  largest  citiee  owing  to  the  enormous  expense  of  their  installation, 
fiuch  systems  consist  in  the  location  of  two  third-rails  or  conductors  placed 
in  ft  conduit  located  between  the  track  rails,  contact  bang  established  by 
meauts  of  a  plough  extending  through  a  slot  opening  of  tine  conduit.  As 
the  plough  carries  both  the  positive  and  negative  contacts,  there  is  no  track 
return  and  hence  the  conductivity  of  the  track  as  a  return  feeder  is  lost. 

Underground  trolley  systems  are  instiUled  in  city  streets  where  the  oon- 
Bestion  m  travel  is  sumcientiy  heavy  to  warrant  the  lar^  expense  and  where 
tiie  uae  of  overhead  wires  is  objectionable.  As  conduit  systems  are  essen- 
tially double- trolley  systems,  the  feeder  network  is  double  that  required  for 
an  overhead  trolley  with  track  return.^  Both  conductor  rails  are  controlled 
by  separate  feeders  and  are  divided  into  sections  as  previously  indicated 
for  city  trolley  systems.  Each  section,  with  its  feeders,  is  controlled  by 
double-throw  switches  so  that  it  may  be  made  either  positive  or  negative 
at  will.  With  this  arrangement  of  double-throw  switches  it  becomes  pos- 
tible  to  throw  ail  temporarily  grounded  sections  on  a  bus  of  tl^e  same 
polarity  and^thus  prevent  possible  short^ircuite  due  to  simultaneous  ground- 
ing of  a  positive  and  a  negative  oonduit  conductor. 

555.  Doublo-troUey  lyitenu  are  installed  to  a  very  limited  extent  in 
dty  streets  in  order  to  prevent  any  liability  to  electrolysis  possible  with  the 
single-trolley  track-return  system  (Par.  MS).  Such  systems  call  for  double 
ecd&ctors  and  double-trolley  construction,  which  becomes  complicated  and 
expensive  to  maintain  in  city  streets.  One  trolley  is  positive  and  the  other 
negative,  so  that  the  track  is  not  utilised  for  return  and  hence  need  not  be 
bonded. 

556.  Throe-phase  douMe-troUay  lystenu  or  double  third-rail  sys- 
tems are  sometimes  used  in  conjunction  with  three-phaso  induction  motor 
equipments  requiring  three  conductors,  in  which  case  the  track  acts  as  the 
turd  leg  oH  the  triangle.  Such  svstems  usually  carry  several  thousand 
volts  upon  the,  trolley  wires,  employ  the  catenary  overhead  construction, 
and  are  as  yet  in  very  limited  use. 

MT.  Three*wlrd  tTttenu  comprise  two  overhead  trolleys  having  a 
potential  difference  of  1,200  volts  between  them  and  600  volts  each  to  ground. 
In  this  case  the  car  equipment  consists  of  two  separate  600-volt  motor 
equipments  including  control,  connection  being  estaDlished  with  the  track 
as  a  neutral.  Such  systems  can  therefore  operate  either  as  600-volt  from 
either  or  both  trolleys,  or  as  a  straight  1,200- volt  system  trolley- to- troUey 
with  the  track  acting  as  a  neutral  and  carrying  practically  no  current. 
Where  there  is  no  restriction  placed  upon  the  voltage  drop  in  track  return, 
fcuch  systems  suffer  in  comparative  first  coat  with  the  single- trolley  system. 

SSSto  Track  return.  It  is  almost  the  universal  custom  in  electric  raiU 
way  systems  to  utilise  one  or  both  roils  of  the  tracks  as  a  return  circuit  to 
the  generating  station.  It  was  early  found  that  the  ground  itself  or  even 
adjacent  bodies  of  water  constituted  a  return  circuit  of  such  high  resistance 
as  to  be  of  littie  practical  use,  hence  the  necessity  for  a  carefully  bonded 
track-return  circuit,  reinforced  by  feeders  where  necessary.  Data  on  con- 
ductivity and  the  resistance  of  standard  rails  is  given  in  Par.  SX8  and  SSI, 

SSf.  Bftll  bondlnff  (Par.  SiO  to  SS4)  consists  in  establishing  contact,  rail 
to  rail,  in  order  to  utiuae  to  the  fullest  extent  the  conductivity  of  the  roil  as  a 


) 


Sec.  16-340  BLSCTRIC  RAILWAYS 

return  circuit  or  as  a  third-rul.  The  contact  rematanoft  of  fiah  pUtaa  U  wo 
creat  as  to  amount  practically  to  an  open  circuit,  henoe  the  need  of  a  boaded 
joint  of  good  conductivity.  The  question  of  bonding  has  largely  resolved 
Itself  into  the  mechanioai  problem  of  maintaining  a  Toir  resistance  contart 
that  will  withstand  the  constant  pounding  and  extreme  changes  in  tempera- 
ture to  which  the  joint  is  subjected  under  operating  conditions. 

S40.  TyiMi  of  bonds  may  be  listed  as  follows:  a,  ezpanded-temuiial 
bonds  (Par.  S41^;  6,  soldered,  brased  or  welded  bonds  (Par.  g4t>;  c,  amalcam 
bonds  (Par.  tM);  d,  cast  welding  (Par.  9H);  e,  electric  welding  (Par.  S9^i 
/,  thermit  welding  (Par.  SIS). 

•41.  ■zpuided'-tanninal  bonds  comprise  all  thoee  which  depend  upon 
expanding  a  soft  copper  core  into  contact  with  the  rail  through  a  hole  in  the 
web  or  flange.  The  sise  of  hole  in  the  rail  varies  with  the  capacity  and  type 
of  bond  used,  ranging  from  |  of  an  in.  to  1  in.  in  diameter.  There  are  two 
genera!  types  of  expanded  terminal  bonds. 

The  stSHsl-oor*  bond  comprises  a  soft  steel  centre  inserted  in  a  eopper 
head  and  so  designed  that  when  placed  in  the  rail  and  pressure  applied,  the 
expansion  of  the  steel  core  centre  will  force  the  copper  head  into  close  con- 
tact with  the  rail.  This  type  of  bond  has  been  largely  superseded  by  the 
all'Copper  bond. 

The  second  type  of  ezpanded-terminal  bond  comprises  two  8(4id  oc^per 
beads  or  terminah  into  wnich  is  forged  a  laminated  copper  conductor  joimnc 
the  two.  When  the  bond  is  in  place  and  pressure  appUed,  the  soft  coppM^ 
head  is  expanded  into  dose  contact  with  the  rail. 

Bonds  of  the  expanded- terminal  type  are  designed  for  use  either  beneath 
the  fish  plate  or  under  the  flange  of  the  rail,  or  are  made  of  sufficient  length  to 
span  the  fiah  plate.  Where  the  conductor  joining  the  terminals  is  of  con- 
siderable lengtn  as  in  cross  bonding,  it  is  sometimes  made  of  solid  copper  wire, 
but  a  stranded  or  laminated  conductor  is  absolutely  neoeosary  where  the  bond 
is  short  and  must  conform  to  rail  deflection  at  the  joint. 

S4S.  Soldered  bonda  have  been  introduced  successfully  in  some  cases. 
These  comprise  a  laminated  copper  conductor  terminating  in  two  solid  heads 
joined  to  the  rail  by  soldering,  braxing  or  welding.  The  bond  is  attached 
to  the  head  of  the  rail  on  the  outside,  or  to  the  flange  of  the  rail.  In  either 
case  it  is  exposed  to  view,  which  facilitates  inspection  and  renewals  but  also 
renders  the  bond  liable  to  theft.  It  is  difficult  to  obtain  a  contact  by  soldering 
that  will  withstand  constant  vibration,  but  brazed  and  welded  bonds 
appear  to  be  freer  from  this  objection.  Where  good  contact  can  be  aecared 
the  accesBibitity  and  cheapness  of  this  method  of  bonding  recommends  it. 

S4S.  Comparlaon  of  aoldered  and  expanded- terminal  bonds. 
Both  the  expanded  terminal  and  soldered  bonds  are  universally  luod  for 
bonding  the  track  and  third-rail  of  city  and  interurban  electrio-r^way 
systems.  While  the  soldered  bond  is  cheaper  and  has  many  qualities 
recommending  its  adoption,  its  use  on  T-raila  laid  on  sutfaoe  ties  is  open  to  . 
the  objection  that  it  is  relatively  easv  of  removal  which  renders  it  liable  to 
theft.  Hence  the  expanded  terminal  bond,  placed  beneath  the  fiah  plate  is 
preferable  when  the  rail  is  exposed. 

544.  The  aelaetion  of  bonding  for  a  ^ven  road  depends  both  vptm 
current  capaoit]^  and  contact  resistance  desired,  and  is.  determined  by  the 
doss  of  service  involved. 

MS.  The  contact  reaUtanoa  of  ft  tingle  •-in.  4/0  bond  of  the  ex- 

Sanded-terminal  type  in  good  condition,  is  approximately  0.0(XK)3   ohms. 
[ence  the  relative  resistance  of  bonded  JMnts  and  track  itself  is  approximate 
OS  given  in  Par.  S46. 

545.  Comparison  of  traek  reilitanoa  with  bond  retlstanco. 
I  Mile  70-lb.  track  (2  rails)  at  19  microhms  per  centimeter 

cube* a  0.0361  ohms 

Single  bonding  176  joints  at  0.000016  ohms  (2  rails) ■■  0.0028  ohms 

Total  per  mile  of  bonded  track »  0.0387  ohms 

It  is  evident  that  the  joint  resistance  of  a  well-bonded  r^l  is  relaUvdy 
low  compared  with  the  total  resistance  of  the  rail  itself,  but  the  propor- 

*  Meaning  cube  whose  side  —  1  cm. 
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tion  holds  <Hily  when  the  bonding  is  inetalled  and  maintained  in  ftnl  olaM 
•ondition. 

MT.  Doobto  bondiii|[  i«  resorted  to  in  many  instanoes  in  order  to  insure 
a  path  of  Kood  conductivity  in  case  of  failure  of  a  single  bond.  Where 
double  bonding  is  not  required  to  provide  additional  current  capacity  in  order 
to  keep  temperature  rise  within  reasonable  limits,  it  is  better  engineering  to 
install  a  single  bond  of  sufficient  capacity  from  a  temperature  rise  stand- 
point and  maintain  this  bonding  in  good  condition.  Double  bonding  is  open 
to  the  objection  that  one  of  the  two  bonds  may  give  imperfect  eontact  and 
be  practically  useless,  and  such  a  method  of  installation  usually  resulto  in 
the  operation  of  the  road  with  practically  single  bonding  throughout. 

MI.  SIncle  bonding  for  mburban  ro»dg  where  the  service  is  infre- 
quent and  current  demands  do  not  momentarily  exceed  1,000  amp.,  is  to  be 
Rooramended  provided  rails  are  frequently  ^cross  bonded  and  all  bonded 
Soiuts  are  regularly  inBi>eoted  and  maintained  in  their  original  good  condition. 

S49.  Tbfl  heating  of  bonds  will  determine  the  sise  and  number  of  bonds 
to  be  used  on  roads  over  which  there  is  a  large  volume  of  traffic,  and  where 
the  moving  units  demand  a  large  kilowatt  input,  such  as  trains  hauled  by 
loeomoUves,  etc.  Following  are  given  values  of  temperature  rise  at  different 
current  strengths: 


Current  amperes * 

500 
10 

1,000 
35 

1,800 
78 

2,000 
135 

2,500 
210 

This  table  of  bestinc  conateata  applies  only  to  bonding  exposed  to  the  air 
and  not  covered  by  fian  plate,  in  the  latter  case  the  heating  will  be  somewhat 
increased.  The  values  given  in  the  table  apply  only  to  bonds  maintaining 
good  oontaat  with  the  rail.  As  one  of  the  integral  rails  composing  the 
track  return  may  become  useless  owing  to  failure  of  a  single  bond,  each  rail 
mnai  be  bonded  with  the  proepect  of  carrying  the  full  return  current.  The 
beating  of  the  bond  varies  approximately  proportional  with  the  square  of  the 
current  value  and  extremes  in  temperature  are  to  be  avoided  owing  to  the 
unequal  expansion  of  copper  &nd  rail.  It  is  therefore  desirable  that  the 
gr»te8t  conservatism  be  used  in  selecting  the  bonds  for  a  given  service. 
This  holds  especially  true  where  soldered  bonds  are  conoemed,  as  too  high  a 
temperature  will  melt  the  connection  between  rail  and  bond.  Braied 
and  electrically  welded  bonds  will,  of  course,  withstand  a  larger  currant  value 
and  higher  temperature  without  danger  of  falling  off. 

tM.  Amalgam  bonds  have  been  used  with  some  auooess,  the  most 
modem  comprising  a  spiral  spring  approximately  1  is.  in  diameter  con- 
taining a  aoft  amalgam,  the  whole  being  designed  to  be  placed  between  the 
thoroughly  cleaned  Bah  plate  and  rail,  and  held  in  place  by  the  bolta  extend- 
ing between  them.  Thia  type  of  bonding  is  easy  of  application  and  is  useful 
where  a  concealed  bond  is  desired. 

Ul.  Welded  iotnta  in  general  give  the  greatest  satisfaction  where  it 
becomes  necessary  to  bond  the  rail  to  its  full  current-carrying  capacity  as 
wiien  the  bond  is  called  upon  to  carry  a  very  high  value  of  current.  Welding 
is  obtained  by  three  methods:  Cast  (Par.  351),  electric  (Par.  SM),  and 
thermit  (Par.  SM). 

All  forma  of  welding  are  necessarily  somewhat  expensive,  and^are  not  well 
adapted  to  the  requirements  of  suburban  roads,  using  T  rails  laid  on  ties  in 
the  open,  because  of  the  inability  of  such  joints  to  allow  for  rail  expansion. 

Ut.  OMt  welding  is  aecured  by  pouring  the  metal  in  a  mould  aurround- 
ing  the  rail  joint,  thoroughly  cleaned  for  the  purpose.  Such  joints  will  have 
DO  expansion,  are  aoraewhat  likely  to  crack,  ana  are  best  suited  for  uae  in 
inty  streets  where  the  track  is  held  rigidly  in  place  by  the  pavement. 

SM.  Ttaarmlt.  welding  is  acoompliahed  in  very  much  the  aame  manner 
except  that  a  relatively  amall  amount  of  metal  is  required.  This  process  is 
not  AS  yet  in  very  general  use. 

SM.  Baetrlo  welding  at  the  rail  joint  is  perhaps  best  secured  by  welding 
a  steel  strap  to  each  rail,  the  joint  not  being  contmuoua  between  straip  ana 
rail  but  maintained  at  one  or  two  points  of  contact.  Electric  welding  has 
proved  very  satisf actoi^  in  the  past,  and  gives  good  satisfaction  where  great 
ounrmt-Mnying  cspaoity  is  deared. 
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SH.  VnpretMtod  thlrd-raU  eonatruotlon:  bill  «(  nutwUl  and 
•pproxlinat*  eoat  of  initallation  par  mil* 
Top  oont«ot  7(Hb.  33-ft.,  tour  lupporta  per  rail  


^ 


Quantity 


Material 


160  70-lb.  A  8  C  E  rails  (special  comp.) 

320    2-bolt  splice  bars 

640     Nuts  and  boks  for  splice  box 

640     Malleable  iron  cups^  and  lags 

640     Reconstructed  ffranite  insulators 

640     Extra  for  sawed  long  ties 

320     Rail  bonds 

12      Approach  blocks 

5        Anchors 

Miscellaneous  supplies 

Total  material 


Cost 


Unit 


«38.00 
0.15 
0.03 
0.06 
0.40 
0.50 
0.70 
4.00 
5.00 


Total 


$2,156.00 

48.00 

20.00 

39.00 

256.00 

320.00 

224.00 

48.00 

25.00 

29.00 


13.165.00 


Labor 


640      InstalUns  ties 

040      Installing  ouns,  etc 

1  mile  Installing  rails 

320      Installing  bonds 

12         Installing  approach  blocks 

distributing  materials,  ties,  rails,  etc. 

Total  for  labor 


0.35 
0.03 


0.55 
0.50 


S224.00 

19.00 

75.00 

176.00 

6.00 

175.00 


1675.00 


For  jumpers  at  cross-overs  and  street  crossings  allow  300  ft.  of  1,000,000-cir. 
mil  cable  per  mile.  When  this  is  installed  in  nbre  conduit  embedded  in  con- 
crete, coat  will  be  approximately  SI. 80  per  ft. 

Total  for  Jumpers $540.00 

Engineering  and  superintendence 400.00 

Total  cost  per  mile 4,780.00 


SM.  BUI  of  matorlsl  and  ooat  par  mila  proteetad  anderrunnlnf 
third  raU 

70  lb.  per  yd.  33-ft.  rails;  four  supports  per  rail 


Quantity 


Material 


Cost 


Unit 


Total 


160    70  lb.  special  bull  head  rail 

320    2-bolt  splice  bars 

040    Nuts  and  bolts  for  splice  bars 

640    Malleable  iron  brackets  and  book  bolts 

640    Pairs  insulators 

1920  Lag  screws 

4400  Ft.  wooden  protcclion 

540     Extra  for  sawed  lung  ties 

320     Rail  bonds 

12       Approach  blocks. . ._ 

Miscellaneous  supplies 

Total  material 


135.00 
0.15 
0.03 
0.40 
0.40 
0.02 
40.00 
0.50 
0.70 
4.00 
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Ubor 

Quantity                             Operation 

Coat             1 

Unit 

Total 

MO        Izutalline  ties 

0.36 
0.10 

$224 

64 

250 

176 

6 

60 

60 

640        InataUatinK  bracket* 

0.55 
0.60 

Distributing  ties  and  rails 

Total  for  labor 

1920 

For  jumpers  at  croaa-overs  and  street  crossings  300  ft.  of  1,000,000-eir. 

mil  cable  per  mile.     When  this  is  installed  in  fibre  conduit  embedded  in 

concrete  coat  will  be  approximately  $1.80  per  ft. 

Total  for  jumpers 540 

Superintendence  and  engineering  10  per  cent 505 


Total  eoat  per  mile  installed $6,636 

Mr.  Approiimata  eoit  of  Inatallation  for  <00-Tolt  dlraet-ourrmt 
apan  construction  par  n>ile 
Based  on   100  ft.  pole-spacing    on    tangents — wooden   poles — standard 
direct-current  construction — allowance  made  for  10  per  cent,  track  curva- 
ture— track  and  road  bed  not  included. 


Sing's 
track 

Double 
track 

Poles,  35  ft.  long.  8  in.  tops  at  $5.50 

$620.00 
325.00 
126.00 
656.00 

$620.00 
460.00 
189.00 

1,312.00 

Trolley  wire  4/0  at  18  cent* 

Material 

$1,727.00 
1,050.00 

$2,671.00 
1,450.00 

Labor 

$2,777.00 
302.00 

$4,021.00 
451.00 

$3,079.00 

$4,472.00 

MS.  M&-Tolt  dir«ct-curr«nt  troUfly  bracket  oonstruotion,  cost  per  mile 
Baaed    on    100   ft.    pole-spacing   on   t&nKenta — wooden   poles — standard 
direct-current  construction'—allowanoe  raade  for  10  per  cent,  curvature — 
track  and  road  bed  not  included. 


Single 
track 

Double 
track 

Poles,  32  ft.  long,  8  in.  tops,  at  $4.75 

$269.00 

250.00 

73.00 

656.00 

$307.00 

600.00 

115.00 

1.312.00 

Wire  and  cable  exclusive  of  trolley 

Trolley  wire  4/0  at  18  cents 

Material 

$1,248.00 
775.00 

$2,234.00 
1,290.00 

Labor 

xf  .terial  and  labor 

$2,023.00 
237.00 

$3,624.00 
402.00 

Total  cost  oer  mile 

$2,250  00 

$3,926  00 
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MO-lMO-TOlt  dlraet-cuTTent  oatoiutrT-trolIay  braokat 

IT  mil* 


tlon,  eoit  par  i 
Baaed  on  150  ft.  pole-spacing  on  taogenta — 10  iiupenaiona  per  apan  wooden 
polea — aide  braoketa  for  single  traek  and  double  brackets  for  two  tracks — 
track  and  road  bed  not  included — allowance  made  for  10  per  cent,  cttrratute. 


Single 
track 

Doable    ' 
tisek 

Poles,  35  ft.  long,  8  in.  tops  at  $5.50 

$200.00 
350.00 
175.00 
658.00 

$335.00 
700.00 
350.00 

1,312.00 

Tjine  matronal  

Wire  and  cable  exclusive  of  trolley 

Trolley  wire  4/0  at  18  cents 

Material 

$1,390.00 
800.00 

$2,597.00 
1,400.00 

Labor 

Labor  and  material 

$2,190.00 
244.00 

$3,997.00 
449.00 

Engineering  and  superintendence 

Total  cost  per  mile 

$2,434.00 

$4,446.00 

•M.  •t«lft-ll,000-voltalt«m»Uii(-eiiTranteoiutruotioii,o«gtp«riiiI]a 

Total  coat  per  mile $2,550.00  |    $4,680.00 

SU.  •.•O0-ll,000-volt  ipan  catanary-troUay  aonatraetlon,  ooct  par 

mlla 

Baaed  on  150  ft.  of  full  spacing  on  tangents — wooden  polea — track  and 
road  bed  not  included — 10  suspensions  per  span — allowanee  made  for  10 
per  cent,  curvature. 


Single 
track 

1)oSbk 
track 

Polea,  35  ft.  long  8  in.  topa  at  $5.60. . 

$418.00 
400.00 
200.00 
656.00 

$418.00 

725.00 

350.00 

1,312.00 

Line  material 

Wire  and  cable,  exclusive  of  trolley 

TroUey  wire  4/0  at  18  cents 

Material 

$1,674.00 
900.00 

$2,805.00 
1,500.00 

Labor 

$3,574.00 

282.00 

$2,856.00 

$4,305.00 

480.00 

$4,785.00 

Engineering  and  superintendence 

Total  cost  per  mile 

SSI. 


BUI  of  matarlal  and  ooat  of  SS,000-ToIt  lincla-phaae  transminion 
Una  on  lama  polaa  aa  altamatlnt-ourrant  troU» 

150  ft.,  spacing  on   tangents — 40-ft.  poles;  |-in.  steel  cable  tor  lightnini 
protection. 


Quantity 


Material 


Cost 


40     Extra  cost  of  poles $80.00 

40     Cross  arms  5  It.  6  in.  X  4  in.  X  5  in 24  00 

80     Braces  2  in.  X  i  in.  X  2  ft 12;80 

40     Bolts  for  cross  arms  |  in.  X  14  in 10.00 

80     Bolts  for  braces  |  in.  X  6  in 4.80 

40     Lags  for  braces  and  poles  I  in.  X  0  in l.gO 

40     Parts  for  attaching  ground  wire  to  pole 1.60 

80     Insulators  and  pins 72  00 

30-lb.  No.  8  B.  Jc  8.  ties 8.10 

20-lb.  No.  6  B.  ft  S.  for  ground  connections 5.40 

'  5,300  ft.  A  in.  galvanised  cable  for  ground  wire 63.00 

1,000  ft.  I  in.  ^vanised  cable  for  guys  (rest  ind.  in  trolley) 14.00 

6      Splicing  sleevea 1.25 

Solder,  etc 6.00 

Material  for  doubling,  arming  at  curvea,  etc 50.00 


Material  exeluaive  of  wire $343.75 

Wire  2  miles  No.  2  B.  ft  S.  at  18  cents 400.00 


Total  material  per  mile $743.00 
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40 
40 


40 


AddiUonal  for  erecting  longer  poles 20 .  00 

Gaining  roofing  and  aettiog  cron  arms 30 .  00 

Pulling  and  tieing  in  2  trans,  wire 50.00 

Pulling  and  tieing  in  1  ground  wire 35.00 

Extra  guying  and  grounding:  cable 10. 00 

Distributing  poles  extra  for  long  poles 10 .  00 

Telephone  cradles,  etc 20.00 

Distributing  material  other  than  poles 10.00 

Total  (or  labor 6185.00 


Labor  and  material 6928.00 

Engineering  and  superintendence 55. 25 

Total  cost  per  mile 1983.25 

SM.  BUI  of  matwlal  and  coat  iier  mile  of  St,000-Tolt  thra«-pliaM 
trMiiniliirion  Una 

On  same  poles  as  direct-ourrent  trolley  100  ft.  spacing   on  tangent — 
40-ft.  poles,  ft'ia.  steel  cable  for  lightning  protection — 3  wires  on  one  croas- 
'i  ft.  between  wires. 


Quantity                                   Material 

.      Cost                1 

Unit 

Total 

$2.00 
1.00 
0.22 
0.25 
0.06 
0.045 
0.04 
0.90 
0.256 

0.2S5 
0.01 

0.014 

•120.00 

60.00 

26.40 

15.00 

7.20 

2.70 

2.40 

164.00 

10.20 

7.65 
53.00 

14.00 

7.00 

50.00 

60       Cross  arms  6  in.  X  6  in.  X  10  ft.  0  in 

120     Braoes  2)  in.  X  i  In.  X  3  ft.  6  in 

60       Bolts  for  cross  arms  i  in.  X  14  in 

120     Bolts  for  braces  |  in.  X  6  in 

60       P&rto  for  attach!  ns  around  wire 

ISO       nsulators  and  pins 

40       Lb.  No.  8  B.  ft  8.  insulator  ties  4  ft.  long. . . . 

30       Lb.  No.  6  B.  &  S.  tinned  oopper  for  grooved 

connections 

5,300  ft.  A-io-  galraniied  cable  for  ground  wire  . . . 
1,000  ft.  f^in.  galvaniied  cable  for  guy  (rest  included 

8         Splicing  sleeves,  solder,  etc 

$530.55 
600.00 

Wire  3  miles  No.  2  B.  A  S.  at  18  oenta 

$1,139.55 

Labor 

0.50 

0.75 

20.00 

30.00 
45.00 
60.00 
35.00 
10.00 
15.00 
20.00 
20.00 

60       Gaining  rooBn^  and  setting  cross  arms 

Extra  guying  and  grounding  ground  cable.. . . 

60       Distributing  poIe»~-extra  for  long  poles 

Distributing  material  other  than  poles 

0.25 

$227.00 

Labor  and  material 

$1,366.55 
55.45 

Tfttal  emit  per  milff.  ■  ■  •  « 

$1,422.00 
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SM.  Bynehronoui  oonTartari.  The  uae  of  the  eyDchronoua  or  rotary 
converter  for  oonTertinjc  three-phase  alternatinf-current  to  600  Tolls 
direct-current  is  almost  universal  Doth  for  a  supply  frequency  of  25  cycles 
and  60  cycles  (Sec.  9).  The  location  and  capacity  of  such  stations  depends 
upon  the  character  of  the  service  and  local  consiaerations,  but  the  type  of 
apparatus  used  is  similar  whether  the  substations  be  located  in  the  city  to 
supply  many  small-car  units,  or  on  interurban  lines  to  supply  perhaps  but  one 
or  two  high-speed  cars  of  trains  of  several  such  cars.  Synchronous  converters 
are  designed  to  operate  both  three-phase  and  six-phase  depending  upon  the 
eapaoity  and  the  frequency  of  supply. 

aw.  riald  of  application  of  tba  oompoand  eonvsrter.  The  use  of 
the  compound  synchronous  converter  witn  series  field  is  restricted  more 
especially  to  those  systems  in  which  the  station  output  is  very  fluctuating 
such  as  would  be  experienced  in  substations  feeding  suourban  and  interurban 
railway  systems,  or  city  systems  in  which  heavy  trains  accelerate  at  a  nwi 
rate.  The  compound  winding  of  converters  is  generally  adjusted  for  Bat 
compounding  at  600  volts  throughout  the  range  in  load,  and  this  is  brat 
secured  in  conjunction  with  inductive  coils  placed  in  series  with  the  trans- 
former secondaries.  Artificial  inductive  reactanoe  is  introduced  in  compound 
converter  substations  both  in  order  to  secure  flat  potential  on  the  direct-cur- 
rent side  on  all  loads  and  unity  power-factor  on  the  alternating-current  side 
at  all  loads. 

t66.  The  plain  ihunt-wound  eonTertsr  baa  a  restricted  field  in  sub- 
stations supplying  city  service  lines  where  the  individual  units  are  small  and 
where  a  sin^e  substation  feeds  a  large  number  of  such  units,  thus  producinit 
a  tiniform  load  curve  with  small  momentary  fluctuations. 

MT.  Starting  of  lynchronoui  oonTsrtsn  is  accomplished  by  one  of 
three  methods  which  are  as  follows;  first,  direct-current  starting  through 
rheostat  (Par.  SM);  second,  alternating-current  starting  by  induction  motor 
(Par.  869);  third,  alternating-current  starting  from  transformer  taps  (Par. 
170). 

Ut.  Btarting  sTnohronoui  eonTsrtan  from  the  dlreet-ourrsnt  side 
occasions  no  disturbance  in  the  primary  distributing  system  and  recourw  is 
had  to  this  method  of  starting  mote  especially  when  60-cycle  converters  ate 
fed  from  a  primary  distribution  system  which  also  carries  a  lighting  load. 
This  method  of  starting  is  open  to  the  objection  that  synchroniBin^  is 
requited,  which  may  sometimes  be  difficult  owing  to  the  possible  fiuotuations 
in  the  direet-eurrent  voltage  supply.  In  extreme  oases  the  delay  from  this 
cause  may  be  considerable.    See  Sec.  9. 

»n.  Btarting  lynchronous  conTsrtan  with  an  indnctlon  motor. 
Starting  is  sometimes  effected  through  the  medium  of  an  induction  motor 
having  its  armature  mounted  upon  an  extension  of  the  converter  shaft. 
This  method  of  starting  while  free  from  the  delays  caused  in  direct-current 
starting  due  to  possible  variations  in  direct^urrent  potential,  nevertheless 
requires  synchronising  of  the  converter.  Owing  to  the  perfecting  of  methods 
of  starting  converters  directly  from  Iransformer  taps,  the  introduction  of  an 
induction  motor  for  starting  purposes  becomes  a  needless  expense  and  is 
moreover  a  slower  method  of  starting  than  the  method  of  Far.  STO,  See 
Sec.  9. 

>T0,  Btarting  grnohronoas  eonverten  from  th*  altsmatiac-eurrent 
■ids  wlIJi  a  rsdueed  potential  obtained  from  transformer  taps  is  the  recog- 
nised method  of  starting  in  universal  uae,  and  in  25-cycle  systems  starting 
may  be  affected  by  this  means  without  drawing  more  than  full-load  current 
from  the  primarv.  The  advantages  of  alternating-current  starting  are 
cheapness  of  installation  and  a  minimum  amount  of  time  required  to  throw  the 
converter    into    service,    no    synchronising    being    necessary.     See    Sec.  9. 

STl.  K^ulpnisnt  of  synehronoui-eonTsrtar  substation  is  as  fotlows: 
a,  Incoming  and  outgoing  primary  feeders  provided  with  diaconnectiof 
switches  and  lightning  arresters,  b,  high-tension  bus  bars  rfith  automatic  <m 
switches  controlling  same;  c,  current  transformers  in  the  primary-conductor 
circuit,  feeding  ammeters  and  relasrs  for  operating  switches;  d,  step-down 
transformers  either  of  the  air-blast  or  oil-cooled  type;  s,  inductive  eoils  con- 
nected in  the  transformer  secondary  circuit,  extending  to  the  altemating- 
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evrrent  aide  of  the  converters;  f,  synchronouB  converters  (see  See.  0);  k, 
drect-current  outgoing  feeders;  h,  switchboard  panels  controlling  both  the 
sltern&ting-curreDt  and  direct-current  side  of  the  converter  as  well  as  both 
altemstiDg-currmt  and  direct-current  incoming  and  outgoing  feeders. 

STS.  &»tto  of  conTonlon  of  aynchronoafl  conTerters  vanes  somewhat 
with  the  construction  of  the  machine,  being  in  general  as  follows:  three- 
phase  converters  370  volts  alternating-current  to  600  volts  direct-current; 
ax-phase  converters,  430  volts  alternating-current  to  600  volts  direct- 
current.  Machines  having  long  pole  arcs  have  a  somewhat  higher  ratio  of 
conversion  than  those  of  shorter  pole  arcs.  In  order  to  provide  for  the 
differences  in  types  of  machines  and  also  for  the  varying  drops  in  the  primary 
distribution  system  to  which  rotary  converter  substations  are  connected,  it 
is  eustomary  to  provide  five  primary  taps  of  2.5  per  cent,  each  in  the  step- 
down  trausiormers.  One  of  these  taps  is  2.5  per  cent,  above  the  receiving 
potentiiU  in  order  to  take  care  of  the  nigh  ratio  of  conversion  of  longer  pole- 
arc  converters. 

SYS.  Substation  voltaffea.  A  typical  step-down  transformer  (Par.  ST4) 
will  hare  primary  abd  secondary  ratios  as  follows:  primary  voltages 
19,600—19,100—18,600—18,160—17.700—17,200  secondary  voltage  370. 
Such  a  transformer  would  be  adapted  to  operate  a  three-phase  25-cycle  rotary 
converter  from  a  "  Y  "-connected  33.000-volt  transmission  line. 

Standard  primary  substation  voltages  are  ll.OCK)  volts,  10,100  volts,  33,- 
000  vcdts,  66J00O  volts.  It  is  customary  to  use  delta  tramfonnar  oonneo- 
tlonaforbotnllfOOOaDd  19.000  volts  and  "  Y  "-transformer  conneotions  with 
srounded  neutrw  for  33,000  volts  and  higher.  Many  substations  now 
operating  at  19,100  volts  delta  are  doing  so  temporarily  pending  a  change  to 
33,000  Tolta  **Y"  for  which  higher  potential  the  transformers  are  insulated. 

ST4.  8tap*down  tranaforznen  are  of  several  types,  as  follows:  A.  B. 
or  air-blast  transformers,  O.  G.  or  oil-cooled  transformers,  W.  C.  or  water- 
cooled  transformers,  oil  transformers  self-cooled,  F.  O.  or  foroed-oU  trans- 
formers. 

Any  or  all  of  these  several  types  of  step-down  transformers  can  be  built 
tbrce-phase  or  single-phase,  in  which  latter  case  three  transformers  are 
required  for  either  "Y"  or  delta  connection  with  each  converter. 

ST0.  Comparison  of  transformer  cooling  methods.  Air-blast 
transformers  when  used  call  for  the  construction  of  an  air  chamber  over 
which  they  are  placed  and  from  which  they  receive  air  at  a  pressure  of  from 
s.     Air  is  supplied  by  a  duplicate  motor-driven  fan  feeding  into 


the  air  chamber.  ^  This  type  of  transformer  is  very  generally  used  up  to  and 
I    ineluding  potentials  of  33,000  volts.     For  higher  potentials  and  for  small 
I   transformer  units  oil  is  resorted  to  for  cooling  by  a  variety  of  means. 
■       The  design  of  the  small  self-cooled  (oil)  transformer  is  especially  adapted  to 
I    tbe  smaller  sises,  owing  to  its  cheapness.     For  larger  siscs  it  becomes  neces- 
sary to  cool  the  oil  either  by  means  of  a  cooling  coifplaced  in  the  transformer 
and  through  which  water  is  circulated,  or  by  providing  means  of  circulating 
the  oil  itsoif  through  an  outside  pipe  coil,  in  order  to  reduce  its  temperature. 
In  general  the  air-blast  type  of  transformer  is  preferred  for  potentials  not 
:   cxeeeding  33,000  volts  on  account  of  its  freedom  from  fire  risk  in  case  of  a 
short  circuit  or  "bum  out."     For  very  small  single-converter  units  or  those 
having  connection  to  the  higher  primary  potentials,  some  form  of  oil-cooled 
transformer  is  to  be  preferr^. 

ST6.  The  general  arrangement  of  af>paratus  in  substations  is  some- 
what similar  in  all  cases,  as  such  buildings  are  usually  designed  for  the 
purpose.  In  general  the  wiring  scheme  consists  in  providing  the  shortest 
and  most  direct  path  from  the  incoming  primary  lines  to  the  outgoing 
direct-current  feeders,  and  the  interior-wiring  seheme  is  carried  out  with  the 
object  in  view  of  ppeventing  any  crosnng  of  circuits  or  doubling  back  upon 
tiiemselves. 

177.  Duplicate  apparatus  in  a  substation  may  or  may  not  be  installed, 
depending  upon  local  requirements.  The  manufacture  of  synchronous 
converters,  transformers,  and  general  substation  apparatus,  has  been  so  far 
perfected  that  failures  in  such  apparatus  are  very  infrequent.  It  is,  therefore, 
quite  customary  to  install  substations  containing  but  a  single  converter  ana 
s«t  of  transformers,  although  it  is  al  wavs  good  engineering  to  i^ovide  du]>Ucate 
oonverter,  transformers,  awitobboard,  etc.,  throughout.    This  practice  ia 
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larcely  iofiuenoed  by  local  requirementa  of  abaolute  continuity  of  aerrice, 
and  alao  by  the  development  of  the  ao-called  portable  lubatation,  which  ia 
now  furniuied  in  unita  aa  large  aa  600  kw. 

>T>.  Fortabla  lubatftUoiu,  ao-oalled  oompriae  a  aynchronoua  conrerter, 
ateiMlown  tranaformer,  and  switchboard  apparatua,  mounted  in  a  box  car 
ana  intended  to  be  moved  from  place  to  place  aa  occaaion  demanda,  tbua 
aerving  aa  a  reaerve  to  be  uaed  in  caae  of  failure,  or  overload  of  any  subatation 
in  the  ayatem.     A  compact  arrangement  of  the  apparatua  involved  baa  been 
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Fig.  1 10. — SynchroDoua  converter  portable  subHtalion. 

perfected,  so  that  portable  unita  of  600  kw.  capacity  can  be  constructed. 
The  complement  of^ apparatus  is  identical  vith  that  in  the  standard  sub-sta- 
tion, and  the  arrangement  provides  sufficient  room  for  the  operator.  Aasuch 
substations  are  not  intended  for  any  fixed  location,  they  are  not  eouipped 
for  both  incoming  and  outgoing  primary  hues,  but  are  designed  to  be  con- 
nected to  an  unbroken  primary  circuit.  The  converters  may  be  oompound- 
wound  and  provided  with  equalising  switch,  so  that  a  portable  substation 
may  serve  as  an  auxiliary  to  a  stationary  substation  m  caae  of  extreme 
sustained  overload. 
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tn.  Altomattiif-earrant  lubatatloni  designed  for  lue  with  alter- 
nating-eurrent  railway  motor  equipments  are  generally  designed  for  opera- 
tion without  attendant  (Par.  IM  to  MS).     Such  aubatationa  comprise  s 


■man  fireproof  buildioy  oootaining  step-down  transformers,  generally  in 
dupUcata,  together  with  the  necessary  switchboard  apparatus.  Both 
rnmary  and  secondary  transformer  oirouits  are  provided  with  automatic 
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oil  awiiehes  designed  to  open  on  shortrcircuit  or  extreme  overload  only 
Tbsae  automatic  switches  serve  merely  as  a  safety  device  to  protect  the  tran»- 
fMmera  from  bum  out.  As  such  subBtations  have  no  operator  and  are 
sabject  to  violent  fluctuations  in  load  greatly  exceeding  the  average,  it  is 
neeeaaary  that  alt  protective  devices  be  limited  in  their  function  in  order  to 
caard  against  short-circuit  and  not  overload. 

In  order  to  facilitate  the  location  of  faults,  alternating-current  transformer 
•abstationa  are  comroonlv  supplied  with  both  voltmeter  and  ammeter 
bendea  b^nf  equipped  witS  lightning  arresters  upon  both  the  high-tension  and 
low-tenmon  incoming  and  outgoing  feeders.  Step-down  transformers  are  of 
the  aelf-cooling  oil  type. 

AITTOICATICALLT  OPEKATEB  TRACK  8WITCKXS 

MO.  Adrantftgoi  of  automatlo  track  switches.  The  practice  of 
turning  switches  with  switch  bars  from  the  front  platform  of  cars  hsH  been 
made  practically  impossible  by  the  addition  of  the  vestibule  and  fender,  and 
many  roads  have  undertaken  to  install  electrically  operated  switches.  Thus 
the  inconvenience  and  waste  of  time  occasioned  by  requiring  a  motorman  or 
ccmductor  to  get  off  the  car  and  turn  switches,  or  employing  a  switch  tender. 
Usually  the  hand-operated  switches  are  held  in  place  by  a  block  of  rubber  or 
piece  of  steel  to  prevent  splitting  the  switch  as  often  happens  in  case  of 
double-truck  cars,  and  these  small  blocks  frequently  require  considerable 
manipulation  before  they  are  taken  out  and  the  switch  turned.  An  electrio- 
aUy  operated  switch  is  turned  at  will  by  the  motorman  running  over  an 
immlated  section  of  the  trolley  with  power  on,  or  left  on  its  original  position 
by  coasting  over  this  section.  Perhaps  the  simplest  manner  by  which 
automatic  track  switching  may  be  accomplished  is  bj^  placing  two  solenoids 
between  the  tracks  at  the  switch  and  connecting  their  cores  to  the  switch- 
points.  By  energising  either  of  these  solenoids  the  switch  will  be  turned  ia 
<me  way  or  the  other,  and  it  remains  to  place  two  insulated  sections  in  the 
tnrfley  wire  whereby  a  car  can  cause  current  through  one  or  the  other,  or 
neither. 

Ml.  Operation  of  automatic  track  switch.  The  following  are  the 
wajra  in  which  the  switch  may  be  operated:  a,  a  motorman  deuring  to  go  in 
the  direction.  "A"  (Fig. 
122),  may  find  the  switch 
set  for  traek,  "  A, "  in 
which  case  be  may  either 
coast  over  both  insulated 
sections  or  traverse,  under 
power,  that  section  which 
will  not  disturb  the  switch 
and  coast  over  the  other,  or 
if  the  sections  are  in  proper 
sequence  he  ean  run  over 
both  with  power  on;  b,  if 
the  Iswitoh  is  set  against 
him,  the  motorman  roust 
select  the  insulated  section 
which  will  turn  the  switch* 
and  traverse  ft  with  power 
OD.  If  it  is  Uie  last  section 
be  can  run  over  both  sec- 
tions with  power  on;  o, 
likewise,  if  he  wishes  to  run 
in  the  direction,  "B,"  but 
if  the  sections  are  arranged 
for  all  the  combinations  mentioned  above  for  the  direction  **A,"  there  will 
be  one  leas  combination  by  which  the  switch  can  be  operated  by  the  cars 
going  in  the  direction,  **B. 

If  tbs  switch  is  on  a  down  grade  for  approaching  cars  the  arrangement  of 
sections  before  the  switch  points  proves  satisfactory,  since  the  car  can  coast 
cret  both  sections  if  necessary.  If,  however,  tlie  approach  to  the  switch  is 
on  a  considerable  up  grade,  it  would  be  difficult  to  coast  very  far  at  the  speed 

ffrmts8ible  on  the  grade.     Hence  one  insulated  section  is  sometimes  placed 
the  trolley  beyond  the  switch,  in  which  case  a  car  will  run  over  the  first 


Fxa.  122. — Electrically  operated  track  switch. 
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section  with  Dower  on,  setting  the  switob  for  track,"  A,"  and  then  reset  it  for 
track,  **B,"  o^  running  over  the  aeoond  seoUoa  with  power  on.     Cars  for 
track,  "  B,"  will  coast  over  the  first  section. 
MIA.  Tor  BlbUography  on  alactric  traction,  Me  Par.  4TC. 

RAILWAT  SIOITALING 

BT  AZXL  ABOEB,  8.B. 

Engineer^  KerUe  Insulated  Wire  and  Cable  Co.     AeeodaU,  American  InttUide 
of  Electrical  Bngineere 

ourutAL 

S82.  Introduction.  The  development  of  this  art  has  been  and  is  so 
rapid  that  space  does  not  permit  either  its  historical  treatment  nor  eon- 
sideration  of  details  of  design  of  apparatus  or  circuits.  Littie  relating  to 
working  data  or  costs  is  given  in  this  discussion  as  these  change  almost  from 
day  to  day,  but  only  such  material  as  will  assist  the  otherwise  well-<]aa2ified 
electrical  engineer  who  may  have  to  do  with  signaling,  to  understand  some 
of  the  principles  and  practices  involved  (for  further  details  see  Bibliography! 
Par.  m  to  m). 

S8S.  The  talient  features  of  preeent-dftr  sicnalln^  practice  are  Ihe 
recognition  of  the  electric  track  circuit  as  the  only  adequate  means  of  sigasi 
control,  the  rapid  increase  in  the  use  of  alternating-current  apparatus,  sod 
the  attention  being  given  to  automatic  train  control. 

Intertocking  is  treated  at  some  length  in  subsequent  paragraphs,  became 
of  the  lack  of  information  thereon  in  the  publications  commonly  read  by 
electric  railway  men,  and  the  increasing  electrification  of  steam  roads  haviac 
yards  or  junctions  requiring  its  use. 

Sft4.  Ballway  signaling  may  be  defined  as  the  art  of  regulating  railway 
train  movements  by  means  of  the  indications  displayed  by  visual  signals  w 
fixed  location  placed  along  the  roadway.  Its  t>ractioe  requires  a  knowledge 
of  railway  operating  methods  and  rules,  of  train  acceleration,  running  ooih 
ditions  and  braking  (Par.  194)^  and  a  thorough  understanding  of  the  relaUoni 
of  track  to  traffic.  Its  function  is_to  prevent  loss  of  life  or  property  from 
collision  or  derailment  and  to  save  time  and  money  by  minimising  congestioa 
and  assuring  the  use  of  trackage  to  maximum  capacity.  Its  problems 
include  the  proper  layout  and  subdivision  of  tracks  to  handle  an  existing  or 
assumed  traffic  with  the  greatest  safety  and  least  delay;  the  determination 
of  the  extent  to  which  visual  signal  ioaications  shall  supenode  written  com- 
munication in  the  regulation  of  train  movements;  the  deugn,  construction 
and  installation  of  the  necessary  signal  apparatus;  the  truning  of  engine  and 
train  crews  in  the  understanding  and  observance  of  signals;  and  the  orgaa- 
isation  and  training  of  the  necessary  personnel  for  the  maintenance  and 
operation  of  the  various  installations. 

SSI.  Capitulation  of  railway  operation.  The  tracks  of  a  railroad 
bear  two  distinct  relations  to  the  trains  or  oars  running  thereon,  they  serve 
as  channels  of  traffic  and  they  also  serve  as  structures  for  carrying  rolling  loads 
on  flanged  wheels.  In  order  to  define  the  relations  of  train  movements  to 
each  other  and  to  the  definite  channels  of  trafific  provided  by  the  main  tracks 
and  sidings  of  a  railway,  rules  are  established,  special  instructions  issued  and 
time-tables  containinK  train  schedules  are  prepared.  These  written  instruo* 
tions  are  supplemented  by  train  orders,  communicated  from  the  train  des* 
patcher  by  tefcgraph  or  telephone.  As  the  density  and  particularly  the  speed 
of  traffic  increase  to  a  point  whore  either  danger  or  delay  result  from  tb« 
multiplicity  of  train  orders  required,  it  becomes  necessary  to  supply  the 
needed  directions  for  train  movement  by  means  less  cumbersome  and  less 
liable  to  error.  The  means  usually  employed  comprise  the  visual  indieationi 
of  fixed  signals  (Par.  8S7  and  888) . 

The  conditions  of  the  track  as  a  structure,  namely,  whether  the  rails  are 
intact  and  the  switches  so  set  that  a  continuous  path  for  wheels  is  provided 
over  a  given  route,  can  hardly  be  indicated  by  rules  or  written  orders  but 
may  be  readily  denoted  by  signal  indications. 

SSS.  Classification  of  railway  signaling.  Isolated  signals  are  aomp- 
times  used  to  protect  particular  points  such  as  curves,  stations  or  switchei 
whore  the  view  is  poor.  Train-order  signals  at  stations  indicate  to  trsini 
whether  or  not  there  are  orders  to  be  delivered.     Aside  from  theoe  two  types 
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of  installation.  Bignalling  naturally  divides  ifeaeU  into  two  classes,  namely 
inUrloeking  (Par.  404  to  490)  and  block  ngnatling  (Par.  4S1  to  4S6). 

TTPB8  or  nXKD  SIGNALS 

S8T.  Tarcett  and  lamp  tiffnala.  In  American  practice,  targets  of 
various  forms  are  generally  used  to  show  the  positions  of  switches  except 
where  the  latter  are  operated  from  interlocking  plaats.  The  signals  generally 
used  in  interlocking  practice,  as  well  as  for  train-order  signals  and  block 
signals,  are  of  the  Mznaphore  type,  in  which  an  arm,  composed  of  a  casting 
on  which  are  mounted  colored  glasses  called  roundels  and  a  wooden  blade, 
is  pivoted  about  a  horizontal  axis  so  that  it  may  be  moved  either  manually 
or  by  power,  from  a  horisontal  posi- 
tion  to  an  inclined  or  vertical  position 
in  order  to  indicate  the  various  condi- 
•lons  affecting  the  movement  of  trains. 
All  fixed  signals,  in  addition  to  their 
day  indications,  are  provided  at  nif^ht 
with  lights  of  prescribed  colors.  With 
semapEore  mgnals,  one  light  is  pro- 
videa  for  eacn  signal  arm  and  is  so 
placed  that  as  the  arm  moves  to  its 
various  positions,  the  different  colored 
passes  will  move  in  front  of  the  lamp 
to  show  red.  yellow,  green,  white  or 
purple  light  as  desired.  For  block 
signaling,  signals  of  the  enclosed-diso 
type  are  used  to  some  extent,  although 
toe  semaphore  affords  more  distinc- 
tive indications. 

"Light  signals."  consisting  of  electric 
lamps  placed  behind  suitably  colored 
lenses  and  so  shaded  as  to  permit 
their  colors  to  be  distinguished  by 
day.  have  been  introduced  to  some 
extent  on  electric  railways,  and  have 
bsen  recently  developed  to  consider- 
able efficiency. 

The  American  Electric  Railway  As- 
sociation's Committee  on  block  signals 
has  recommended  as  the  preferred 
type  of  signals  for  electric  roads,  a 
semaphore  moving  in  the  upper  left- 
hand  quadrant  as  viewed  from  an  ap- 
proaching train;  the  arm  in  the  hori- 
sontal position  indicating  "Stop;"  in 
the  incnned  position,  45  deg.  upward, 
indicating  "Caution;"  and  pointing 
vertically  upward,  indicating  "Pro- 
ceed." It  is  considered  that  less  inter- 
ference with  the  view  of  signals  by  pole  lines  adjacent  to  the  track  will  thus 
result  than  if  the  steam  railroad  practice  of  displaying  the  blade  to  the  right 
<4  the  mast,  as  seen  from  an  approaching  train,  is  followed.  This  is  based  on 
the  American  practice  of  locating  signals  to  the  right  of  the  track  which  they 
govern  (Fig.  123). 

S88.  Tbe  usual  tjpe  of  automatic  aiffnal  it  the  electrle-motor 
■smaphora.  The  arm  comprising  the  blade  and  the  casting  carrying  the 
eolored  glass  roundels  is  pivoted  near  the  top  of  the  post,  the  shaft  to  which 
it  is  connected  carrying  a  crank  or  arm  connected  to  the  "up  and  down"  rod 
placcKi  inmde  of  the  tubular  iron  signal  post.  The  lower  end  of  this  rod  is 
connected  to  the  mechanism  proper  which  cousinta  of  an  electric  motor  and 
gearing  whereby  the  motor  transmits  motion  to  the  up  and  down  rod.  A 
device  called  a*^  slot"  which  comprises  a  magnet  and  latch  is  so  arranged  that 
if  the  magnet  is  energised  the  motion  of  the  motor  is  transmitted  to  the 
rignal  arm,  but  if  the  magnet  is  dc-energiKcd,  mechanically  disconnects 
the  motor  from  the  up  and  down  rod  allowing  the  signal  to  go  to  the  stop 
posiUon  by  gravity.  Signal  mechanisms  of  the  "top-post*'  type  have  the 
motor  mounted  adjacent  to  the  semaphore-arm  shaft  at  the  top  of  the  post. 


^cp? 


Fia.  123. — Standard  location  of 
signal  (right  of  tracic). 
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The  "slot"  mechanism  is  generally  provided  with  two  windings  in  multiple, 
one  of  low  resistance  being  in  series  with  the  motor  while  the  latter  is  cleanng 
the  signal.  A  circuit  controller  actuated  bv  the  signal  arm  when  the  Latter 
has  moved  to  the  clear  position,  opens  the  circuit  of  the  motor  and  low 
reustance  winding,  leaving  the  high-resistance  coil  energised  in  order  to  bold 
the  latch  carried  by  its  armature.  This  latch,  by  connecting  the  driving  and 
driven  members  of  the  "slot,"  holds  the  signalin  the  clear  position.  The  high 
resistance  of  the  holding  coil  reduces  the  current  required  for  holding  the 
signal  clear,  to  a  fraction  of  that  required  to  clear  the  arm  using  the  motor 
and  the  low-resistance  coil  in  scries  with  it.  Motor-driven  signal  mechan- 
isms are  of  many  types  and  are  designed  for  either  upper-quadrant  or  lower- 
quadrant  movement  of  the  arm;  for  operating  in  three  positions:  or  for 
operating,  by  selection,  one  of  two  or  three  arms  on  a  post.  Motor-driven 
signal  mechanisms  are  used  for'oporating  either  black  or  interlockins  sipiala 
with  direct  or  alternating  current  at  from  10  to  110  volts. 

TKOLLKT-OPBKATED  8XONAL  SYSTEMS 
S89.  Operation  ftnd  reliability  of  Tarionc  ijtt«ins.  On  many  eleetrie 
railways  the  volume  of  traflSc  is  not  sufficient  to  warrant  the  expenae  of 
employing  signalmen  to  operate  manual  or  con  trolled- manual  block  signals. 
Hence  signal  systems  have  been  developed  which  are  partly  manual  and 
partly  automatic.  In  such  systems  the  manual  operations  are  performed 
Dy  the  motormen  or  conductors  of  cars  or  trains,  and  the  automatic  c^>ent- 
tions  are  performed  by  the  action  of  the  trolley  upon  circuit  oontrotleiB,  ac- 
tuated b^  the  passage  of  the  trolley  wheel.  Avery  large  variety  of  ugnal 
installations  of  this  character  have  been  made,  yarjring  from  exceedingly 
mmple  ones  to  those  involving  a  greater  complication  of  apparatus  and 
circuits  than  are  necessary  in  complete  automatic  blocking.  Many  of  tbem 
are  very  crude  and  of  decided  limitations  both  as  to  safety  and  the  ex- 
tent to  which  they  facilitate  traffic.  Many  of  them  depend  upon  step-by- 
step  devices  which  count  the  number  of  cars  that  enter  a  block  and  count 
them  out  at  the  other  end  of  the  block.  A  number  of  these  systems  have 
been  quite  highly  developed  as  regards  their  apparatus.  The  relays  bxA 
magnets  as  a  rule  require  no  separate  source  of  energy  for  their  o[>eration  but 
use  the  trolley  current.  None  of  them  can  be  considered  as  offering  a  degree 
of  safety  or  reliability  approaching  systems  employing  the  track  drvuit. 
which  is  the  onl^  means  so  far  known  in  signaling  whereby  a  train  is  ooi»- 
tinuouBly  active  in  maintaining  its  own  protection  (Par.  SM). 

190.  Belative  value.  By  strict  obedience  to  the  prescribed  rules  for 
their  observance,  without  which  no  signal  system  is  of  value,  trolley-operated 
signals  afford  a  very  considerable  degree  of  protection  and  facility  to  traJSc 
Their  relatively  low  coat  makes  them  available  where  other  systems  could 
not  be  installed  on  account  of  the  expense  involved. 

391.  Tendency  toward  abandonment.  The  development  of  tlie 
Uffht  signal  to  a  point  where  its  day  indication  can  be  observed  at  distaneee 
sufficient  for  stopping  high-si>eed  cars,  enables  it  to  be  substituted  for  the 
electric-motor  semapnore,  resulting  in  a  material  reduction  in  the  coet  of 
automatic  block-signal  systems  employing  the  continuous  track  circuit.  The 
additional  apparatus  and  line  wires  which  it  has  been  found  necessary  to  add 
to  the  trolley-operated  signal  systems  to  make  them  furnish  the  aanm 
information  as  that  given  by  track-circuit  signal  has,  on  the  other  hand, 
tended  to  increase  their  cost.  The  costs  of  the  two  systems  are  thus  rapidly 
approaching  each  other,  and  the  tendency  toward  the  adoption  of  track- 
circiiit  signaling  for  electric  railways  is  increasing  to  such  an  extent  that  Um 
latter  bids  fair  to  supersede  the  trolley-operated  ugnal  at  no  distant  (Ute. 

THE  TBACK  CIBCUIT 
89t.  "A  track  circuit  may  be  defined  as  a  metallic  path  for  an  electrio 
current  formed  primarily  by  both  rails  of  a  pre-dctermined  length  of  track, 
the  terminating  rails  of  which  are  electrically  separated  from  adjacent  rails; 
a  source  of  electric  energy  for  maintaining  a  dinerence  of  potential  between 
the  rails;  and  one  or  more  devices  ^relays)  so  connected  in  the  circuit  as  to 
respond  to  variations  in  the  potential  difference  between  the  rails  produced 
by  train  action  upon  them"  (J.  P.  Coleman).  This  invention,  than  which 
none  other  has  contributed  more  toward  safety  and  despatch  in  railway 
transportation,  is  to-day  the  only  medium  recognised  as  fundamentally 
safe  by  experts  in  railway  signaling,  whereby  a  train  or  any  vehicle  theraof 
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nfty  retain  oontinaous  and  direct  control  of  a  signal  while  oooupying  any 
portion  of  the  track  protected  by  the  signal. 

tU.  The  function  of  the  oloMd  track  dreult  is  to  maintain  a  relay 
normally  in  an  energised  state;  the  influence  of  the  train  upon  the  rails  is  to 
de-eoergiae  this  relay  by  shunting  or  short-circuiting  the  generator,  a  process 
as  eCFecti  vely  aecomplisued  by  a  single  car  as  by  a  train  of  considerable  length. 
On  account  of  the  low  insulation  resistance  tjetween  the  rails,  due  to  the 
conductivity  of  the  ties  and  ballast,  track  circuits  are  susoeptible  to  influence 
from  excessive  leakage  of  current  from  rail  to  rail.  This  leakage  may  ap- 
proach, in  its  effect,  the  value  of  current  conducted  by  the  wheels  and  axles 
<rf  a  train.  Obviously  a  failure  of  the  source  of  energy  or  a  break  in  the 
eireuit,  wliether  in  the  rails  themselves  or  in  the  wires  connecting  the  battery 
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Fia.  124. — Track-circuit. 

B,  Source  of  enercy^  m  two  graTity-batter^  cdlaia  multiple,  or  oDestorase- 
battery  cell  with  aeries  remstance  F  to  limit  current  output  when  rails  are 
Bhort-cireuited  by  wheels  and  axlea  of  a  car,  or  a  tranaformer,  2  to  8  volts  wher« 
alternating  current  is  used.  J,  Insulated  rail  joint.  T  T',  The  track  rails  in- 
cluded within  the  block,  adjacent  rails  being  bonded.  R,  Relay,  normally 
energised  by  current  from  B.  A  B,  Contacts  carried  by  armature  of  relay 
R  and  closed  when  R  is  eDereiied.  C,  Contactcarried  by  armature  of  relay  K 
and  dosed  when  armature  Tails  by  ^rarvity  upon  R  being  de-energised.  The 
path  of  current  is  from  B  through  wire  1,  resistance  F  (if  used)  track  rail  T', 
wire  4,  magnet  coils  of  relay  R,  wire  3,  track  rail  T,  wire  2  to  B.  The  dis- 
tributed leakage  of  oarreot  between  track  rails  T  and  T',  through  the  ties 
and  ballast,  is  m  multiple  with  relay  R. 

or  the  relay  to  the  rails,  produce  the  same  effect  upon  the  relay  as  if  a  train 
were  running  or  standing  on  the  rails.  The  contacts  carried  by  the  armature 
of  the  track  relay  (Fig.  124),  which  are  closed  only  when  the  relay  is  energiied, 
are  included  in  the  circuits  which  control  the  signals  themselves.  These 
circuits  must  be  closed  in  order  that  the  signals  may  indicate  "proceed." 
Thus  the  track  drcuit  conforms  to  the  principle  demanded  by  sou ncf  practice, 
namely,  that  the  rignals  shall  invariably  display  the  "stop"  indication  when 
their  operating  or  controlling  energies  cease  to  be  active  from  any  cause. 

n4.  Bequiiite  performanoe  of  the  electrical  equipment.  The 
source  of  energy  supplying  current  to  a  track  circuit  should  do  bo  at  the  least 
e.m.f.  that  is  practicable.  The  current  capacity  should  not  be  excessively 
great  nor  yet  too  limited.  When  a  train  is  so  far  advanced  within  the  block 
trom  the  relay  end  as  to  constitute  a  somewhat  imperfect  shunt  upon  the 
relay,  stray  currents  sometimes  find  a  path  through  it  from  adjacent  rails 
through  damp  or  defective  rail  insulations.  Relays  should  not  be  sufficiently 
sensitive  to  respond  to  these  currents.  In  excessively  long  blocks  and  where 
the  likelihood  of  such  occurrences  exist,  one  of  the  remedies  is  to  locate  a 
lelay^  at  each  end  of  the  section  and  supply  current  to  the  centre  of  the 
circuit,  so  that  as  the  shunting  effect  of  tne  train  recedes  from  one  relay  it 
approaches  the  other.  Naturally  the  resort  to  this  device  entails  additional 
cost  and  complication,  for  the  operating  circuit  of  the  signal  is  carried 
through  the  entire  block  for  control  by  both  relays. 

.99%*  Low  •.m.f.  Impresaed  upon  track  circuits  ii  advantmreous 
for  two  reasons:  first,  to  minimise  the  break-down  effect  of  the  e.m.f.  upon 
rail  joints  of  defective  insulation  or  upon  damp  ties  and  bsllost  and  other 
parts  that  afford  a  normal  leakage  of  current  from  rail  to  rail  in  wet  weather: 
second,  to  reduce  to  a  minimum  the  energy  normally  discharged  through 
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the  road-bed  and  relay  when  tho  track  aeoUon  is  unoocupied,  as  vrell  u  to 
avoid  extravagant  discharge  through  the  train  axlea  when  the  sectioD  is 
occupied.  Where  the  common  gravity  battery  ia  the  source  of  energy,  the 
general  custom  on  steam  roads,  ita  internal  resistance  is  sufficient  and  do 
external  resistance  need  be  provided.  On  account  of  the  variation  in  intsnial 
resistance  with  gravity  batteries,  however,  it  ia  more  general  in  present  steam 
railroad  practice  to  use  storage  batteries  with  a  fixed  resistance  in  seriea 
therewith. 

S9t.  Track  relays.  In  common  steam-rulroad  practice  relays  of  from 
4  to  9  ohms  reustance  are  employed  on  track  circuita  varying  in  lengdi 
from  about  60  ft.  as  a  minimum,  to  about  6,000  ft.  as  a  maximum.  A  oar- 
tain  minimum  air-gap  between  the  relay  armature  and  its  pole  pieces  miut 
exist  in  order  to  prevent  undesirable  effects  from  residual  magnetism.  Ai 
this  air-gap  is  increased  when  the  armature  falls  away  under  the  action  of 
gravity,  to  permit  the  contacts  carried  by  it  to  open,  it  is  evident  that  more 
current  through  the  relay  wilt  be  required  to  lift  the  armature  than  to  hold 
it  in  position  against  the  pole  pieces,  once  it  has  been  raised.  The  usual 
4-ohm  traok  relay  requires  about  70-miI  amperes  through  ita  coils  to  pick  up 
the  armature;  it  will  drop  away  when  the  relay  is  shun  ted  sufficiently  to  reduce 
this  current  flow  to  about  35  mil-amperes. 

While  much  included  in  the  foregoing  paragraphs  is  only  applicable  to 
direct-current  track  circuits  for  steam  roads,  it  may  be  conrider«d  important 
as  indicating  the  principles  upon  which  the  track  circuit  has  been  developed. 
These  principles  should  be  thoroughly  understood  by  the  electrical  engineer 
as  a  preparation  to  the  consideration  of  track  circuits  for  electric  rulwayt 
(Par.  Wf). 

TRACK  CIBCXTITS  FOS  ELKCTSIC  aAZLWATB 
S9T.  Sffeet  of  bonding.  \^erever,  as  is  the  case  in  most  electric  rail- 
ways, adjacent  rails  of  the  track  are  bonded  together  to  form  the  best 
poraible  conductor  for  the  return  prop^ion  current,  it  ia  obviously  imprac- 
ticable to  divide  these  rails  into  sections  electrically  separated  from  eadi 
other  by  insulated  joints,  as  is  done  where  track  drcuits  are  used  for  signalinc 
on  steam  railroads,  unless  means  can  be  provided  for  the  return  of  the  pro- 

rulaton  current  without  affecting  the  action  of  the  track-circuit  relays. 
n  ease  the  track  is  laid  upon  a  metallic  structure  one  rail  can  be  bonded  to 
the  structure.  Other  considerations  may  render  one  rail  of  each  Uaok 
sufficient  for  the  return  of  the  propulsion  current.  One  of  the  rails  msy 
therefore  be  left  electrically  continuous  to  serve  as  a  return  for  the  propul- 
sion current,  while  the  other  is  cut  into  sections  of  proper  length  for  toe  con- 
trol of  the  signals.  It  is  evident,  if  generators  and  relays  are  connected 
across  the  rails  at  opposite  ends  of  each  track  section,  that  in  the  event  of 
the  conductance  of  the  power  rail  becoming  reduced  as  a  result  of  defective 
bonding,  the  return  current  would  divide  so  that  a  sufficient  amount  of  it 
might  now  through  the  signal  relays  to  energise  them  even  when  a  connd- 
erable  shunting  effect  was  produced  upon  them  by  a  train  in  the  Mock; 
furthermore,  the  drop  in  potential,  due  to  the  return  of  power  current  over 
the  considerable  length  of  rail  included  within  the  limits  of  the  block,  might 
be  sufficient  to  energize  the  track  relay  illicitly. 

S98.  To  prevent  Improper  opsratlon  of  track  relaja  by  differences 
of  potential  between  the  track  rails  produced  by  the  propulsion  current 
itself,  the  track  relays  for  electric  roads  are  designed  to  oe  immune  to  the 
effects  of  the  propulsion  current.  This  may  be  accomplished  either  by 
protecting  them  against  excessive  flow  of  current  with  series  resistance  a&a, 
in  some  cases,  providing  a  shunt  path  around  the  relay  for  the  propuIsicHi 
current,  or  by  so  designing  them  that  they  will  respond  only  to  the  action 
of  alternating  current.  Where  alternating  current  is  used  for  propulsion, 
the  relays  are  made  to  respond  only  to  an  alternating  current  of  a  different 
frequency  than  that  used  for  propulsion. 

SM.  riald  of  single-rail  track-circuit  lyatoin.  Whenever,  as  ia 
yards  or  terminals,  the  number  of  tracks  that  can  be  bonded  together  is 
sufficient  to  afford  an  adequate  return  for  the  propuluon  current,  one  rail  of 
each  track  being  assigned  to  signaling,  the  single  rail  track  circuit  is  used 
for  the  return  of  the  propulsion  current.  Tig.  126  shows  a  single-rail  track 
circuit  as  installed  at  an  interlocking  plant,  with  a  desirable  arrangement  of 
the  apparatus. 
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MO.  Impedances  aad^ 

pow*r>f  actofs  p« 

ir  1000  ft.  of  track 

(Union  Switch  and  Signal  Co.) 

1 

hi 

27.5-ft.  rails 

30-ft  rails 

33-ft  rails       | 

25 

60 

25 

60 

26 

60 

cycles 

cycles 

cycles 

cycles 

cycles 

cycles 

0 

a 

z 

Bonding 

per  sec. 

per  sec. 

per  sec. 

per  sec. 

per  see. 

per  sec. 

h 

is 

h 

h 

|2 

h 

H 

1| 

&^ 

it 

is 

t 

|S 

JS 

£l 

JS 

&£ 

JS 

£•§ 

JS 

as 

Total  capacity . . 

0.10 

0.40  0.25 

0.40 

0.10 

0.4 

0.25 

0.40 

O.IO 

0.40 

0.25 

0.40 

2  No.  6  copper. . 

0.13 

0.72 

0.28 

0.66 

0.13 

0.7 

0.28 

0.56 

0.13 

0.69 

0.27 

0.54 

o 

1  No.  8  iron 

0.17 

0.83 

0.30 

0.65 

0.16 

0.82 

0.30 

0.63 

0.16 

0.79 

0.29 

0.63 

1  No.  6  copper 

i 

2No.  6O.0.-40 

0.19 

0.87 

0.30 

0.69 

0.19 

0.86 

0.32 

0.69 

0.17 

0.84 

0.31 

0.68 

percent; 

2  No.  6  0.0.-30 
per  cent. 
2  No.  8  iron 

0.25 

0.91 

0.36 

0.75 

0.22 

0.91 

0.35 

0.74 

0.20 

0.88 

0.34 

0.73 

0.40 

0.97 

0.50 

0.88 

0.36 

0.96 

0.47 

0.87 

0.34 

0.96 

0.44 

0.85 

Total  capacity. . 

0.10 

0.43 

0.28 

0.43 

0.10 

0.43 

0.26 

0.43 

0.10 

0.43 

0.26 

0.43 

2  No.  6  copper. . 

0.14 

0.73 

0.29 

0.58 

0.13 

0.72 

0.28 

0.58 

0.13 

0.70 

0.27 

054 

1  No.  8  iron 

0.17 

0.83 

0.31 

0.67 

0.16 

0.82 

0.31 

0.64 

0.16 

0.80 

0.29 

0.62 

I  No.  6  copper 

o 

2  No.  6  monaot- 

0.19 

0.87 

0.33 

0.71 

0.19 

0.87 

0.33 

0.70 

0.17 

0.84 

0.31 

0.68 

i 

40  per  cent. 

2  No.  6  monnot* 

0.23 

0.91 

0.36 

0.76 

0.26 

0.91 

0.36 

0.76 

0.20 

0.89 

0.34 

0.73 

30  per  cent. 

2  No.  8  iron 

0.40 

0.97 

0.51 

0.89 

0.37 

0.97 

0.48 

0.88 

0.35 

0.96 

0.45  0  86 

Total  capacity.. 

0.10 

0.46 

0.26  0.46 

O.IO 

0.46 

0.26 

0.46 

0.10 

0.46 

0.26  0.46 

2  No.  6  copper. , 

OH 

0.74 

0.290.60 

0.13 

0.73 

0  29 

0.59 

0.13 

0.71 

0.28 

0.58 

-i 

1  No.  8  iron 

0.17 

0.84 

0.32 

0.68 

0.17 

0.83 

0.31 

0.67 

0.16 

0.81 

0.30 

0.6S 

o 

1  No.  6  copper 

i 

2  No.  Gmonnot- 

0.19 

0.88 

0.33 

0.72 

0.19 

0.87 

0.33 

0.69 

0.18 

0.85 

0.32 

0.70 

40  per  cent. 

2  No.  Bmonnot- 

0.23 

0.91 

0.37 

0.77 

0.23 

0.91 

0.36 

0.77 

0.21 

0.89 

0.35 

0.76 

30  per  cent. 

2  No.  8  iron 

0.41 

0.97 

0.52;0.89 

0.37 

0.97 

0.49 

0.88 

0.35 

0.96 

0  46  0  841 

Total  capacity. . 

0.11 

0.48 

0.26l0  4R 

0.10 

0.48 

0.26 

0.48 

0.11 

0.48 

0.26 

0.48 

2  No.  6  copper.. 

0.14 

0.7.5 

0.29:0.62 

0.14 

0.73 

0.20 

0.60 

0.13 

0.72 

0.29 

0.80 

1  No.  8  iron 

0.17 

0.84 

0.32 

0.69 

0.17 

0.84 

0.31 

0.68 

0.16 

0.82 

0.31 

0.67 

1  No.  6  copper 

0 

2  No.  Omonnot- 

0.20 

0.88 

0.31 

0.73 

0.20 

0.88 

0.34 

0.73 

0.18 

0.85 

0.33 

071 

i 

40  per  cent. 

2  No.  8  monnot- 

0.23 

0.91 

0.38 

0.78 

0.23 

0.91 

0.37 

0.78 

0.21 

0.89 

0.36 

0.76 

30  per  cent. 

2  No.  8  iron 

0.41 

0.97 

0.53  0.89 

0.37 

0.97  0.49 

0.88 

0  35 

0.96 

0.47 

0.87 

Total  capacity. . 

0.11 

0.S2 

0.27  0.52 

0.11 

0.52  0.27 

0.52 

0.11 

0.52 

0.27 

0.52 

2  No.  8  copper. . 

0.15 

0.77 

0.30  0.65 

0.14 

0.76  0.30 

0.65 

0.14 

0.75 

0.30 

n  64 

1  No.  8  iron 

0.18 

0.86 

0.33  0.72 

0.17 

0.85  0.33 

0.71 

0.17 

0.82 

0.32 

0.70 

1  No.  6  copper 

a 

2  No.  6  monnot- 

0.20 

0.89 

0.36  0.75 

0.20 

0.89  0.35 

0.75 

0.18 

0.86!0. 3410.741 

9 

40  per  cent 

S 

2  No.  6  monnot- 
30  per  cent. 

0.24 

0  92 

0.39  0.80 

0.24 

0.92 

0.38 

0.81 

0.22 

0.90  0.37 

0.78 

2  No.  8  iron 

0.42;0.97 

0.540.90 

0.38 

0  97 

0  51 

0  89 

0  36 

0  96!o.48 

087 

27.5- 

so- 

33- 

Reaiitanoe  of  bond  wires 

ft 

ft 

ft 

rails 

rails 

rails 

2~ 

1 

^o.  6  copper 

0.057 
0.098 

0.052 
0.089 

0  W 
0.08 

8   Bond  wires  48  in.  long. 
2       No  allowance  is  made 

No.  6  copper  and  1  No.  8 

ii 

■CD. 

for     conductance    by 

2 

•io.  6  monnot-40  per  cent. . 

0  124 

0.112 

0.10 

3      the  splices. 

2 
2 

Jo.  6  monnot-30  per  cent. . 

0.164 

0.150 

0  13 

8 

I^o-Si^n 

0  34S 

0  315 

0  2911                                             1 
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Sec  16-401  BLBCTRIC  RAILWAYS 


Ml.  Two-rmll  traok-eireuit  i/ttun.  Where  it  i«  not  pnotiei 
nve  up  one  of  the  track  rail*  for  ifii»liin  purpoeee,  the  oondftioDS  e: 
In  the  riiwle-rail  track  circuit  not  only  apply,  but  mean*  muct  aiao  be  pn 


> 


Lieableto 
I  ezutinc 

,.  -         i meMia muat aieo be provi<ted 

whereby  both  rails  are  electricaUy  continuous  for  the  return  of  the  propuUion 
currant,  but  ara  electricaUy  separated  from  adjacent  rails  at  the  ends  of  each 
track  section  in  so  far  as  the  sicpalinc  track-circuit  current  is  concerned. 
This  is  accomplished  through  the  means  of  Impedftnoe  bonds  which 
consist  of  a  few  turns  of  heavy  copper  wound  about  and  insulated  from  a 
laminated-iron  core.  The  connections  of  impedance  bonds  to  the  rails  si 
so  made  that   the    traction  currant   has  no  micnetie  effect  on  the  bond. 

Erovided  an  equal  amount  of  currant  is  flowing  in  each  of  the  rails.  If, 
owever,  mora  currant  is  flowing  in  one  rail  than  in  the  other,  there  will  be 
a  tendency  to  saturate  the  iron  cora  and  thereby  reduce  tlie  impedance  of 
the  bond.  This  effect,  which  is  called  "unbalancing,"  is  limitea  by  intro- 
ducing an  air-gap  into  the  magnetic  circuit,  the  Donds  ordinarily  beins 
designed  to  stand  20  per  cent,  unbalaneiiig  without  a  decrease  of  mora 
than  10  per  cent,  in  impedance.  The  sise  of  the  bond  to  be  installed  ia 
dependent  upon  the  amount  of  currant  it  will  lie  obUged  to  carry,  the 
impedance  for  which  it  must  be  wound  (this  being  mora  or  less  dependent 
upon  the  length  of  the  track  cirauit)  and  the  amount  of  unbalancing  to  be 
oared  for.  where  good  traction  bonding  can  be  maintained,  unbalaneing 
can  be  assumed  less,  hence  a  smaller  sise  of  bond  can  be  employed. 

4M.  Knargy  supply  for  sfgnol  system.  Power  for  the  operation  of  the 
track  circuits  and  signals  on  an  electric  railroad  may  be  taken  from  trans- 
formers connected  directly  to  the  propulsion-power  transmission  system. 
Mora  frequently  a  signal-power  line  is  provided  to  furnish  this  current  at  a 
reduced  voltage^  the  necessary  apparatus  being  located  in  the  substations. 
For  the  track  circuits,  the  potentials  of  the  transformer  secondaries  ranp 
from  2  to  8  volte,  and  for  the  operation  of  the  signals  and  line  circuits 
generally  from  55  to  1 10  volte.  At  the  present  time  no  power  interlocking 
plants  ara  in  use  employing  alternating  currant,  hence  it  is  customary  to 
provide  motor-generator  sets  supplying  direct  current  for  charging  the  storage 
batteries  at  these  plants.  For  any  installation  it  is  necessary  to  construct 
a  power  diagram.  The  current  consumption  of  the  track  arcuita,  relays, 
alternating-current  signal  motore,  indicatore,  lights,  etc.,  will  vary  in  emch 
installation  and  will  oe  affected  to  some  extent  by  the  volume  of  traffic 
which  governs  the  number  of  switch  and  signal  movements  per  day.  The 
energy  consumption  data  for  each  piece  of  apparatus  is  furnished  by  tbo 
maker. 

Ml.  Troek-elreait  oonstuitg.  The  data  in  Par.  MO  shows  the  im- 
pedance in  ohms  per  1,000  ft,  of  track  and  the  power-factor  of  steel 
rail  of  various  weights  and  lengths  for  frequencies  of  24  and  60  cycles  and  with 
various  types  of  bonding.  In  all  electric-railway  practice  the  current- 
carrying  capacity  of  the  bonds  provided  would  be  assumed  equal  to  that  of 
the  rail  itself.  The  data  given  for  the  other  types  of  bonds  apply  to  aingle- 
rail  circuits  for  electric  roads  or  to  steam-railroad  conditions. 

iirrEKLOCKiHa 

M4.  Definition  and  field  of  application.  Interlocking  plonta  are 
assemblages  of  switches,  switch-operating  and  switch-locking  devices,  and 
signals  so  interconnected  that  their  movements  must  succeed  one  another 

in  a  predetermined  order.     They  ara  used  at  crossings  or  junctions  of  one  ' 

line  with  another,  at  drawbridges,  at  cross-overs,  or  in  yards  where   the  | 

number  of  switches  or  the  frequency  of  their  movement  is  so  great  that  hand  j 

operation  would  not  be  sufficiently  rapid  nor  safe.     At  railroad  cioeaings  , 

or  drawbridges,  signals  are  frequently  interlocked  with  derailing  devices,  this  ' 

protection  being  required  by  the  laws  of  several  states  provided  trains  are  , 

permitted  to  pass  over  without  stopping.  , 

101.  Olosslfloation.  Interlocking  plants  ara  either  meehsnieal  or 
powei^operated.  In  those  of  the  former  type,  pipes  or  wires  connect  tha 
switches,  locks,  signals,  or  other  operated  units  with  the  leven  that  operate 
them.  In  the  latter  type,  pneximatic  cylinders  or  electric  motora  are  con- 
nected to  suitable  "lock  and  switch  movements"  or  signal  mechanisms. 
Electric  circuits  controlled  by  the  levere  in  the  interlocking  moehine  regulat* 
the  operation  of  these  switch  and  agnal  mechanisms. 
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Sec.  16-406 


4M.  MeohanioAl  proeeMM  involTod  in  iixt«rlocklnff .  In  all  inter- 
lookins  machines  the  desired  sequence  of  operations  is  secured  by  means  of  the 
docs,  bars,  or  tappets  wliich  constitute  the  mechanical  locking.  These  parts 
are  so  interrelated  that  if  any  lerer  in  the  machine  is  reversed  (that  is, 
moved  from  its  normal  position),  the  act  of  the  signalman  in  unlatching  this 
lever  will  cause  parts  of  the  locking  so  to  operate  that  no  other  lever  in  the 
frame  can  be  moved  which  would  allow  a  train  movement  conflicting  with 
Uie  train  movement  controlled  by  the  first  lever.  The  mechanical  lock- 
ing between  the  levers  of  the  machine  also  provides  for  the  movement 
of  the  levers  in  proper  sequence  when  the  route  for  a  train  is  being  set 
up,  by  assurinff  that  the  switches  must  first  be  properly  set  and  must  then 
be  locked  in  tne  proper  position  before  the  signal  governing  the  route  can 
be  cleared. 

40T.  Prevention  of  iwltch  operation  while  train  ii  passing.  Long 
bars  of  ateel,  called  detector  bars,  are  held  by  clips  along  tne  outside  of  the 
head  of  the  rail  at  switches.  They  are  of  a  length  g:reater  than  the  maximum 
distances  between  any  of  the  adjacent  wheels  of  a  train,  and  are  so  mounted 
that  they  must  move  upward  above  the  level  of  the  top  of  the  rail  before  the 
switch  may  be  unlocked.  They  generallv  are  mechanically  connected  to  and 
operated  simultaneously  with  the  lock  plungers  which  pass  throuf^h  holes. or 
notches  in  the  lock  rodis  of  switches  to  lock  them  in  proper  position.  This 
method  of  protection  may  prove  unsatisfactory  owing  to  toe  increasing  width 
of  rul  heads,  and,  esiMoially  on  electrio  roads,  the  relatively  narrow  wheel 
treads  of  which  mayfail  to  engage  the  top  of  the  detector  bar  while  the  vehicle 
is  passing  over  it.  Eleetrio  track  circuits  controlling  electric  locks  mounted  on 
the  levers  of  the  interlocking  machine  itself,  are  oecoming  cjuite  generally 
used  as  a  substitute  for  detector  bars  in  the  prevention  of  switch  movement 
while  trains  are  passing. 
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Fio.  125. — Tyjucal  interlocking  plan  and  locking  sheet. 


4M.  Arrancanunt  of  mebhuilcal  intarloeklnx  plant.  The  plan  of  a 
rin^le-trBok  line  croaaing  a  double-traok  line  ia  ahown  in  Fig.  125.  There  i«  a 
aidiiig  awitch  on  the  aingle  line,  located  so  near  the  double-track  line  tbAt  it 
ia  neceaaary  to  include  it  In  the  interlocking.     Derails  are  shown  on  all  traoka. 
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Those  on  the  double-track,  which  ia  aaaumed  to  be  a  ateun  road,  are  plaeed 
fiOO  ft.  from  the  croaaing,  except  the  "back-up**  der&ila  which  are  about  300 
ft,  from  the  oroaaios.  On  the  aingle-track  intenirban  line  the  dermila  would 
be  located  in  accordance  with  legal  requirements  or  the  peoeaaitiea  of  the 
locality.  The  derail  in  the  siding  is  placed  at  fouling  distance  from  the 
main  track.  The  sin^e  switch  and  each  of  the  derailfl  ia  locked  with  a 
facing-point  lock  and  provided  with  a  detector  bar.  At  the  croaainA  itaelf 
a  detector  bar  might  also  be  used  to  prevent  the  clearing  of  a^nala  for  a 
movement  on  one  une  while  an  engine  or  a  detached  car  was  stanwng  on  the 
orosaing. 

The  "home**  signals,  governing  through  movement,  and  the  "dwarf** 
aignala,  governing  reverse  movement  and  the  movement  from  the  aiding,  ai« 
located  about  50  ft.  from  the  points  of  the  derails.  One  home  signal  in  the 
single-track  line  has  two  arms:  the  upper  governing  the  through  or  high-apeed 
movement,  while  the  lower  governs  the  low-speed  diverging  movement  on  to 
the  siding.  Distant  signals,  used  to  regulate  the  approach  to  the  home  ais- 
nals.  are  placed  from  1,500  to  4,000  ft.  in  rear  thereof. 

The  mechanical  interlocking  mochinc  has  a  24-lever  frame,  the  aasa^meiit 
of  the  various  levers  being  shown  in  a  table.  A  locking  sheet  is  also  given,  in 
which  a  circle  drawn  around  any  lever  number  indioatea  it  to  be  in  the  re- 
versed position.  Levers,  the  numbers  of  which  are  Dot  within  a  drole,  are  ia 
their  normal  poaition. 

409.  Power  intorlocUnf.  In  mechanical  inteiioeking  (Par.  iOt)  the 
rigidity  and  mechanical  continuity  of  the  conneetiona  between  any  switch. 

lock,  or  sign^,  and  the  lever 
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Fia.  12G. — Single-rail  track  circuit  at  an 
interlocking  plant. 


that  must  be  thrown  in 
order  to  move  it,  is  depended 
upon  to  acoompliah  the  de- 
sired motion  of  the  unit.  It 
is  assumed,  in  other  words,  if 
the  lever  operating  a  faunn^- 
point  lock  on  ^  a  switch  la 
moved  through  ita  full  atroke, 
that  the  lock  is  also  moved 
ita  full  stroke.  It  ia  further 
assumed  that  the  movement 
of  the  lock  lever  may  be  de- 
pended ^  upon  to  release  the 
mechanical    locking    in    the 

_^  interlocking  machine  and 
permit  the  proper  lever  to 

*"  be  moved  that  will  clear  the 
desired  signal  and  permit  a 
train  to  pass  over  the  switch, 
which  is  locked  by  the  fao- 
ing-point  lock  previously 
mentioned. 


410.  Batum  indication.    In  power-operatad  IntarlocUnt^  «"^^^*»*^ 

where  the  only  phjrsicalVonnections  between  the  operated  units  and  tte 
levers  in  the  machine  consists  of  insulated  conductors  which  carry  small 
currents,  there  is  no  direct  assurance,  when  a  switch  lever  is  operated,  that 
the  switch  itself  has  moved  at  all.  To  insure  that  it  is  moved  properly  and 
will  be  locked  in  a  position  corresponding  to  that  of  the  lever,  all  powet^ 
interlocking  systems  provide  for  what  is  called  a  return  indication.  When  the 
leverin  the  interlocking  mnchine  is  moved  to  cause  a  switch  or  ugnal  to  be 
thrown,  it  cannot  at  first  be  moved  through  its  complete  stroke  nor  through 
sufficient  length  of  stroke  to  release  the  mechanic^  locking  between  itaelf 
and  conflictinjg  levers.  The  lever  can  only  be  moved  far  enough  to  doae 
the  circuit  which  will  cause  the  desired  motion  of  the  awitoh  that  ia  to  be 
operated. 

The  switch  mechanisim  itself  must  complete  the  throwing  of  the  switch, 
must  completely  lock  it  in  the  proper  position,  and  must  then  close  contacts 
that  will  cause  current  to  flow  back  to  the  lever  in  the  tower  and  energise  a 
magnet  to  release  a  dog,  which  has  heretofore  limited  the  motion  of  the  lever. 
After  this  dog  has  been  released  the  operator  is  permitted  to  complete  the 
atroke  of  the  lever,  which  will  in  turn  release  the  mechanical  locking  botwaaa 
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the  iwitch  lever  and  others  in  the  frame,  allowing  movement  of  the  latter  to  be 
made  in  proper  eequenoe. 

411.  The  Slactrlc-Pnauznatio  Znterlockinc  Byatem  of  the  Union 
Switch  and_  Rignal  Company.  This  system  is  so  named  because  com- 
pressed air  is  employed  to  shift  the  switches  and  signals,  while  electricity 
u  used  to  control  or  direct  the  admission  and  discharge  of  pressure  to 
and  from  the  cylinders  by  which  the  shifting  is  performed.  The  sys- 
tem is  comprised  of  the  following  elements:  an  air  compressor  (prefer- 
ably in  duplicate  for  reserve)  which,  especially  in  terminal  station  plants, 
is  often  used  for  many  other  duties;  a  main  air  pi^  extending  through- 
out the  interlocking  system  with  branch  pipes  connecting  it  with  each  switch 
and  nsnal  to  be  operated;  a  double-acting  cylinder  at  each  switch  which, 
through  a  motion  plate,  operates  and  mecbanically  locks  the  switch  in  its 
two  positioDS  by  movement  of  the  piston;  a  elide  valve  for  each  switch 
cylinder  used  to  direct  the  pressure  to  either  side  of  the  piston  in  order  to 
effect  the  movement  of  the  latter  (Par.  411);  a  single-acting  cylinder,  operat- 
inc  the  signal  (Par.  414) ;  a  source  of  energy  (Par.  415). 

41S.  Arrancamant  and  operation  of  the  swltch-cyllndar  glide  TalT* 
(Par.  411).  There  are  two  miDiature  cylinders  employed  for  shifting 
the  atide  valve;  two  pin  valves,  operated  by  electromagnets,  control  the 
movement  of  the  pistons  in  these  cylinders.  Mounted  over  the  slide  valve 
is  a  third  small  cylinder,  also  under  the  control  of  a  magnet  and  pin  valve. 
The  piston  of  this  small  cylinder  engages  with  and  locks  the  slide-valve  against 
movement  save  when  the  magnet  is  energised  and  the  pin-valve  is  actuated 
to  permit  the  pressure  to  withdraw  the  lock. 

By  energiiing  and  de-energising  the  magnets  in  proper  sequence,  the  slide 
valve  is  unlocked,  shifted,  and  again  locked  by  the  operating  and  indicating 
strokes  of  the  lever.  During  this  process  each  movement  of  the  valve  is 
accompanied  by  a  corresponding  unlocking,  shifting,  and  relocking  of  the 
■witch  through  the  resulting  operation  of  the  switch  enforced  by  the  piston 
of  its  own  cylinder.  The  three  magnets  are  directly  connected  with  contacts 
that  are  actuated  by  one  of  the  levers  in  the  interlocking  machine,  a  separate 
wire  being  used  for  each  magnet. 

41S.  Indio&tl&f  system  (Par.  411).  In  the  latest  development  of  this 
■jrstero,  a  circuit  controller  is  employed  which  is  actuated  by  each  switch 
movement.  When  the  switch  is  in  one  of  its  extreme  positions  and  locked 
there,  this  controller  allows  a  current  of  given  polarity  to  traverse  two  wires 
which  connect  it  with  a  polarised  relay  in  the  tower.  -Conversely,  when 
^e  switch  is  moved  to  and  locked  In  its  opposite  position,  a  current  of  the 
rncrae  polarity  is  sent  through  the  relay.  During  transit  of  the  switch,  and, 
in  fact,  when  the  switch  is  in  any  position  and  unlocked,  the  controller 
establishes  a  shunt  or  short  circuit  between  these  two  wires.  This  short 
circuit  renders  the  apparatus  immune,  at  such  timea,  to  the  effects  of  any 
•tray  current  which  might  energise  the  relay.  The  circuit  controller  of 
pole  changer,  the  relay  in  the  tower,  and  the  two  wires  joining  them  substitute 
the  fundamental  elements  of  the  indication  system  of  this  type  of  power 
interlocking. 

The  polarised  relay  frees  one  or  the  other  of  two  electric  locks  which, 
previous  to  this  action,  has  been  arresting  the  complete  movement  of  the 
switch  lever  in  the  tower.  This  incomplete  movement  of  the  lever  from 
full  "normal"  or  full  "reverse"  involves  about  two-thirds  of  its  total  move- 
moDt.  After  the  partial  movement  bos  been  made,  the  complete  lever  move- 
ment can  be  consummated  only  in  the  event  of  one  of  the  two  locks  which 
previously  restricted  the  lever's  movements  becoming  energised.  The 
enerKtsation  of  this  lock  can  occur  only  when  the  indicating  relay  has  shifted 
its  armature  in  response  to  a  reversal  of  current  in  the  two  indicating  wires. 
Buch  reversal  is  only  poesiblo  when  the  switch  has  fully  moved  and  become 
locked  in  response  to  the  Incomplete  lever  movement.  After  the  lover  has 
been  released,  itA  movement  may  be  completed.  Following  the  proccsiWB 
involved  in  a  final  execution  of  the  lever  stroke,  the  mechanical  interlocking 
between  switch  and  signal  levers  permits  the  shifting  of  the  proper  signal 
lever  for  train  movements  over  the  switch.  The  current  supply  to  each  and 
every  signsl  leading  ove^  the  switch  is  carried  through  other  contaotsof 
ibe  indicating  relay,  so  that  unless  the  relay  is  enorKixed  in  the  pro|)cr  polarity 
and  the  lever  and  the  switch  correspond  precisely  in  position,  no  signal  what- 
ever can  be  given  over  that  switch.     Converfely,  should  a  signal  be  properly 
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cleared  for  train  moveinent  over  a  awitch,  by  reason  of  awiteh  mod  lewr 
eorreapoDding  in  position,  any  interference  caiuing  a  partial  or  full  reveraal 
of  either  lever  or  switch  would  immediately  cauae  the  signal  to  move  to  the 
**stop"  position.  This,  the  most  necessary  feature  of  modem  power  inter> 
locking  practice,  gives  i^rotection  against  careless,  ignorant,  or  maliciouc 
sbiftinff  of  a  switch  by  improper  means  from  the  position  to  which  it  was 
properly  moved  by  the  lever. 

414.  A  alngle-actlnff  oyUndsr  operates  the  aignal  (Par.  411).  the 
signal  bein^  held  at  and  returned  to  the  stop  position  bv  gravity.  Com- 
pressed air  IB  admitted  to  and  discharged  from  this  cylinder  bv  means  of  a 
pin  valve»  and  the  latter  is  operated  by  an  electromagnet.  This  pin  valve 
and  electromagnet  are  identical  in  design  with  those  used  to  shift  the  piston 
in  the  slide-vaklve  cylinder  of  the  switch  mochaniam.  When  energixea.  this 
magnet  causes  the  pressure  to  depress  the  piston,  thereby  clearing  the  signal. 
When  the  magnet  is  de-«nergixea.  the  air  escapes  from  the  cylinder  and  the 
signals  move  to  the  "stop"  position  by  gravity.  Failure  of  the  signal  ao 
to  move,  from  any  cause  such  as  the  accumulations  of  sleet  and  ioe  in 
unusual  quantities  upon  its  bearings  and  other  exposed  parts,  preveots 
the  signal  lever  from  being  restored  to  normal.  This  incomplete  lever 
stroke  prevents  the  mechanical  release  of  all  levers  operating  switches  which 
lie  wilhiQ  the  route  governed  b^  the  signal. 

To  restore  a  signal  to  norrhal  in  regular  operation  the  signal  lever  is  moved 
partly  toward  normal,  where  the  lock  arrests  its  further  movement  unUl 
the  latter  becomes  energised.  This  energization  cannot  occur  until  the 
signal,  in  response  to  the  parUal  return  of  the  lever,  assumes  the  stop  posi- 
tion and  closes  the  circuit. 

41B.  The  aouroe  of  eleotrlo  enorgl  (Par.  411)  for  supplying  the  current 
required  for  the  operation  of  the  pin-valves  and  locks  of  the  ssrstem,  consists 
usually  of  a  storage  battery  of  7  cells  in  duplicate.  This  battery  has  a  low 
ampere-hour  capacity  and  may  be  charged  from  any  local  lighting  or  power 
circuit.  If  direct-current  service  is  obtainsble,  a  resistance  is  connected 
in  series  in  order  to  obtain  the  desired  charging  voltage.  Charging  may  be 
accomplished  from  an  alternating-current  une  by  use  of  a  converter  ^ec. 
0),  a  motor-generator  set,  or  a  rectifier  (Sec.  6).  Maniets  of  4(X)  ohms 
resistance  will  operate  pin  valves  controlling  air  at  IGO  lb.  pressure  from 
a  12-volt  battery  with  a  margin  of  50  per  cent,  drop  in  voltage.  Alternating- 
current  magnets  may  be  substituted  for  direct-current  magnets  in  the 
operation  oi  pin  valves,  and  the  system  operated  without  batteries.  Cylin- 
ders of  areas  and  atrokes  appropriate  for  the  work  to  be  done,  are  used  ia 
various  arrangements  of  switches  and  frogs. 

The  electrical  energy  required  by  this  system  is  small,  a  constant  current 
rate  of  5  amp.  at  12  volts  being  sufficient  for  a  large  terminal  plant. 

416.  Klectiio  interlocking  system  of  the  XTnion  Switch  ft  Signal  Go. 
In  this  system  of  interlocking,  the  machine  for  the  control  of  the  switobce 
and  signals  is  very  similar  to  that  used  in  the  eleetropneumatio  system. 
The  switches  and  signals  are  driven  in  this  case,  instead  of  by  compressed 
air,  by  electric  motors  or  solenoid  magnets  working  through  suitable  gears 
and  cams.  For  the  control  and  indication  of  a  signal,  the  circuit  is  similar 
to  that  used  in  connection  with  the  eleetropneumatio  interlocking  (Par,  411), 
except  that  instead  of  a  magnet  actuating  a  pin  valve,  there  is  a  relay  or  other 
electromagnetic  device  controlling  either  an  electric  motor  or  a  solenoid  and 
suitable  holding  magnet  at  the  signal.  The  function  of  the  motor  or  solenoid 
is  to  move  the  signal  arm  from  the  "stop"  to  the  "clear"  ixjaition.  When 
the  arm  comes  into  the  "clear"  position  it  is  cut  out  of  the  circuit  auto- 
matically, and  the  holding  coil  is  energised  in  order  to  maintain  the  signal  in 
the  clear  position  so  long  as  the  circuit  is  complete.  When  the  circuit  ia 
opened  the  signal  moves  to  the  "stop"  position  through  the  action  of  grav- 
ity. The  signal-indication  circuit  is  in  all  respects  the  same  as  in  electro- 
pneumatic  interlocking. 

For  the  movement  of  a  switch,  current  is  supplied  by  a  stroke  of  the  lever, 
to  an  electromagnetic  controlling  device  at  the  switch.  Here  the  controlling 
device  consists  essentially  of  an  electrically  operated  cirouit  controller  so 
arranj^ed  that  with  the  lever  in  one  position  the  controlling  device  wiU 
establish  a  circuit  to  operate  the  switch  motor  in  one  direction;  whereas,  with 
the  lever  in  the  other  position,  the  connections  will  be  reverscMl,  so  that  the 
motor  yill  run  in  thfe  opposite  direction.     At  the  end  of  the  stroke  of  the 
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twitch  in  either  direction,  a  circuit  controller  is  actuated  in  such  a  manner 
aa  to  out  the  motor  out  of  circuit,  and  partly  establish  connections  for  the 
operation  of  the  switch  in  the  opposite  direction  when  the  proper  lever  move- 
ment is  subsequently  made. 

The  switch-indication  circuit  is  in  all  respects  the  same  as  in  the  electro- 
pneumatic  system.  A  polarised  relay  controlled  by  a  pole-changer  at  the 
•witch  is  used.  The  pole-changer  is  so  arranged  that  in  any  position  except 
the  extreme  ends  of  stroke,  when  the  switch  is  locked,  the  wires  feeding  the 
polarised  indication  relay  are  short-circuited  and  disconnected  from  the 
source  of  energy. 

For  the  operation  of  the  units  in  this  system  ..direct  current  at  a  potential  of 
110  volts  is  used.  This  is  supplied  to  the  switches  and  signals  through  heavy 
mains  running  from  the  storage  battery  in  the  tower.  Current  from  these 
mains  is  fed  to  the  motors  through  the  electrically  operated  circuit  controllers 
as  already  explained.  These  controllers  are  energised  by  current  from  the 
aame  battery  at  the  same  potential.  The  resistance  of  the  various  pieces  of 
apparatus  is  such,  however,  that  the  current  flowing  in  these  control  circuits 
ia  Tery  small.  Consequently  the  wires  from  the  interlocking-machinc  levers 
to  the  units  need  never  be  of  larger  sise  than  is  required  for  mechanical 
strength.  For  the  indication  circuits,  the  potential  is  cut  down  by  rrsistanres, 
one  at  each  switch  or  in  series  with  ench  signal  indication  circuit,  therefore  the 
indication  wires  may  also  be  small.  The  selection  of  signals  and  their 
control  hy  the  various  switches  in  a  route  is  accomplished  through  the 
polarised  indication  relays  and  combination  contacts  in  the  same  manner  osin 
electropneumatic  interlocking.  The  indication  magnets  and  the  general 
design  of  the  interlocking  machine  are  the  same  in  both  ay  stems. 

ilT.  The  eleotrio-dynaznic  indication  interlocking  lystem  of  the 
0«nenU  Railway  Blfoal  Go.  (sec  Psr.  il8  to  4S0)  was  the  earliest  and  is  the 
most   widely    used   system    of  ..  . .    , 

electric  interlocking.  The 
source  of  power  consists  of  a 
storage  batterv  with  its  charg- 
ing unit,  which  furnishes  cur- 
rent at  110  volts  for  the  oper* 
ation  of  the  switch  and  signal 
motors.  Power-control  appa- 
ratus ia  introduced  between 
the  battery  and  the  interlock- 
ing machine.  The  interlocking 
machine  proper  is  provided 
with  levers,  built  generally  in 
units  so  that  any  lever  with  its 
safety  and  indication  magnets, 
accessories  and  housing  may  be 
removed  from  the  frame  with- 
out disturbing  adjacent  levers. 
The  levers  are  of  the  sliding 
type  which  are  pulled  out  or 
pushed  in  to  operate  the  vari- 
ous units.  The  mechanical 
locking  is  of  the  vertical  type, 
the  tappet  bars  being  moved 
verticsJly  bv  the  horiiontal 
motion  of  the  levers  throush 
the  medium  of  a  cam  slot  in  each  lever, 
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FiQ.   127. — Electric  interlocking  machine. 


Fig.  127  shows  a  crois-section  of  a 
unit-lever  type  electric  interlocking  machine,  and  Fig.  128  shows  typical 
circuits  for  this  interlocking  syntcm. 

Alternate  levers  have  their  handles  turned  upward  and  downward.  Beside 
the  interlocking  machine,  the  system  comprises  the  switch  and  signal 
mechanisms  with  their  operating  and  indicatmg  circuits  and  means  for  the 
prevention  of  unauthorized  movement  of  any  unit.  Each  switch  or  derail  is 
thrown  and  locked  by  a  switch  and  lock  movement  driven  by  a  series-wound 
direotMJurrent  motor.  Two  wires  are  used  for  this  cofitrol,  one  for  the 
normal  and  the  other  for  the  reverse  operation.  These  same  wires  are  used 
for  indicating  purposes,  the  normal  Control  wire  being  used  for  the  reverse 
indication  and  the  reverse  control  wire  for  the  normal  indication.  The 
dreuit  is  connected  to  the  main  common-return  wire  at  each  switch. 
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41S.  Indication  loeUnar  (Par.  417).  The  diatinc^ve  feature  of  the  elec- 
tric-dynamio  system  is  in  its  method  of  "indication  locking,"  which  is  of  the 
Bo-called  dynamio  type,  in  that  the  source  of  energy  used  to  supply  current 
for  the  operation  of  the  switches  and  signals  is  not  used  to  supply  current 
for  energising  the  indication  magnets  in  the  interlocking  macnine.  la 
this  system,  whenever  a  switch  has  completed  its  movement  and  faas^  beno 
locked  through  the  operation  of  the  motor  which  drives  it,  the  completion  of 
its  operation  disconnects  the  motor  from  its  load,  permitting  the  former  to 
operate  as  a  generator  under  the  momentum  which  nas  been  acquired  by  the 
armature  in  operating  the  switch  and  lock.  The  current  generated  by  this 
motor  acting  as  a  generator,  is  transmitted  back  to  the  interlocking  machine 


Fig.  128. — Circuits  for  eleetrio  interlocking  sj^em. 


where  it  actuates  the  indication  magnet  and  permits  the  completion  of  the 
lever  stroke.  In  the  case  of  signals,  no  return  indication  is  necessary  when  a 
signal  is  operated  to  give  the  "proceed"  indication.  In  this  system,  the 
signals  are  so  connectecl  that  they  return  to  the  "stop"  position  by  gravity. 
The  counterweight,  which  has  been  raised  during  the  operation  of  clearing  the 
signal,  overhaula  the  motor  armature  in,  being  restored  by  gravity  to  its 
normal  position;  this  causes  the  armature  to  generate  the  indication  current. 
The  indication  current  in  this  system  being  generated  by  the  momentum  of 
the  motor,  can  only  be  secured  after  the  operation  of  the  unit  driven  by  ths 
motor.  As  the  energy  for  the  indication  is  developed  at  one  end  of  tbe 
circuit  and  the  indication  magnet  is  located  at  the  other,  a  cross  betweea 
wires  tends  to  prevent  indication.  When  the  momentum  of  the  motor  hss 
sufficiently  diminished,  the  indication  current  ceases.  The  generation  of 
indication  current  serves  also  to  retard  the  motor  which  renders  unnecessary 
the  use  of  buffers  or  other  special  means  for  stopping  the  movement  of  the 
apparatus  without  shock.  Protection  against  tbe  operation  of  the  motors  by 
foreign  current  ia  furnished  by  the  indication  circuit  which  forms  a  low- 
resistance  path  around  the  motor. 

419.  Protection  asralnBt  the  effect  of  croaaed  wires  (Par.  41T). 
In  this  system,  protection  ia  provided  for  the  prevention  of  the  unauthorited 
movement  of  any  switch  or  signal  resulting  from  the  improper  application  of 
energy  to  its  circuit  by  a  cross  between  wires.  This  protection  is  secured  by 
cutting  oiT  currcn  t  from  the  unit  itself  in  the  event  of  a  cross.  A  small  polarised 
relay  is  connected  in  each  switch  or  signal  circuit  through  which  all  opcraUog 
and  indicating  currents  must  pass  in  such  a  direction  as  to  maintain  tqe  relay 
contact  closed.  Conversely,  currents  from  unauthorised  sources  such  as 
crosses  arc  compelled  to  pass  in  the  opposite  direction,  thus  opening  the 
polarized  rr-Iay.  All  these  relay  contacts  are  in  series  and  control  the  circuit 
of  the  retaining  magnet  of  a  circuit  breaker  on  the  operating  e'witchboard. 
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This  cireuit  breaker  oontrola  the  supply  of  current  from  the  ftorage-battery  to 
the  interloakiDg  machine.  A  obecK  on  the  integrity  of  the  croas-protectioo 
mtem  ifl  eecured  by  having  all  necessary  contacts  and  connections  either  on 
doeed  circuity  or  ^  used  in  each  process  of  operation  and  indication  so  that 
failure  ot  any  individual  member  would  prevent  operation  and  indication  and 
would  be  promptly  detected.  A  necessary  feature  in  this  system  as  in  other 
electric  iaterlockinga,  is  the  prevention  of  indication  current  from  reaching 
any  lever,  while  the  unit  normally  under  the  control  of  that  lever  is  being 
operated  due  to  oroased  wires  from  other  units  which  may  be  indicating  at  the 
moment.  This  protection  is  secured  by  means  of  a  safety  magnet  located 
below  the  indication  magnet  on  each  lever.  Fig.  127.  The  windings  of  thU 
safety  magoetare  included  in  the  operating  circuit  of  the  lever,  and  its  mag- 
Detio  proper^*  are  so  proportioned  to  those  of  the  indication  magnet,  that 
if  both  were  energised  at  tne  same  instant,  the  safety  magnet  would  over- 
power the  indioation  magnet  and  prevent  the  latter  from  lifting  its  armature 
to  trip  the  indicatiop  latch  in  the  lever.  Normally,  the  armature  of  the  indi- 
cation magnet  rests  upon  the  poles  of  the  safety  niagnet.  As  a  further  safe- 
guard, an  indication  selector  la  provided  with  its  magnet  coils  in  series  with 
the  safety  magnet  and  in  the  control  circuit.  The  function  of  this  selector 
is  to  prevent  possible  receipt  of  an  improper  indication  during  the  internal 
between  the  time  that  a  lever  is  moved  to  the  opposite  position  from  that 
which  it  previously  occupied,  and  the  time  the  movement  of  the  switch 
mechanism  itself  is  complete. 

410.  Op«ratlon  In  ravsrse  dlraotlon  ( Par.  417) .  The  last  portion  of  the 
stroke  of  the  locking  plunger  at  the  switch  mechanism  operates  the  pole- 
changer  which  cuts  off  the  operating  current  and  puts  the  circuits  into  action 
for  an  operation  in  the  opposite  direction.  ,The  breaking  of  this  circuit  de- 
energises  the  safety  magnet,  permitting  the  indication  magnet  to  be  energised 
b^  the  current  generated  in  the  revolving  motor  armature.  The  operating 
circuits  are  so  designed  that  the  magnetic  control  of  the  pole-changer  insures  a 
correspondence  in  position  between  the  lever  in  the  macnine  and  tne  operated 
unit  outside. 

THE  BLOCK  8T8TXM 

411.  ClaMlfloation  of  block  alfnallnff  ■ystems.     The  block  system 

Erovides  for  the  division  of  the  railroad  into  lengths  of  track  of  defined 
mits,  over  which  railway  traffic  is  controlled  by  block  signals.  Block 
signals  and  block-signaling  systems  may  be  classified  as  follows:  a  (Par.  411), 
manual,  in  which  the  signals  are  operated  by  hand  on  orders  or  information 
received  by  telegraph  or  telephone;  b  (Far.  418),  controlled  manual,  in  which 
some  means  (generally  electrical)  are  employed  to  necessitate  the  cooperation 
of  the  signalmen  at  both  ends  of  a  block  in  order  to  clear  the  signal  aamttting 
a  train  on  the  block;  o  (Par.  414),  automatic,  in  which  the  signals  are  power- 
flf>erated  and  are  controlled  by  the  trains  themoelves  through  the  action  of 
tbeir  wheels  upon  electric  circuits  constituted  by  the  rails  of  the  track. 
Such  ngnals inaioate  the  presence  of  a  train  or  single  car  or  engine  in  the  block 
and  also  such  conditions  as  the  presence  of  a  broken  roil,  an  open  switch 
or  a  ear  standing  upon  a  siding  within  fouling  distance  of  the  mam  track. 

411.  In  the  manual  block  syitdm,  when  a  train  has  passed  into  any 
block,  the  signalman  sets  his  signal  to  the  "stop**  position  behind  it,  and  noti- 
fies the  ngnalman  at  the  entrance  to  the  next  block  of  the  approach  of  the 
train.  Tms  second  signalman  in  turn  consults  his  record  to  see  if  the  signal- 
man controlling  the  entrance  of  the  third  block  has  reported  the  passing  of  all 
trains  out  of  the  second  into  the  third  block  which  previously  have  been 
admitted  to  the  second  block.  If  such  is  the  case,  the  signalman  at  the 
entrance  of  the  second  block  will  set  his  signal  to  indicate  "proceed"  and 
permit  the  approaching  train  to  enter  the  sncond  block.  Such  a  system 
oeeeasitates  we  use  of  very  carefully  prepared  rules  and  is  dependent  for 
its  safe  and  successful  performance  entirely  upon  the  watohfulness  of  tlie 
aigoalmen  and  the  precision  with  which  they  perform  the  duties  prescribed 
for  them  by  the  rules.  On  single-track  railroads,  this  system  necessarily 
involves  the  protection  of  trains  against  opposing  movements,  and  is  in 
general  supplemented  by  the  issuance  of  train  orders  from  the  despatcher, 
which  provide  for  the  meeting  of  trains  at  other  times  or  stations  than  those 
specified  in  the  time-table. 
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4S1.  In  the  controUed-manuftl  bloek  lystam,  the  levers  by  wbick 
the  risnulB  are  operated  are  provided  with  electric. locks.  The  solenoids  of 
these  locks  must  be  energised  to  release  the  levers  before  the  sianab  may  be 
cleared  for  the  passa^  of  trains.  Circuit  controllers,  called  "block  instni- 
meDts,"  are  placed  in  each  block  station  and  are  so  interconnected  elee- 
trically  as  to  require  thnt  a  definite  sequence  of  operations  be  peri ormed  by 
the  signalmen  at  both  ends  of  each  block  before  the  signal  at  the  entrance  of 
a  block  may  be  cleared.  Signal  bells  and  keys  are  provided  for  the  trans- 
mission of  code  signals  between  adjacent  signal  stations.  Adjuncts  such  as 
indicators  and  electric  track  circuits  may  also  be  installed,  whereby  the 
presence  of  a  train  in  the  block  may  effect  the  electric  locks  in  such  maniier 
as  to  insure  its  own  protection.  The  variety  of  apparatus  and  circuits 
necessary  to  afTord  varying  degrees  of  protection  are  too  diverse  to  be 
herein  enumerated. 

4S4.  The  automatio  block  system,  which  is  continually  comi&c  into 
more  extended  use,  has  its  foundation  in  the  electric  track  circuit.  Its  cost 
of  construction  and  maintenance  is  relatively  high.  Its  operating  cost  is 
low  as  compared  with  any  system  requiring  the  constant  presence  of  signal- 
men on  duty*  as  would  be  necessary  with  manual  or  controUed-maaual 
systems.  The  principles  of  the  electric  track  circuit  are  considered  at  some 
length  in  Par.  S9S  to  40S  incl. 

Seldom  can  automatic  block  signals  be  controlled  by  track  circuits  alone. 
Such  conditions  as  the  existence  of  a  number  of  track  circuits  in  one  block 
and  where  the  position  of  one  signal  arm  must  be  made  to  determine  the  posi- 
tion of  another,  require  the  use  of  line-wire  circuits,  each  of  which  is  provided 
with  its  own  source  of  energy  and  one  or  more  relays  for  direct  control  of 
the  local  signal  circuits  themselves.  These  line  circuits  include^  contacts 
carried  on  the  armatures  of  the  track-circuit  relays;  the  latter  thus  indirectly 
control  the  signals  through  the  medium  of  the  Ime  circuits. 

The  tine  circuits  frequently  pass  through  circuit  controllers  actuated  br 
the  switches  in  the  tracks,  so  that  the  opening  of  any  switch  in  the  block 
will  directly  open  the  signal  line  circuit.  Line  circmta  for  the  control  of 
signals  are  always  so  designed  that  the  source  of  enei^y  is  located  at  one  ez' 
treme  end  of  the  circuit  and  the  relay  at  the  other  extreme  end  of  the  circuit; 
any  controlling  devices  are  being  located  between  these  extremes.  This  is 
important  in  order  to  prevent  the  possibility  of  false  "clear"  indicatioDS 
from  the  supply  of  energy  to  the  line  relay  in  case  crosses  or  grounds  occar 
on  the  circuit. 
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Kio.  129. — Simple  field  circuits.     A. c.  automatic  block.     Steam  propulsion. 


4S5.  Typical  application  of  automatic  block  rirnalUng.  Fig.  13S 
shows  diagram raatically  in  simplified  form,  an  application  of  line-circuit 
control  to  an  automatic  block  signal.  The  track  is  paralleled  by  a  power 
line  feeding  transformers  which  step  the  voltage  down  for  the  traok  circiBtt 
and  the  line  circuits.  The  line  circuit  begins  at  one  side  of  the  tranatonnet 
secondary;  is  carried  thence  through  a  contact  operated  by  a  circiut  controUer 
on  the  side  track  switch;  thence  through  a  contact  of  a  track  relay;  next 
through  the  contact  of  the  track  relay  of  the  other  section  of  the  block; 
from  this  point  to  the  coils  of  the  line  relay  located  in  the  mechanism  csM 
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of  the  signal;  and  thenoe  back  over  a  common  wire  to  the  other  side  of  the 
transformer  secondary. 

Fig.  129  also  indicates  how  a  portion  of  one  of  the  track  rails  on  the  idding 
is  insulated  from  adjacent  rails  and  bonded  to  the  opposite  main  track  raiT 
If  a  train  or  car  on  the  siding  moves  to  within  fouling  distance  of  the  main 
track,  it  will  thus  shunt  the  relay  of  the  track  section  in  which  the  switch  is 
located. 

4S6.  AntomftUe  blook  rignaHng  applied  to  alectrio  railways. 
f^.  130  shows  a  simplified  form  of  automatic  block  signal  circuit  for  one 
traok  of  a  double-track  railway  using  direct-current  propulsion  and  two-rail 
^tematlng-ourrent  track  circuits,  the  signals  themselves  being  operated  by 
direct  current  from  batteries.  Alternating-current  track  relays  are  genei^ 
ally  of  the  vane,  galvanometer  or  induction-motor  type.  In  the  first  named, 
an  aluminum  sector  revolves  between  the  poles  of  a  C-shaped  laminated  core, 
in  which  the  winding  is  placed.  This  winding  is  connected  across  the  rails 
of  the  track  circuit  and  receives  current  through  the  rails  from  the  transformer 


Trolley  or  Third  Itsll 


Fia.  130.— Typical  eircuits.     Power  supply  for  a.c.  track  circuits. 

at  the  other  end  of  the  track  circuit.  The  galvanometer  type  of  relay  has  a 
set  of  fixed  coils  energised  from  a  local  source,  and  a  movable  coil  energised 
from  the  track  circuit.  In  the  induction-motor  type  of  relay  both  the  track 
mnd  the  local  windings  are  fixed,  and  the  rotor  is  mode  to  revolve  by  phase 
diai^oement  in  the  current  of  the  two  winding.  In  oU  types  the  moving 
miember  carries  or  actuates  contacts  through  which  are  oontroUed  the  circuits 
controlling  the  operation  of  the  signals  themselves. 

The  transformers  which  supply  energy  to  the  track  circuit  also  supply 
energy  to  the  local  windings  of  motor-type^  track  relays  toother  with  any 
line  or  secondary  relays  necessary  in  the  circuits;  in  addition  they  supply 
energy  for  the  operation  of  the  signal  mechanisms  proper.  The  transformer 
secondary  windings  supplying  current  to  the  track  roils  are  generally  pro- 
vi^d  with  a  number  ol  taps,  so  that  the  voltage  impressed  on  the  track  may 
be  regulated  to  suit  the  length  or  characteristics  of  the  track  circuit.  The 
secondaries  are  naturally  provided  with  series  resistances  which  limit  the 
current  output  when  the  secondary  is  short-circuited  by  the  presence  of  a 
car  in  the  block. 
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in  periodical  technical  literature,  in  publications  of  engineering  societies, 
ana  in  the  bulletins  and  catalogues  issued  by  the  manufacturers  of  signal 
apparatus.  The  last  mentioned  source  is  voluminous,  as  such  publications 
are  frequently  issued  and  contain  much  valuable  technical  information. 


r.  AMOCiatlon  reports.     Comparatively  few  books  have  been  written 
le  subject  of  railway  signaling,  most  of  the  available  data  being  found 
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The  following  aatocuiUoiu  restil&rly  publish  committee  reports  on  aifnt^liinf- 
PublicstioDS  are  listed  below  their  namee  as  foUowa: 

American  Electric  Railway  Asaociation,  29  West  SQth  St.,  New  York,  N.  Y. 
Proceediogs,  Standard  Rules. 

American  Railway  Engineering  Association,  900  So.  Michican  Ave.. 
Chicago,  111.  Bulletins.  Manual  of  Approved  Practice.  (This  applies  moeily 
to  steam  railroad  sigmuing.) 

Railway  Signal  Association.  Bethlehem,  Pa.  Journal  (Quarterly),  Manual 
(Standard  plans  and  specifications),  Indei  to  Signal  Literature. 

The  rule  oook  of  the  American  Railway  Association,  eoDtaioinx  the  standard 
oode  of  train  rules,  block-siKnal  rules  and  interlocking  rules,  is  Uie  basia  from 
which  almost  all  other  nue  books  have  been  developed.  The  School  of 
Railway  Signaling,  Utica,  N.  Y.,  publishes  text-books  and  oorrespondence 
courses  of  study  in  railway  signaling. 

4tS.  PariodlOAls.  The  following  are  the  principal  periodicals  which  deal 
with  signaling:  SUcttie  Hailway  Journal,  239  West  89th  St.  (weekly).  AaO- 
u>avAffe(?azeCltf,WoolworthBl(^.,  New  York,  N.  Y.  (weekly).  Signal  Bngi- 
neer,  Transsu>rtation  BIdg.,  Chicago,  111.  (m<mthly). 

4St.  DletloiiArles  and  pubUtlMd  MbUoffrftphlM.  The  most  impor- 
tant compilation  of  information  on  signaling  u  the  rignal  dictionarr, 
second  edition,  1911,  Railtoay  AgeOateUe,  Woolworth  Building,  New  York, 
N.  Y.     By  far  the  most  complete  bibliographies  of  signaling  are  the  following: 

Index  to  Signal  Literature,  Vol.  I,  October,  1910,  Railway  Signal  Associa- 
tion, Bethlehem,  Pa. 

Bibliography  on  Block  Signals  for  Electric  Railways,  pages  227  to  298, 
Proceedings  of  the  American  Electric  Railway  Association,  1913. 


ELBCTROLTSIS  OF  UNDERGROUNB  STRUCTURES 

BY  ALBBBT  F.  OAKZ 

Pro/e$$or  of  SUetrieal  Enoineerino,  St€9en9_  Tnatituie  of  Technology,  feUou. 
American  TnalituU  of  Bletdrieal  Bngineert 

NAT0BK  AND  CAUSIS 

450.  General  c&um  of  elaotrolysls.  Electrolysis  is  defined  as  chemical 
decomposition  by  an  electric  current.  If  the  anode  by  which  an  electrie 
current  enters  an  electrolyte  consists  of  a  metal  which  can  combine  chemically 
with  the  anions  set  free  by  the  electrolytic  action,  then  this  anode  will  be 
decomposed  or  corroded.  This  electrolytic  corrosion  of  an  anode  is  what 
will  be  referred  to  as  electrolysis  in  this  discussion. 

451.  Stray  or  Tag&bond  ourrenU.  Stray  or  vagabond  currents  are 
electric  currents  which  have  leaked  from  grounded  eleotrieal  distributloB 
systems  and  flow  through  earth.  These  stray  currents  in  tlteir  |>ath  through 
earth  may  reach  underground  metatUo  structures,  such  as  piping  aystems 
and  the  lead  sheathing  of  cable  systems. 

4SS.  Stray  currents  from  direet-ourr«nt  electrie  reilwajg.  In 
the  simplest  arrangement  of  electric  railways  using  the  tracks  as  return  con- 
ductors, the  rails  are  connected  to  the  negative  terminal  of  the  generator  at 
the  power  station  or  substation,  and  the  current  returns  to  the  station 
through  the  rails.  Where  these  rails  are  in  contact  with  ground,  part  of 
this  current  will  shunt  through  the  earth  and  through  underground  metal- 
lic structures,  as  is  illustratea  in  Fig.  131.  Current  will  leave  the  rails  and 
enter  the  earth  at  distant  points,  and  will  return  to  the  rails  in  the  neigh- 
borhood of  the  power  station. 

43S.  Zleotrical  properties  of  loU.  Soil  wheo  dry  has  such  a  high  re- 
sistivity that,  practically,  it  does  not  conduct  electric  current.  Under 
ordinary  conditions,  however,  soils  oonUun  considerable  water  with  various 
salts  in  solution,  making  them  electrolytic  conductors.  An  electric  current 
therefore  passes  through  soil  by  electrolj^ic  conduction.  The  renstivity  of 
soils  varies  within  very  wide  limits,  depending  upon  the  amount  of  moisture 
and  salts  present.  Average  values  lie  between  10  and  1,000  ohms  for  one  < 
foot  cube  (approximately  300  to  30.000  ohms  for  1  cm.  cube). 
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4S4.  Distribution  of  potrattala  in  rails  and  oarth.    For  the  aimple 

•iTUiseinent  illustrated  in  Fie.  131.  the  distribution  of  potentials  is  shown 

ia  Fis.    132.     Tlie  following  ssaumptions  are  made  in  the  development 

o(  these  curves:  (a)  the  negative  bus  bar  ia  connected  to  the  rails  at  the 

power  station  by  an  insulated  cable,  with  no  other  ground  connections: 

(b)  the  line  extends  in  one  direction  only ;  (o)  the  load  is  uniformly  distributed 

over  the  line;   (d)  a  pipe  of  uniform  resistance  lies  in  the  eartn  parallel  to 

tliese  rails;  (e)  the  resistance  between  the  rails  and  pi^  is  everywhere  the 

same.   With  these  assumptions,  the  current  in  the  rails  will  increase  uniformly 

from  aero  at  the  end  of  the  line  to  its  greatest  or  total  load  value  at  the  power 

station  O.    Taking  the  negative  bus  bar  and  tliis  point  O  as  the  datum  or  sero 

of  potential,  the  potential  of  the  rails  ia  represented  by  the  parabola  01, 

\  The  voltage  OD  is  the  total  rail  drop.     There  will  be  a  neutral  point  N  in 

'  the  rails  at  a  distance  0.42  of  the  total  length  of  the  line  from  the   power 

I  station  where  these  rails  are  at  the  ground  potential.     Between  the  power 

'  station  and  AT,  the  rails  are  negative  with  respect  to  ground,  and  current  flows 

I  from  ground  to  the  rails;  while  from  N  to  the  end  (n  the  line  B,  the  rails  are 

positive  with  respect  to  ground,  and  current  flows   from   the   rails  to  the 

ground. 

The  pipe  of  Fig.  131  will  have  a  potential  shown  by  the  curve  A-H  in 
Fig.  132.  Between  O  and  N  the  pipe  is  posiUve,  and  this,  therefore,  con- 
stitutes a  t>ositive  region.     Conversely,  between  N  and  E  the  pipe  is  negative 


Pittsnce  from  Power  BtstiOB 
Fia.  132. — Distribution  of  potentials. 

and  this  is  a  negative  region.  The  current  flow  between  pipe  and  rails  ia 
proportional  to  their  potential  difference.  The  total  current  flowing  from 
rails  to  pipe,  shown  by  the  shaded  area  N-I-H.'a  equal  to  the  total  current 
Sowing  from  pipe  to  rails,  shown  by  the  eluded  areaO-il-^.  The  current 
on  the  pipe  will  be  a  maximum  at  the  neutral  point  N^  and  will  be  sero  at  the 
power  station  and  at  the  end  of  the  lino.  The  greatest  negative  potential  C-D 
of  the  pipe,  with  reference  to  the  rails,  will  be  at  the  end  of  the  line;  and  the 
createat  positive  potential  0-A  of  the  pipe  will  bo  at  the  power  station. 
For  the  case  assumed,  the  greatest  positive  potential  will  bo  twice  the  greatest 
neaative  potential.  The  total  rail  drop  O-D  is  equal  to  the  sum  of  the  three 
Toltaiges,  the  greatest  positive  pipe  potential  0-A,  the  greatest  negative  pipe 
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potonUal  C-D,  and  the  volume  drop  oa  the  lupe  A'C.  This  voltac*  drop  on 
the  pipe  is  a  measure  of  the  current  flowinc  on  it,  and  is  thorsf  ore  a  measure 
oi  the  danger  from  electrolysis  to  whieh  the  pipe  is  subjected.  If  no  cur- 
rent flows  on  the  pipe  there  will  be  no  voltage  drop  on  it,  and  the  pipe 
potential  curve  A-N-H  will  coincide  with  the  faorisontal  line  B-O.  The 
poeitive  and  nesative  potentials  of  the  pipe  referred  to  the  raila  will  however 
oe  increased,  which  shows  quite  clearly  that  the  magnitude  of  the  voltage 
between  pipe  and  rails  is  not  a  measure  of  the  danger  from  electrolyds. 

Where  there  are  rail  networks  and  underground  piping  networks,  the 
potential  distribution  curves  are  correspondingly  altered,  but  follow  tlie 
general  trend  of  those  given  in  fig.  132. 

4SI.  Where  electrolytil  oocun.    Wherever  eleetrio  current  leaves  a 

metal  to  flow  to  soil,  corrosion  from  eloctrolysia  is  produoed.  In  positive 
regions  stray  currents  generally  flow  from  underground  Btruoturee  to  raiii 
and  corrode  these  struotures  by  electrolysis.  The  greatest  density  of  current 
leaving  will  generally  occur  where  the  positive  potential  is  highest,  namel|r»  in 
the  neighborhood  of  the  power  station;  here  the  destruction  oy  electrol jrais ii 
usually  most  severe.  Underground  structures  may  also  be  destroyed  by 
electrolysis  In  regions  where  they  are  negative  to  the  rails,  and  far  away  from 
any  return  feeder  connections,  because  of  currents  shunting  from  one  set  of 
underground  conductors  to  an  adjacent  set.  A  case  frequently  met  in  prac- 
tice is  where  underground  gas  or  water  service  pipes  cross  leadcabfe  sheaths 
to  which  they  are  positive,  and  where  current  flows  from  the  aerrice  inpes  to 
the  cable  sheaths,  causing  rapid  destruction  of  the  pipes  by  electrolyaia  even 
though  they  are  negative  to  adjacent  trollej^  rails.  If  there  are  one  or  mora 
bigh-resistanoe  joints  in  a  pipe^  line  carrying  stray  electric  current,  then 
current  will  shunt  around  these  joints  and  produce  corrosion  on  the  pcudtive 
side  of  the  joint  and  frequently  for  many  pipe  lengths  on  the  poeitive  side  of 
the  joint. 

436*  Natur*  of  eorroalon  of  east  Iron  by  oloctririTils.  When  cast 
iron  is  corroded  by  electrolysis,  the  oxides  of  iron  mixed  with  graphite  usually 
remain  in  place,  leaving  the  outward  appearance  of  the  pipe  unonanfed.  Tha 
material  resulting  from  electrolysis  of  cast  Iron  usually  has  the  eouBistency  of 
hard  graphite  and  possesses  little  mechanical  strength.  The  oxide  of  iron 
together  with  the  surrounding  Soil  frequently  prevent  noticeable  leakage  of  gis 
or  water,  even  when  corrosion  has  extendea  entirety  through  the  metal  of 
the  pipe.  In  such  cases  a  physical  examination  with  a  test  hammer  ii 
required  to  eatablish  definitely  whether  the  pipe  has  been  damaged  by  eleo- 
trolysis.  Current  generally  leaves  iron  pipes  for  soil  from  localised  ares^ 
resulting  in  localised  corrosion  of  the  metal.  In  the  case  of  cast  iron  corroded 
by  electrolysis,  the  graphitic  residue  can  usually  be  dug  out  with  a  knife, 
exposing  pits  in  the  pipe. 

487.  Nnture  of  corrosion  of  wrought  Iron  and  steel  by  eleetrolyiU. 
Where  electric  current  leaves  a  wrou^ht-iron  or  steel  pipe  for  soil*  the 
oxide  of  iron  resulting  from  electrolysis  is  diffused  through  the  soil.  The 
action  is  also  generally  localised,  resulting  in  pits  which  eventually  go  entirely 
through  the  wall  of  the  pipe. 

4S8.  Belative  danger  from  electrolytil  to  oast-Iron  and  wrought- 
tron  or  steel  pi];>e8.  For  a  given  current  leaving  an  iron  pipe  for  soil,  toeie 
is  practically  no  difference  in  the  rate  of  corrosion  by^  cwctrolysis  among 
east  iron,  wrought  iron  and  steel.  The  electrical  resistivity  of  cast  iron  ii, 
however,  about  ten  times  as  great  as  that  of  wrought  iron  or  steel,  and  tb9 
usual  lead  joints  in  cast-iron  pipes  have  a  resistance  which  is  many  times 
greater  than  the  screw-coupling  joints  usual  with  wrought-iron  and  steel 
pipes.  For  these  reasons  a  given  voltage  drop  through  earth  will,  in  gen- 
eral, cause  a  much  smaller  current  to  now  on  a  cast-iron  pipe  than  on  a 
wrought-iron  or  steel  pipe,  thus  practically  making  cast-iron  pipes  raudi  lefl 
subject  to  Qlectrolyais  than  wrbught-iron-OT  steel  pipes  with  screw-couplioc 
jointa.  With  ordinary  conditions  of  soil,  and  with  current  damritiee  of  les^ 
than  5  amp.  per  sq.  ft.  (^bout  5  milliamperea  per  sq.  cm.),  as  ordinari^ 
found  with  stray  railway  currents  leaving  undergrouna  piping  for  surrouoo- 
ing  soil,  iron  is  oxidised  by  electrolysis  at  the  rate  of  approximately  20  lb. 
(0  kf[.)  per  year  for  every  ampere  leaving  the  pipe.  Under  some  conditiooa. 
particularly  with  very  small  current  densities,  this  corrouon  may  be  coo- 
siderably  greater,  while  with  larger  current  densities  than  the  above  thii 
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may  be  eocuiderably  Ian  than  th»  iheoTetieal  rate.    The  amount  of 

cMTOsion  produced  by-  eleotroWslB  u  independent  of  the  applied  voltace, 

,  czeept  in  so  far  aa  this  voltage  determines  the  amount  of  current  flowing. 
in.  Gorroiion  of  lead  and  tin.     Where  electric  current  leaves  lead  or 
kad  alloyed  with  a  small  peroenta^  of  tin  to  flow  to  surrounding  soil,  the 
metal  la  oxidiied  b^  the  electrolytic  action,  forming  white  or  yellow  salts. 

!  The  rate  of  oxidation  of  lead  by  electrolysis  under  ordinarsr  conditions  is 
equal  to  ap^oximately  74  lb.  (34  kg.)  for  every  ampere  leaving  the  lead  in 
Qoe  year,  where  leao-eheathea  cableaare  drawn  in  clay  conduits,  stray  cur- 
rent may  flow  from  the  cable  sheaths  to  water  in  the  conduit  or  to  the  damp 
conduit  itaelf.  In  such  oases  pitUngs  are  usually  produced  at  the  lower  sur- 
(sees  of  the  eable  sheaths.  Owing  to  the  thin  walla  usual  with  lead  cable 
dieaths.  together  with  the  high  elcctrochemioal  equivalent  of  lead,  auoh  cable 
dieaths  are  damaged  by  electrolysis  far  more  easily  than  are  iron  pipes. 

ILXCTBOLTBU  817XVXT8 

MO.  Nattire  of  sttrray.  The  principal  measurements  generally  made  in 
aa  electrolysifl  survey  of  an  underground  pipe  or  cable  system  are  as  fellows: 
a,  vottage  measurements  between  the  pipes  or  cable  sheaths  and  the  rails  (Par. 
Ml):  b,  voltage  measurements  between  the  pipes  or  cable  sheaths  and  other 
nnderground  metallic  structures  (Par.  4il);  o,  measurements  of  current 
flowing  on  the  mpeB  or  cable  sheaths  (Par.  44S).  In  order  to  be  able  to  com- 
pletely judge  uie  electrolytic  condition  of  an  underground  metallic  system 
and  to  be  able  to  decide  upon  remedial  measures,  it  is  necessary  in  addition 
to  make  measurements  of  rail  drop  and  of  the  resistivity  of  the  soil  in  various 
parts  of  the  system. 

Ml.  Potential  snrvojr.  To  make  a  potential  survey,  potential  differ- 
eaces  between  the  underground  structures  and  rails  are  measured  at  a  num- 
ber of  points  along  every  street  where  these  structures  and  electric  railway 
tracks  are  locateoT  With  lead  cable  sheaths  contact  is  made  directly  on 
theee  sheaths  in  manholes.  With  underground  pipes  contact  may  be  made 
by  means  of  service  pipes,  hydrants  or  drip  connections.  The  connections 
used  for  the  potential  measurements  may  be  tested  for  continuity  by  means  of 
an  ammeter  momentarily  connected  between  the  contacts  with  a  dry  cell  in 
aeries  if  necessary.  Where  there  are  a  number  of  underground  metallio 
structures  which  may  be  affected  b^  electrolysis,  it  is  desirable  to  make 
stmnltaDeous  measurements  of  potential  differenoe  between  the  rails  and  each 
of  theee  structures,  and  from  these  results  to  compute  the  potential  dlffer- 
enoes  between  each  pair  of  structures. 

44S.  Current  turrey.  To  determine  the  current  on  a  pipe  or  eable 
riieatb,  the  drop  between  two  points  on  a  continuous  length  of  pipe  or  sheath 
is  measured  by  means  of  a  millivolt  meter.  From  tables  of  pipe  and  cable 
afaeath  resistances,  aa  given  on  the  following  pages,  the  strength  of  current 
may  be  computed- by  Ohm's  law.  For  convenience  the  currents  correspond- 
ing to  one  millrvolt  drop  in  a  1-ft.  length  of  pipe  or  cable  sheath  are  also 
K'ven  in  the  tables.  This  figure  for  current,  divided  by  the  distance  in  feet 
stween  the  millivoltmeter  contacts,  and  multiplied  by  the  reading  in  milli- 
vcrfts,  is  the  actual  value  of  the  current  flowing.  Where  great  accuracy  is 
required,  the  resistance  of  a  pipe  or  cable  sheath  should  be  measured  instead 
of  computed  from  its  dimensions.  In  the  case  of  lead  cable  sheaths,  the  drop 
measurements  can  usually  be  made  in  manholes  where  the  cables  nee  exposed. 
In  the  ease  of  iron  pipes,  the  millivoltmeter  leads  must  be  connected  directly 
to  the  metal  of  the  pipe  on  which  current  is  to  be  measured;  and.  no  joint 
must  be  included  between'  the  two  contacts.  Service  pipe  connectiooa  can- 
not be  used  for  such  current  determinations.^  Temporary  contacts  are  con- 
reniMrthr  nuwle  b^  means  of  a  sharpened  piece  of  steel  rod,  fastened  in  a 
wooden  nWAdle,  with  connecting  leads  soldered  to  the  rod  inside  of  the  handle. 
For  permanent  connections  which  can  be  used  at  any  time  for  measuring 
drop  on  the  pipe  without  again  exposing  the  pipe,  rubber-insulated  wire£ 
may  be  soldered  to  brass  plugs  and  these  screwed  into  the  pipe;  the  wires  are 
then  brought  to  the  street  surface,  preferably  inside  of  the  curb,  and  the  free 
ends  left  m  drip  or  service  boxes.  It  should  be  noted  that  small  potential 
differeneee,  such  as  0.1  millivolt  or  less,  may  he.  caused  by  local  galvanio  or 
thflrmal  aotion.  and  care  should  therefore  be  taken  that  such  observations  do 
not  lead  to  erroneous  conclusions. 
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44S.  T»bl«  for  detwmlnlng  euirant  on  Iron   pi. 
drop  In  ma»Bur«d  luictb  of  pipi 

COUPCTED  BT   AlBEBT  F.  GUfI 

Caat-iron  water  pine 
American  Water  Works  Aaaociation  8tandmr6 — adopted  1908. 
cu.  ft. -4S0  lb.     Re«iativity,llb-ft. -0.00144  ohm 
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4U.  T»bl«  tor  itUmaiaixtf  ouirant  on  Iron  P^***  from  Toltec*  drop 
in  meajured  lanfth  of  pipe. — iContinued) 


Cut-Iron  Qu  Pipe 
American  Qas  Institute 
Stuidard — Adopted  ISll 
Weight.  1  cu.ft.-450  lb. 

Reaistivity,  1  Ib-f  t.  • 
0.00144  ohm. 


Standard  wrought-iron  and  Bteel  pipe 


Wrought  iron 

resistivity 

1  Ib-f  t.  - 

0.000181  ohm. 
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444.  Tabto  tor  datermialnc  oumnt  on  iMd  pipM 
drop  in  mMuiured  lencth  of  pip* 

COUPITTED  BT   ALBEBT    F.  G^NI 

Rraiativity,  1  Ib-ft.  >  0.000158  ohm 


from  Toltac 


) 


Inside  diam. 

Weight  of 

pipe 
(lb.  per  ft.) 

Thiekneaa 

of  lead 

(in.) 

Resistanoe 

of  pipe 
(ohm  pet  ft.) 

Cunent  for   1 

millivolt  par  ft. 

(amp.) 

0.376 
0.375 
0.375 
0.375 

1.0 
1.26 
1.5 
1.75 

0.13 
0.15 
0.18 
0.20 

0.000468 
0.000366 
0.000305 
0.000262 

2.18 
2.73 
3.38 
3.83 

0.50 
0.50 
0.60 
0.60 

1.25 
1.75 
3.0 
3.0 

0.13 
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0.26 
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0.000262 
0.000229 
0.000163 

2.73 
3.83 
4.37 
6.66 
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0.S36 
0.626 

3.0 
2.6 
2.76 
3.5 

0.19 
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0.21 
0.26 
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0.000183 
0.000167 
0.000131 
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6.46 
6.01 
7.64 

0.75 
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0.76 

2.26 

3.0 
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0.20 
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0.000163 
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0.24 
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0.0000965 
0.0000763 

7.10 
8.74 
10.37 
13.1 

1.25 
1.25 
1.25 
1.25 

3.75 
4.75 
8.75 
«.76 

0.17 
0.21 
0.25 
0.28 

0.000122 
0.0000965 
0.0000797 
0,0000679 

8.19 
10.37 
12.6 
14.7 

1.50 
1.50 
1.60 
1.60 

5.0 
«.S 
7.6 
8.6 

0.19 
0.24 
0.27 
0.30 

0.0000916 
0.0000705 
0.0000611 
0.0000639 

10.93 
14.2 
16.4 
18.« 
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1.75 
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0.0000788 
0.0000664 
0.0000539 
0.0000468 

13.1 

16.3 
18.6 
21.8 

2.00 
2.00 
2.00 
2.00 

7.0 

8.0 

9.0 

11.75 

0.21 
0.23 
0.26 
0.33 

0.0000664 
0.0000573 
0.0000609 
0.0000390 

16.8 
17.6 
19.7 
36.7 

NoTB. — ^The  thickneM  in  the  third  column  is  given  only  for  convenieii< 
and  haa  not  been  used  in  computing  the  last  two  columns;  it  has  been  eon 

Sated  to  the  nearest  0.01  in.  from  the  first  two  oolumna  on  the  baaia  of 
ensity  of  lead  of  0.410  lb.  per  ou.  in. 
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Sec  16-44 


4i%M.  T«bla  for  datannlniiic  eurrent  on  lekd  o»ble  ahMttha   froi 
Toltace  drop  In  nMMured  length  of  •hoktli 
CoMFnraD  bt  At-BSHT  F.  Gani 
ReaistiTity,  1  ft.  length,  1  sq.  in.  sectional  area  —  0.00010  ohm 


a   o 

■s^ 

o^a 

:& 

S  7 

■2^ 

o^a 

t& 

^■35 
■S-aj 

111 

111 

o  "o 

ill 
l1£ 

il.? 

111 

■".2  a 

III 

0.50 

4 

0.001163 

0.860 

2.00 

6 

0.0001781 

5.61 

O.SO 

6 

0.000965 

1.036 

2.00 

7 

0.0001538 

6.50 

0.50 

6 

0.000836 

1.196 

2.00 

8 

0.0001359 

7.36 

0.625 

4 

o.ooogoe 

1.104 

2.125 

6 

0.0001672 

5.98 

0.625 

5 

0.000745 

1.343 

2.125 

7 

0.0001443 

6.93 

0.625 

6 

0.000640 

1.663 

2.125 

8 

0.0001273 

7.86 

0.75 

4 

0.000741 

1.350 

2.25 

6 

0.0001575 

6.35 

0.75 

5 

0.000606 

1.650 

2.25 

7 

0.0001350 

7.80 

0.75 

6 

0.000518 

1.931 

2.25 

8 

0.0001198 

8.35 

0.875 

4 

0.000627 

1.594 

2.375 

6 

0.0001488 

6.72 

0.875 

5 

0.000611 

1.957 

2.375 

7 

0.0001284 

7.79 

0.875 

6 

0.000435 

2.300 

2.375 

8 

0.0001132 

8.83 

1.00 

6 

0.0004419 

2.263 

2.60 

7 

0.0001217 

8.22 

1.00 

6 

0.0003750 

2.668 

2.50 

8 

0.0001073 

9.32 

1.00 

7 

0.0003268 

3.061 

2.50 

9 

0.0000959 

10.43 

1.00 

8 

0.0002913 

3.437 

2.625 

7 

0.0001166 

8.65 

1.125 

5 

O.00O3S92 

2.569 

2.625 

8 

0.0001019 

9.81 

1.125 

6 

0. 0003294 

3.037 

2.625 

9 

0.0000911 

10.88 

1.125 

7 

0.0002866 

3.491 

1.125 

8 

0.0002547 

3.926 

2.75 
2.75 

7 
8 

0.0001102 
0.0000971 

9.08 
10.30 

1.25 

5 

0.0003476 

2.876 

2.75 

9 

0.0000868 

11.53 

1.25 

6 

0.0002939 

3.404 

1.25 

7 

0.0002552 

3.918 

2.875 

7 

0.0001050 

9.51 

1.25 

8 

0.0002265 

4.415 

2.875 
2.875 

% 

0.0000927 
0.0000828 

10.79 
12.08 

1.375 

5 

0.0003142 

3.183 

1.375 

6 

0.0002650 

3.773 

3.00 

8 

0.0000887 

11.28 

1.375 

7 

0.0002299 

4.35 

3.00 

9 

0.0000792 

12.62 

1.375 

8 

0.0002038 

4.91 

3.00 

10 

0.0000716 

13.06 

1.50 

6 

0.0002416 

4.14 

4.78 

3.125 

8 

0.0000849 

11.77 

1.50 

7 

0.0002092 

3.125 

9 

0.0000758 

13.18 

1.50 

8 

0.0001853 

6.40 

3.125 

10 

0.0000686 

14.58 

1.625 

6 

0.0002218 

4. SI 

3.25 

8 

0.0000815 

12.27 

1.625 

7 

0.0001920 

6.21 

3.25 

9 

0.0000728 

13.74 

1.625 

8 

0.0001698 

5.89 

3.25 

10 

0.0000659 

15.19 

1.75 

6 

0.0002051 

4.88 

3.375 

8 

0.0000783 

12.77 

1.75 

7 

0.0001772 

5.64 

3.375 

a 

0.0000700 

14.29 

1.76 

8 

0.0001567 

6.38 

3.375 

10 

0.0000633 

15.83 

1.875 

6 

0.0001906 

5.25 

3.50 

8 

0.0000765 

13.24 

1.875 

7 

0.0001648 

6.07 

3.50 

9 

0.0000674 

14.84 

1.875 

8 

0.0001456 

6.87 

3.50 

10 

0.0000609 

16.42 
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See.  16-446  ELECTRIC  RAILWAYS 

Current  meaaurementfl  on  pipes  or  oftble  sheaths  are  frequently  made  «A 
two  or  more  stations  rimultaneously  in  order  to  determine  whether  there  ia 
a  gain  or  a  loss  of  current  between  the  stations.  This  is  the  most  raliable 
method  of  determining  localiUea  where  current  is  leaving  the  structure  and 
where  corrosion  is  probably  taking  place. 

4M.  Inatruments.  Millivottmeters  for  measuring  drop  on  pipes  or 
cable  aheaths  should  have  as  low  a  millivolt  ran^  and  as  high  a  resistsuioe  mm 
practicable.  Moving-coil  permanent-magnet  instruments  of  the  Weston 
type  having  sero  in  the  centre  of  the  scale  are  the  most  suitable  for  this  work. 
The  miUivoltmeter  can  be  conveniently  combined  in  one  instrument  with  m 
voltmeter  for  the  potential  meaaurements.  These  instruments  may  be 
obtained  with  resistanoea  of  600  ohms  per  volt  and  even  higher  where  neoee- 
sary.  Convenient  ranges  for  such  a  combination  instrument  are«5,  50  and 
500  millivolts,  and  5  and  50  volts.  Ordinary  shunts  adjusted  for  50  milli- 
volts drop  can  also  be  used  with  this  instrument.  Convenient  r&n^««  for 
such  shunts  are  6,  50  and  500  amperee.  Recording  inatrumentB  havina  the 
same  ranges  as  above  noted  can  also  be  used  for  obtaining  24-hr.  reoorda,  by 
means  of  which  the  characteristio  variations  of  a  potential  difference  or  erf  a 
current  may  be  obtained.  Such  recording  instruments  with  1-hr.  docks  are 
also  useful  for  recording  potential  differenoee  and  current  in  cases  where, 
due  to  infrequent  service,  it  is  necessary  to  take  readings  for  periods  of  from 
i  hr.  to  1  hr. 

447.  Measurement  of  earth   potential.     It  is  possible  to  trace  the 

Eath  of  stray  current  through  earth  by  measuring  potential  differenoee 
Btween  points  in  the  earth.  When  iron  rods  are  uaed  as  electrodes  for 
making  contact  with  earth  an  error  may  be  introduced,  where  the  volta^ 
measured  is  small,  due  to  a  i>oB8ible  difference  in  the  polarisation  voltacea 
at  the  two  electrodes.  This  polarisation  voltage  may  be  eliminatedby 
using  a  non-polarizable  electrode,  devejoped  by  Dr.  Haber.  With  this  elec- 
trode electrolytic  contact  is  made  with  Soil  ^by  means  of  a  sine  sulphate 
solution  contained  in  a  porous  cup;  the  potential  lead  is  connected  to  a  ainc 
rod  dipping  in  the  solution.  With  this  electrode  the  contact  reuatanoe  is  very 
high,  BO  that  a  sero  method  and  not  an  indicating  vdtmeter  should  be  used 
for  the  potential  measurement.  This  makes  the  method  very  troublesome  in 
ordinary  electrolysis  testing,  where  the  voltages  to  be  measured  generally 
fluctuate  constantly.  For  this  reason  this  electrode  is  useful  only  in  very 
special  caaee.  For  description  of  the  non-polarisable  oleotrode  see  the  paper 
by  Haber  and  Qoldschmidt  listed  in  the  babliography. 

446.  Measurement  of  eerth  current.  It  ia  often  desirable  also  to 
measure  directly  the  flow  of  stray  current  through  earth.  Tfaia  can  be 
done  by  means  of  the  Haber  earth  ammeter,  which  consists  of  a  wooden  frame 
supporung  two  copper  sheets  insulated  from  each  other  by  a  plate  of  mica  or 
glass.  Insulated  copper  wires  connect  the  two  copper  sheets  with  an 
ammeter.  To  use  the  frame,  the  two  copper  plates  are  coated  with  a  jMwte 
made  of  copper  sulphate  and  a  20  per  cent,  sulphuric-acid  solution  for  the 
purpose  of  equalising  polarisation  voltagee.  A  wetted  piece  of  parchment 
paper  is  then  laid  over  the  paste,  and  the  remainder  of  the  frame  is  filled  with 
sou.  If  the  frame  be  buried  in  the  earth  with  its  plane  normal  to  the  direc- 
tion of  the  current  flow,  the  ammeter  will  indicate  the  current  which  is  inter* 
oepted  by  the  buried  frame.  This  earth  ammeter  is  well  suited  for  measuring 
current  now  between  a  pipe  and  earth.  For  this  purpoae  the  frame  is 
buried  in  the  earth  near  and  parallel  to  the  pipe.  By  using  a  rec<KiiiDg 
instrument  in  connection  with  toe  earth  ammeter,  the  oharaoteriatic  varia- 
tions of  the  current  leaving  a  pipe  can  also  be  determined,  and  in  this  way  Uie 
identity  of  the  current  can  often  be  established.  For  description  of  the  earth 
ammeta*  see  the  paper  by  Haber  and  Goldschmidt  listed  in  the  bibliography. 
449.  Fhytloal  examination.  From  a  study  of  the  results  of  a  general 
electrolysis  survey,  it  is  possible  to  deternune  in  what  renons  current  is 
leaving  an  underground  system.  In  the  case  of  underground  pipes,  excava- 
tions should  then  be  maae  where  current  ia  leaving,  and  the  exposed  pipe 
should  be  tested  with  a  hammer  for  effects  of  electrolytic  corrosion. 

PREVENTION  Or  XLXOTBOI.T8ni 
4M.  Oener&l  description  of  different  methods.     The  only  method 
which  will  entirely  prevent  electrolysis  from  stray  railway  currents  is  the  uss 
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of  a  eomplete^  irni>lat«id  ratum  circuit,  as  obtained  with  a  double-trolley 
ayatem  (Par.  4H  and  461).  The  methods  which  have  been  tried  for  minimii- 
inc  eleotoolysis  from  stray  railway  currents  may  be  divided  into  three  classes: 
m,  the  liutuktion  mathod  (Par.  4U  to  4SI),  which  is  intended  to  increase 
the  resifltanoe  of  the  path  of  the  current  through  earth;  b,  the  drainaca 
Biatliod  (Par.  4M  to  4SS),  which  essays  to  remove  the  current  harmlessly 
from  structures  by  metallic  ooanectiona  or  bonds  between  these  structures 
mad  the  railway  return  circuit:  and  c,  the  retum-faadar  method  (Par. 
4M  to  4M)  which  aims  to  reduce  the  voltage  drop  in  the  grounded  rails. 

Ml.  Brief  dawription  of  double-troUey  lyitams  and  where'  uaad 
(Par.  4U).  Double-troUey  railways  (Par.  »6)  may  be  provided  with  posi- 
tive and  negative  overhead  trolley  wires  insulated  from  ground,  as  used  for 
example  in  Washington,  D.  C,  Cincinnati  and  Havana;  with  positive  and 
negative  conductors  in  underground  conduits  insulated  from  ground,  as  used 
on  the  surface  lines  on  Manhattan  Island  and  in  Washington,  D.  C;  or  with 
separate  insulated  third  and  fourth  rails  for  the  positive  and  negative  con- 
ductors, as  used  on  the  Metropolitan  District  Railway  in  London. 

4n.  Objeetlona  to  double-trolley  ■ntemi  (Par.  4811.  The  principal 
objection  to  the  underground  double-trolley  system  is  the  very  high  cost  of 
inataUation,  which  makes  this  method  practicable  only  in  densely  populated 
districts.  The  principal  objections  to  the  double-overhead-trolley  system 
are  the  high  cost  of  installation  and  the  complication  resulting  from  two 
overhead  trolley  wires,  esiieoially  at  croenngs  and  where  several  Unes  meet 
and  are  on  common  tracks. 

4n.  Insulation  of  ralll.  Where  a  road  operates  on  a  private  right-of- 
way,  the  rails  can  often  be  practically  insulated  from  ground,  and  the  escape 
of  current  from  the  rails  substantially  prevented.  For  surface  or  subway 
lines  this  can  be  accomplished  by  placing  the  rails  on  wooden  ties  above 
ground  and  using  broken  stone  for  ballast.  For  lines  operating  on  elevated 
structures  substantial  insulation  may  be  secured  by  fastening  the  rails  on 
wooden  tiee  and  keeping  them  out  of  metallic  contact  with  the  structure. 

4M.  Insulation  of  piiMi.  Attempts  have  been  made  to  insulate  pipes 
from  earth  by  paints,  dips  and  insulating  coverings.  Practical  expenence 
as  well  as  a  large  number  of  testa  have  however  shown  that  no  dip  or  paint 
will  permanently  protect  a  |>ipe  against  electrolysis  in  wet  soil.  The  first 
difficulty  ia  so  to  apply  the  paint  that  an  absolutely  perfect  coating  is  formed. 
It  is  alsb  necessary  to  prevent  mechanical  damage  to  the  coating.  Where 
imperfections  exist  or  develop,  aggravated  trouble  may  result.  Experience 
further  shows  that  even  where  paints  or  di^  are  apparently  intact,  elec- 
trol^tio  action  is  not  always  prevented,  and,  in  fact,  very  serious  electrolytic 
ptttanga  have  been  found  under  apparently  good  coatings.  It  has  been  found 
that  in  most  cases  the  coatings  applied  have  either  been  completely  destroj^ed 
by  the  effeets  iA  the  wet  soil  and  tne  electric  currents,  or  defects  in  the  coating 
have  developed,  causing  concentrated  corrosion  at  such  defective  spots.  The 
deetnictioik  of  paints  in  wet  soil  where  subjected  to  an  electric  current  is 
probably  due  to  a  trace  of  m<Hatnie  finding  its  way  through  the  coating,  giv- 
ing rise  to  the  flow  of  a  feeble  current  and  rosulting  in  a  very  slight  amount  of 
electrolysis.  The  gases  and  other  products  of  electrolysis  then  form  blisters 
and  finally  rupture  the  coating.  Pipes  in  positive  districts  covered  with 
imperfect  insulating  coatings  are  in  greater  danger  from  electrolysis  than  bare 
pipes.  Coating  [npes  in  negative  districts  with  insulating  coverings  does 
some  good  in  reducing  the  amount  of  stray  current  which  reaches  the  pipes. 
Where  it  is  attempted  to  apply  a  heated  material  like  pitch  or  asphaltum  to  a 
eold  pipe,  it  is  impossible  to  completely  cover  the  pipe.  The  only  kind  of 
Insulating  covering  which  appears  to  afford  certain  protection  is  a  layer  of  at 
least  1  or  2  in.  of  a  material  like  coal-tar  pitch  or  asphaltum,  of  such 
a  grade  that  it  is  not  brittle  and  so  will  not  crack,  but  yet  is  bard  enough  to 
remain  in  place.  The  bnt  way  to  apply  such  a  layer  is  to  surround  the  pipe 
with  a  wooden  box,  to  support  the  piiie  upon  cieoeoted  blocka  of  wood  or  upon 
blocks  of  glass,  and  then  to  fill  the  space  between  the  box  and  pipe  with  the 
molten  material.     The  cost  of  carrying  out  such  an  installation  is  however 

firohibitive  except  in  a  few  special  cases,  such  as  service  pipes  in  very  bad 
ocalities,  or  in  tne  case  of  some  very  important  individual  pipe  linesof  small 
sise.  Embedding  a  pipe  in  cement  or  concrete,  even  if  this  is  several  inches  in 
^ckneas,  will  not  protect  a  pipe  from  electrolysis,  because  damp  concrete  is 
an  electrolytic  conductor  like  soil. 
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4M.  IniuUtinc  Joints  in  pifMt  or  eabU  sheaths.    Current  llov  on 

pipes  or  cable  iheatha  can  be  practically  prevented  by  uainc  a  sufficient  num- 
ber of  inaulatinx  joints.  A  pipe  line  laid  entirely  with  inaulating  joints  haa  a 
oomparatjvely  nuh  reflaatanoe  and  cannot  pick  up  current  in  an  extenstre 
necative  area  anadiaoharge  it  in  a  restricted  positive  area,  which  is  s^nermliy 
the  cause  of  the  most  serious  electrolytic  danger.  It  is  sometimes  p<msible  to 
use  comparatively  few  insulatins  J  oints  to  break  up  the  el^trical  continuity  of 
a  pipe  line,  and  so  to  protect  theline  from  electrolysis.  Buch  jmnta,  howerer. 
must  be  installed  oniy  after  careful  tests  have  shown  that  the  current  is  not 
likely  to  shunt  through  earth  around  them  and  thus  incur  m  oonditlon  worse 
than  the  previous  one.  This  effect  depends  largely  upon  the  potential 
gradient  tnrough  earth,  and  also  upon  the  electrical  resistivity  of  tbe 
soil. 

For  wrougbt-iron  or  steel  pipes  of  small  nse,  the  Maoallen,  the  Hammon 
and  the  Dresser  insulatin|{  joints  are  largely  used.  For  large  sisea,  a  flanged 
insxilating  joint  as  shown  m  Fig.  133  is  often  used.  For  gas  or  oil  pipes,  red 
fibre  has  oeen  found  a  satisfactory  insulating  material,  woile  for  water  pipes. 
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Fio.  133. — Insulating  pipe  coupling 


soft  sheet  rubber  is  preferred.  Where  such  flanged  insulating  jmnts  are  to 
be  used  in  cast-iron  mains,  the  flanges  may  be  oast  as  part  of  the  inpe.     Fot 

water  mains  various  forms  of  insulating  joints  eroplojnng  white  pine  wood 
for  the  insulating  material  have  also  been  succesafully  used.  A  simple  form 
of  this  joint  for  cast-iron  water  mains  with  bell  and  spigot  joints,  is  made  by 
placing  a  short  wooden  ring  between  the  Inside  of  the  bell  and  Uie  end  of  the 
spigot  to  prevent  metallic  contact  between  the  pipe  lengths,  and  then  calking 
the  joint  with  wooden  staves  of  clear  white-pine  wood  shaped  to  fit  the  curva- 
ture of  the  pipe.  The  spigot  end  of  the  pipe  should  have  the  bead  removed  or 
be  cast  wituout  a  bead.  Any  leaks  that  develop  are  stopped  with  white-pine 
wedges.  These  joints  have  been  found  satisfactory  for  pressures  up  to  aoout 
75  lb.  i>er  sq.  in.  (6.27  kg.  per  sq.  cm.).  Higher  pressures  sometimes  causa 
moderate  leakage  througn  the  pores  of  the  wood:  this  has  been  overcome  by 
dipping  the  inner  ends  of  the  staves  in  red  lead.  The  staves  may  also  be 
reinforced  by  an  iron  band  clamped  around  the  spigot  end  of  the  pipe.  Ce- 
ment joints  in  cast-iron  pipes  as  ordinarily  maoe  do  not  produce  metallic 
connection  between  the  adjoining  pipes  and  may  praotitmlly  be  classed  with 
insulating  joints.  Metallic  contact  may  be  positively  prevented  by  inserting 
a  rinp  of  any  cheap  inaulating  material  between  the  end  of  the  spigot  and  the 
intenor  of  the  bell. 

466.  Drainage  method.  Since  stray  currents  cause  damage  bnly  where 
Uiey  leave  metallic  structures  and  flow  to  surrounding  soil,  attempts  are  some- 
times made  to  remove  tbe  current  harmlessly  by  connecting  or  bonding  these 
structures,  by  metallic  conductors,  to  the  rails  or  to  the  negative  return  cir- 
cuit or  directly  to  the  negative  bus  bar.  This  is  known  as  the  drunai;e 
method.  The  lead  sheaths  of  underground  cables  form  continuous  and  uni- 
form  metallic  conductors,  and  it  is  possible  to  protect  such  cable  sheaths 
against  electrolysis  by  bonding  them  to  the  railway  return  circuit.  Through 
such  bond  connections  however  only  enough  current  should  be  drained  from 
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4btt  cable  Bheathfl  to  render  them  at  the  same  potential  or  sluchtly  negative 
•mA  reepeoi  to  neiitbboHng  structures.  The  effeotiveneM  of  bonding  as  a 
IMToteotiTe  measure  de^nds  upon  the  uniformity  of  the  conductor  to  tw  pro- 
tected. The  method  is  therefore  not  generally  applicable  to  underground 
piping  systems,  because  these  do  not  form  continuous  electrical  conductors, 
out  are  more  or  less  discontinuous  networks.  While  lead-calked  joints  usu- 
ally have  a  relatively  low  resistance,  they  frequently  develop  such  high  reost* 
ances  as  to  make  them  practically  insulatmg  joints,  due  undoubtedly  to 
the  formation  of  oxide  coatings. 

4C7.  Poulbls  dangera  from  drainage  eonneetioiu.  Drainage  con- 
nsctiona  to  underground  metallic  structures  have  the  objection  of  paralleling 
the  trolley  rails  by  a  low-resistance  grounded  conductor,  thereby  greatly 
increasing  the  total  stray  current  through  earth  and  on  underground 
structures.  8uch  drainage  connections  will  generally  result  in  greatly 
increasing  the  stray  current  flowing  on  the  structure,  giving  rise  to  the  aan|;er 
of  current  shunting  across  hi^h-resistanoe  joints  or  shunting  from  one  section 
of  tibe  system  to  an  adjoining  section.  Also,  where  suoE  connections  are 
applied  to  a  gas  or  water  piping  system,  large  stray  currents  are  often  caused 
to  flow  through  buildings  by  way  of  the  service  pix>es.  These  stray  currents 
cause  a  serious  danger  from  possible  fires  as  well  as  from  possible  ^as  poison- 
ing or  gas  explosions.  Another  serious  objection  is  that  such  drainage  con- 
necUons  make  the  structure  negative  in  potential  to  all  other  undersround 
structures,  thereby  settins  up  a  tendency  for  current  to  flow  from  such  other 
structures  to  the  bonded  structure.  A  piping  or  cable  system  which  is 
bonded  to  the  railway  return  circuit,  thereby  becomes  a  source  of  danger  to  all 
oUier  structures  which  are  not  so  connected,  and  this  danger  increases  as  the 
negative  potential  is  increased. 

Drainage  connections  to  underground  structures  should  never  be  used  until 
Uie  railway  return  circuit  has  been  sufficiently  improved,  so  that  only  small 
amounts  of  stray  current  are  made  to  flow  over  such  connections.  With  the 
construction  of  electric  railways  common  in  America,  drainage  connections 
to  underground  cable  sheaths  are  generally  necessary  to  protect  the  thin- 
walled  lead  cable  sheaths  against  stray-current  electrolysis.  In  the  case  of 
piping  systems  such  dxainage  connections  are  however  not  to  be  used  except 
in  spedal  cases*  and  then  only  as  a  final  measure  to  remove  small  remaining 
ourrents. 

4S8.  Kev«n*-curr«nt  aiHtohei  for  drainage  oonneoUoni.  Cases 
arise  where  the  polarity  of  underground  structures  reverses  at  times  with 
Inference  to  the  railway  return  circuit.  Consequently,  where  these  structures 
are  provided  with  metallic  connection  to  tl^e  railway  return  circwt,  current 
would  be  made  to  flow  to  these  structures  when  these  are  negative  in  poten- 
tial. To  prevent  this,  automatic  reverse-curreot  switches  are  used  in  series 
with  the  drainage  connection.  The  action  of  these  switches  is  to  keep  this 
circuit  open  whUe  the  structures  are  of  negative  potential,  and  closed  while 
they  are  of  pomtive  potential.  Such  reverse-current  switches  are  frequently 
used  in  connection  with  drainage  connections  from  telephone  cables. 

45f .  Inaulated  return  feeder  syatein.     Since  the  drop  in  potential  in 

Sounded  rails  is  the  cause  of  the  flow  of  stray  current  through  the  earth, 
e  escaiM  of  stray  ourrents  will  be  reduced  in  the  proportion  that  the  drop  in 
the  rails  is  reduced.  It  is  therefore  desirable  to  use  heavy  rails  of  high  elec- 
trical conductivity,  and  to  maintain  these  rails  perfectly  bonded,  so  that  they 
form  continuous  low-resistance  conductors.  The  next  important  considera- 
tion is  to  limit  the  distance  from  the  supply  station  to  which  this  station 
delivers  direct-current  power,  so  that  current  is  not  returned  through  an 
exocksrive  length  of  track;  this  is  usually  accomplished  by  the  use  of  a  number 
of  ilistributed  substations.  Finally,  the  current  should  be  removed  from  the 
rails  by  means  of  insulated  return  feisders  connected  to  the  rails.  These  feed- 
ers draw  current  from  the  rail  at  such  points  as  are  necessary  to  avoid  both  an 
excMsive  potential  gradient  in  the  tracks  and  through  earth  and  an  excess- 
ive total  volta^  drop  in  the  tracks.  Where  it  is  necessary  to  bring  current 
iMwk  from  a  distant  point  in  the  tracks,  it  is  sometimes  more  economical  to 
employ  a  negative  booster  in  series  with  a  return  feeder  of  small  cross-section, 
tlum  ip  make  this  feeder  of  cross-section  large  enough  to  drain  the  required 
current  from  the  tracks  at  the  distant  point.  It  may  also  be  necessary  to 
install  resistances  in  short  feeders.  With  such  insulated  track  return  feeders, 
part  of  the  voltage  drop  is  removed  from  the  rails  and  is  transferred  to  the  insu^ 
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Uted  return  feeders,  from  which  current  cannot  leak  to  ground.  With  this 
arrangement  of  insulated  return  feeders,  the  rails  may  be  utilised  as  retom 
conductors  to  the  extent  that  the  potential  gradients  and  total  track  drops  do 
not  exceed  safe  limiting  values. 

A  diagrammatio  sketch  of  an  insulated  track  return  feeder  syBtem  prc^ioT^ 
tioned  for  equal  drop  la  shown  in  Fig.  134.  In  this  illustration  it  is  aavumed 
that  the  oegative  bus  bar  is  at  aero  -potential,  and  that  tjie  return-feeder 
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Fig.  134. — Insulated  track-retuni  feeder  system. 

connection  pointa  on  the  rails  are  maintained  at  a  potential  of  B  Tolta  with 
reference  to  tlw  negative  bus  bar.  Where  a  number  of  line*  extend  in  dilfer- 
enl  directions,  ttie  same  arrangement  of  insulated  return  feeders  must  be 
applied  to  each  of  the  lines.  It  should  be  observed  that  in  this  system  the 
negative  bus  bar  must  not  be  connected  to  any  ground  contacts  nor  to  tlie 
tracks  in  the  neighborhood  of  the  power  station,  except  throuch  suitable 
resistances;    under  these  conditions  the  negative  bus  bar  is  said  to  be  in- 
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Fia.  136. 

sulsted.  The  possibilities  of  reducing  stray  currents  by  means  of  properly 
proportioned  insulated  return  feeders  as  illustrated  in  Fig.  134  was  clearly 
shown  in  a  paper  by  Mr.  George  I.  Rhodes  (see  bibliography).  The  diagram 
in  Fig.  136  is  reproduced  from  this  paper.  This  shows  the  relative  leakage 
currents  with  negative  bus  bar  insulated  and  with  various  numbers  of  insu- 
lated return  feeders  proportioned  for  equal  drop  and  connected  to  sjrmniet- 
rical  points  in  the  track.  The  points  halfway  between  integral  abacusaa  in 
Fig.  136,  correspond  to  a  connection  between  the  negative  bus  bar  and  the 
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rails  at  the  power  staUon,  with  a  resiBtaiice  in  the  connection  proportioned 
to  maintain  this  point  in  the  rails  at  the  same  potential  as  the  other  return- 
feeder  connection  points.  The  unit  of  leakage  current  is  assumed  as  the 
amount  which  flows  when  the  negative  bus  bar  is  grounded  through  a  negli- 
^Ue  resistance,  the  rails  being  connected  to  the  negative  bus  bar  only  st  the 
power  station.  In  practice  each  return  feeder  would  actually  be  connected  to 
a  number  of  points  in  the  rails  in  the  immediate  neighborhood  of  the  connec- 
tion points  snown. 

MO.  Kumples  of  IzutaU&tlona  of  Inaul&tttd  rvturn  t«ed*r  lyit^nu. 
Such  systems  are  in  almost  universal  use  in  Germany  and  in  Great  Britain, 
and  have  given  most  satisfactory  results.  In  America  a  conudHuble 
number  of  such  systems  have  also  been  installed*  the  most  prominent  reported 
example  being  on  the  subway  system  of  the  Interborough  Rapid  Transit 
Company  in  New  York  Citj^.  Description  of  insulated  return  feeder  systems 
installed  in  Springfield,  Ohio,  and  in  St.  Louis,  Mo.,  are  given  in  Bureau 
of  Standards  Technologic  Papers  No.  27  and  No.  32. 

Ml.  AdTMktaces  of  the  insulated  retom  faador  sritem.  This 
system  is  intended  to  relieve  the  tracks  of  current  by  insulated  conductors, 
sAd  thus  tends  to  prevent  the  escape  of  current  into  earth.  With  a  prop- 
erly laid  out  return  feeder  system  and  properly  bonded  tracks,  it  is  possible 
ana  practicable  to  reduce  stray  currents  uirough  earth  and  therefore  stray 
eurrents  on  underground  piping  and  cable  systems  to  any  desired  minimum 
values  and  such  currents  may  be  made  so  small  as  to  be  negligible.  This 
system,  therefore^  removes  the  cause  of  the  trouble  in  that  it  minimises  the 
escape  of  current  mto  earth. 

KLSCTKOLTBIB  FBOM  GEOUNDSD  SLXCTBICAL  DIBTBIBITTION 
8TBTIMS 
MS.  Grounded  neutraU  in  three-wire  dlreet-current  lystems. 
Direct-current  electrie-Ughting  systems  in  which  the  distribution  is  on  the 
Edison  three-wire  plan,  having  the  neutral  conductor  grounded,  are,  in  Ameri- 
can practice,  provided  with  such  large  neutral  conductors  of  oopp«r  that  only 
negligible  stra^  currents  are  produced  from  such  systems.  Tnis  grounding 
of  the  neutral  IS  intended  to  serve  only  as  a  safety  measure,  and  is  not  for  the 
purpose  of  using  the  earth  to  carry  current. 

■LBCTKOLTBia  FBOM  AVtMBXATUSQ  OUKEINTa 
MS.  DMn«C6  relAtive  to  direct-current  eleetrolnis.  A  large  number 
of  laboratory  tests  have  been  made  to  determine  whether  electrolysis  is  pro- 
duced when  an  alternating  current  flows  between  a  metal  and  an  electrolyte, 
as  for  example  between  a  pipe  and  surrounding  soil.  These  indicate  that 
riight  electrolytic  corrosion  may  be  produced;  this  effect  is  generally  leas 
than  1  per  cent,  of  that  which  would  be  produced  by  a  corresponding  direct 
eurrent.  With  tUternating  current,  however,  electrolytic  corrosion  is  pro- 
duced at  both  electrodes,  while  with  direct  current,  electrolytic  corrosion 
occurs  only  at  the  posiUve  electrode. 

M4.  Grounded  transformer  secondAriet.  The  secondaries  of  trans- 
formers are  frequently  grounded,  for  the  purpose  of  preventing  a  high  and 
dangerous  Yoltage  from  existing  between  the  secondary  circuit  and  ground. 
Such  ground  connections  however  do  not  produce  flow  of  current  to  ground, 
and  such  grounding  of  transformer  secondaries  therefore  does  not  cause 
danger  from  electroIyBls. 

XLSCTBOLT8I8  IK  COKOmBTX 
MV.  General  aSeets.  Concrete  when  damp  is  an  eleotrolyUo  conductor 
having  a  resistivity  of  the  same  order  as  damp  soiL  When  iron  is  embedded 
in  damp  concrete  and  an  electric  current  flows  from  the  iron  to  the  concrete. 
the  iron  may  be  oxidised  by  the  electrolytic  action.  The  oxides  of  iron  formed 
occupy  more  space  than  the  original  iron,  with  the  result  that  an  outwsrd 
pressure  is  produced  which  in  time  may  crack  the  concrrte.  ^  An  exhaustive 
mvestigation  of  the  effect  of  electrolysis  on  iron  embedded  in  concrete  has 
been  made  at  the  Bureau  of  Standards  in  Washington,  and  the  results  of  this 
investigaUoo  are  published  in  Tecbncdogic  Paper  No.  18  of  the  Bureau  of 
Standards.  This  investigation  appears  to  show  that  when  no  chlorides  are 
pnaent,  the  iron  is  practically  psMive  at  temperature  below  45  d^.  cent. 
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but  beeomei  active  at  higher  temperatures.  With  lar^  current  densitisB,  the 
heathie  effect  of  the  current  will  destroy  the  passivity  of  the  iron.  When 
chloriaee,  even  in  very  small  amounts,  are  i>re8ent,  however,  the  iron  is  active 
at  all  current  densities.  These  inveatications  also  show  tliat  when  current 
6owa  from  the  concrete  to  iron  a  softenins  of  the  concrete  is  produced  close  to 
the  iron,  which  eventufJly  destroys  the  oond  between  the  two. 

4M.  Belnforead-eonerete  itruotures.  In  order  that  a  reinforoed-eon- 
crete  structure  may  be  damaged  by  electrolysis,  it  is  necessary  that  an  eleo- 
trio  current  flow  between  the  roinCorcing  steel  and  the  surrounding  concrete. 
Buch  current  may  be  leakage  current  from  a  diroctr-current  Ugh  ting  system^,  or 
stray  railway  current  brought  into  the  building  by  means  of  service  pipes. 
The  conditions  required  for  producing  eleotrolyais  of  steel  embeddea  in 
concrete  are  such,  however,  that  this  can  result  only  in  extreme  cases;  for 
example,  where  a  direct  contact  is  established  between  the  reinforcing  steel 
and  one  side  of  a  direct-current  lighting  system,  or  where  stray  railway  cur- 
rent of  sufficient  magnitude  is  brought  by  way  of  service  pipes  into  contftct 
with  the  reinforcing  steel.  It  is  therefore  a  safe  precaution  to  install  insu- 
lating joints  in  all  pipes  which  lead  to  reinforceci  concrete  structures  from 
earth.  It  has  been  proposed  to  protect  reinforced-concrete  by  making  the 
reinforcing  steel  continuous  throughout,  and  connecting  it  to  the  ne^tive 
terminal  of  a  low-voltage  generator.  While  this  would  prevent  corrosion  of 
the  steel,  it  might  result,  however,  in  greater  danger,  on  account  of  the  possi- 
ble destruction  of  the  bond  between  the  reinforcing  steel  and  the  concrete. 

4CT.  Structural  foundatloni.  Where  steel  foundations  are  embedded 
in  concrete,  it  is  important  to  guard  against  stray  electric  current  reaching 
the  steel  from  external  sources  and  then  flowing  from  the  steel  to  the  concrete, 
because  corrosion  of  the  foundation  steel  ana  cracking  of  the  concrete  may 
result. 

MUmOIPAL  AMD  STATS  KBaVLATIOira 

468.  Gs&sral.  Municipal  and  state  regulations,  designed  to  minimise 
the  escape  of  electric  currents  from  electric  railways  using  a  grounded  return 
^rcuit,  generally  attempt  to  limit  the  total  allowable  voltage  drop  and  the 
allowable  potential  gracuent  in  the  grounded  return  circuit  or  grounded  ndls. 
Additional  requirements  limiting  the  total  allowable  current  escaping  from 
the  system  are  included  in  some  regulations.  A  few  brief  references  to  regu- 
lations which  are  at  present  in  force,  are  given  in  Par.  469  to  471. 

469.  Brltiih  Board  of  Trade  regulations.  The  two  most  imnortant  ol 
these  regulations  are  Regulations  No.  7  and  No.  8.  The  former  limits  the 
allowable  difference  of  potential  between  any  two  points  in  the  uninsulated 
return  circuit  to  7  volts,  and  requires  that  continuous  records  be  kept  by  the 
railway  company,  of  the  difference  of  potential  between  certain  points  on  the 
uninsulated  return  circuit.  Regulation  No.  8  limits  the  allowable  current 
density  in  the  rails  to  9  amp.  per  ac^.  in.  of  cross-section  (1.4  amperes  par 
sq.  cm.^,  which  with  ordinary  steel  is  equivalent  to  an  allowable  potsnaal 
gradient  of  approximately  0.8  volt  per  1,000  ft.  (0.305  km.)  of  rail. 

470.  Qerman  electrolyslB  regulatlona.  In  Germany  a  joint  oommit- 
tee,  representing  the  German  Society  of  Gas  and  Water  Engineers,  the  Society 
of  German  Electrical  Engineers,  and  the  Society  of  German  Street  Railway 
and  Little  Railway  Managers,  adopted  in  1910  regulations  for  the  jirotection 
of  underground  structures  against  electrolysis.  The  track  network  is  divided 
into  an  inner  district  and  an  outer  or  suburban  district.  In  intenirban  lines 
the  parts  near  villages  are  designated  as  suburban  districts.  The  potential 
difference  between  any  two  points  on  the  track  must  not  exceed  2.5  volts 
under  average  load  conditions  in  the  inner  district,  and  on  a  bordering  belt 
2  km.  (0,562  ft.)  wide;  outside  this  sone  in  the  suburban  districts,  the 
voltage  drop  must  not  exceed  1  volt  per  kilometer  (3,281  ft.). 

471.  American  municipal  ordinances.  A  number  of  Ameriean  cities 
have  enacted  ordinances  designed  to  prevent  damage  by  electrolysis.  In 
1912  the  City  of  Chicago  enacted  an  electrolysis  ordinance,  the  most  impor- 
tant feature  of  which  is  the  voltage  requirement,  limiting  the  permissible  dif- 
ference of  potential  between  any  two  points  on  the  uninsulatea  return  nrcuit 
to  12  volts,  and  limiting  the  potential  gradient  in  the  rails  within  l-mile  radius 
of  the  City  Hall  to  1  volt  per  1,000  ft.  (0.305  km.),  and  outoide  of  this  1-mile 
radius  to  1  volt  in  700  ft.  (0.213  km.).     In  1913  the  City  of  Chicago  eoaot^d 
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whmt  is  known  ma  tiia  Dnifiostion  Ordinance,  which  alao  contains  clauses 
Telatinc  to  electrolysia.  These  divide  the  city  into  three  aones,  and  prescribe 
different  voltage  limitations  for  each  sone.  The  Board  of  Supisrvisinc  Knci- 
neers  iSt  however,  authorised  to  modify  these  voltage  requirements  as  mayoe 
deemed  ad  visable.  The  above  ordinances  although  not  entirely  in  accord  are 
both  in  effect  in  Chicago. 

In  a  number  of  cities  in  Ohio  electrolysis  ordinances  have  been  enacted 
in  which  the  most  important  features  are  track  voltage  requirements.  In 
these  ordinances  the  average  potential  difference  during  any  10  consecutive 
minutes  between  any  two  points  1,000  ft.  (0.306  km.)  apart  on  the  uninsu- 
lated return  circuit  must  not  exceM  1  volt,  and  the  average  potential 
difference  durinc  any  10  consecutive  minutes  between  any  two  joints  more 
than  1,000  ft.  (0.305  km.)  apart  on  the  uninsulated  return  circuit  within  the 
limits  of  the  municipality  must  not  exceed  7  volts. 

nt.  Lsnl  stetut  of  liability  tor  sleetrolTtio  damafe.  There  has 
been  coneiderable  litigation  at  various  times  wiu  reference  to  damage  from 
electrolysis.  It  has  been  held  by  various  courts  that  no  one  utility  can  claim 
the  exclusive  right  to  use  the  earth  as  a  return  circuit,  and  that  priority 
of  such  use  is  of  no  importance  to  either  side  of  the  controversy. 

4T>.  Peoria  dedilon.  In  the  celebrated  Peoria  case  which  was  finally 
decided  after  having  been  in  the  courts  for  over  10  years,  the  railway  com- 
.  pany  was  enjoined  and  restrained  from  injuring  the  property  of  the  water 
company  by  electric  current  escaping  from  the  rails  or  structures  of  the  rail- 
way company.  No  particular  method  for  preventing  escape  of  current  is 
Sreseribed  in  the  decree,  because  the  court  in  its  decision  states  that  a  court 
oes  not  have  the  power  to  prescribe  bjr  injunction  any  specific  system,  and 
that  this  power  resides  only  with  legislative  bodies.  The  decree  also  requires 
the  water  company  to  co-operate  with  the  railway  company  to  the  extent  of 
siving  the  railway  company  access  to  its  piping  syBtem  for  the  purpose  of 
measuring  flow  of  current  upon  its  system  and  of  determining  whether  injury 
from  electrolysis  is  being  continued,  in  order  that  the  railway  company  may 
determine  whether  it  is  complying  with  the  terms  of  the  decree. 

BIBUOOBAPHT— lUOTBOLTBIB  OT  XmOUaBOTmO  8TB1T0- 

TUUE8 

4T4.  Befar*neag  to  literature  on  electrolysis  are  given  herewith; 
selected  from  what  are  considered  the  best  authorities. 

Bttbead  or  Stamoabds  Technolooic  Papbb  No.  16. — "Surface  Insulation 
of  Pipes  as  a  Means  of  Preventing  Electndyais."    January.  1814. 

BuBBAtr  or  Btahdabds  TBOHHOboaio  Fatsb  No.  18. — "Electrolysis  in' 
Concrete."     March,  1813. 

BoRBAu  OP  Stanoabos  Tbchnolooic  Papeb  No.  25. — "Electrolytic  Corro- 
sion of  Iron  in  Soils."     June,  1813. 

BoBBAU  OP  Stahoabis  Tbcbnolooio  Papbb  No.  27. — "  Special  Studies  in 
Eleetroljrsis  Mitigation."  A  Preliminary  Study  of  Conditions  in  Springfield, 
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ELECTRIC  COMMERCIAL  VEHICLES 
anrasAL  clabbificatiok 

1.  Tht  tiMtrto  ▼•hide  wt,  althoush  old  in  cenersl  compariaon  with 
other  developments  in  the  electrical  indufltry,  had  shown  relatively  little 
advance  prior  to  1010.  Coincident  with  its  early  proKreaa,  extenave  ex- 
pl<^tation  with  a  view  of  financial  manipulation  resilltea  so  diaastroualy  aa 
to  reflect  ceneral  discredit  upon  the  machines  themselves.  This  dtuation, 
together  with  the  concurrent  development  of  the  sasoline  pleasure  car« 
diverted  popular  attention  to  this  speedier  type  of  machine. 

t.  Lack  of  Itandardlzatlon.  Notwithstanding  the  serious  aetbaeka 
experienced  in  the  late  OO's,  the  art  showed  a  slow  but  consistent  advaneeraant 
dimng  the  subsequent  10  years.  The  record  of  this  period  of  development 
so  firmly  established  the  economic  value  of  these  machines  for  highway 
freight  movement  that  the  past  3  years  have  witnessed  enormous  strides 
in  tne  art,  as  regards  both  design  and  commercial  application.  Until  quite 
recently,  however,  the  development  has  been  due  to  the  individual  efforts 
of  thoae  interested  in  production  rather  than  to  a  coiperative  program  on 
the  part  of  the  manufacturers  as  a  whole.  Consequently  it  has  not  yet  reached 
a  stage  when  extensive  standardisation  is  possible,  and  it  is  therefore  difficult 
to  present  the  subject  of  electric  vehicle  engineering  in  the  brief  condensed 
style  suitable  for  an  engineering  handbook.  Attempt  has  been  made 
in  this  section  to  cover  merely  the  fundamentals  of  the  subject,  and,  so  far 
as  possible,  to  describe  the  most  typical  or  representative  vehicle  practieea. 

a.  WnilMroua  ipaelal  »ppUe»tloilS.  Because  of  the  variety  of  design* 
produced  by  the  present  maJcers,  it  is  impracticable  within  the  compass  oi 
this  work  to  include  them  all.  These  dinerences  are  by  no  means  confined 
to  chassis  for  the  same  general  classes  of  service,  but  extend  to  a  large  variety 
of  vehicles  for  special  purposes,  such  as  cable-pulling,  hoisting,  dumjung, 
baggage  trucks,  tractors,  fire  apparatus,  etc.  Many  of  these  applications 
being  specific,  and  as  yet  more  or  less  experimental,  no  attempt  has  been 
made  to  describe  them. 

*.  Treatment  oonflnad  to  leadinc  commeroial  tn>«t.  It  ia  particu- 
larly de^red  to  point  out  that  where  descriptions  of  macmnes  and  aeeeeaories 
of  various  makes  have  been  omitted,  sucn  omissiona  are  in  no  way  to  be 
attributed  to  an^  inferiority  in  construction  or  design,  but  solely  to  the  fact 
that  the  limitations  of  space  confined  the  descriptions  to  those  which  have 
gained  prominence  in  the  industry,  or  whose  designs  embody  cbaraeteiistics 
of  particular  interest  to  the  engineer. 

S.  Bichway  power  vehielei  may  be  divided  broadly  into  three  classes, 
vis.,  (1)  those  having  electric  propulsion,  (2)  those  propelled  by  internal 
combustion  engines,  and  (3)  those  propelled  by  steam :  there  is  stQl  another 
class  (4)  consisting  of  those  vehicles  having  gas-electric  or  steam-electric 
propulsion,  in  which  the  energy  of  the  prime  mover  is  electrically  trans- 
mitted to  the  axle  or  wheel. 

(.  ■•eh  tjpa  of  power  vehicle  has  Ita  diitlmct  field  of  eeonomie 
•ppUratton,  that  oi  the  electric  vehicle  being  found  in  truu-dty  and 
■UDUrbaa  delivery,  embracing  the  interchange  of  merchandise  between 
railway  terminals  and  docks,  stores  and  factories  in  the  same  cit^  or  com- 
munity, and  retail  delivery  in  adjacent  territories.  The  possibilities  for  the 
employment  of  this  type  of  machine  are  evident  when  considering  tho  general 
statement  that  from  60  per  cent,  to  as  much  as  65  per  cent,  of  highway  freight 
tonnage  movement  is  confined  within  city  areas.  Here  the  electric  vehicle 
possesses  superior  advantages  over  other  means  of  merchandise  delivery, 
due  to  ita  inherent  characteristics    of   rapid  acceleration  and  retardation, 
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pernutUng  it  to  maintaia  a  high  average  speed,  and  due  further  to  ita 
freedom  from  intricate  mechaniam  for  transmitting  the  motor  energy  to  the 
wheels,  and  the  absence  of  numerouB  reciprocating  parts. 

7.  The  rasollne  motor  vahloU  finds  its  best  field  of  application  in  short- 
haul  deliveries  where  the  mileage  is  beyond  that  safely  and  conveniently 
obtained  from  the  electric  vehicle,  its  economic  value  being  governed  entirely 
by  the  individual  characteristics  of  the  particular  biuineaa  to  which  it  la 
applied. 

8.  Electric  vehicle!  mmy  AgwSn  be  divided  into  two  general  cUues 
according  to  the  character  of  service ,  vii.,  (1)  commercial  vehicles  and 
(2)  passenger  vehicles.  The  source  of  ener^  supply  permits  another 
claaetficatioD,  namelv,  (1)  storage  battery  vehicles  and  (2)  the  so-called 
"trftCUOM  trolley  consisting  of  a  motor-propelled  vehicle  receiving  its 
energy  from  an  overhead  double  trolley  system.  Under  the  second  classi- 
fication, the  stor^e  battery  vehicle  is  by  far  the  more  important  at  the  pres- 
ent time.  The  highway  trolley  vehicle  has  not  yet  come  into  extended  use 
in  this  country,  although  it  is  employed  to  a  limited  extent  abroad. 

9.  Oommercial  electric  vehiolee  at  the  present  time  form  by  far  the 
more  important  class  of  electric  vehicles,  ana  receive  practically  exclusive 
eonsideration  in  this  section.  This  is  because  of  their  economic  value  as  a 
means  for  highway  freight  movement. 

10.  Pasiencer  vehiclM  inv<^ve  no  engineering  features  which  are  not 
very  well  covered  by  the  discussion  of  the  fundamentals  of  vehicle  engineer* 
ing  and  their  application  to  commerci^  types. 

CHASSIS  CONSTKirCTXOK 

11.  In  dedgn*  the  electric  vehicle  is  of  necessity  a  compromise,  the  selec- 
tion of  its  componeat  parts  being  governed  prin(^aUy  by  the  question  of 
economy  of  operation,  rather  than  mechanical  efficiency.  Few  standards 
are  as  yet  established,  machines  of  each  make  reflecting  the  individual  ideas 
of  the  demgning  engineer  as  to  what  in  his  opinion  constitutes  the  best 
practice. 


Flo.  1. — Baker  chassis.    Side  elevation. 

II.  The  fhntrif  of  the  various  makei  differ  only  in  peculiarities  in 
demgn  required  by  some  special  construction.  The  standard  irame  is 
notangulor,  of  structural  or  pressed  steel,  with  lateral  members  for  supporting, 
the  motor,  battery  compartment,  and  other  equipment  forming  a  part  of 
the  vehicle.  Except  in  instances  where  the  type  of  the  drive  employed 
requires  that  the  axles  themselves  shall  constitute  a  part  of  the  meohnnism, 
ri^d  axles  are  used.     In  the  rear  the  ends  of  the  azlee  terminate  in  spindles 
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upoD  which  the  wheeU  revolve,  while  Id  the  front,  proviuon  Is  made  for  vteer- 
ing  kaucklcs  mounting  the  wheel  BpiDilIcs.  Anti-friction  bearioKs  are 
employed  throughout  the  eoiutruclion. 

IS.  The  leadinff  tji>M  of  chASsii  are  illuatrated  in  Figs.  1,  2,  and  3, 
showing  respectively  tne  side  elevation  and  plan  of  a  Baker  chaaaia,  and 
the  aide  elevation  of  a  General  Motors  Company  (G.  M.  C.)  chassis.  Both 
types  employ  a  single  motor  with  reduction  gearing  and  chain  drive. 


Fio.  2. — Baker  chassis.     Top  view, 

14.  The  battery  compartment  usuallv  is  hung  beneath  the  chassifl 
frame  (Fig.  1).  Some  makers,  however,  aaopJt  the  top  location  where  the 
bftttery  is  placed  beneath  the  driver's  seat  (Fig.  3).  The  principal  advantage 
of  this  construction  lies  in  the  fact  that  the  batteries  are  easily  accessible  for 
inspection.  However,  the  introduction  of  sliding  battery  cradles  for  the 
underslung  location  proves  this  suspension  equally  desirable,  particularly 
as  a  lower  centre  of  gravity  is  obtained, 


Fig.  3. — G.  M.  C.  chassis.    Side  elevation. 

16.  The  location  of  the  controller  varies  with  the  different  makes, 
some  manufacturers  preferring  a  fire-proof  compartment  beneath  the 
driver's  seat,  while  others  use  the  location  shown  in  Figs.  1  and  2. 

IC.  Chasiia  weiffhte,  dimenaioni  and  equipment,  according  to 
data  supplied  by  seven  of  the  leading  manufacturers,  are  given  in  the  table 
in  Par.  11.  This  table  also  gives  the  battery  equipment,  number  of  forward 
speeds,  turning  radius  and  net  load  capacity. 
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IT.  The  eluuMia  o»paoltr  of  an  electric  vehicle  may  be  expressed  as  the 
sum  of  the  body  weight,  plus  the  battery  weight,  plus  the  load  weight  at 
maximum  speed.  The  groaa  weight  is  the  sum  of  the  chassis  capacity 
plus  the  chassis  weight.  Variations  in  load,  battery,  and  body  weights  are 
permissible  so  long  as  the  gross  weight  moved  at  maximum  speed  does  not 
exceed  that  prescribed  by  the  manufacturers. 

VXHIOLI  klUBTAHOI  AND  BNXftOT  OONSVHPTION 

IS.  The  rollinc  raslstanoa  of  a  wheel  is  due  to  the  yielding  or  indents^ 
tion  of  the  road,  which  causes  the  wheel  continually  to  mount  a  slight  in- 
cline. The  resistance  is  measured  by  the  horisontal  force  necessary  at  the 
axle  to  lift  it  over  the  obstacle,  or  to  roll  it  up  the  inclined  surface.  The 
rolling  resistance  varies  with  (a)  the  diameter  of  the  wheel;  (b)  thewidth 
and  composition  of  the  tire;  (c)  the  speed;  (d)  the  spring  suspension;  (e)  the 
miture  of  the  road  surface.  This  resistance  varies  all  the  way  from  3  lb. 
per  ton  with  true  steel  wheels  rolling  on  heavy  clean  rail,  up  to  200  lb.  per 
ton  in  ordinary  wagon  wheels  through  sand. 

It.  Vehicle  realstenee.  The  best  authorities*  give  the  following  values 
or  vehicle  resistance; 

Steel-tired  wheels  on  steel  rail 3  to    5  lb.  per  ton. 

Pneumatic-tired  wheels  on  asphalt  pavement 15  to  35  lb.  per  ton. 

Solid-tired  wheels 20  to  40  lb.  per  ton. 

Steel-tired  wheels  on  average  road,  about SO  lb.  per  ton. 

10.  Truck  resistance.  In  conducting  tests  on  trucks  with  different 
makes  of  rubber  tires,  resxilts  have  been  secured  where  the  total  resistance 
has  run  as  low  as  26  lb.  per  ton  and  as  high  as  60.  all  other  conditions  re- 
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maininf  the  same  except  the  tire.  This  is  due  simply  to  a  variation  in  the 
rubber  compound,  the  low  results  being  secured  with  a  very  high  quality 
of  rubber,  whereas  the  high  results  were  due  to  an  inferior  compound.  (Also 
see  Par.  14.)  The  loss  in  transmission  here  amounts  to  approximately  3  lb. 
per  ton,  friction  and  windage  consume  5  lb.  per  ton,  and  the  remainder  is  due 
to  the  tires. 


•  Whitney,  F.  F..  "  Electric  Vehicle  Tires;' 
of  America,  October  27,  1913. 
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tl.  ObursetarUOci 

(Compiled  from  date  funusbed 
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67 

58 

04 

32X3 

34X3J 
36X3}D 

18 

2.680 

900 

4.000 

208 

78 

66 

130 

36X4 

16 

4,400 

1,200 

<S 

7.000 

214 

82 

70 

144 

36X5 

40X4  D 

24 

6,200 

1.600 

10.000 

214 

82 

70 

144 

36X6 

40X5-D 

24 

fi,6O0 

1.300 

1.000 

168 

66J 

56  ,    56  1 
56  ,    57  1 

106 

32X2i 
32X2} 

32X3J 

18 

2,200 

4S0 

, 

2.000 

180 

67 

118 

32X4 

18 

2,600 

650 

u 

3.000 

198 

67 

67  ,    57  i 
65  ,    67A 
67  ,    67H 

130 

32X3 

32X8 

20 

2,800 

8S0 

S 

4.000 

214 

80 

138 

32X3 

36X3  D 

21 

3,850 

1,050 

8.000 

226 

82 

150 

32X34 

36X3JD 

21 

4,700 

1,4» 

C5 

8.000 

238 

82 

67  ,    68A 

156 

32X4 

36X4  D 

21 
28 

6,000 

1,650 

10.000 

250 

87} 
87} 

68  A.  71 A 

166 

32X5 

36X8  D 

6,150 

1,900 

12.000 

262 

68A,72ft 

174 

32X5 

36X6  D 

30 

6,550 

2,100 

•g 

750 

118 

62 

52 

76 

32X2 

32X2i 
38X2 

18 

1,840 

450 

3 

1.000 

131 

66 

56 

88i 

36X2 

181 

2.065 

600 

iS 

2.000 

149 

72 

60 

103 

36X3 

3«X3 

23 

2.885 

900 

4.000 

166 

76 

61 

111* 
128i 

36X4 

36X3  D 

27* 
32{ 

4,050 

1,200 

J 

7.000 

185i 

79 

65 

36X6 

36X3JD 

5.815  1.600 

10.000 

209 

81 J 

.  69 

139 

36X7 

36X5  D 

35 

6,510|  1,800 

h 

1.000 

120 

60 

56 

90 

30X3 

30X3 

18 

1,800     500 

« 

1.600 

138 

60 

56 

100 

30X3 

30X3 

20 

2.800     700 

S 

2.500 

156 

60 

56 

114 

34X3 

34X3 

22 

3,5001 1.000 

1.000 

115 

66 

66 

92 

32X3 

34X3i 

20 

1,600     700 

1* 

V 

1.500 

131 

66 

66 

94 

34X.3i 

38X4 

21 

2,200l     800 

1 

3.000 

139 

66 

56 

100 

36X4 

36  or  42 
X5 

22 

2.800|    900 

5.000 

184 

68 

56 

127 

36X4 

.36X6 

26 

4.700  1.800 

7.000 

186 

74 

62 

140 

36X4 

38X6 

30 

5,750| 

2,300 

*  For  standard  equipment;  dimensions  changeable  to  admit  battery  of  grosi 
permissible  weight. 


tt.  Vehicle  reiiltftne*  on  AipluUt  pftvement.  The  tractive  effort 
required  to  haul  a  load  of  1  ton  by  means  of  rubber  tires  over  asphalt  pAving 
can  at  best  ooly  approach  the  low  train  resistance  values  reached  in  raUroad 
work  with  its  superior  rolling  surface.  In  Fig.  4  are  given  the  reaults  of 
tests  by  Churchward  on  solid  and  pneumatic  rubber  tires  on  asphalt,  the  solid 
tires  calling  for  less  tractive  effort  owing  to  the  superior  character  of  the  pave- 
ment.    On  country  roads  the  solid  tire  will  demand  the  greater  tractive 
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of  Kloetrio  ▼•hlclM 

by  the  manufacturers) 


Uon- 
troller 


Bat' 
terv 
(lb.) 


Battery 


Sue 

compartment 

(in.) 


Type  and 
number 
of  eella 

standard 
equipment 


Kw-hr. 
capac- 
ity 


Motor 


Malce 


■5  > 
3° 


l^ 


o  a 


Type  of  drive 


1,283 
1,555 
1.817 
2,414 

1.360 
1.700 
2.100 
2.650 
3.080 

900 
1.2tl0 
1.820 
2.250 
2.700 

1.125 
1350 
1,550 
1.730 
2,250 
2,500 
2.800 
3,000 


49X25i 
49X37 
51X44} 
83X65 

30X43 
37X46 
48X46 
64X48 
71X46 

For  A-  4  E 
For  A-  6  E 
For  A-  8  E 
For  A-10  E 
For  A-12  E 

36X45* 
42X50' 
42X60* 
42X50* 
42X65* 
54X70* 
60X70* 
60X70* 


Op.  42  L.  60  E 
Op.  42  L,  60  E 
Op.  42  L,  60  E 
Op.  42  L,  60  E 

Op.42L,60E 
Op.  42  L,  60  E 
Op.  42  L,  60  E 
Op.  42  L,  60  E 
Op.  42  L,  60  E 

60E 
60E 
60E 
60E 
60E 


Op.  44  L, 

Op.  44  L, 
Op.  44  L, 
Op.  44  L, 
Op.  44  L, 
Op.  44  L, 
Op.  44  L, 
Op.  44  L, 


60E 

60  E 
60E 
60E 
60E 
60K 
60  E 
60E 


876  For  48- A4,  E 
1,265  For  60- A5,  E 
1.485  For  60-A6,  E 
1.970For  60-A8,  E 
2,410:For60-A10.E 
2,79aFore0-A12.E 

30X20 
35X20 
44X20 

37X49 
37X49 
38X49 

58X70 
58X80 


Op.  44  L,  48  E 
Op.  44  L,  60  E 
Op.  44  L,  60  E 
Op.  44  L,  60  E 
Op.  44  L,  60  E 
Op.  44  L,  60  E 

SOL 
40  L 
40L 

Op.  40  L,  60  E 
Op.  42  L,  60  E 
Op.  42  L,  60  E 

Op.  44  L,^  60  E 
Op.  44  L,  60  E 


9.27L 

11.68L 

la.goL 

18.63L 

13.6  L 

18.2  L 

22.7  L 

29.5  L 

34.0  L 

10.8  E 

16.2  E 

21.6  E 

27.0  E 

32.4  E 

10.8  E 

16.2  E 

16.2  E 

16.2  E 

21.6  E 

27.0  E 

32.4  E 

32.4  E 

9.1  L 

12.1  L 

14.2  L 

19.0  L 

23.7  L 

28.5  L 

S.28L 

11.04L 

13.20L 

16.2  E 

16.2  E 

21.6  E 

27.0  E 

32.4  E 

OH 


OS 


o. 


Dble-reduction 
chain 


Worm 

Two-motor  con 

centric    gear 

Four-motor, . 

four-wheel 


Dble-reduction 
chain 


Flex,  shaft  and 
chain 


Dble-reduction 
chain 


Dble-reduction 
shaft  and  chain 

Balance  gear 
Balance  gear 
Balance  gear 

Balance  gear 
Balance  gear 


D,  dual,     L,  lead.     E,  Edison.     Op.,  optional. 

effort,  owing  to  the  superior  ability  of  the  pneumatic  tire  to  adapt  itself  to 
surface  irregularities. 

M.  Critical  ipead  tor  minimum  «Sort.  It  is  noticeable  that  there  is 
a  critical  speed  at  which  the  minimum  tractive  effort  or  draw-bar  pull  occurs, 
and  that  it  varies  with  the  type  of  tire  used.  The  same  effect  has  been  ob- 
served and  demonstrated  in  railway  traction;  this  is  attributed  to  wave 
motion  in  the  rolling  surface.  In  the  case  of  the  automobile  it  is  caused  by  the 
kneadinJK  of  the  tires. 
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Sec,  17-24      ELECTRIC  COMMERCIAL  VEHICLES 

S4.  Xfl«et  of  tirei  on  Tehlcle  reilituic«.  The  results  of  d^nuunometer 
tcflU  conducted  by  F.  £.  Whitney*  to  determine  the  effect  of  different  tire* 
OD  vehit:le  resistance  are  shown  iu  Fig.  5.  The  different  tires  are  wbitruily 
numbered  from  1  to  6  for  identification,  the  quality  of  the  tire  being  recorded 
in  the  results  shown  by  the  test.     It  will  be  noted  that  all  the  curves  are 

fjrartically  straight  lines,  showing  that  the  tire  loss  varies  directly  with  the 
oad.  For  example^  by  referrins  to  curve  3  and  curve  0.  at  1,250  lb.  load  the 
drag  on  tire  No.  6  is  10.3  lb.  while  tire  No.  3  shows  a  drag  of  18  lb.,  irhicb 
represents  the  relative  efficiency  of  the  two  tires. 
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8       10      U      U       IS      18 
Founds  Pun  to  BalBDoe 
Flo.  S. — Curves  showing  the  effect  of  different  tiros  on  veliicle  resistance. 
(O  on  diagram  indic&tcs  observed  result  in  bounce  test.) 


SI.  Boune*  tMt  tor  tJrM.  As  a  direct  comparison  with  the  above 
method  of  test,  the  bounce  in  inches  of  each  of  the  same  ttr«8  has  been  plotted, 
aa  shown  at  the  left  side  of  Fig.  5.  It  will  be  noted  that  tire  No.  6  shows  s 
bounce  of  S.5  in.  as  against  4.5  in.  for  tire  No.  3,  indicating  about  the  same 
relative  efficiency  with  the  different  method  of  teat. 

M.  Method  of  making  bounea  tait.  The  bounce  test  for  determining 
n^lattve  tire  efBciency  is  made  by  dropping  a  weight  from  a  given  height  upon 
the  tire,  the  rebound  in  inches  being  noted.  This  test  is  usually  employed 
by  vehicle  makers  because  of  its  simplicity  and  the  elimination  of  elaborate 
preparation. 

ST.  KBaet  of  tire  on  vehicle  eflSeieney  and  perforxaanee.  Aa  indi- 
cating the  effect  on  the  mileage  secured  from  one  charge  of  the  battery  in 
an  electric  truck,  with  the  two  extremes  of  tires  No.  3  and  No.  6,  a  vehicle 
equipped  with  tire  No.  6  would  cover,  say,  50  miles  on  one  charge  of  the  bat- 
tery, whereas  a  vehicle  equipped  with  tire  No.  3,  over  the  same  route  and 
using  the  same  battery  equipment,  would  be  able  to  cover  only  30  to  35 
miles. 

S8.  Teita  made  with  dlflereiit  tirei  to  determine  the  vehicle  resiitanoe 

have  given  the  following  general  results; 


•  Whitney,  F.  E.    Poper  read  before  the  Electric  Vehicle  Association  o< 
America,  October  27,  1913. 
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Solid  tires 18  to  28  lb.  per  ton. 

Electric  roecial  I  'i'^^.  '""^ 15  to  23  lb.  per  ton. 

tieotnc  »peciai  ^  double  tube 16  to  25  lb.  per  ton. 

Standard  double  tube 30  to  35  lb.  per  ton. 

Iron  stud  tread 31  to  36  lb.  per  ton. 

These  values  apply  to  level  ruooiniE. 

lib,  per  Ton  T.'E.  on  Ondn 
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Fia.  6. — Wattage  with  varying  grades  and  varying  tractive  effort  for  level 
running. 
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Fio.  7. — Graph*  showing  power  demand  in  watts. 
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Sec.  17-29      ELECTRIC  COMMERCIAL  VEHICLES 


n.  Fowar  damuid  and  ansrgy  ooniumptlen  of  deetiie  vehidea  ai« 
governed  by  the  gross  weight,  speed,  grade  and  road  surface.  The  curves 
given  in  Fig.  8  illustrate  the  relationshipa  between  the  per  cent,  of  grade 
and  the  tractive  effort,  and  between  the  per  cent,  of  grade  and  the  energy- 
consumption,  in  terms  of  various  energy  rates  on  level  tangents.  For  ex- 
ample, curve  E  for  a  vehicle  consuming  100  watt-hr.  per  ton  mile  on  the  level, 
would  require  on  a  6  per  cent,  grade  a  tractive  effort  of  160  lb.  per  ton,  and 
an  energy  consumption  of  475  watt-hr.  per  ton  mile. 

SO.  Fowar  demand  on  aaphalt  paTament  is  shown  by  the  aet  of 
curves  in  Fig.  7,  for  various  weights,  speeds  and  grades.*  The  absdasaa 
indicate  the  power  demand  on  grades  and  the  ordinates  the  power  con- 
sumption on  the  level.  For  example:  assume  a  vehicle  weighing  10,000  lb. 
traveling  at  10  miles  per  hour;  a  horisontal  projection  of  the  p<iint  of  intei^ 
section  of  the  lines  representing  this  speed  and  weight  will  indicate  4,000 
watts  for  level  running,  and  8,000,  16,000,  and  44,000  watts  for  2  per  cent.. 
6  per  cent.,  and  20  per  cent,  grades,  respectively. 

■1.  SBeet  of  dMarant  paTementa  on  anarcy  oonaumpUoa.    The 

following  relative  values  of  energy  consumption  (on  level  tangents)  for 
various  kinds  of  pavements  are  due  to  Messrs.  W.  A.  Hall  and  J.  M.  Hai^ 
grave.t 


Asphalt 1.00-1.05 

Macadam 1.15 

Tarvia 1.14 

Glasedbrick 1.34-1.36 

Wood  block 1.07 

A:  Areraga  speed  ID  iii.p.h. 
B:   Averaoe  speed  H  nup.h. 


U       20       30       40       60       60 
tfg  Inoz«aae  la  traotLvo  effort 

FiQ.  8. — Curve  showing  increase  in  trac- 
tive effort  due  to  deflation  of  tires. 


Granite  blook 2.00 

Snow  (fairly  hard  with  grips) ...   1 .  89 
Snow  (fairly  bard  without  grips) .   1 .  09 

Hard  snow  and  iee 1.34 

Snow  fairly  soft 2. OS 

II.  Tha  oSoet  of  th*  tread 
chord  of  the  tira  on  anarn 
eonsumptton  is  very  well 
brought  out  by  a  aeries  of  tests 
conducted  by  Alexander  Chmch- 
ward.  t  This  effect  is  most  notice- 
able, naturally,  in  Tehielea  equip- 
ped with  pneumatar  tires.  The 
results  of  Churchward*s  testa  are 
shown  in  Fig.  8;  the  different 
treads  were  obtained  by  deflat- 
ing the  tires,  as  indicated  by  the 
air  pressure  in  pounds  per  square 
inch. 

SI.  The  aSaet  of  tire  raiist- 
anea  on  energy  eongumption 

is  shown  by  the  curve  in  Fig.  9, 
giving  the  relationship  between 
tire  resistance  in  pounds  per  ton. 
and  watt-hours  per  ton  mile,  as- 
suming the  motor  efficiency  to  be 
83.5  per  cent,  and  the  transmis- 
sion efficiency  90  per  cent. 

14.  The  •Sect  of  frequsat 
atopi  on  energy  oonaumption 

is  exhibited  by  the  curve  in  Fig. 
10.  This  curve  may  be  used  in 
conjunction  with  Fig.  7  to  calcu- 
late the  battery  capacity  required 
for  a  specific  service. 


*  Billings,  C.  M.    General  Motors  Co. 
*Electncal  WoHd,  May  17,  1913. 

i  Report  of  the  Committee  on  Standardisation,  Electric  Vehicle  Associa- 
tion of  America,  Oct.  7,  1912. 
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ELECTRIC  COMMERCIAL  VEHICLES     SeC  17-35 

TKAN8HI88ION  OEAB 

M.  Truumiaiion  of  tha  motor  enerEJ  to  the  whaaU  is  accomplished 
by  several  methods  in  general  use,  but  considerable  difference  of  opinion 
exista  as  to  what  constitutes  the  most  desirable  method  of  motor  application 
and  the  beat  transmission  design.     Without  commenting  upon  the  general 
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1  t  1  M  1  1      till 
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.Motor  Ett'y  taken  at  83.6t 
Transmission  EiTy  taken  at  90% 

/ 

/ 

/ 

/H 

g 

/" 

1" 

/^ 

y 

y 

I 

y 

^ 

d" 

/ 

/ 

K 

i3 

z' 

,> 

/ 

^ 

( 


U)«oao4osoco7oeowiw 

WatUHi.  per  Ton  MUa 
Flo.  9. — Diagram  showing  tractive  effort  in  pounds  per  ton  due  to   tires 
alone,  with  varying  energy  consumption  of  vehicle. 

features,  as  illustrated  in  the  various  types  hereafter  descrit>ed,  it  may  be 
stated  that  simplicity  of  construction  and  design  should  govern  the  selection 
of  transmission  gear  so  far  as  is  possible,  without  sacrificing  efficiency. 


4  6  8 

Stops  per  Htle 

Flo.  10. — Curve  showing  per  cent,  increase  of  energy  consumption 

due  to  stops. 

M.  Tha  auantUl  alamenta  ot  a  tranimlHion  (aar  comprise  a  means 
of  reducing  the  high  speed  of  the  motor  to  the  comparatively  low  speed 
of  the  propulsion  or  running  wheels  (reduction  gear),  and  a  diffaratltlfti  gaar 
which  permits  one  wheel  to  turn  faster  than  the  other  in  propelling  the  ve- 
hiela  in  any  curved  path. 
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Sec.  17--37      ELECTRIC  COMMERCIAL  VEHICLES 

IT.  Tha  lincle-motor  doubla-raduetion  eludn  drive,  u  adopted  by 
many  manufacturer,  presentfl  the  advantages  of  mmpUcity  of  construction, 
high  efficiency,  and  practically  noiseless  operation.     It  is  sbown  in  F!c.  11. 


Fio.  II. — Double-reduction  chain  drive. 

In  this  drive  the  silent  chain  B  (generally  of  the  inverted-tooth  type) 
transmits  the  power  from  the  motor  pinion  to  the  differential  i^ear,  roller 
chains  D  being  utilised  to  convey  the  driving  effort  from  the  jack  shafts 
to  sprockets  mounted  on  the  rear  wheels. 


S89-B.      IM-O 


S«6v} 


356A — Brake  shoe 
350C — Brake  shoe  spring 
3.5HO — Brake  shoe  pin 
3574 — ^Brftke  drum 
357B — Stud  lor  sprocket 
359^4 — Brake  lever 
3690 — Brake  expander 

421 Gear  for  silent  chain 

4764 — Bracket  female 
476B — Bracket  male 
476C— Bolt 

Fio.  12.- 


Jack  Shaft 

476Z> — Dowel  screw 

477 Spider 

478 Spacer 

479 Sprocket 

481 Dust  ring 

483 Shaft  L.  A  R. 

4844 — Outer  bearing  bracket 
484B— Tubing  L.  *  R. 
4S4C— Brake  expander  bushing 

485 Differential  complete 

492 Tee  for  adj.  chaw 

-Counter-shaft  asaembly. 
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The  piinuury  cl^ain  B  is  enclosed  in  an  oil*tight  case,  or,  tn  some  instances, 
protected  from  duat  merely  by  an  extension  of  the  battery  compartment. 
The  former  cowtruction  is  preferable,  as  the  life  of  the  chain  is  increased 
by  the  better  means  afforded  for  lubrication. 

Th«  counter-ihait  is  usually  assembled  in  such  a  manner  as  to  permit 
ita  inatallatior  or  removal  as  a  complete  unit.  The  difTerential  gear  is 
mounted  on  the  differential  houmng.  Adjustment  of  the  silent  chain  is 
accomplished  by  a  radius  rod  with  an  adjusting  screw.  For  the  roller  chains, 
similar  distance  rods  are  employed.  The  armature  shaft,  jack  shaft,  and 
wbeeU  are  all  equipped  with  anti-friction  bearings.  For  counter-shaft 
assembly,  see  Fig.  12. 


Fia.  13. — Top  view  of  chasaia  showing  drive  assembly.     (General  Motors 
Company.) 

M.  The  floating  sh&ft  and  chain  drive  employs  a  flexible  spring-ateel 
blade  for  transmisoion  from  the  motor  to  the  counter-shaft.  This  shaft 
has  a  cross-section  that  permits  torsional  displacement  or  yielding  under 
stress.  The  counter-shaft  is  of  the  floating  type  with  bevel  driving  gear 
and  pinion  reduction.  The  power  is  transmitted  from  the  counter-shaft 
sprockets  by  roUer  chains  to  the  rear  wheels.  The  motor  is  suspended  in 
positive  alignment  with  the  chassis  frame,  with  entire  weight  on  frame 
members  and  supported  at  diametrical  points.     See  Fig.  13. 


Fio.  14. — Rear    axle    aasembly,    spiral    gear   drive.     (Commercial    Truck 
Company.) 

M.  The  fplral  rear  drive  (Fig.  14)  has  the  advantages  of  clean-cut  ap- 
pearance and  compactness,  few  parts,  good  lubricating  facilities,  mechanical 
efficiency,  and  extremely  quiet  operation.  Through  a  worm  and  gear  drive 
the  power  is  transmitted  from  the  motor  to  the  wheels  by  a  single  reduction) 
making  an  extremely  simple  mechanism. 

The  rear  wheels  are  mounted  on  roller  bearings  entirely  independent  of 
the  driving  mechanism,  and  are  driven  by  floating  shafts  engaging  the  outer 
ends  of  the  wheel  hubs.  The  inner  ends  of  these  shafts  are  squared  into  the 
hubs  of  bevel  differential  gears.  The  whole  mechanism  is  immersed  in  oil, 
and  gives  noiseleis  operation.     The  rear  axle  unit  consists  of  motor,  gear 
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casing,  axle  houains,  and  rear  wheels  with  gear  and  driving  shafts, 
permits  the  ready  removal  of  the  complete  power  equipment. 


Thu 


Flo.  15. — Rear  axle  assembly.     Motor  cover  removed.     (Walker  Vehicle 

Company.) 

40.  In  the  balance  drive,  the  motor,  differential,  and  transmission  mem- 
bers are  all  embodied  as  parts  of  the  rear  axle  and  wheel  assembly  (see  Fig. 
15).  The  power  is  transmitted  through  drive  shafts  to  floating  pinions 
within  each  wheel,  thence  through  intermediate  spur  gears  housed  within 
disc  wheels  which  mesh  with  internal  gear  rings,  forming  the  interior 
of  the  wheel  rims.  The  drive  pinions  and  shafts  have  no  bearing  except  the 
teeth  of  the  Idler  gears,  between  which  the  pinions  float  in  a  balanced  manner. 
The  mechanical  efficiency  is  high  when  all  parts  are  retained  in  propw 
alignment. 

41.  The  wheel-drive  lyitenu  embodying  constructions  in  which  a  motor 
drives  each  wheel  separately,  and  forms  a  more  or  less  self-contained  unit 
therewith,  is  capable  of  good  mechanical  efficiency.  Such  systems  are  de- 
scribed in  Par.  41  and  Par.  4S. 


Fia.  16. — Wheel  assembly,  couple  gear. 

4t.  The  couple-ffear  drive,  shown  in  Fig.  16,  employs  a  motor  mounted 
in  a  &xed  horisontal  position  within  the  wheel  itself,  the  axle  stubs  on  which 
the  wheel  turns  being  integral  with  the  motor  castings.  The  armsture 
•haft  makes  a  slight  angle  with  the  plane  of  the  wheel,  permitting  the  bevel 
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pinioiw  mounted  on  each  end  of  the  immiture  ahalt  to  meah  with  their  re- 
•pective  halves  of  a  "  double"  cog-rack  near  the  periphery  of  the  dijK  wheel. 
Thrust  streaaea  ariainc  from  one  bevel  aet  are  balanced  by  the  other.  A  small 
number  of  parts  make  up  the  complete  aaaembly.  The  arrangement  lends 
itaelf  to  tour-wlM«l  drive  and  stMrimf ,  feature*  often  required  in  special 
applications,  where  turning  space  is  limited. 

4S-  (HlMT  wheel  lyitems  which  obviate  the  nse  of  bevel  gears  and 
embody  the  double  spur-gear  reduction  are  shown  in  Fig.  17  and  Fig.  18. 


c 


Fio.  17. — Concentrio  gear  drive.     (Cominercial  Truck  Company.) 

Id  the  former.  Bhowing  the  ipur  oonoentrio  form  of  ffoar,  the  gear  cases 
are  mounted  between  two  axle  members,  the  extension  of  the  case  forming 
the  axle  spindle.  The  motor  is  bolted  to  the  inner  side  of  the  gear  case  in  a 
fixed  position.     The  armature  pinion  engages  spur  gears  which  are  carried 


Fig.  18. — Double      spur-gear      reduction     drive.       (Commercial      Truck 
Company.) 

by  studs  intcEral  with  the  driving  shaft.  The  driving  shaft  passes  through 
the  axle  spindle  and  connects  with  the  outer  end  of  the  wheel  hub  through  a 
square  form  in  the  hub  cap. 

The  drive  illustrated  in  Fig.  18  is  employed  with  forged  steel  axles,  which 
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are  made  in  two  parts  and  aeparated  by  a  spacer,  thus  forminc  the  equiralent 
of  a  deep  I-beam  section.  The  axle  forginss  are  enlarged,  and  are  bored  out 
and  bushed  to  receive  trunnions,  which  are  a  part  of  the  motor  casing,  thus 
forming  a  knuckle  construction  for  steering.  The  motor  casings  are 
bored  to  receive  the  motors,  which  slip  freely  into  the  casings  up  to  a  shoulder. 
The  casings  are  split  part  way  around  and  provided  with  a  clamping  bolt  for 
holding  the  motor  in  position.  The  mountings  are  alike  in  front  and  rear. 
At  the  front,  the  two  casings  are  connected  to  the  steering  gear.  At  the  r«ar, 
the  casings  are  secured  in  a  fixed  relation  to  the  axle,  the  rear  wheels  being 
rigidly  mounted. 

Fig.  18  shows  motor  and  casing  ready  to  assemble  in  the  axle.  The 
pinion  which  projects  through  the  case  meshes  with  the  internal  gear  bolted 
to  the  wheel.  The  outwardly  projecting  flange  extends  over  the  outside 
of  the  wheel  gear,  forming  a  grease-tight  joint.  A  heavy  *' D"  washer  and 
crown  nut  hold  the  wheel  on  the  axle  and  provide  for  adjustment  of  bearing. 
The  internal  gear  is -cut  from  forged  steel,  and  is  fastened  to  the  hub  casting. 

44.  TTMiimlMton  louai  and  eflleianer.  In  the  ease  of  traok  iciif 
tanoes  ranging  from  2S  lb.  to-60  lb.  per  ton,  and  transmission  losses  of  3  lb. 
per  ton  (Par.  II),  any  possible  improvements  over  the  present  trans- 
mission efficiency  of  approximately  8d  per  cent,  are  relatively  insignifieant, 
in  regard  both  to  increased  performance  and  decreased  operating  cost. 
For  example:  a  vehicle  having  a  truck  resistance  of  25  lb.  per  ton,  and 
capable  of  50  miles  on  one  battery  charge,  would  show  an  increased 
mileage  of  only  0.7  per  cent,  were  the  transmission  effideney  inereaaed 
from  85  per  cent,  to  90  per  cent. 
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4ft.  DMlffn.  In.  order  to  meet  the  requirements  of  automobile  monu- 
facturers-  vehicle  motors  are  made  in  a  number  of  different  sisest  each  of 
which  can  be  supplied  in  several  electrical  ratings.  The  features  of  desira 
follow  closely  after  railway  motor  practice,  since  the  conditions  of  vehicle 
service  are  very  severe.  Special  attention  is  given  to  commutation,  insula- 
tion, efficiency  and  reliability.  Theae  motors  are  all  of  the  seriea-wound 
type. 

46.  Special  torque  eharacterUtlc.  It  is  of  paramount  importance  that 
the  storage  battery  should  be  protected,  and  all  motors  are  designed  with 
this  object  in  view.  The  current- torque  curve  has  the  property  that  doub- 
ling the  current  will  approximately  quadruple  the  torque,  with  reference  to 
any  given  point  on  the  curve. 

During'  starting  and  acceleration  an  electric  vehicle  requires  about 
five  times  the  normal  running  torque.  Again,  the  average  mazimuni 
grade  encountered  in  cities  is  about  7.6  per  cent.,  to  climb  which  also  requires 
about  five  times  normal  torque. 

4T.  General  motor  obaraoterlstlcs.  The  characteristio  curves  of 
torque,  speed,  current  and  output,  for  vehicle  motors,  are  shown  in  Fig. 
19  and  Fig.  20,  being  representative  of  the  products  of  two  leading 
manufacturers. 

48.  Performance  ipeolfloatlon.  The  manufacturer  (B)  of  the  motor 
whose  characteristics  are  shown  in  Fig.  20  gives  the  following  performance 
specification: 

Rating:  The  normal  full-load  rating  of  each  motor  is  based  on  the 
specified  voltage  and  amperes.  Where  scries  field  coils  are  arranged  for 
series  and  parallel  connection,  the  rating  is  given  with  field  coils  connected 
in  parallel. 

Speed:  The  rated  speed  is  based  upon  the  speed  of  the  motor  at  the  end 
of  the  specified  full-load  temperature  run.  Speeds  of  individual  motors 
may  vary  5  per  cent,  above 
or  below  the  speed  shown 
on  the  specified  curve.  Ap- 
proximate speeds  for  loads 
other  than  full  or  rated 
load  are  also  shown  on  the 
specified  curve. 

Kfflciencj:  The  effi- 
ciencies shown  on  the  spe- 
cified curve  are  to  be  cal- 
culated from  I^R  losses  in 
the  armature  and  field 
windings,  based  on  the 
measured  resistance  of 
these  windings  at  a  tem- 
perature of  50  deg.  cent, 
and  the  measured  core-loss 
and  friction -losses,  includ- 
ing brush  and  bearing  fric- 
tion and  windage.  These 
losses  are  to  be  determined 
separately  for  each  load  at 
which  emciency  is  desired. 
The  efficiencies  shown  on 
the  specified  curve  are  ap- 
proximate and  represent 
the  average  of  the  manu- 
factured product. 

Commutation:  E^cb 
motor  will  operate  at  rated  full  load  with  no  sparking  or  burning  of  the 
brushes,  and  without  blackening  of  the  commutator.  It  will  commutate 
any  load  encountered  in  normal  operation  without  injurious  sparking. 

Temjwrature:  After  a  continuous  run  (for  four  hours)  at  the  specified 
voltage  and  current,  no  part  of  the  windings  will  exceed  a  temperature  of 
50  deg.  cent,  above  the  surrounding  air.  Test  to  be  made  on  stand  with 
motor  covers  removed.  Temperatures  are  to  be  measured  by  thermometer 
and  rises  specified  are  based  on  a  room  temperature  of  25  deg.  cent.     For 
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room  temperatuies  other  than  2S  deg.  oaot.,  ootnotioDs  shoaM  be  i&ad* 
according  to  the  Stsndardixation  Rules  of  the  A.  I.  £.  E. 

iS.  The  eommereial  rating  of  vehlele  moton  are  based  upon  the 
CKjint  of  maximum  efficiency,  as  shown  in  efficiency  curves  in  Fig.  19  and 
Fig.  20.  The  standard  sites,  weights,  and  si>eeds  for  motors  of  make  (A) 
are  given  in  Par.  51,  showing  motor  ratings,  speeds,  and  weights. 

80.  Choloa  of  number  of  moton.  Apiilications  of  one,  two,  or  four 
motors  are  dependent  upon  the  type  of  transmission  employed.  The  liiurle- 
motor  application  is  generally  favored  because  of  ita  high  efficiency,  hght 
weight  and  simplicity  of  control.  The  two-motor  application  shows 
slightly  better  performance  when  the  stops  per  mile  are  frequent,  due  to  the 
elimination  of  running  resistance  in  the  first  notches  of  the  controller,  but 
it  is  doubtful  whether  this  advantage  offsets  the  extra  weight  and  care 
necessitated  by  the  additional  motor. 

The  four-motor  four-wheel  drive  is  peculiarly  adapted  to  vehicles  of 
large  capacity,  and  for  operating  where  a  heavy  tractive  effort  is  eascnti^ 
such  as  nauling  trailers,  or  under  poor  road  conmtions. 

St.  Table  of  Oommerelal  Kattnge 

(Make  A) 
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CONTKOLUBB& 

tl.  BeUablUtj  in  a  controller  is  scarcely  less  important  than  the  same 
Tirtue  in  a  motor,  and  each  should  be  selected  with  reference  to  the  other 
and  the  nature  of  the  service  to  which  the  vehicle  will  be  applied. 

•S,  Seriei  resistanoe.  In  adapting  the  motor  characteristics  to  Un 
BtMci&c  performance  of  a  vehicle,  it  is  necessary  that  during  the  startinc 
or  accelerating  period  the  resulting  current  not  only  shall  be  reduced  to  the 
safe  oommutating  capacity  of  the  motor,  but  also  to  a  value  which  will  not 
produce  an  abnormal  voltage  drop  in  tne  battery  nor  increase  the  initial 
torque  beyond  a  point  required  to  start  the  vehicle  without  slipping  the 
wheels.  This  Is  usually  accomplished  by  introducing  an  external  r^stance 
when  operating  on  the  starting  or  accelerating  points  of  the  controller  (see 
Fig.  21);  this  resistance  is  cut  out  in  successive  steps  as  the  controller  handle 
is  advanced  to  the  fuU-«peed  position. 

M.  Starting  and  nmnin^  points.  The  relationships  among  speed, 
torque  and  current  of  a  series  motor  are  shown  in  Fig.  21  and  Pig.  22. 

TTpical  method  of  control.  The  usual  method  of  controlling  the 
torque  and  speed  of  the  motor  is  shown  in  the  wiring  develoiynent  on  Fig. 
21,  the  successive  steps  of  acceleration  being  controlled  as  indicated  for  points 
1,  2,  3  and  4.  for  forward  movement  of  controller;  thus. 

Point  1:     ReBiatancc  in  circuit  to  control  torque. 

Point  2:  Resistance  out  out;  torque  thereby  increased  Uirough  increased 
current  flow. 

Point  3:  Torque  increased  through  increased  armature  flow  (shunted 
fields). 

^  Point  4:     Speed  increased  by  paralleling  fields,  and  cutting  out  all  re- 
sistance. 
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••.  IcOBOmloal  runnlnc  point*.  Binoe  it  \b  apparent  that  the  control- 
tins  factor  in  starting  and  acoeleratins  Ib  the  torque,  while  for  running  the 
oontrolling  factor  is  the  speed,  combined  with  torque  for  hiU  cUmbing, 
it  virould  appear  that  the  economical  operating  poiijts  on  the  controller 
are  as  follows:  point  1  and  point  2  for  starting  and  acceleration;  point  4 
for  running  on  level;  point  3  for  running  on  hills. 

In  pleasure  vehicles  the  speed  and  the  torque  are  similarly  controlled, 
except  that  the  manipulation  of  the  fields,  armature,  and  external  resistance 
is  planned  to  produce  a  smoother  operation,  which  is  required  when  personal 
oomfort  is  a  factor  (see  wiring  deTelopment  in  Fig.  22). 


Fia.  21. — Controller  connections  and  wiring  development  for  commercial 
vehicles.     (General  Vehicle  Company.) 


§6.  8lngl*-motor  control  is  effected,  in  the  standard  arrangement, 
by  means  of  series-parallel  commutation  of  the  field  coils  and  the  use  of  series 
resistance  for  starting  and  intermediate  steps.  At  starting  the  fields  are  all 
in  series,  with  all  resistance  in  circuit. 

97.  Two-motor  control  is  usually  effected  by  series-parallel  com- 
mutation of  the  motors,  with  series  resistance  for  starting  and  intermediate 
steps.     At  starting  the  motors  are  in  series,  with  all  resistance  in  circuit. 

•8.  The  continnout-torque  principle  in  two-motor  control  is  an  ad- 
vantageous feature,  because  it  insures  smooth  acceleration  in  changing  from 
scries  to  parallel  connection  of  motors.  The  .same  principle  is  equally 
advantageous  in  single-motor  control  in  passing  from  series  to  parallel 
connection  of  field  coils  (Fig.  21).  Otherwise  there  is  a  sudden  orop  In 
torque,  or  jerk  in  acoeleration,  in  making  these  changes. 
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n.  ControUen  for  pauanger  vehiolsi  oiutomarily  have  a  luge  nuinber 
of  points,  relatively,  in  order  to  permit  slow  operation  in  cities  where  the 
tramo  is  congested,  and  higher  speed  over  park  and  country  roads. 
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Fio.  22. — Typical    controller    connections    and    wiring    development    for 
passenger  vehicles. 

60.  ControUert  tor  commercial  trucks  do  not  aa  a  rule  require  as  many 

gradations  of  speed  as  passenger  or  pleasure  vehicles,  and  therefore  have 
sufficient  points  only  to  safeguard  the  chain  or  gearing  of  the  transmission. 
•1.  Typical  controller  connectiozu  are  shown  in  Fig.  21  and  Fig.  22, 
for  two  different  systems  pf  control.  Fig.  21  represents  a  single-motor  truck 
equipment,  and  Fig.  22  a  single-motor  passenger  or  pleasure   equipment. 

BATTXBIK8 

63.  Btorafe  battery  characteriatict  are  covered  as  a  whole  in  Sec.  20.  in- 
eluding  batteries  for  vehicle  service.  The  following  brief  instructions  relate 
exclusively  to  storage  batteries  in  vehicle  service,  of  the  lead-lead  or  the 
nickel-iron  types,  and  are  intended  merely  to  supplement  the  treatment 
given  in  See.  20. 

63.  Battery  diicharge  In  commercial  vehicle  lerrice  takes  place  in 
practically  all  cases  at  varying  rates,  and  is  accompanied  by  periods  of  rest. 
The  total  elapsed  time  of  discharge  is  ordinarily  S  hrs.  or  more.  The 
reduction  in  capacity  due  to  high  discharge  rates  largely  disapp>cars  when  the 
high  rates  are  merely  intermittent.  Therefore  the  normal  discharge  rate 
will  be  available  for  the  full  period  specified  by  the  manufacturers,  provided 
the  total  elapsed  time  during  which  discharge  occurs  is  not  in  ex<»B8  of  the 
period  prescribed. 
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M.  Intarmadiata  or  "booitlnc"  ch»rcM.  Should  it  be  desired  to  take 
mdvantago  of  any  idle  time  of  the  vehicle  for  boosting  charges,  the  rate  for 
such  charges  may  be  determined  by  the  folloving  formulas: 

(a)  Bate  for  load  battariM:* 

P  .         ampere-hours  discharged  from  battery  (I) 

l  +  (time  in  hours  available  for  booeting) 

Nora.     See  temperature  limitations  in  Section  20. 

Niiiet:if  per  cent,  of  any  total  number  of  ampeie-houra  which  may  be 
charged  into  the  battery  in  this  manner  can  be  added  to  the  rated  ampere- 
hour  capacity  to  obtain  the  available  ampere-hours  during  operation. 
For  example:  a  battery  of  150  amp-hr.  rated  capacity,  if  totally  discharged, 
may  be  boosted  for  1  hr.  at  75  amp.,  or  To  amp-hr.  returned;  90  per 
cent,  of  this  added  to  the  original  capacity  would  give  217  amp-hr.  as  the 
total  capacity  during  operation. 

(b)  Bats  for  alkdlna  battoriei: 

For   5  minutes  at  5  times  normal  rate 
For  15  minutes  at  4  times  normal  rate  «. 

For  30  minutes  at  3  times  normal  rate  ^  ' 

For  60  minutes  at  2  times  normal  rate 

U.  Proeaution*  to   b«   obaarrod  in  appljlnc  booitiiic  cbarcrn. 

The  charging  rates  given  in  Par.  M  for  alkaline  catteries  may  be  used  under 
average  conditions.  However,  the  rate  must  not  be  such  as  to  cause  ezoes- 
^ve  heating,  and  its  determination  should  be  governed  in  each  case  by 
experience.  Frothing  is  an  indication  that  the  charging  has  been  carried  too 
far  (if  the  solution  is  at  the  proper  height),  and  the  boosting  should  be 
discontinued. 

M.  BattOT  ronawaU  in  Tahlola  larrioo  must  be  reckoned  as  much  a 
part  of  the  necessary  operating  expense  as  renewals  of  tires,  bearings,  chains 
or  any  other  part  of  the  equipment.  The  interval  between  periodic  renewals 
is  not  at  all  a  measure  of  the  general  efficiency  of  the  battery,  because  the 
service  in  one  case  may  be  much  more  severe  than  in  another,  Koonomy 
and  efficiency  of  vehicle  operation,  expressed  in  terms  of  dollars  and  cents, 
should  govern  the  choice  oi  a  battery,  aBsuming  always  that  it  is  sufficiently 
Stsndaraited  so  that  renewal  parts  can  be  obtained  as  desired. 

IN8TBUMBNTB 

(T.  Ammeton  are  covered,  as  a  whole,  in  Sec.  3.  This  instrument  is 
being  largely  displaced  by  the  ampere-hour  meter,  for  the  reason  that,  while 
indicating  the  discharge  flow  from  the  battery,  the  information  is  of  little 
value  in  operating.  The  switchboard  meters  at  the  garage  are  sufficient  for 
determining  the  current-flow  on  charge. 

68.  Voltmetori  are  covered,  as  a  whole,  in  Sec.  3.  The  ampere-hour 
meter  has  also  displaced  the  voltmeter,  as  well  as  the  ammeter,  for  the 
reason  that  the  voltmeter  does  not  indicate  the  condition  of  discharge  of  the 
battery  (while  running  the  vehicle)  without  the  aid  of  a  somewhat  confus- 
ing mental  calculation.  The  switchboard  voltmeter,  of  course,  is  essential 
for  determining  the  battery  voltage  while  charging.  Low-raadinc  port- 
able roltmatan  are  desirable  for  testing  the  oondition  of  the  individual 
cells  of  the  battery,  and  are  generally  used  in  public  garages  and  the  larger 
private  installations. 

M.  Ampara-honr  matar*  are  described,  as  a  whole,  in  Sec.  3.  This 
type  of  instrument  is  coming  into  general  use  in  electric  vehicles  because  it 
gives  visual  indication  of  the  condition  of  charge  of  the  battery,  both  while 
operating  the  vehicle  and  while  charging.  In  Fig.  23  is  shown  a  diagram^  of 
oonsections  for  the  ampere-hour  meter,  with  a  differential  shunt  which 
compensates  for  the  efficiency  losses  in  the  battery  by  retarding  the  reverse 
movement  of  the  meter  while  charging. 


•  Electric  Storage  Battery  Co.,  Phila.,  Pa. 
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Fio.    23. — Ampere-hour  meter  connections. 

TO.  StOp-ohVffS  derioes  are  usually  one  of  three  types,  vii.,  (1)  those 
operatiBs  in  connection  with  the  ampere-hour  meter,  (2)  time  switches 
operated  by  clock  mechanism,  (3)  underload  circuit-breakers.  In  the  first 
type  the  recording  hand  of  the  ampere-hour  metor  makes  contact  at  0» 
or  at  the  fuU-cbarge  point  of  the  battery,  and  closes  a  trip-coil  circuit  operating 
the  breaker.  In  employing  time  switches,  the  condition  of  the  charge  of  the 
battery  is  first  determined,  and  the  period  required  for  its  full  charge  cal- 
culated upon  the  basis  of  the  average  ampere  input;  the  clock  mechanism 
is  then  set  to  operate  a  trip-coil  breaker  at  the  proper  moment.  The  under- 
load circuit-breaker,  or  no-volta^c  release,  depends  for  its  operation  upon  t^ 
magnetic  field  strength  of  coils  in  the  battery-charging  circuit;  through  the 
rise  in  battery  voltage  and  consequent  decrease  in  current  flow,  the  magnetic 
field  gradually  weakens  to  a  point  insufficient  to  overcome  the  gravity  re- 
lease, or  spring  pull,  which  trips  the  breaker.  The  last-named  device  (3) 
is  not  generally  recommended,  because  accidental  interruptions  of  the  supply 
drcuit  would  operate  it,  possibly  before  the  battery  is  fully  charged. 

OAAAOE  BQUIPBCKHT 

Tl.  Dlr^t-eurrent  Bwitohboarda  for  private  garagMj  wherein  few 
ears  are  housed  and  where  service  of  suitable  voltage  is  readily  obtainable, 
coiMist  of  a  simple  charging  panel  for  mounting  switches,  measuring  instru- 
ments and  protective  devioee,  such  as  are  ordinarily  employed  in  general 
switchboard  construction  (see  Fig.  24  and  Fig.  26).  Hand  rheostat  regula- 
tion is  used  for  controlling  the  current  flow  to  the  battery. 

Tfl.  Direct-eurrent  iwitehboarda  for  public  garagei  and  large 
private  installations  housing  a  number  of  vehicles  are  natundly  more  elabo- 
rate than  those  described  in  the  last  preceding  paragraph,  because  of  the 
necessity  for  a  local  distribution  system  to  accommodate  a  number  of  ve- 
hicles which  may  be  on  charge  simultaneously.  Typical  switchboard 
arrangements  and  wiring  connections  are  shown  in  Figs.  2£  and  27. 
'  7S.  RheoitaU  for  battery  charging  are  specially  designed  to  meet 
the  various  conditions  required  by  the  number  and  type  of  oells  emidoyed 
in  the  battery  to  be  charged.  Only  by  using  the  proper  rheostat  for  a  given 
battery,  is  it  possible  to  start  the  charge  at  the  correct  rate  and  reduce  the 
current  in  suitable  steps  to  the  final  amount  required,  as  the  charging 
progresses.  The  table  given  in  Par.  74  shows  the  essential  data  on  battery 
charRing  rheostats  for  circuits  iv  to  115  volts  maximum,  for  both  lead  and 
alkaline  oells. 
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Fia.  24. — One-circuit  charginc  panel  and  diagnun  of  connecUona  for  amall 
garage,  direct-current  service.     (General  Electric  Company.) 


d 


CR,  charging  rheostat;  LB,  lamp  bracket: 
A,  ammeter:  Y,  voltmeter;  PR,  potential 
receptacle;  5,  d.p.  H  t.  lever  switch  with  fuses; 
ffP,  name  plate;  CH,  card  holder. 


Fia.  25. — Heavy  duty  charging  panels  for  public  garages,  direct-current 
2-wire  or  3-wirc  systems.     (General  Electric  Company.) 
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Fio.  26.— Two-circuit  charginx  panel 
garage,  direct-current  service. 


and  diagram  of  conncctiona  for  small 
(General  Electric  Company.) 


To  Batte  jr 

Q         Circuits 


Fio.  27. — Diagram  of  connectionn  for  public  garago  charging  panel,  direct- 
current  2-wire  and  3-wiro  syatems.  (General  Electric  Company.) 
AK,  combined  ammeter  and  voltmeter;  PR,  two-point  potential  recep- 
tacles; N!*,  mime  plate;  S,  singlo-pole  siDgle-throw  lever  switches  with  fuse 
blocks  and  enclosed  fuses;  Si,  single-pole  double-throw  lever  switches;  F, 
fuse  blocks;  PP^  two-point  potential  plug;  CR,  charging  rheostat. 

1480  D,.,„_,.,n,^,OOyiC 


BLBCTRIC  COUMSRCIAL  VBHICLBS      See,  17-74 


T4.  Table  of  Date  on  Battery  Oharslnc  BlMoateto  for  Ctrouita  up  te 
US  Tolte  Mi^nain 

(General  Electric  Company) 


Charging 

amperee 

Type  of  cell 

No.    of 
oelU 

No.  of 
steps 

Total 
ohms 

Start 

Finish 

15 

S 

Lead 

12-18 

16 

17 

20 

6 

Lead 

12-18 

IS 

17 

20 

6 

Lead 

20-28 

15 

13 

25 

8 

Lead 

20-28 

16 

9 

30 

10 

Lead 

30-30 

16 

4 

40 

10 

Lead 

30-36 

15 

4 

30 

10 

Lead 

37-40 

15 

2.6 

40 

10 

Lead 

37-40 

16 

2.6 

30 

10 

Lead 

41-44 

15 

1.6 

40 

10 

Lead 

41-44 

15 

1.6 

50 

12 

Lead 

41-44 

15 

1.28 

60 

15 

Lead 

41-44 

14 

1.0 

30 

30 

Edison  A-4 

20-40 

IS 

2.8 

30 

30 

Edison  A-4 

44-60 

IS 

1.7 

45 

45 

Edison  A-6 

20-40 

16 

2.0 

45 

45 

Edison  A-« 

44-60 

IS 

1.2 

60 

80 

Edison  A-8 

20-32 

14 

1.4 

60 

60 

Edison  A-8 

36-44 

14 

1.0 

60 

60 

Edison  A-8 

48-60 

14 

0.72 

75 

75 

Edison  A-10 

20-32 

10 

1.17 

75 

75 

Edison  A-10 

36-44 

10 

0.81 

75 

75 

Edison  A-10 

48-60 

10 

0.60 

90 

90 

Edison  A-12 

20-32 

10 

0.96 

90 

90 

Edison  A-12 

36-44 

10 

0.68 

90 

90 

Edison  A-12 

48-60 

10 

0.48 

71.  Bpeeial  rhaostete  for  iu«  in  eharcinc  alkaline  batterlaa.^  either 
at  normal  or  double  the  normal  rate,  have  been  designed  and  their  principal 
characteristics  are  given  in  the  table  in  Par.  Tt. 


TC.  Table  of  Date  on  Bpeeial  Battery  Oharglngr  Bliaoiteta  for  Kdiaon 
Cells,  at  If  ormal  or  Double  Normal  Bate 


1  Charginf 

Double 
rate 

5  amperes 

Normal 
rate 

30 
45 
60 
75 
90 

Type  of  cell 

Number 
of  cells 

Number 
of  steps 

14 
14 
10 
14 
14 

Total 
ohms 

Private 
garage 

Public 
garage 

00 

90 

120 

160 

180 

Edison  A-4 
Edison  A-6 
Edison  A-8 
Edison  A-10 
Edison  A-12 

60 
00 
60 
60 
60 

0.66 

0.34 

0.26 

0.236 

0.23 

180 

120 
180 

30 

30 
90 

Ed.    A-4-6- 
8-10-12 
Ed.  A-4- 6-8 
Ed.  A-10-12 

60 

60 
60 

14 

10 
14 

0.S66 

0.63 
0.23 

T7.  Oharginf  from  altemattnc-eurrent  source*  necessarily  involves  a 
conversion  from  alternating  to  direct  current.  Four  types  of  conversion 
apparatus  are  available,  according  to  the  needs  of  the  case,  as  follows;  (1) 
Synchronous  polyphase  converters,  requiring  two-phase  or  thre^phase 
supply,  are  not  available  in  standard  ratings  except  for  relatively  large 
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outputs  (Me  Sec.  9),  luitable  only  for  very  Urge  battery  instsUstiona.  (2) 
Motor-cenerator  seU,  f  or  either  aingle-phaae  or  polyphaae  supply,  are  avaiUble 
in  all  sisea  and  numproua  typoa,  at  almost  any  desired  voltace  (see  See.  7 
and  Sec.  8).       (3)  Single-phase  ayncbronous  converters,  in  small  ratings,  ar« 


i 


Fig.  28. — Diagram  of  connections  when  starting. 


manufactured  specially  for  battery-charging  work  (see  Par.  M).  (4)  Mer- 
cury arc  rectifiers  are  especially  adapted  to  battery  charging  and  ace  supplied 
in  standard  types  for  that  purpose  (see  Par.  n  and  also  Sec.  6). 

Tt.  Bynchronoui  polTPhaae  oonvartwi  (Sec.  9),  because  of  their  high 
efficiency,  are  desirable  in  tne  larger  installations,  but  require  more  intelligent 
care  in  operation  than  a  simple  motor-generator  set.  The  choice  between 
these  two  types  is  governed  not  only  by  tne  foregoing  consideration,  but  alao 
by  relative  reliability  and  the  comparative  annual  coats. 


^BattaiT 


Fio.  29. — Diagram  of  connections  when  running. 


n.  MotOr-C*ii*rihtor  latl  may  be  divided  into  two  olaases^those  with 
shunt  generator  windings  and  those  with  compound  windings.  The  former 
are  applicable  only  in  the  smaller  installations  where  the  charging  load  is 
substantiallv  constant.  The  second  (compound)  type  should  be  employed 
where  the  cnarging  load  is  subject  to  fluctuations,  as  in  the  larger  garagee. 

SO.  Bingla-phaae  converters,  designed  particularly  for  use  in  garages 
for  charging  individual  vehicle  batteries,  are  constructed  with  direct-current 
ratings  m>m  16  amp.  to  70  amp.,  as  shown  in  the  table  in  Par.  (1.     The  con- 


1482 


DigilizedbyV^iOOQle 


ELECTRIC  COMMERCIAL  VEHICLES     SeC.  17-81 


nectioiu  for  atarting,  as  a  ungle-phaae  commutator  motor,  are  shown  in  Fig. 
28:  the  normal  nmning  connectiona  are  shown  in  Fig.  29. 

Voltage  control  on  the  direct-current  side  is  effected  solely  by  changes  in 
the  value  of  the  alternating-current  voltage  impressed  on  the  aiip-rings. 
Taps  in  the  secondary  of  the  transformer  are  provided  for  different  numbers 
of  cells,  these  taps  being  tagged,  not  for  voltage,  but  arbitrarily,  as  S\,  Si,  etc. 
A  table  of  the  proper  connections  for  the  number  of  cells  under  charge  is 
provided  by  the  manufacturer. 

SI.  Tsbia  of  Standard  B»Unf  i  of  M-ejclt  Sing le-pbaM  Synchronoui 
Conrgrtan 

(Wagner  Electric  Mfg.  Co.) 


Normal 

charging 

capacity 

in  amperes 

Number  of 
cella  for 

which  taps 

are 
provided 

Possible  voltage 
variations  on  d.c.  aide 

Direct  ■ 

current 

fuse 

capacities 

Capacities 

in  h.p. 

as  motor 

Min. 

Max. 

16 
16 
25 
25 
25 

35 
35 
35 
50 
50 

60 
60 
70 

32-44 
46-52 
20-30 
32-36 

38-48 

18-26 
28-34 
36-42 
18-24 
26-30 

32-42 
44-50 
22-32 

67-  92 
97-109 
42-  63 
67-  75 
80-100 

38-  55 
59-  72 
76-  88 
38-  50 
64-  63 

67-  88 
92-105 
46-  67 

86-119 

124-140 

54-  81 

86-  97 

103-130 

49-  70 
76-  92 
97-113 
49-  65 
70-  81 

86-113 

119-135 

60-  86 

35 
35 
35 
35 
35 

45 
45 
45 

60 
60 

60 
66 
90 

1.5-1.75 
2.25 

1.^-1.78 
2.25 

2.5-3.00 

2.5-3.00 
2.5-3.00 
3.0-3.50 
2.5-3.00 
3.50 

3.5-5.00 
6.0-7.60 
3.5-7.00 

81.  Protootive  dsTicas  form  a  most  essential  portion  of  the  charging 
equipment.     These  consist  of  a  reverse-current  relay  (controlling  a  main 


Fig.  30. — Mercury  arc  rectifier — front,  rear  and  side  elevations. 
Electric  Company.) 


(General 
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circuit-breaker)  to  protect  the  generator  (or  converter)  and  battery  from 
poasibic  damage  resulting  from  intemiptiona  of  the  altemattDC-curreot  aup- 
ply,  and  a  maximum-voltage  relay  wnich  automatically  opens  all  circuite 
when  the  battery  voltage  has  reached  a  predetermined  value  indicating  full 
oharge. 

U.  HerouiT-aro  reetUlen  are  supplied  in  special  types  adapted  to 
storage-battery  charging.  The  general  appearance  of  the  equipment, 
iocluaing  the  reactance,  rectifier  tube,  panel,  switches  and  instruments,  is 
shown  in  Fig.  30  (see  also  Sec.  6).  These  rectifiers  are  applicable  to  sinsle- 
car  installations  where  the  current  values  required  do  not  eioeed  those  shown 
in  the  table  in  Par.  84. 

84.  Table  of   Oommeroial   Bat.ingi   of   Harouir-am   Baetillan    for 
Vehicle-battery    Charginc,     normal    hsquenoy    80    Cyolei 

(General  Electric  Company) 
Runabout  Type 


D-c. 
amp. 

30 
40 
SO 
30 
40 
SO 


30 
30 
SO 
50 


Range 
d-o.  volts 


30-  82 
30-118 
30-  82 
30-118 
30-  82 
30-118 
30-  82 
30-118 
30-  82 
30-118 
30-  82 
30-118 


80-120 
80-120 
80-120 
80-120 


A-o. 
volts 


110  ) 

220  ' 

110 

220 

110 

220 

110 

220 

110 

220 

110 

220 


Volt- 
meter 
scale 


120 
120 


120 


Am- 
meter 
scale 


40 

60 


60 


Cells 

lead 

battery 


15-32 
15-46 
1S-S2 
15-48 
15-32 
15-46 
15-32 
,15-46 
15-32 
15-46 
15-32 
15-46 


Cells 
Edison 
battery 


Commercial  Vehiole  Type 


220 
220 
220 
220 


40  160 

Nolnstr. 

60  ISO 

No  Instr. 


44 

44 
44 
44 


25-44  1 

25-60  * 

25-44 

25-60 

25-44 

25-60 

25-44 

25-60 

25-44 

25-60 

25-44 

25-60 


60 
60 
60 


App. 

ship, 
wt. 


570 
620 
670 
550 
600 
650 


575 
MS 

640 
630 


OOMPAKATIVX  PXBTOUIAHCB  ARD  XOONOHT 

81.  The  economy  of  the  elaetrlo  vehicle  as  compared  with  gasoline 
and  horse  vehicles  operating  under  similar  conditions  is  graphically  snown  in 
Fig.  31,  plotted  from  data  obtained  through  investigations  made  by  Professor 
Pender*  of  the  Massachusetts  Institute  of  Technology.  It  must  be  clearly 
understood  that  the  comparison  applies  only  when  motor  vehicles  are  con- 
sidered  for  application  within  the  practicable  field  of  operation  of  the  electric 
machine.  The  data  from  which  the  curves  in  Fig.  31  were  plotted  were 
drawn  from  the  tabulation  in  Par.  89. 

U.  The  luparlor  performance  of  the  elaotrio  vehiole  within  its  own 
field  of  application  is  accounted  for  by  its  inherent  characteristics  of  rapid 
acceleration  and  retardation.  Although  the  electric  vehicle  is  geared  to  a 
lower  maximum  speed  than  the  gasoline  machine,  its  characteristics  permit  it 
to  maintain  a  higher  average  speed  where  the  stops  per  mile  are  frequent 
(Par.  88). 

87.  Cost  of  energy.  Improvements  in  the  design  and  operation  of  elec- 
tric vehicles  within  tne  past  few  years  have  been  so  numerous  that,  with 
electric  energy  at  3  cents  per  kilowatt-hour,  the  amount  of  energ>'  expended 
by  the  storage  battery  in  propelling  a  well-designed  electric  vehicle  of  five 


*  Pender,  H.     "  Notes  on  the  Cost  of  Motor  Trucking," 
Association  of  America;  1913. 


Electric  Vehicle 
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tons*  capacity  constitutes  less  than  10  per  cent,  of  the  entire  oncratins 
coat  of  toe  machine.  Under  these  conditions,  the  path  of  future  develop- 
ment lies  not  so  much  in  the  direotion  of  increased  efficiency,  from  the  view- 
point of  energy  consumption*  as  through  a  better  coordination  of  the  parts 
employed. 
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Flo.  31. — Curves  of  comparative  cost  per  mile  in  delivery  service  by  electric 
gasoline,  and  horse  equipment. 

M.  Table  thowliic  Comparative  Performance  of  Bactrlo  and  OaaoUne, 

Vehlelei  Operating  within  the  Kleotrie  Zona 
Condltiona  of  teit  Blectrie  OaaoUne 

Total  weights  (gross) 5,230  lb.  2,840  lb. 

Diameter  of  wheels 34  in.  36  in. 

Bated  speed  (m.p.h.) 10  to  12  15  to  18 

No.  of  sto^  per  mile 9.47  9.47 

Power  equipment Exide  storage  battery     Boriiontal    single-e^I- 

and  GE-1,026  motor,  inder  gasoline  engine 
85  v.  28  amp.,  1,200  41  in.  bore,  6  in.  stroke, 
r.p.m.  rating.  rated  lOto  12  li.p.* 


Tett  Ho.  1  (duration  of  stops,  2  min.  each) : 

Too-miles  per  hour 25. 18 

Speed  (m.p.b.): 

Level  running 10.76 

Up-grade 7.08 

Down-grade 11.12 

Average  speed 9 .  65 

Teft  No.  1  (duration  of  stops,  1  min.  each): 

Ton-miles  per  hour 26. 13 

Speed  (m.p.h.): 

Level  running 11.40 

Up-grade 6.90 

Down-grade 11.80 

Average  speed 10.03 

General  average  speed 9 .  84 


'  Engine  was  running  continuously  throughout  tests, 
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M.  ComparattT*  Coit  litlmat*  for  DallTwr  ■•nle* ;  Botm,  a»*o- 
Ilna  uid  Uectrie  VcUcIm. 
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to.  BCatnten&nca  costa.  In  an  extended  investigation  of  the  operating 
costs  of  gasoline  and  electric  mactiines  in  several  similar  lines  of  business,  the 
data  collected  showed  that  for  the  electric  vehicle  the  average  cost  per  car- 
mile  for  maintenance  increased  only  13.3  per  cent,  over  a  period  of  4  years, 
while  that  of  the  gasoline  car  increased  353  per  cent,  in  the  same  time;  and, 
further,  at  the  end  of  the  4-year  period  the  maintenance  cost  for  the  electric 
vehicle  was  less  than  60  per  cent,  of  that  of  the  gasoline  machine  (Par.  91). 

•1.  Tabl«  Bhowlnff  Comparative  lfaint«nanoe  OoiU  p«r  Oar-mlU 
for  Klectrlc  and  OasoUne  Vahldei 


Number  of 
machines 
reported 

Average  maintenance 

cost  per  car-mile  after 

7  months'  operation 

Average  maintenance 
cost  per  car-mile  after 
48  months'  operation 

Gasoline. . , . 
Electric 

54 
60 

4 . 0  cents 
7.5  cents 

18.5  cents 
,    8.5  cents 

These  figures  were  obtained  from  the  records  of  the  operators  themselves 
and  include  all  items  chargeable  to  the  replacement  of  mechanical  parts, 
storage  batteries  and  tires, 

M.  The  greater  economy  of  the  electric  vehicle  is  accounted  for  by 
the  absence  of  a  multiplicity  of  wearing  parts,  and  the  lower  operating  speed 
of  the  machine  itself.  To  compete  successfully;  with  horses,  a  power  truck 
is  not  required  to  run  at  touring  car  speeds.  The  average  speed  of  a  3-toii 
horse-drawn  truck  is  about  2.5  miles  per  hour,  and  the  average  mileage  not 
over  12  miles  to  15  miles  per  day.  Therefore,  a  3-ton  motor  truck  operating 
at  7.5  miles  per  hour  will  not  only  compete  very  succeMfully  with  a  horse- 
drawn  vehicle,  but  its  maintenance  cost  will  be  low. 
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Fia.  32. — Graphs  showing  vertical  lift  of  axle  caused  by  different  shaped 
obstacles. 

M.  Th«  reUtlon  of  ipeed  to  malntoiuuiea  eogta.    As  the  speed  of  a 

vehicle  progressively  increases,  the  force  of  impact  on  tirea,  wheels,  axles 
and  springs  caused  by  rough  road  surface  also  increases,  and  very  rapidly. 
This  effect  is  very  well  shown  in  Fig.  32  and  Fig.  33,  plotted  from  results  of 
tests  made  by  Welles  and  Michelin.*     It  is  obvious  from  these  results  that 

*  Report  of  Standardisation  Committee,  Electric  Vehicle  Association  of 
America,  October  7,  1912. 
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the  eo«t  of  vehicle  maintenance  will  increase  aa  the  average  Bcrvioe  speed 
iDereases,  because  of  the  greater  ahoclu  and  streaees  to  which  the  entire 
vehicle  is  Bubjeoted. 


Telocity,  XL  Hllee  per  Hour 


\ 


Fio. 


20  24  28  S2  86 

Diameter  of  Wheels  1a  Inches 

A:  Ft-lb.  Impact  at  1000  tb.  per  Wheel  Lift  of  3  in. 
B:  Ftnlb.  Impact  at  1000  tb.  per  Wheel  Lift  of  2  in. 
C:  Ft-lb.  Impact  at  1000  Tb.  per  Wheel  Lift  of  1  in. 

33. — Curve  showing  foot-pounds  impact  for  different  wheel  diameter 
and  axle  lifts. 


•4.  Th«  Mloction  of  the  best  type  of  vehicle  adapted  to  a  specific 
service  is  governed  by  the  individual  charactcriBtics  of  the  service  under 
consideration.  The  factors  affecting  the  number,  size,  and  operation  of  the 
machinea  required  arc: 

(1)  The  total  work  performance  expressed  in  units  of  delivery,  namely, 
in  "toiM,"  "ton  miles,  '  "packages,"  "barrels,"  or  whatever  the  nature  of 
the  merchandise  dictates. 

(2)  The  weight  of  these  units. 

(3)  The  relation  of  the  time  required  for  loading*  unloading,  traveling  and 
delays,  to  the  total  time  available. 

(4)  The  avcrago  speed  of  travel  permissible.  (This  is  affected  by  traffic, 
road  surface  conditions  and  grades.) 

(5)  The  mileage  requirements. 

(6)  For  electric  vehtcleB,  the  energy  consumption  in  Idlowatt-hours. 

(7)  The  frequency  of  stops. 

(8)  The  cost  of  the  service  as  compared  with  other  means  of  accomplish- 
ment. 

M.  The  number  of  ▼eblclet  required  for  %  civen  serrloe  in  light 
delivery  work  may  be  calculated  by  the  use  of  the  following  formula: 


M  ' 


N 


(3) 


where  P»  number  of  packages:  T*"*  average  delivery  time  in  minutes  per 
package,  including  running  time  of  vehicle;  Af  — available  time  in  minutes 
in  delivery  sone;  iV  — number  of  machines. 

9t.  For  heftvy  trucUnir  service  the  number  of  Tehicles  required 
may  be  expressed  as 


ton-miles_+  (tons  X  empty  miles) 

(average  \        /average' 
speed    I  X  I     load 
(m.p.h.)/       \  (tons)  / 


\         /  available  \ 

I  X  I  run'g  time  J 

\    (hours)    / 


9  number  of  machines      (4) 


•T.  The  numerical  Tslues  of  these  psrform&nce  faeton  are  deter- 
mined only  through  observation,  and  differ  not  only  with  each  installation 
but  with  the  type  of  voliiele  employed.  In  Fig.  34  are  shown  the  relative 
values  of  the  time  elements  in  horse  vehicle  operation  as  observed  by  Pro- 
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feMor  Pender,*  and  in  commercial  electric  vehicle  applications  in  similar 
service  as  observed  by  the  author.  It  is  noticeable  that  the  relative  time 
Taluea  for  loading  and  unloading  do  not  vary  in  proportion  to  the  amount  of 
merchandise  handled.  This  is  accredited  to  the  tendency  of  the  machine  to 
"speed  up"  the  men. 


Percentaffe  of  Workijiff  Day 
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Fio.  34. — Analysis  of  daily  performance  of  horse-drawn  and  slectrio  vehicles. 
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ELECTRIC  SHIP  PROPULSION 

SHIP  KS8I8TAKCI 

1.  (General  law  of  ship  rotlatanca.  The  frictional  reaistanoe  of  any 
well-designed  ship  U  roughly  proportiooal  to  the  square  of  the  speed.  Con- 
sequently at  hall  speed  the  frictional  resistance  will  be  only  one-quarter 
d  the  frictional  resistance  at  full  speed.  Since  the  power  required  to  propd 
a  ship  is  proportional  to  the  product  of  the  frictional  reaistanoe  and  the  speed, 
it  follows  that  the  power  delivered  from  the  propeller  is  proportional  to  the 
eube  of  the  speed.  Thus  at  half  speed  the  output  from  ttie  pr(^;>eUer  ia 
only  one-eighUi  of  the  output  at  full  speed.  This  relation  is  not  exact  but  is 
nevertheless  widely  employed  for  approximate  calculations.  For  larKS. 
high-speed  vessels,  such,^  for  instanoe^  as  the  "  Mauretania"  and  the  "Luai- 
tania,  the  power  required  for  driving  the  ship  increases,  at  high  speeds, 
even  more  rat>idly  than  as  the  cube  of  the  speed,  as  the  result  of  decreasing 
propeller  efficiency.  For  ships  operated  at  widely  varying  speeds,  it  has 
thus  been  a  consideration  of  much  importance  that  the  economy  of  the 
engine  should  be  fairly  high  over  a  wide  range  not  only  of  loads  but  en  speeds. 

S.  Pimdamental  data  on  ihip  reiiftanoe.  By  analysis  of  the  pub- 
lished data  of  a  large  number  of  modem  ships  of  a  wide  variety  of  speeds. 
displacementa  and  tyi>e8,  the  results  in  the  following  table  have  been  ob- 
tuned  for  the  frictional  resistance  reduced  to  the  common  reference  basis 
of  a  speed  of  20  knots  (1  knot  is  a  speed  of  1  nautical  mile  per  hour.*  One 
nautical  mile- 6,080  ft.-  1,850  meters). 

S,  Tablo  of  Approximate  Valuei  for  the  Frictional  Rarirtanoe  of 

Ships 


Diaplacement  in  (2,240-lb.)  tons 

Frictional  resistance  in  lb.  per  ton,  at  a 
reference  speed  of  20  knots 

JSOO 
1,000 
2,000 
4,000 
8,000 
16,000 
32,000 

42 
34 
26 
18 
13 
Q 
7 

It  will  be  seen  from  the  values  in  the  above  table  that,  for  a  siven  speed, 
the  frictional  resistance  per  ton  gradually  decreases  with  increasing  sise  of 
ship  and  attains  a  very  low  value  in  large  ships. 

4.  btimatlon  of  tha  thnut  hone-power  reqnirad.  The  power 
delivered  from  the  propeller,  ia  termed  the  thrust  horse-power.  Consider 
the  case  of  a  4,000-ton  ship  when  proceeding  at  a  speed  of  22  knots.  From 
the  table  in  Par.  8,  the  fnctional  resistance  at  a  speed  of  20  knots  is  mven 
as  18  lb.  per  ton.  For  a  speed  of  22  knots,  the  frictional  resistance  of  the 
■liip  will  be: 

4.000X  (~~)'xi8-87,400  lb. 

/^  .     ..                   ••        87.400X22X8,080     . -^ ..      ^, 
Output  from  propeller 60X33  000 "  thnart  l».p. 

Again,  for  a  24,000-ton  ship  proceeding  at  a  speed  of  14  knots: 

*  Although  tha  term  "knot"  is  a  unit  of  velocity,  as  strictly  defined,  it 
is  often  loosely  employed  as  unit  of  length,  or  the  equivalent  of  one  nautical 
mile  (see  Webster's  "International  Dictionary,"  1913). 
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Friotional  reautance  -  24,000  X  (^)  '  X  8  -  04,000  lb. 

^.     ».  <i        94,000X14X6,080     .  ^.  ..       ., 

Output  from  propeller-  — fl0X33  000 —  "^'O**  thru»t  li.p. 

Of  eourae  in  actual  service,  these  values  Will  vary  tremendously  with  wind, 
wave,  tide,  condition  of  stiip's  bottom,  disposition  of  cargo,  arrangement 
of  superstructure  and  other  varying  conditions.  Furthermore  the  values 
lEiven  correspond  with  normal  deaigna  of  average  vessels.  It  is  to  be  ob- 
served, however,  that  reasonable  extremes  in  tyipe  of  vessel  do  not  occasion 
great  departures  from  representative  values  of  the  frictional  resistance. 

S.  Ship  momentnm.  When  increasing  the  speed  of  a  ship,  power  must 
be  expended  in  order  to  provide  the  greater  momentum  associated  with  the 
higher  speed.  This  power  is  in  addiuon  to  that  required  to  overcome  fric- 
tion. Consider  the  acceleration  of  a  24,000-ton*  ship  from  rest  up  to  a  speed 
of  14  knots.    The  formula  for  B,  the  energy  of  momentum,  is: 

E~\—Y*  (1) 

a 
when:  IT— weight  in  pounds, 

0»  acceleration  of    gravity  in  feet  per  second  per  seeond 


(-32.2), 


and   r —speed  in  feet  per  second. 
In  our  example  we  have; 

n'-24,0OOX2,24O-53,80O,00O  lb. 
_     14X6080     „_.,.  . 

"     3Q00     ~  ^-^  "■  P*'  "««»»<'• 
S3800000X23.6' 
2  X  32  2 
-467,000,000  ft-lb. 


( 
( 


il  h.p.- 33,000  ft-lb.  per  minute, 
.p-hr.  -  33,000  X  60  -  1 ,980,000  f 


ft-lb.l 


■JS-^^-^^-^^- 


%,  Aec«l«rfttion.     If  the  acceleration  U  accomplished  in  8  nUn.  and  at 

the  uniform  rate  of  (»-.-=-»  "*  J  0.131  ft.  per  second  per  second,  then  th« 

\o  X  oO      / 
output  from  the  propeller  for  providing  this  acceleration  is: 
(60/3)  X  236 -4,720  thrust  h.p. 

We  have  already  seen  (Par.  4)  that,  at  a  speed  of  14  knotSf  an  output  of 
4,040  thrust  h.p.  is  required  for  overcoming  the  frictional  resistance.  Conse- 
quently when  accelerating  the  ship  from  rest  up  to  a  speed  of  14,  knots  in 
3  min.  the  output  from  the  propeUer  gradually  increases  from  4,720  thrust 
h.p..  at  the  moment  the  ship  starts,  up  to  4,720+4,040-8.760  thrust  h.p., 
at  the  completion  of  the  acceleration,  and  then  decreases  to  4,040  thrust  h.p., 
when  constant  speed  is  attidned. 

In  practice,  the  acceleration  is  not  at  a  uniform  rate  but  gradually 
decreases  as  the  ship  gathers  speed. 

T.  Sctardatlon.  It  is  interesting  to  consider  the  conditlona  attending 
an  emergency  reversal  when  the  ship  (Par.  6  )  is  proceeding  at  a  speed  ox 
14  knots.  In  order  to  bring  the  ship  to  rest  in  3  mm.  (neglecting  the  losses 
in  the  machinery  and  the  resistance  of  the  ship),  the  propellers  must, 
after  reversal,  impari  to  the  water  236  h.p-hr.  of  energy.  It  may  be  as- 
sumed that  30  sec.  is  occupied  in  brinipig  the  propellers  up  to  speed  in  the 
reverse  direction  and  that,  during  this  time,  the  ship  travels:  (30/8,000) 
X  14X6,080 -710  ft. 

For  the  remaining  2.6  min.  (150  sec.)  the  propellers  must  impart  to  the 
water  nearly  23A  h.p-hr.  (say  200  hjy-hr.)  of  energv.  The  average  output 
from  the  propellersis:  (60/2.6) X200-4,800  thrust  h.p.  If  the  retardation 
is  uniform,  the  average  speed  during  these  150  sec.  is:  23.6/2—11,8  ft. 
per  second  and  the  distance  traveraed  is :  1 50  X 1 1 .8  -  1 ,770  ft. ,  the  total  dis- 

*  Throttghottt  this  section  the  2.240-lb.  ton  will  be  employed. 
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tance  traversed  during  the  3  min.  oooupied  by  the  manoeuvre  u:  710+1,770 
«  2,480  ft. 

Sinoe'the  momentum  increaoee  aa  the  square  of  the  epeedt  and  since,  as 
will  be  seen  in  Par.  17,  the  effiniency  of  propellers  is  onl^  of  the  order  of  60 
per  oent.,  the  bringinK  to  rest  of  a  24,0(KV-ton  ship  in  3  min.  from  a  speed  of 
26  knots,  would  require  an  average  output  from  the  engines  to  the  shaft,  of 

the  order  of:   (||)*X~^X4,800-25,600  h.p. 

During  suoh  a  manoeuvre,  the  ship  would  cov&r  a  distance  of  over 
4.000  ft. 

Reciprocating  engines  are  very  eCFective  for  astern  manoBuvres.  but  aince 
steam  turbines  are  non*reversibIe  and  since  it  is  economically  impracticable 
to  provide  astern  turbines  with  any  such  capacity  as^  that  of  the  ahead 
turbines,  ships  equipped  with  steam  turbines  are  deficient  in  capacity  for 
prompt  astern  manceuvres.  The  seriousness  of  any  such  deficiency  is  too 
apparent  to  require  comment.     See  Par.  f . 

8.  Smergenoy  power  r«qu!rdm«nU.  Id  the  ordinary  course  of 
navigating  a  ship,  the  power  required  is^  from  time  to  time,  far  ia  exocae  of 
that  required  in  a  smooth  sea  to  maintau  constant  speed.  In  a  heavy  sea* 
the  ship  8  speed  is  repeatedly  and  abruptly  decreased  by  impact  with  waves. 
Under  such  ciroumatances  the  progress  of  the  ship  is  acoompanied  bv  a 
succession  of  cycles  which  impart  to  it  the  momentum  which  is  absorbea  by 
impact  with  the  waves.  Under  these  circumstances,  not  only  must  the  out- 
put of  the  engines  be  great  enough  to  overcome  the  increased  frictional 
resistance,  but  also  to  provide,  again  and  again,  the  energy  of  momentum 
corresponding  to  the  speed  of  the  ship.  The  power  equipment  of  a  ahip 
should  be  estimated  with  due  regard  to  whether  it  will  navigate  inland  water- 
ways or  whether  it  is  destined  for  ocean  transportation. 


••  BftoMng  testa  (retardation) ;  englneB  Tereui  tnrbinei.  In  a 
paper  by  Capt.  C.  W.  Dyson,  U.S.N,,  entitled  "Engineering  Progress  in  the 
United  States  Navy"  read  before  the  Society  of  Naval  Architects  and 


Marine  Engineers  at  New  York  on  Nov.  21  and  22,  1912  (see  page  184, 
Ths  EnffinetTj  for  Feb.  14,  1913),  the  author  states  that  in  backing  testa  of 
the  battleship  "Delaware,"  which  is  equipped  with  two  sets  of  triple- 
expansion  engines,  I  min.  and  52  sec.  were  required  to  bring  the  vessel  dead 
in  the  water  from  a  speed  (ahead)  of  21  knots:  and  that  in  similar  tests  on  the 
battleship  "Utah,"  which  is  equipped  with  Parsons  turbines,  4  min.  and  44 
•eo.  were  required  to  bring  the  vessel  dead  in  the  water  from  a  speed  (ahead) 
of  20  knots. 

On  pa^e  492  of  Engineerino  for  April  10,  1908,  in  a  description  of  tests  on 
the  turbine  ship  "Lusitania,  it  is  stated  that  with  the  vessel  proceeding  at 
a  n>eed  of  22.8  knots,  3  min.  and  55  sec.  were  required  from  the  instant  of  aig- 
nailing  **fuIl-speod  astern"  to  bring  the  ship  to  rest.  In  this  time,  she  had 
run  a  distance  of  three-quarters  of  a  mile.  These  figures  indicate  the  great 
inferiority  of  the  turbine  ships  "Utah"  and  "Lusitania**  wiUi  respect  to 
prompt  stojsping,  as  compared  with  the  "  Delaware, "  equipped  with  recip- 
rocating engines. 

10.  FormuLlaa  for  determining  the  power  required  for  propulsion. 
Naval  architects  and  marine  engineers  employ  to  good  purpose,  in  calculating 
the  power  required  for  ship  propulsion,  a  large  coUecUon  of  coefficients  and 
ratios  which  represent  the  results  of  accumulated  experience.  In  this 
limited  space  it  would  be  inexpedient  to  deal  categorically  with  edl  of  these 
coefficients  and  ratios. 

^  11.  Block  coefficient.  In  the  design  of  cargo  boats  a  leading  considera- 
tion relates  to  havini^  a  high  "block  coefficient,"  i.e.,  a  high  ratio  of  displace- 
ment (O),  to  the  weight  of  a  block-shaped  volume  of  water  whose  length, 
breadth  and  depth  are  equal  to  the  ship  a  length  (L),  beam  (B),  and  draught 
(//),  respectively.  The  block  coefficient"  of  fast  ocean  liners  and  of  war- 
ships, with  the  Unes  essential  to  speed,  is  only  of  the  order  of  0.6  to  0.7;  but 
for  cargo  boats  the  carrying  capacity  ia  of  such  importance  that  designs  with 
block  coefficients  of  0.8  and  higher  are  employed,  and  with  only  moderate 
increase  in  frictional  resistance  per  ton  oi  displacement.  Even  in  slow- 
speed  cargo  boats  the  length  must  be  maintained  in  fairly  high  proportion 
to  the  tonnage  capacity,  partly  in  order  to  maintain  the  frictional  resistance 
at  a  reaeonably  low  vtuue,  and  largely  in  order  that  the  ship  may  be  passed 

1494 


BLBCTRIC  SHIP  PROPULSION  Sec  18-12 

throueh  locka.  and  in  general  conform  to  the  requirementa  o(  such  serrioe. 
The  ''DMundrauffht"  ratio  {B/H),  and  the  "displacement  length"  Tfttio 
i>-l-(X«/100)*.  are  also  amongst  the  criteria  employed  in  thiB  oonneetion. 

11.  The  admiralty  formula.  Naval  desiflcnen  and  marine  engineers 
(especiully  in  Great  Britain),  have  made  oonsiderable  use  of  the  "admiralty 
formula,  and  although  it  dates  from  the  period  before  the  advent  of  the 
marine  steam  turbine,  it  is  still  widely  used.  The  "admiralty  formula" 
expresses  the  indicated  horse-power  (i.h.p),  in  terms  of  the  two-thirds  power 
of  the  displacement,  the  cube  of  the  speed,  and  a  factor.  C,  known  as  the 
"admlnutj  displaoement  ooeffldant."    The  formula  is: 

7)1  y  v' 
indicated  horse-power »       "^  (3) 


Other  formulsB  and  data  relating  to  ship  resistance,  and  to  the  power  re- 

Juired  for  propulsion,  are  given  in  Taylor's  "Speed  and  Power  oi   Ships;" 
obn  Wiley  &,  Sons,  New  York,  1910,  and  in  Chapters  II  and  IV  of  Hobart'a 
**Electric  Propulsion  of  Ships;"  D.  Van  Nostrand  Co.,  New  York,  1011. 

PROPXLLXS  CHARACTX&ISTIC8 

13.  Q#neral.  The  screw  propeller  was  first  employed  for  ship  propul- 
■ion  thousands  of  years  ago  by  tae  Chinese.  The  steam-driven  screw  pro- 
filer came  into  wide  use  during  the  last  half  of  the  nineteenth  century. 
The  first  quarter  of  the  twentieth  century  will  witness  the  extensive  adoption 
of  electrical  transmission  from  the  steam  engine  or  oil  engine  to  the  propeller. 
This  will  permit  various  advantages  which  will  be  set  forth  in  later  para^ 
graphs.  At  present  it  is  desired  to  dwell  on  the  very  important  advantage 
that  the  method  will  permit  greater  freedom  in  the  choice  of  propeller 
speed. 

14.  Propeller  thrust,  diameter  and  speed.  It  will  be  impossible  to 
touch  upon  more  than  the  mere  elements  of  the  cbaracteriatics  of  propeUen. 
In  Far.  4,  we  briefly  discussed  a  24,000-ton  ship  for  operation  at  a  speed  of 
14  knots.  At  this  speed  the  output  required  from  the  propeller  for  over^ 
coming  f  rictional  resistance  was  estimated  to  be  4,040  thrust  b.p. ;  now  assume 
that-  5,000  thrust  h.p.  will  be  provided.  At  a  speed  of  14  knots  the  corres- 
ponding thrust  will  be: 

5.000X33,000X60     ,,«n^,. 

It  is  usual  in  large  ships  to  design  the  propellers  for  a  preaiure  of  not  over 
It  lb.  per  square  inch  of  projected  eurfaee.  The  projected  surface  of 
a  propeller  is  the  component  of  the  area  of  the  blades  corresponding  to  a 
surface  normal  to  the  axis  of  the  shaft.  Therefore  the  projected  area 
should  be  116,000/12-0,700  sq.  in. 

The  surface  ratio  is  the  ratio  of  the  projected  area  to  the  area  of  a 
circle  whose  diameter  is  equal  to  that  of  the  tips  of  the  propellers 
blades.  We  niay  assume  that  we  shall  employ  a  design  having  a  surface 
ratio  of  0.35.  Consequently  in  the  present  instance  we  must  provide  a 
gross  area  of  0,700/(0.35X144)  1102  eg.  ft.  If  we  employ  a  tingle  pro- 
pellar,  its  diameter  should  be:  V'(4Xl02)/r*15.6  ft.  For  a  peripheral 
speed  of  6,000  ft.  per  minute  we  arrive  at  a  rotational  speed  of 
«,000/(15.6Xt)-122  r.p.m. 

For  the  alternative  of  employing  two  propellers^  and  again  assuming 
a  surface  ratio  of  0.36,  a  pressure  of  12  Ib.per  square  inch  of  projected  area 
and  a  peripheral  speed  of  6,000  ft.  per  minute,  we  arrive  at  a  diameter  of 
(0.707X  15.6 -.)  1 1.0  ft,  and  a  speedof  (1.414 X 122 - )  173  r.p.m. 

Many  other  considerations  enter  into  the  determination  of^  the  pref- 
erable design.  The  number  of  blades,  and  their  shape,  sise  and  pitch,  have 
a  far-reacbmg  influence  on  the  result,  as  have  also  the  peripheral  speed  and 
the  pressure  per  square  inch  of  projected  area.  The  determination  of  the 
most  favorable  disposition  of  the  propellers  with  reference  to  the  huUand  to 
one  another,  is  another  matter  of  much  importance.  The  range  of  practica- 
ble diameters  is  also  affected  by  the  sice  of  the  ship  and  by  its  lines.  If  the 
propellers  are  to  be  well  immersed  in  alt  weathers  the  pernuanble  diameter  is 
quite  limited  in  ships  with  shallow  draught. 
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It.  FroiMUtf  lUp.  No  rafareaoe  hat  yet  b«en  mftde  to  the  importaatt 
ooneideraUon  of  the  slip.  The  etip  of  the  propeller  u  expressed  as  the  per- 
centage by  which  tiie  speed  of  the  ship  is  less  than  Uie  speed  correspondioK  to 
the  pitoh  of  the  propeller.  Let  us  iUustnite  this  by  the  example  of  the  15.6-ft. 
propeller,  which,  when  driven  at  a  speed  of  122  r.p.m.  (Par.  14)  should 
propel  theshipat  aspeedof  14knots,  or  (14X6,080)/60-l,420  ft.  permin- 
uta.    At  each  revolution,  the  sh>p  must  travela  distance  of  1,420/122"  11.6  ft. 

Were  there  no  slip,  the  propeller  would  be  designed  with  a  pltcll  of  11.0 
ft. ;  in  other  words,  the  '^teh-ratio"  (the  ratio  of  the  pitch  to  tne  diameter), 
would  be  11.6/16.6  —  0.76.  The  relations  between  the  slip  and  the  other 
charaoteriaticB  of  a  propeller  are  highly  complex  and  a  knowledge  of  them  is 
one  of  the  assets  of  the  naval  designer,  ouch  knowledge  at  present  is  in 
process  of  evolution,  and  forecasts  of  the  performance  of  propellers,  as  well 
known,  are  likely  to  be  very  wide  of  the  mark.  Notwithstanding  the  elabo- 
rate and  expensive  tests  on  models,  which  often  precede  the  construction  ol 
an  important  ship,  great  modifications  in  the  propdler  equipment  are  often 
made  during  her  first  few  years  of  service.  Assuming  (for  explanatory 
purposes)  that  experience  has  indicated  that  the  slip  wxQ  be  15  pc^  cent,  in 
the  present  case,  it  is  seen  that  instead  of  a  pitch  of  11.6  ft.  (corresponding 
to  a  pitch-ratio  of  0.75),  the  propeller  must  be  designed  with  a  pitch  cv 

„^|«il3.6ft.,  corresponding  to  a  pitch-ratio  of  (13.6/15.6-)  0.87. 
U.So 

16.  Comproznlse  deiigii.  It  Is  hardly  necessary  to  dwell  further  upon 
the  large  number  of  factors  entering  into  tiie  design  of  propellers.  _  The  object 
in  view  is  to  arrive  at  an  economic  balance  between  good  efficienoy,  satia- 
factory  capacity  in  executing  all  manoeuvres  required  of  the  ship  and  con- 
formity with  the  re<}uireroentB  of  the  machinery  from  which  it  is  driven. 
It  was  possible  to  arrive  at  a  more  satisfactory  compromise  among  all  these 
requirements  when  reoiprocstiag  engines  were  customarily  employed, 
than  has  been  the  case  since  the  advent  of  the  steam  turbine.  This  is  for 
the  reason  that  the  efflotenoj  of  low-«peed  propellers  is  decidedly  higher  than 
that  of  high-speed  propellers.  In  the  case  of  shi^  of  any  considerable 
sise,  it  would  oe  utterly  out  of  the  question  to  design  good  propellei%  for 
speeds  remotely  approaching  the  high  speeds  of  effieient  ateam  turbines. 

IT.  Bwt  spead  of  propellers.  It  does  not  follow  that,  even  with  electric 
drive,  it  is  desirable  to  adopt  exceedingly  low  propeller-speeds.  On  the 
contrary^  when  due  consideration  is  given  to  the  efficiencies  of  (1)  propellers, 
(2)  electrical  machinery,  and  (3)  prime  movers,  agd  to  their  weights  and  costs, 
a  compromise  speed  will  usually  oe  arrived  at  wnich  involves  at  least  a  small 
amount  of  sacrifice  in  propeller  efficiency.  A  considerBtion  which  frequentiy 
jusUfies  the  fitting  of  propellers  of  smaller  diameters  and  higher  speeds  than 
are  consistent  with  maximum  efficiency,  relates  to  ensuring  as  complete  im- 
mersion as  possible  under  all  conditions  of  wind  and  weather  and  load,  in 
order  to  miumise  ''racing." 

Surprise  may  be  occasioned  by  the  statement  that  it  is  rare  to  realise 
Itfopeller  afBdandes  of  over  60  per  cent.,  and  that  for  representative 
mooern  ships  of  large  sise,  the  propeller  efficiency  is  usually  of  the  order  of 
only  50  per  cent,  for  turbine-driven  shij^s,  aa  against  some  55  per  cent,  for 
ships  equipped  with  reciprocating  engines.  Considering  the  greater  flexi- 
bility resulting  from  the  electric  drive,  and  Uie  gradually  increasing  knowl- 
edge of  propter  design,  it  would  appear  that  60  per  cent,  should  do  kept 
in  mind  as  a  reasonable  propeller  efficiency  for  ships  equipped  with  electric 
fteariDg,  and  that  an  improvement  up  to  some  65  per  cent,  should  be  realised 
m  favorable  cases  in  the  not-distant  future.  Allusions  to  propeller  effi- 
ciencies of  the  order  of  70  per  cent,  to  75  per  cent.,  which  are  found  in  treatises 
dealing  with  the  design  of  propellers,  must  be  relegated  to  the  cat^ory  of 
theoretical  abstractions  which  can  be  approached  in  tests  of  models,  but  which 
reouire  the  ruthless  application  of  large  allowances  in  order  to  arrive  at 
values  which  can  be  realised  in  actual  practice. 

In  a  paper  entitled  "A  Case  for  Electric  Propulsion**  read  in  June,  1913, 
before  the  Institution  of  Naval  Architects,  uie  authors,  Mr.  Henry  A. 
Mavor  and  Mr.  John  Reid,  stated: 

"  There  are  not  10  per  cent,  of  the  merchant  vessels  now  afloat  which  would 
not  be  most  efficiently  propelled  by  screws  derigned  to  turn  at  revolutious 
not  exceeding  80  pw  mmute. 
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18.  Ltmlta  of  prop^ar  sizs  and  power.  It  is  well  to  call  attention  to 
the  enormous  power  wUch  oan  be  delivered  by  a  single  propeller.  I  n  driving 
the  **  Mauretania"  at  26  knots,  an  average  speed  at  which  she  has  made 
complete  journeys  across  the  Atlantic,  the  total  thrust  horse-power  amounts 
to  fully  36,000  h.p.,  or  if  equally  distributed  among  the  four  propellers 
9,000  h.p.  per  propeller.  This  correeponds,  with  her  present  equipment  of 
four-bladea  screws,  to  an  output  of  2,250  h.p.  per  blade.  The  propeller  di- 
ameter is  16ft.,  corrranaiMQwtBa  gross  area  of  176  sq.ft.  The  output  may 
thus  be  reduced  t(udlfR0/l*/6>-.51  thrust  h.p.  per  square  foot  of  grofls  area. 
Taking  the  projecfln-area,  in  the  ease  of  the  Mauretania's  latest  propellers, 
as  probably  bMfjgnome  40  v^^fpjA.  of  the  gross  area  at  the  pitch  circle,  we 
have  also:  61^ 'M  —  ^27.  thrusv  h.p.  per  square  foot  of  projected  area.  No 
significance  it.««^j«  nffnnbiMl  fn  tneee  large  values,  as  they  result  from  the 
employment  of  propellers  of  a  speed  distinctly  too  high  to  be  compatible 
with  good  efficiency,  and  which  nave,  furthermore,  too  small  an  area  for 
effective  manosuvrink. 

The  turbines  of  the  British  battle  cruiser  "Tiger"  will  deliver  100,000 
shaft  h.p.  at  the  vessel's  maximum  speed  of  31  knots.    Her  four  high-speed 

Eropellen  will  hardly  have  an  efficiency  of  over  50  per  cent.,  giving  a  thrust 
orse-power  of  some  50,000  h.p.  or  12,500  h.p.  per  propeller. 

U.  Multlpl*  propellers.  In  the  early  sti«ea  of  the  development  of  the 
marine  steam  turbine,  enfl^neezs  failed  to  realize  that  its  natural  speed  was 
far  in  excess  of  speeds  consutent  with  good  propeller  characteristics.  Conse- 
quently vessels  were  equipped  with  propellers  of  such  small  diameters  as  to 
embody  merely  the  necessary  mechanical  strength  at  high  speeds,  and  the 
necessary  area  was  obtained  by  resorting  to  the  use  of  several  (multiple) 
small  propellers.  In  certain  instances  this  was  carried  to  the  extreme  of 
instalhng  more  than  one  propeller  on  a  single  shaft. 

In  1894  on  the  occasion  of  the  first  trial  of  the  historical  **Turbinia"  (of 
45  tons  displacement),  she  was  fitted  with  only  one  shaft  and  a  single  two- 
bladed  propeller  of  30  in.  diameter  and  27  in.  pitch.  As  thus  fitted,  the 
"Turbtnia  was  quite  inoperative  owing  to  intense  cavitation.  The  slip 
was  49  per  cent.  She  was  then  re-fitted  with  three  propellers  on  the  same  or 
single  snaf t;  these  propellers  were  spaced  from  each  other  by  three  diameters 
and  yielded  a  vessel  speed  of  20  knots,  the  propeller  slip  biuoi^  38  per  cent. 
In  1896  the  "Turbinia"  was  again  re-fitted,  three  turbines  bang  installed. 
Each  of  the  three  shafts  carried  three  18-in.  diameter  screws  with  a  pitch  of 
24  in.  Bhe  attained  a  speed  of  34  knots  with  a  turbine  speed  of  2,200  r.p.m. 
and  slips  of  17  per  cent,  on  the  middle  shaft  and  25  per  cent,  on  the  side  shafts. 
In  1903,  the  "  Turbinia,"  after  having  her  nta<  18-in.  propellers  replaced  by 
Ihret  propellers  of  28  in.  diameter  with  a  28-in.  pitch  (there  being  one  pro- 
peller on  each  shaft),  was  again  tested,  and  showed  about  the  same  economy 
up  to  a  speed  of  17  knots,  and  a  quite  considerable  increase  in  speed  for  a 
given  steam  consumption,  for  all  speeds  between  18  knots  and  28  knots. 
Further  particulars  of  the  "Turbima"  tests  may  be  found  in  a  paper  by 
Parsons,  read  before  the  Institution  of  Naval  Architects  on  June  26,  1903.* 

8TSTKM8  OF  PROPXLUR  DBZVK 

ID.  Bedproeatiiig  steam  engines.  There  are  three  leading  advan- 
tages possessed  by  the  reciprocating  engine  for  marine  propulsion.  These 
are: 

(a)  The  natural  speed  of  the  marine  type  of  reciprocating  steam  engine  is 
of  the  same  order  as  the  natural  (most  efficient)  speed  of  the  screw  propeller. 

(b)  The  reciprocating  steam  engine  may  be  designed  for  good  economy  over 
a  wide  range  of  speeds  and  loads,  and  for  best  economy  at  some  intermediate 
speed  and  load. 

(c)  The  reciprocating  steam  engine  may  readily^  be  reversed  and  may  exert 
great  power  during  astern  running.  It  is  susceptible  of  ready  control  at  all 
speeds  including  dead-slow "  speeds,  and  consequently  endows  the  ship 
with  excellent  manoeuvring  ability. 

The  case  for  the  reciprocating  ennne  for  marine  propnlsion,  with  special 
reference  to  the  requirements  of  the  United  States  Navy,  has  been  very  ably 
presented  by  Capt.  C.  W.  Dyson,  U.  S.  N.,  in  a  paper  entitled  "  Engineering 

*  Stevens  and  Hobart.  "Steam  Turbine  Engineering,"  Chap.  XXIII, 
Wbittaker  A  Co.,  London,  1906. 
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Progreaa  in  the  U.  8.  Navy"  and  read  before  the  Sodetsr  of  Naval  Architecte 
and  Marino  Ensineera  in  November^  1912*  (Par.  SI). 

The  disadvMitftCM  of  reciprocatiojg  steam  engines  relate  chiefly  to  their 
great  weight  and  bulk  as  oompared  with  modern  high-«peed  steam  turbiDea. 
This  disadvantage  is  serious  where  space  and  weight  nave  as  great  significance 
as  in  a  ship.  But  as  pointed  out  in  Par.  91,  Capt.  D;yson  has  not  found  any 
disadvantage  in  this  resfiect  in  certain  typical  warships^  when  reciprocaiins 
engines  are  compared  with  low-apeed  raarinff'IWMiJ^^urDines  for  direct  con- 
nection to  the  propeller  shafts.  The  initUt'^biit  olNsMfciprocating  engine 
is  relatively  great  when  compared  with  the  modem  Mfii-A^ea  steam  turbine. 
It  is  more  impracticable  to  profit  to  so  gro->^«n  eztaBtBb||iirith  the  steam 
turbine,  from  the  decreased  steam  consumjytibn  tttfatMfijgjpy^  high  vacuunss 
which  are  readily  and  economically  "**"— *aff^'  ■»*  T,^<^fli  „;p.,„..-*.-,„p 
engine  consumes  far  more  lubricating  oil  than  does  the  steam  turbine,  and 
also  the  wages  item  associated  with  the  engine-room  personnel  is  greater. 

SI.  Capt.  Dyson  on  relatlTe  adTantacet  of  steam  engines  and  low- 
speed  turbines  In  the  U.  8.  HaT7.  The  following  quotations  are  made 
from  Capt.  Dyson's  paper: f.  "This  excessive  falling-off  in  efficiency  of  pro- 
pulsion under  adverse  conditions  of  wind,  sea,  and  of  ship's  bottom,  are 

characteristics  of  turbine-driven  vessels.*' *'Sbould  the  dutiej 

of  a  vessel  be  such  that  she  be  required  to  steam  for  long  periods  and  long 
distances  at  speeds  much  lower  than  her  designed  maximum  speed,  a  lesa 
fuel  expenditure  per  day  will  be  required,  and  consequently  a  greater  crui&ine 
radius  will  be  obtained  and  less  froauent  re-coaUng  necessitated  should 
reciprocating  engines  be  fitted  rather  than  turbines  for  propelling  purpoee.4. 
Should,  however,  the  vessel  operate  from  a  fixed  base,  only  doing  sufiirtect 
crui iing  to  ensure  that  the  machinery  is  kept  in  efficient  condition  in  readineaa 
for  forced  runs  to  any  threatened  point,  the  value  of  fuel  economy  at  low 
speeds  becomes  minimised,  and,  where  the  maximum  speed  of  the  vessel 
does  not  exceed  21  to  22  knots,  either  turbines  or  reciprocating  engines  may 
be  used,  the  choice  being  dependent  upon  other  factors  than  economies,  which 

are  practically  equal  at  these  speeds. "The  claim  is  frequently 

made  by  the  turbine  advocates  that  while  the  reciprocating  engine,  when  new, 
is  undoubtedly  more  economical  than  the  turbine  at  small  fractions  of  de- 
signed power,  this  advantage  is  soon  lost  in  actual  service,  due  to  excessive 
wear  of  piston  and  valve  rings  causing  large  loesee  through  heavy  leakage  of 
steam.  The  turbines,  not  being  subject  to  such  frictional  wear,  would,  on 
the  other  band,  retain  their  original  economy  indefinitely.  Practiral 
experience  with  both  types  of  engine  in  actual  service  comes  very  far  from 

justifying  this  conclusion." "In  the  cases  of  the  main  engine* 

of  the  three  scouts,  'Birmingham,*  'Salem'  and  'Chester,'  the  'Birmingham/ 
with  reciprocating  engines,  has  always  been  ready  for  service,  while  her  two 
sisters  have  been  repeatedly  laid  up  at  the  ^ards  for  overhaul  of  the  main 

turbines." "  For  existing  conditions  nothing  can  be  saved  in  the 

boilei^room  weights  or  space  by  adopting  turbines,  as  the  same  boiler  power 
is  required  in  the  two  cases.  In  the  engine  rooms,  for  these  powers,  however, 
the  reciprocating  engine  has  a  decided  advantage  in  both  weight  and  space 
required.  Thus,  in  the  'Delaware,'  'North  Dakota*  and  'Utah,'  the  engine- 
room  weights  and  space  re.iuired  are  as  follows; 


Delaware 

North  Dakota 

Utah 

(reciprocat- 

(Curtis 

(Parsons 

ing  engines) 

turbines) 

turbines) 

Engine-room  weights,  dry  ton»t 

728.0 

731.0 

86S 

Engine-room  weights,  wet  tons. 

773.0 

786.0 

920 

Engine-room,  length,  ft 

44.0 

44.0 

60 

Engine-room,  total  width,  ft. . . 

SO. 5 

50.5 

51 

Engine-room, Bq.  ft.,6oorspace. 

2,222.0 

2,222.0 

3.060 

•  Thr  Enqinrer,  London,  Feb.  14,  1913,  pTl84;  Feb.  21,  1913,  p.  208. 

t  Dyson,  Capt.  C.  W.  "Engineering  Prourcsa  in  the  U.  S.  Navy;"  Society 
of  \aval  Architects  and  Marine  Engineers,  Nov.,  1912. 

t "  Wet  and  dry  tons  "  relate  to  the  engine-room  weights  with  and  without 
water  in  the  boilers. 
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While  the  reciprocating  engine  has  a  decided  advantage  in  the  features  of 
weight  and  space  required,  under  present  conditions  these  advantages  would 
disappear  should  the  necessary  power  to  be  developed  be  increased  consider- 
ably above  what  is  now  asked  for,  and  the  advantage  would  rest  with  the 

turbine." "Basing  the  choice   between  reciprocating  engines 

and  turbines  for  battleship  propulsion  under  existing  conditions  of  speed  and 
power  upon  the  above  comparison  of  relative  advantages  of  the  two  types,  the 
advantage  appears  to  rest  most  decidedly  with  the  reciprocating  engines.'* 

tS.  B«IatiT«  economy  of  steam  engines.  In  the  cose  of  large,  com- 
pound, triple-expansion  and  quadruple-expansion  marine  engines  the  econ- 
omy falls  but  little  behind  that  obtained  in  modern,  high-speed  land  steam 
turbines  for  the  same  power,  and  is  much  better  than  that  of  steam  turbines 
designed  to  operate  at  speeds  so  low  as  to  permit  direct  connection  to  the 
propellers. 

SS.  Xzamples  of  steam-engine  economy.     In  a  paper  by  C.  Waldie  I 

Cairns*  the  result  of  1.70  lb.  of  coal  per  indicated  horse-power-hour  with 
triple-expansion  engines  was  given  for  a  30-hour  trial  of  the  10-knot  "Cairn- 
gowan"  on  Feb.  6,  1913.     Toe  corresponding  water  consumption  was  15.2  y^ 

lb.  per  indicated  horse-power-hour;  steam  pressure,  175  lb.  per  square  inch;  f  i 

vacuum,  26.8  in.;  propeller  speed,  61.7  r.p.m.;  displacement,  9,950  tons,  I   I 

draft,  23  ft.  10  in.;  length,  371  ft.;  beam,  51  ft.     See  Far.  S4  andSS.  V  ^ 

Elsewhere  it  has  been  stated  on  excellent  au^ority  that  there  are  many  ^ 

ships  which,  even  without  superheaters,  are  working  at  1.3  lb.  and  1.4  lb. 
per  indicated  horse-power-hour  (triple  expansion)  for  all  purposes.!  In 
an  editorial  on  p.  349  of  Sh^building  and  Shipping  Record  for  Marcn  19, 
1914.  allusion  ia  made  to  the  estimate  that  with  the  combination  of  a  recip- 
rocating unit  exhausting  into  a  low-pressure  turbine  geared  to  a  propeller 
shaft  the  water  rate  for  large  ships  could  be  cut  down  to  8.5  lb.  per  horso' 
power  per  hour. 

t4.  Internal -combustion  engines.  The  only  types  of  intemal-oom- 
busUon  engine  as  yet  developed  which  can  come  in  for  reasonable  considera- 
tion for  marine  propulsion  are  those  employing  oil  as  fuel.  The  impractica- 
bility of  providing  space  on  board  ship  for  gas  producers  and  auxiliary 
plant  precludes  gas  engines  from  connderation,  so  far  as  can  be  foreseen  at 
present,  indeed  it  is  the  elimination  of  any  equivalent  to  the  steam-raising 
plant  which  ia  chiefly  instrumental  in  giving  the  oil  engine  any  standing  as  a 
prime-mover  for  ship  propulsion. 

Space  and  weignt  are  factors  of  supreme  importance  on  board  ship. 
and  it  is  the  consideration  that  four-tentlu  of  a  ton  of  crude  petroleum  (or 
probably  even  of  residue),  will  suffice  for  supplying  the  same  number  of 
shaft  horse-power-hours  to  the  propellers  as  would  be  supplied  by  burning 
1  ton  of  coalX  under  boilers  in  a  steam  plant,  that  is  proving  so  attractive 
to  marine  engineers  and  shipowners,  even  though  the  outlay  for  0.4  ton 
(120  gal. )^  of  crude  petroleum  will  be  much  greater  than  for  1  ton  of  good 
coal.  The  advantage  of  the  space  and  weight  saved  is  of  no  smsJl  account, 
and  for  medium-sised  and  small-sised  ships  it  should  often  outweigh  the 
accompanying  handicap  of  the  increased  outlay  for  fuel  and  the  very  great 
initial  outlay  for  engines  requiring  the  finest  of  workmanship  in  their  manu- 
facture and  skilled  attendance  and  adjustments  during  service.  It  is  char- 
acteristic of  oil  engines  as  at  present  developed,  that  the  weight  of  an  engine 
of  twice  the  capacity  of  a  reference  engine  is,  for  the  same  speed,  usually 


(i 


*  Cairns,  C.  W.  "A  Comparative  Trial  between  the  Triple-expansion 
Engine  and  Geared  Turbine  in  Cargo  Steamers."  Also  see  Shipbuilainff  aruf 
Shtpping Record,  Apr.  3,  1913;  p.  6. 

t  Snffineering,  London,  July  10,  1912;  p.  91. 

J  Crude  petroleum  is  taken  as  having  19,000  B.t.u.  per  pound  and  coal  as 
having  15,000  B.t.u.  perpound.  0.4X19.000/15,000  -0.51.  Thus tbestate- 
ment  in  the  text  is  BaHcd  on  obtaining  with  the  oil  engine  only  twice  the 
efficiency  from  fuel  to  shaft,  as  in  the  nteam  plant.  While  better  results  are 
guaranteed  and  obtained,  it  is  desirable  at  so  early  a  stage  in  the  develop- 
ment of  the  internal  combustion  engine  to  be  conservative  in  estimating  its 
performance. 

g  The  U.  S.  gallon,  equal  to  the  volume  of  8.35  lb.  of  water  or  about  7.5  lb. 
of  crude  petroleum,  is  taken  here. 
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mor*  than  ivne€  M  great  aa  the  weisht  of  the  engine  of  reference.     Furthermore 
the  economy  is  no  better  in  the  utrger  engine. 

This  state  of  affaire  is  in  striking  contrast  with  the  charaeteristio  of  steam 
ecupnes  and  steam  turbines,  that  the  greater  the  capacity  the  less  the  weight 

Eer  horae-powor   and    the  less    the   steam  consumption  jper  horse-power- 
our.    On  the  other  hand.  Vn  8m<dl  sizea  the  economy  of  the  steam  turbine 
is  not  good*  and  it  requires  a  large  outlay  for  boilers  and  condensers. 

If.  Umltationa  of  the  oil  engine.  It  appears  that  for  installations  of 
the  order  of  1,000  h.p.  or  less,  there  should  be  a  large  field  for  the  oil  engine, 
notwithstanding  the  greater  outlay  for  fuel.  As  compared  with  the  steam 
turbine,  the  oil  engine  is  handicapped  by  a  considerable  further  outlay  for 
lubricating  oil.  But  taking  into  account  the  smalt  quantity  of  fuel  and  the 
Absence  oi  any  oquivalent  to  the  boiler  plant,  the  advantage  will  usually, 
for  less  than  some  1*600  to  2,000  h.p.,  remain  with  the  oil  engine  provided  the 
installation  connsts  of  several  small  sets,  or  subdivided  units,  with  individual 
•laetrlo  driTa  between  engine  and  propeller.  The  last  fdWture  is  necessary 
to  overoome  the  relative  unreliability  of  the  oil  engine  and  to  enable  repairs 
to  be  made  without  stopping  the  propellers. 
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Flo.  1. — Weights  of  gas-engines  of  different  dimenaions. 

Except  for  very  small  outputs,  the  oil  engine  is  particularly  ill-euited  for 
direct  connection  to  the  propeller*  for  the  reason  that  for  starting  and  for 
reversing,  a  considerable  supply  of  compressed  air  must  be  available. 
Furthermore,  the  efficiency  oi  the  oil  engine  decreaaee  rapidly  as  the  load 
decreasea,  and  also  it  is  satisfactory  only  at  normal  speed.  Sight  must  not 
be  lost  of  the  fact  that  oil  engines  of  the  sises  which  come  into  consideration 
for  the  purpose  are  expensive  machines  and  much  less  nuued  and  reliable 
than  steam  turbines  or  steam  engiaes.  The  handicap  in  first  cost  and  fuel 
eost  must  be  equated  against  the  greater  earning  power  of  the  ship  consequent 
upon  the  apace  and  weight  saved  and  made  available  for  cargo. 

>•.  Weight  of  Internal  combustion  anginal.  It  is  important  that 
sight  should  not  be  lost  of  the  relatively  great  weight  of  internal-combustion 
engines.     Dr.  Diesel  has  stated  *  that  the  more  recent  engines  of   his   type 

*  Diesel,  R.  "The  Diesel  Engine  and  lu  Industrial  Importance,  Particu- 
larly for  Qreat  Britain;"  Proceedings  Institution  of  Mech.  Engineers,  1912. 
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(double-aotinf ,  two-etrokfrKsyole)  weigh  only,  some  HO  lb.  per  horse-power. 
Mr.  Dugald  Clork  in  the  discussioD  of  Dr.  Diesel's  papter  gave  the  table  ot 
weights  in  Par.  Sfi  and  also  the  curves  which  appear  in  Fig.  1  and  Fig.  2. 

It  is  the  order  of  magnitude  of  these  weights,  relating  to  four-stroke-cycle 
engines,  which  has  occasioned  the  strong  tendency  to  develop  the  larger 
capacities  in  two-stroke-cycle  engines. 

A  single  acting,  four-stroke-cycle,  low-speed,  800  b.h.p.  Diesel  engine  is 
considerably  heavier  than  any  of  the  engines  shown  in  Fig.  2,  as  it  has  a 
weight  of  some  000  lb.  per  bralu  horse-power.     Retaining  the  same  low  speed. 
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-Comparison  of  weights  per  rated  brake  h.p.  of  different 
types  of  gas-engine  for  increasing  powers. 


but  resorting  to  a  double-acting  two-stroke-cycle,  the  weight  comes  down  to 
238  lb.  per  brake  horse-power;  and  in  recent  high-speed  Diesel  engines  of  the 
double-acting  two-stroke-cycle  type,  the  weight  is  brought  down  to  116  lb. 
per  brake  horse-power.  The  above  data  of  weights  of  Diesel  engines  present 
a  striking  contrast  to  the  low  weights  per  brake  horse-power  which  axe  being 
obtained  in  large  steam  turbines. 

*  t7.  DlsMl  inarlnA  enflrlnes.  The  "Selandia,"  "Fionia"  and  *'Jut- 
landia"  are  sister  ships;  each  is  370  ft.  long  and  53  ft.  beam.  Each  ship  is 
fitted  with  two  four-stroke-cycle  vertical,  single-acting  Diesel  engines  and 
each  of  the  two  engines  conwrises  eight  cylinders  and  haa  a  rated  capacity  of 
1,250  i.h.p.,  or  a  total  of  2,500  i.h.p.  per  ship.  The  speed  at  sea  is  130  r.p.m. 
In  a  paper  by  Mr.  I.  Knudsen  entitled  '  Results  of  Trials  of  the  Diesel- 
en^ned  Sea-going  Vessel  'Selandia,'  read  on  March  28, 1912,  before  the  Insti- 
tution of  Naval  Architects,  the  results  of  the  trial  trips  are  given.  It  is 
stated  that  reversal  of  the  engines  from  full  speed  ahead  to  full  speed  astern 
can  be  carried  out  in  20  sec.  The  fuel  oil  is  stored  in  the  double  bottom  of  the 
vessel,  and  sufficient  storage  capacity  is  provided  for  a  continuous  journey 
of  about  30,000  miles.  After  three  short  trial  trips  the  "Selandia"  made  a 
journey  across  the  North  Sea  from  Copenhagen  to  Aalborg  with  a  cargo  con- 
sisting of  about  2,000  tons  of  cement.  The  fuel  consumption  (including  alt 
oil  used  for  auxiliariea,  but  excluding  that  used  for  heating  the  vessel),  was 
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0.363  lb.  per  indicated  boiw-power-bour  developed  by  the  main  ensines- 
On  the  buia  of  a  c&lorific  value  of  19,000  B.t.a.  per  pound  of  fuel,  this  worlu 
out  at  C0.363X  19,000 -)6,Q0O  B.t.u.  per  indicated  horae-powei^hour.  The 
thermal  equivalent  of  1  h.p-hr.  ia  2,mS0  B.t.u.  and  therefore  the  thermal 
efficiency  was  2550/6900  =  37.0  per  cent. 

Since  no  deduction  was  made  for  the  fuel  consumed  by  auxiliaries,  and 
aince  the  efficiency  figure  relates  to  the  efficiency  in  actual  service  at  sea.  the 
result  must  be  regarded  as  very  good  indeed.  In  the  course  of  the  diacua- 
sion  of  the  paper  Mr.  J.  T.  Milton  stated  that  "the  brake  horse-power  would 
be  about  82  per  cent,  of  the  indicated  horse-power,  according  to  general  prac- 
tice. Assuming  this  tob  e  correct  for  the  'Belandia,'  it  would  give  a  consump- 
tion of  from  0.4  lb.  to  0.5  lb.  per  brake  horse-power-hour,  which  was  about 
the  same  result  as  that  obtained  in  the  'Vulcanus.'"  (The  Vulcax^us  is  a 
Dutch  oil-tank  vessel  of  2,600  tons  displacement  and  equipped  with  a  900- 
h.p.  Diesel  engine.     It  was  put  in  commission  in  the  summer  of  1911.)* 

St.  Table  of  Walghti  of  Larre  Continental  Oas  Snglnaa 

Tandem  Double-acting  FouT^stroke-cycle  Type 
(Dugald  Clerk) 


Net  weight  of  engine 

Brake  h.p. 

with  fittings,  but  with- 
out fly-wheel,  in  tons 

Same  per  b.h.p.  in  lb. 

630 

06.5 

237 

700 

81.7 

261 

760 

68.5 

205 

800 

85.0 

238 

980 

95.1 

224 

1,000 

120.0 

269 

1,060 

109.3 

231 

1,500 

162.3 

243 

2,000 

266.5 

299 

M.  OomparatiTe  fuel  eotta.  Prices  of  fuel  should  be  compared  on  the 
basis  of  that  oalorific  contents  in  British  thermal  units  (B.t.u.).  Take  good 
bituminous  coal  as  having  a  calorific  value  of  14,300  B.t.u.  per  pound  (or 
82,000,000  B.t.u.  per  2,240-lb.  ton).  Take  oil  fuel  as  having  a  calorific  value 
of  19,000  B.t.u.  per  pound  (or  42,500,000  B.t.u.  per  ton).  Compaiin« 
bituminous  coal  at  $3.00  per  ton  with  oil  fuel  at  (12  per  ton,  the  former 
costs  0.4  cents  per  million  B.t.u.,  compared  with  28.2  cents  per  million 
B.t.u.  for  oil  fuel.  Since  28.2/9.4  —  3.00,  the  oil  engine  must  be  three  times 
as  efficient  as  the  steam  engine  in  order  to  bring  the  fuel  cost  down  to  the 
aame  value  per  brake  horse-power-bour.  A  large  modern  steam  engine  or 
■team  turbine  should  give  out,  in  brake  horse  -power-hours,  about  14  per 
cent,  of  the  energy  in  the  coal,  under  the  conditions  of  service  at  sea.  It  is 
yet  to  be  demonstrated  that  an  oil  engine  can  be  built  which  will  ^ve  out  in 
brake  horse-power-hour  (3X14  — )42  per  cent,  of  the  heat  energy  in  the  oil, 
under  the  conditions  of  service  at  sea.  At  the  present  stage  of  development, 
it  would  be  venturesome  to  count  on  obtaining,  under  these  conditions,  an 
eiBeieoey  of  more  than  (2X 14*^)  28  per  cent.  Consequently,  so  long  as  the 
oil  lad  costs  more  than  (ixtl2— )t8  per  ton,  as  against  coal  at  (3. 
per  ton,  the  fuel  cost  will  be  greater  in  the  case  of  the  oil  engine. 

If,  with  producer  plant,  there  can  be  developed  a  producer  which  will 
work  satisfactorily  in  every  way  with  bituminous  coal,  the  price  for  fuel 
would  be  the  same  in  the  two  cases.  Assuming  an  efficiency,  say,  of  21  per 
cent.,  from  the  coal  to  the  shaft,  as  against  14  per  cent,  for  a  steam  plant, 
then  the  fuel  cost  of  the  gas  plant  would  be  only  (14/21  —  )  two-thirds  of 
that  for  the  steam  plant. 

Should  commercial  success  ultimately  attend  the  efforts  to  develop  an 
internal-combustion  engine  consuming  coal  dust  in  the  cylinders,  we  should 

*  See  page  219  of  the  1912  Proceedings  of  the  Institution  of  Mechanical 
Enijineera,  where  also  will  be  found  interesting  particulars  of  many  ship* 
equspiwd  with  Diesel  engines. 
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finally  have  the  result  of  high  efficiency  and  cheap  fuel.  When  supplied 
in  the  form  of  cool  dust,  3  cents  per  milhon  fi.t.u.  u  a  fair  relative  figure  for 
the  fuel  o(»t.     Assuming  as  the  sea  efficiency  from  fuel  to  shaft: 

(a)  14  per  ccat.  for  boiler  plant  and  steam  engine  or  turbine* 

(b)  28  per  cent,  for  oil  engine, 

(c)  21  per  cent,  for  producer  plant  and  gas  engine, 

(d)  28  per  cent,  for  coal-dust  engine, 

and  assuming  for  the  price  of  fuel  per  million  B.t.u.: 

(a)  9.4  cents  for  coal  for  the  steam-engine  equipmentt 

lb)  28.2  cents  for  oil  for  the  oil-engine  equipment, 

ic)  0.4  cents  for  coal  for  the  gas-engine  equipment, 

(d)  .1.0  cents  for  coal  for  the  coal-dust  engine  equipment, 
then  the  costs  per  million  B.t.u.  given  out  at  the  snatt  and  per  brake  horse- 
power-hour given  out  at  the  shaft,  work  out  as  shown  in  Par.tO. 

SO.  Buxnznary  of  ComparatlTO  Fual  Costs  for  Harfne  Prime  Movers 


Fuel  ooat  per 
million  B.iu. 

B.t.u.  per 
h.p-hr. 

Fuel  cost  per 

bralce  h.p-hr., 

centa 

87 

101 

45 

11 

2,545 
2,545 
2,545 
2,545 

0.171 
0.257 
0.115 
0.028 

II.  Oil-engine  plant 

IV.  Coal-dust  engine  plant 

(I 


The  attractively  low  fuel  cost  in  the  case  of  the  coal-dust  engine  would 
be  fuUle  in  marine  propulsion  unless  attained  with  an  engine  of  sznall  weight 
and  of  low  cost  and  upkeep. 

SI.  Low-speed,  direct-eonneoted  turbines.  Ever  since  the  advent 
of  the  steam  turbine  into  engineering  work  on  land,  there  has  been  gradual 
but  uninterrupted  progress  toward  the  employment  of  ever  higher  speeds. 
This  progress  has  oeen  accompanied  by  a  great  decrease  in  weight  per 
horse^power  and  a  very  satisfactory  decrease  in  steam  consumption  per 
brake  norse-power-hour.  In  marine  applications  the  difficulties  encountered 
at  an  early  date  with  respect  to  propeller  efficiencv,  and  the  attainment  of 
satisfactory  operating  characteristics  of  the  proi>eIler,  imposed  restrictions 
on  the  speeds  employed.  Consequently  marine  steam  turbines  have  been 
much  more  heavy  and  less  economical  than  land  turbines  for  equivalent 
outputs. 

The  steam  turbines  of  the  "Mauretania"  run  at  a  speed  of  188  r.p.m.  and 
(exclusive  of  condensing  plant)  represent  a  weight  of  about  40  lb.  per  shaft 
borse-power.  The  steam  consumption  per  shaft  horse-power-hour  during 
the  full-speed  trials  was  just  over  12  lb.*  Each  of  the  four  main  turbinej 
deUvera  about  17,000  s.h.p.  Land  turbines  for  twice  this  output  can  now 
be  built  with  speeds  of  1,800  r.p.m.  and  there  la  thus  obtained,  not  only 
an  enormous  reduction  in  the  weight  per  horse-power,  but  also  a  very 
satisfactory  improvement  in  the  steam  consumption  per  shaft  horse-power- 
hour. 

St.  Improved  •eonomy  of  high-speed  turbines.  By  using  250  deg. 
fahr.  of  superheat,  the  firm  of  Messrs.  Farsons  will  obtain  on  a  750-r.p.m., 
25-cycle.  2o,000-kw.  set  which  the^r  have  constructed,  a  steam  consumption 
(guaranteed)  of  only  11  lb.  per  kilowatt-hour,  which  fallowing  for  an  effi- 
ciency of  97  per  cent,  for  the  electric  generator)  is  equivalent  to  8.0  lb.  per 
brake  horae-power-hour  from  the  steam  turbine.  High  superheats  can  be 
used  much  more  successfully  in  high-speed  turbines,  since  with  their  rela- 
tively small  diameters  they  are  more  ri^d  and  more  free  from  the  diffi- 
culties consequent  upon  expansion  than  is  the  case  with  large,  slow-speed, 
steam  turbines.  When  tested  with  220  deg.  fahr.  superheat,  a  preAsure  ox 
184  lb.  per  square  inch  at  the  boiler  side  of  the  pressure  stop  valve,  a  con- 
denser pressure  of  0.72  in.,  and  a  load  of  0,000  brake-horse-power,  a  40- 


*  See  p.  463  of  Bni/inurino  for  April  4,  1913. 
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cycle.  1,200-r.p.m.  steam  turbine  in  the  Dunston-upon-Tynfi  power  house 
of  the  Newcastle-upon-Tyne  Electric  Supply  Co.,  was  ascertained  by 
Messrs.  Mers  and  McLeUan  to  have  a  steam  consumption  of  8.2  lb.  ptf 
brake  hor«e-power-hour.  The  turbine  employed  in  this  set  was  of  the 
Curtis  type  and  was  built  by  the  A.  E.  G.  of  Berlin. 

Tests  made  on  a  10^000-kw,,  25-cycle,  1,500-r.p.m.  generatiniE  set,  con- 
structed by  the  Gen.  Elec.  Co.  and  employing  turbines  of  the  Curtis  type* 
showed  a  steam  consumption  of  12.7  lb.  per  Idlowatt-hour  when  operating 
at  185  lb.  gause  pressure,  100  deg.  fahr.  of  superheat  and  28  in.  of  vacuum. 
When  reduced  to  terms  of  the  pressure,  superheat  and  vacuum  of  the 
Parsons  25,000  kw.  set  the  consumption  worlcB  out  at  10.5  lb.  per  kw-hr. 
although  the  Curtis  set  is  of  only  10,000  kw,  capacity  as  against  25,000 
kw.  for  the  Parsons  machine. 

In  the  case  of  a  1.500-r.p.ro..  80,000-kw.  set  constructed  by  the  Gen.  Elec. 
Co.  for  the  Chicago  Edison  Co.,  the  steam  consumption  at  a  load  of  25,000  kw. 
is  guaranteed  not  to  exceed  11  lb.  per  kilowattrhour  when  operating  at  230  lb. 
gauge  pressure,  200  deg.  fahr.  superheat  and  1  in.  absolute  back  pressure. 

SS.  ffigh-spead,  geared  steam  turbines.  When  it  was  first  contended 
by  Mr.  Geo.  Westinghouse  and  Sir  Chas.  Parsons  that  thousands  of  horse- 
power could  be  transmitted  through  toothed  speed-reduction  gearing  of 
the  double-helical  type,  with  a  loss  of  only  1.5  per  cent,  to  2.0  per  cent., 
engineers  were   very   sceptical.     Already,  however,  many  ships  fitted  with 

?;eared  turbines  are  in  service.  In  an  editorial  on  page  610  of  Engineering 
or  Nov.  1, 1012,  appears  this  statement  regardingthe  efficient^  of  the  toothed 
gear  transmission:  "The  loss  in  transmission  is  only  2  per  cent,  as  against 
8  per  cent,  for  electrical  gear  and  from  10  per  cent,  to  14  per  cent,  for  hydraulic 
gear." 

The  U.S.  collier  "Neptune"  is  equipped  with  Westinghouse  geared  turbinee, 
the  performance  of  which  has  been  discussed  by  Lieutenant  W.  W.  Smith  in 
the  1012  Journal  of  the  American  Societ:^  of  Naval  Architects.  Lieut. 
Smith  expresses  the  opinion,  from  his  experience  with  this  gearing,  that  it 
will  ultimately  be  quite  possible  to  transmit  15,000  to  25,000  h.p.  through 
a  tingle  gear.  For  a  vessel  speedof  14  knots,  the  "Neptune's" propellers  run 
at  a  q>eed  of  135  r.p.m.  and  are  driven  through  gearing  with  a  ratio  of 
0.3  : 1.  Each  of  the  "Neptune's"  two  steam  turbines  is  of  some  3,000-h.p. 
capacity  and  runs  at  a  speed  of  only  1,250  r.p.m.  The  "Neptune's  "displace- 
ment is  20,000  tons. 

S4.  Results  of  Trials  of  Sister  Ships  fitted  with  Qeared  Turbines  and 
Triple-expansion  Ingines 


Caimroas 


Cmmgowan 


Typo  of  engine 

Revs,  per  min.  (mean  of  36  hours) 

Coal  per  day 

Indicated  horse-power 

Shaft  horse-power 

Ratio  of  shaft  horse-power  (Cairnross)  to 
indicated  horse-i>ower  (Catmgowan). 

Pounds  of  coal  per  indicated  horse-power- 
hour,  all  purposes 

Pounds  of  coal  per  shaft  horse-power-hour, 
all  purposes 

Pressure  at  steam  pipe  in  engine  room 

Vacuum 


Geared  turbines 

61.8 

27 . 8  tons 

1.570 
87 . 7  per  cent. 

Equiv.   1.54  lb. 

1.651b. 

1581b. 
28.8  in. 


Triple- 

exi>ansion 

61.7 
32.7  tons 
1.700 


1.70  lb. 

Equiv.  1.041b. 

175  lb. 
26.8  in. 


The  machinery  of  the  "Cairnioss"  is  some  20  tons  lighter  than  that  of  the 
"Cairngowan."    See  Par.  U. 

SS.  Comparison  of  geared  turbines  and  triple-expansion  enirlnea 
The  "Cairnross."  a  tramp  steamer  deeigned  for  a  sea  speed  of  10  knots,  ia 
equipped  with  two  steam  turbines  running  at  a  speed  of  1,700  r.p.m.  and 
both  geared  with  a  ratio  of  26.2  : 1  to  a  single  propeller  with  a  speed  of  ftS 
r.p.m.     The  length  between  perpendiculars  is  370  ft.,  aud  the  Dr«adth  is. 
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61  ft.     On  tite  trial  run^  the  diBplacement  waa  9,950  toiu;  block  coefficient. 
0.779.^     The  steamer  fitted  with  triMe-expanaion  eoginea,  the  "Cairngowan, 
U  a  aister  ahip  to  the  "Caimrosa,    has  practically  the  same  dimensions,  Uie 
same  propeller  speed,  and  was  loaded  to  the  same    displacement  as  the 
**Cairnroafl"  during  the  36-hr.  trial.    The  results  of  the  trials  appearinPar.  S4.' 

S6.  JUqulst  xneohanlcal  (earinff.  A  vei/  recent 'development  in 
speed-reduction  gearing  is  the  Altruist  mechanical  gear  for  large  powers, 
incorporating  the  feature  of  fiexibihty  to  the  extent  necossary  to  overcome 
the  grave  difficulties  associated  with  rigid  mechanical  gears  operating  at 
high  tooth  speeds. 

ST.  Kleotrical  tranimiMlon  for  nuurlna  propulsion.  Although 
mechanical  speed-reduction  gearing  is  quite  appropriate  for  ships  of  low 
power,  making  long  journeys  at  a  fairly  constant  speed,  it  is  inferior  in  a 
number  of  respects  to  the  plan  of  interposing  electric  transmission  between  the 
prime-mover  and  the  propeller.  The  electrical  plan  provides  effectively  for: 
il)  obtaining  the  desired  speed  reduction  for  operating  a  low-s^ed  propeller 
from  a  high-epeed  steam  turbine;  (2)  dispensing  with  any  additional  tunnnea 
for  astern  running,  since  the  electric  motor  provides  the  reversible  attribute. 
As  to  the  first  feature,  the  electrical  method  greatly  excels  the  mechanical 
metJiod  in  the  respect  that  raUo  of  reduction  can  be  varied  to  any  extent 
denred,  thus  permitting  the  oi>eration  of  the  ship  economically  at  various 
speeds,  whilethe  prime-mover  is  preferably  operated  at  substantially  constant 
speed.  Moreover,  a  greater  ratio  of  speed-reduction  is  practicable  with  the 
electrical  system  than  with  mechanical  gearing,  and  more  favorable  speeds 
can  be  adopted  both  for  the  steam  turbine  and  for  the  propeller. 

The  second  feature,  the  ability  to  reverse  the  ship  by  reversing  the  electric 
motors  wldoh  drive  the  propellers,  has  not  only  the  advantage  of  eliminating 
the  additional  turbines  for  astern  running  and  thus  lightening  and  cheapening 
the  equipment,  but  there  is  the  further  advanti^e  that  in  all  manceuvring 
operations  the  fiill  power  of  the  main  turbines  is  available,  instead  of  the 
limited  power  of  the  astern  turbines.  Thus  electrically-driven  ships  will  be 
characterised  by  their  prompt  and  decisive  manoeuvring  abilities. 

S8.  EelatlTa  weight  and  effldeney  of  electrical  ge4rinir.     For  a 

Elven  speed-ratio,  tne  interposed  electrical  machinery  will  usually  be 
eavier  and  more  exx>enBive  than  mechanical  reduction  gearing,  but  electrical 
gearing  permits  employing  a  grecUer  speed  reduction  than  is  practicable 
with  mechanical  gearing.  Consequently,  with  the  electric  drive,  the  prime- 
mover  is  lighter  and  more  efficient  than  when  the  mechanical  gearing  is 
employed,  and  this  greater  saving  as  regards  the  main  prime-movers  is  in- 
creased by  the  complete  elimination  of  the  astern  turbines.  It  must  be 
admitted,  however,  that  the  overall  efficiency  of  the  electrical  machinery  is 
rarely  above  90  per  cent,  to  92  per  cent,  as  compared  with  98  per  cent, 
•ffidency  of  the  mechanical  gearing.  But  here  again  it  will  be  found  that 
the  inferiority  of  some  6  per  oent.  to  8  per  cent,  efficiency  is  fully  made  up  by 
the  increased  economy  m  the  steam  consumption  of  the  prime-mover,  be- 
cause of  ito  higher  speed,  and  the  improved  efficiency  of  the  propeller, 
because  of  its  lower  speed. 

S>.  Oenaral  conditions  under  which  electric  propulsion  Is  best 
•daptod.  The  general  tendency  is  in  favor  of  mechanical  gearing  Tor 
amaU  ships,  of  low  power,  making  long  journeys  at  full  speed,  and  electrical 
gear  for  large  ships,  and  for  ships  requiring  different  speeds  on  different 
occamons,  including  those  ships  which  frequently  navigate  inland  waterways 
and  crowded  harbors  and  consequently  require  excellent  manoeuvring  ability* 

40*  Special  advantages  of  electrical  gearing  for  ahipa  operating  at 
Tariabla  speeds.  The  most  important  reasons  for  operating  ships  electric- 
ally relate  to  the  introduction  ol  certain  principles  which,  in  land  central 
stations  for  the  generation  of  electrical  energy,  are  recognized  as  having 
fundamental  commercial  importance.  These  principles  can  be  well  illua- 
trated  by  considering  the  case  of  a  battleship.^  Such  a  ship  must  be  equipped 
with  enough  propulsive  machinery  to  provide  some  Htipulated  maximum 
speed.  This  mav  require  an  aggregate  capacity,  say,  of  32,000  b.p.  If  the 
ship  is  equipped  with  steam  turbines  direct-connected  to  the  propellers, 
pr(»>ably  there  would  be  four  turbines,  each  of  8,000  h.p.,  connected  to  each 
incUvidual  propeller.  But  the  ship  will  be  driven  at  its  full  speed  only  a 
small  portion  of  Uie  time.     Its  cruising  speed  is  only  some  six-tenths  of  the 
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f  uU  speed,  and  it  u  at  this  tower  speed  that  the  ship  is  practically  al  vraya 
driven.  The  power  required  to  drive  the  ship  at  ita  cruuias  speed  will  be 
only  of  the  order  of  8,000  h.p.  or  less,  as  against  the  32,000  h.p.  agKregate 
capacity  of  the  four  turbines.  Steam  turbines  become  less  etficient  tk^  lower 
the  speed,  and  the  lower  the  load.  In  this  instance  there  would  be  four 
turbines  running- at  only  six-tenths  of  their  full  speed  and  only  one-fourth 
of  their  full  load.  Under  these  conditions  the  steam  consumption  per  horse- 
power-hour will  be  very  much  greater  than  at  full  speed  and  full  load. 

If  the  ship  is  arranj^ed  to  be  driven  electrically,  however,  the  general  plan 
will  be  to  employ  a  number  of  turbo-driven  electric  generators,  of  very  high 
speed,  situated  in  an  engine  room  (or  preferably  in  two  independent  engine 
rooms)  located  at  any  convenient  point  in  the  ship.  These  generating  seta 
will  supply  energy  to  electric  motors  which  in  turn  drive  the  propellers. 
Under  this  plan,  while  all  the  generators  and  all  the  motors  will  be  required 
when  the  ship  is  operating  at  full  speed,  three-quarters  of  the  generating  plant 
can  be  shut  down  when  the  ship  is  proceeding  at  cruising  speed;  and  if  there 
are  two  or  three  motors  for  each  propeller,  it  will  also  be  possible,  at  eruiaing 
speed,  to  switch  out  all  but  one  of  the  motors  for  each  propeller.  Uy  this 
means  those  generating  sets  which  are  in  servioe  will  be  running  at  their 
economical  speed,  and  sufficiently  near  their  full  load  to  be  highly  efficient. 
The  plan  provides  complete  independence  between  the  number  of  prime- 
movere  and  the  number  of  propellers;  consequently  the  number  and  size  of 
prime-movers  can  be  determined  with  due  regard  to  the  best  economy. 

41.  AdTazxt&ges  of  «lectrio  drlTe  with  internal -combustion  engliies. 
While  internal-combustion  engines  are  usually  of  moderate  speed,  and  while, 
consequently,  the  speed-reduction  feature  is  of  less  importance,  the  features 
of  operating  the  prime-movers  at  constant  speed  and  oi  varying  the  number 
of  prime-movers  in  service  so  that  those  in  use  shall  be  carrying  their  eco- 
nomical load,  are  equally  valuable  with  internal-combustion  engines.  In  fact, 
operation  at  constant  speed  is  a  factor  of  the  very  ^^atest  importance  in  con- 
tributing to  the  success  of  large  internal-combustion  engines.^  There  is  the 
further  important  advantage  that  any  occurrence  rendering  it  necessary  to 
repair  a  pnme-mover  during  a  voyage  is  usually  of  quite  minor  consequence 
and  will  not  affect  the  progress  of  the  voyage,  since  any  particular  engine  is 
quite  independent  of  any  particular  propeller. 

Iq  land  central  stations,  an  ensured  continuity  of  service  is  obtained  largely 
by  virtue  of  having  a  number  of  independent  generating;  sets.  By  the  intro- 
duction on  board  ship  of  this  feature  of  land  practice,  it  becomes  feasible  at 
any  time  during  the  voyage  to  make  such  adjustments  or  repairs  as  are  usually 
made  in  port  on  a  ship  having  only  one  power  unit  for  each  propeller.  It  is 
an  important  advantage  of  the  electrical  method  of  propelling  ships  that  it 
provides  a  great  Increase  in  flexibility  in  these  directions  over  that  which  is 
otherwise  practicable. 

TTPKS  or  VBS8BLS  VOB  DIFFERXNT  8BEVIC8 

43.  Freiffht  and  tramp  8teani«rt.  Representative  vessels  ofthisclaaa 
range  from  250  ft.  length  bv  42  ft.  beam  and  14  ft.  draught  for  canal  routes, 
up  to  some  420  ft.  length  oy  52  ft.  beam  and  23  ft.  draught  for  lake  and 
ocean  routes.  The  displacement  ranges  from  some  5,000  tons  for  the  former 
class,  up  to  some  12,000  tons  for  the  latter.  The  speed  is  of  the  order  of 
some  8  to  12  knots;  the  power  required  is  about  400  shaft  h.p.  for  the  smaller 
boats,  ranging  up  to  some  2,200  shaft  h.p.  for  the  larger. 

Asexamples  may  be  mentioned  the  "Cairngowan*  (Par.  18,  34,  and  3S), 
fitted  with  triple-expansion  engines;  the  "Cairnross"  (Par.  84  and  SB),  fitted 
with  geared  turbines;  the  electrically  propelled  "Tynemount"  (Par.  71  and 
78),  with  Diesel  engines;  the  "Vespasian  (Par.  89),  with  geared  turbines; 
and  the  "Selandia"  (Par.  87),  with  Diesel  engines. 

Such    boats  are    usually  provided  with  a  single   propeller,  which  should 

fireferably  have  a  speed  well  below  100  r.p.m.  In  the  largest  ves-wls  (400 
t.  length)  equipped  nith  Diesel  engines,  two  sets  of  engines  and  propellers 
will  be  customary. 

48.  Crosi-ch&nnel  boata.  For  modern  cross-channel  vessels  for  pas- 
senger transportation,  speeds  of  the  order  of  20  to  23  knots  arc  required. 
Their  displacement  is  usually  a  matter  of  1,500  to  2,500  tuns  and  their 
engines  should  develop  some  6,000  to  10.000  shaft  h.p. 
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44.  Oo«*n  linen.  Although  each  year  witneaaes  inoreasM  Id  th«  nie 
of  ocean  liners,  the  most  recent  veBsels  are  equipped  for  slightly  lower  speeds 
than  the  26-lcnot  "Mauretania"  and  "Luaitania"  of  the  Cunard  Line. 
Tbese  ^wo  shi^M  have  an  overall  length  of  790  ft.,  a  breadth  of  88  ft.,  a 
draught  of  33  ft;  6  in.,  and  a  displacement  of  38,000  tons.  At  Cull  speed 
their  turbines,  of  which  there  are  four,  develop  some  68,000  shaft  h.p. 

The  new  Hamburg- American  liner  "Imperator"  has  an  overall  length  of 
020  ft.  and  an  extreme  breadth  of  OS  ft.;  height,  100  ft.  from  keel  to  boat- 
deck  and  246  ft.  from  keel  to  masthead;  displacement,  about  57,000  tons; 
propelled  by  four  Parsons  turbines,  driving  four  screws  of  16.5  ft.  diameter. 
and  four  blades  each.  The  total  shaft  output  is  about  62,000  h.p.,  cor- 
responding to  a  draught  of  35  ft.  6  in.  and  to  a  sea  speed  of  some  22.5  knots; 
the  corresponding  propeller  speed  is  175  r.p.m.  The  coal  bunkers  have  a 
rapacity  for  over  8,500  tons.  Full  complement  of  passengerB,  4,000;  total 
ship's  company,  1,180. 

The  Ham  burg- American  turbine  liner  **  Vaterland"  has  an  overall  length 
of  905  ft.  and  a  oreadth  of  100  ft.;  the  turbines  develop  61,000  h.p.  at  about 
180  r.p.m.,  corresponding;  to  a  sea  speed  of  about  22  Knots;  accommodates 
5,700  persons  including  the  crew. 

The  Cunard  liner  "  Aquitania"  has  an  overall  length  of  901  ft.;  breadth. 
07  ft.;  and  draught,  34  ft.;  depth  from  keel  to  boat-deck  is  02  ft.;  propelled 
by  steam  turbines  driving  four  screws;  speed,  23.5  knots — corresponding 
to  60,000  h.p.;  diaplaoement,  50,000  tons. 

49.  Oil  boats.  The  largest  oil-carrying  vessels  have  capacity  for 
15,000  tons  of  oil.  The  "  San  Fraterno,"  *  when  fully  loaded  with  15,700  tons 
of  oil.  has  a  draught  of  28  ft. ;  lenftth,  542  ft.;  breadth,  66  ft.  6  in.;  contract 
speed,  l\\  knots  (exceeded  in  trials);  propelled  by  a  quadruple-expansion 
engine;  equipped  for  oil  burning. 

4t.  Ore  and  Oraln  Boats.  Similar  in  general  shape  and  capacity  CPar. 
4tt)  are  the  ore  carriers  which  transport  cargoes  of  ore  or  grain  between  the 
Great  Lake  ports.  The  limitalions  of  the  depth  of  waterways  through 
which  they  pass  sometimes  require  a  draught  of  less  than  20  ft.  On  routes 
where  such  hmitationa  do  not  hold,  these  vessels  are  often  loaded  to  a  draught 
of  24  ft.  Their  length  is  of  the  order  of  600  ft.;  beam.  58  ft;  and  moulded 
depth,  32  ft.  They  can  accommodate  a  cargo  of  some  20,000  tons  of  ore  or 
coal,  or  nearly  half-a- million  bushels  of  wheat,  and  can  be  loaded  at  the 
rate  of  8,000  tons  per  hour.  They  are  propelled  at  a  speed  of  some  10.5 
knots  by  a  single  screw,  usually  driven  at  about  120  r.p.m.  by  a  triple- 
exi>ansion  engine  of  some  2^200  h.p. 

47.  Tuff-boata  are  of  course  designed  for  towing  service,  mainly  in 
sheltered  waters.  The  three  essentiu  requirements  are:  (a)  high  speed 
when  running  free;  (b)  fair  speed  when  towing;  (c)  high  thrust  or  pulling 
effort  at  practically  lero  floeed.  If  attention  is  paid  first  to  the  second 
requirement,  the  others  will  usually  take  care  of  themselves. 

48.  Battleships.  The  modern  battleship  has  a  length  of  from  550  to 
600  ft.,  a  breadth  of  some  00  ft.  and  a  displacement  of  the  order  of  25,000 
tons.  A  battleship  is  usually  equipped  for  a  maximum  speed  of  about  21 
knots;  the  cruising  speed  is  about  12  to  14  knots.  At  maximum  speed  the 
engines  are  required  to  develop  some  30,000  shaft  h.p.  Effectiveness 
in  a  battleship  outweighs  all  questions  of  cost.  Consequently  a  general 
moveraeat  is  taking  place  toward  the  practice  of  burning  oil  fuel.  By  this 
plan,  not  only  can  a  greater  weight  of  fuel  be  stored  in  a  given  volume  than 
with  coal,  but  a  ton  of  oil  has  a  calorific  value  some  33  per  cent,  greater 
than  a  ton  of  coal.  Consequently,  with  oil  fuel,  the  radius  of  action  is 
greatly  increased.  Furthermore,  the  use  of  oil  fuel  ameliorates  the  almost 
intolerable  conditions  in  the  stokehold.  Every  gain  in  economy  is  important, 
not  from  the  standpoint  of  money  actually  to  be  saved,  but  on  account  of 
the  increased  radius  of  action  on  a  single  supply  of  fuet 

49.  Battle-cruisers.  Ships  of  this  class  constitute  a  modern  develop- 
ment. They  differ  from  battleships  in  the  respect  of  being  equipped  for 
much  higher  speeds.  This  entails  a  certain  sacrifice  in  armament  and  in 
armfiuring.  The  (United  States  Navy  has  no  battle-cruisers.  As  examples 
of  battle-cruiscTs  may  h*i  mentioned  the  following: 


*  Shipbuilding  and  Shippino  Record,  April  24,  1013,  p.  149. 
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The  German  battle-emiaen  "  Moltlce"  and  "Ooeben."  Theae  ahipa  haTe 
a  length  of  610  ft.;  beam, 96.S  ft;  duplaoement,23,000  tona;  four  pnweUera, 
driven  by  Pateons  turbinea  aggregatinc  84,000  ahaft  h.p.  The  Moltke " 
developed  a  speed  of  28  knota,  with  the  turbines  running  at  320  r.p.ln. 

The  British  battle-cruisers  "Princess  Royal"  and  "Lion"  have  a  leoctli 
of  700  ft.;  beam,  88  ft.  6  in.;  displacement,  26,000  tons;  their  turbinea  develop 
70,000  ahaft  h.p.     The  "Princess  Royal"  displa/ed  a  meed  of  33  knotal 
and  the  "lion     a  speed  of  31  knots.       The  British  battle-cruiser " Tiser 
has  100,000  shaft  h.p.  (Par.  U). 

M.  Crulien.  Prior  to  the  advent  of  the  battle-cnuaer,  the  term  ar- 
mored crtuscr  was  associated  with  a  ship  of  somewhat  less  dispjaoement 
than  a  battleship,  and  a  speed  exceeding  that  of  a  battleehip  by  only  3 
or  4  knots.  This  is  the  class  of  ship  now  termed  simply  "cnuser.**  Snipe 
of  this  class  are  about  as  long  as  a  battleship,  but  have  considerably  leea 
beam.  As  typical  of  such  armored  cruisers  it  may  be  stated  that  their 
length  is  some  600  to  fiSO  ft.;  beam,  70  to  78  ft.;  displacement,  14,000  to 
18,000  tons.     Their  speeds  are  of  the  order  of  23  to  25  knots. 

81.  Light  cruisers  (often  designated  "scouts"  or  "soout-cruisei8**)> 
These  vessels  are  small  cruisers  having  a  displacement  of  some  2,500  to  4,000 
tons  and  a  speed  of  some  24  to  26  knota.  They  require  engines  M  from  10,000 
to  20,(X)0  shaft  h.p.  As  examples  in  the  United  States  Navy  may  be  eitad 
the  engine-equipped  "Birmingham,"  and  the  turbine-equipped  "Salem" 
and  "Chester."  These  three  boats  are  420  ft.  long;  di^ilaeement,  aboat 
3,750  tons  with  450  tons  of  coal  on  board;  coal  bunker  capacity,  1^250  tons. 
The  speed  is  24  knots  and  the  power  about  16,000  i.h.p. 

The  "Fearless"  is  a  typical  British  scout-cruiser;  length,  385  ft.;  beam, 
41  ft.  6  in.;  displacement,  3,360  tons.  She  has  turbines  of  an  aggrecate 
capacity  of  18,000  shaft  h.p.  and  develops  a  speed  of  25  knots. 

BS.  OolUera.  Allusion  has  already  been  made  to  the  collier  "Neptune,*' 
in  Par,  tt.  The  electrically-equipped  collior,  *  'Jupiter"  is  described  in  Par. 
W  and  TO.  A  sister  to  these  two  ships  is  the  "Cyclops"  which  is  equipped 
with  triple  expansion  engines.  Some  of  the  leading  data  of  these  ships 
have  been  taken  from  recent  publications  and  brought  together  in  the 
following  table  (Par.  M). 

U.  Date  of  Three  Oolllars  of  the  United  Btetei    Havy 


Cyclops 


Neptune 


Jupiter 


Type  of  propulsive  machinery, , 


No,  of  engines 

No,  of  propellers 

Speed  of  engines 

Speed  of  propellers 

Speed  reduction  ratio 

Speed  of  vessel 

Displacement 

Cargo  capacity 

Indicated  horse-power  at  14  knota 

Steam  consumption    in    lb,    per 
shaft  h.p.-hr. 

Weight  of  driving  machinery. . . . 

Speed  during  48  nr.  trial  at  sea.. 

Corresponding  output  from  en- 
gines. 

Corresponding  speed  of  propellers 

Corresponding  coal  consumption 
for  main  engines  only. 


Triple-expan- 
sion engines 
2 
2 
88  r.p.m. 
88  r.p.m. 

I  :  1 

14  knots 

20,000  tons 

12,000  tona 

5,600 

14  lb. 

(estimated) 

280  tons 

14.6  knots 

6,705  i.h.p. 

92  r.p.m. 

1.49  lb.  per 

i.h.p.  hr. 


Geared 

turbines 

2 

2 

1,250  r,p,m. 

135  r.p.m. 

B.3:  1 

14  knots 

20,000  tons 

12,000  tons 


13.9  knota 


Turbo- 
electric 
1 
2 
2000  r.p.m. 
110  r.p.m. 
18.1  :  1 
14  knots 
20,000  tons 
12,000  tons 


11.2  1b. 
(tested) 
166  tons 
See  Par.  TC 
for  data    of 
unofficial 
48-hour  trial 


M.  Torpedo-bokt  daitroyera.  Modem  boats  of  this  class  have  dis- 
placements ranging  from  600  to  1,800  tons,  and  speeds  of  28  to  36  knots. 
They  burn  oil  fuel  m  order  to  secure  a  maximum  radius  of  action.  Torpedo- 
boat  destroyers  are  now  usually  driven  by  steam  turbines  and  are  fitted  with 
from  two  to  four  propellers.     Owing  to  the  high  speed  of  which  they  must 
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be  capable,  their  hone-poirer  per  ton  of  dUplsoement  is  usually  much  hisher 
than  for  veaaels  of  any  other  class.  Take  for  instance  the  British  torpedo- 
boat  destroyer  **  Velox";  the  displacement  is  only  440  tons,  but  at  nuucimum 
■peed  of  36.6  knots  (see  page  70  of  Hobart's  "  Electric  Propulsion  of  Ships"), 
the  vessel  requires  some  12,000  shaft  b.p.  This  small  boat  nas  four  prop^lers, 
and  an  engine  capacity  of  about  ( 12,000/440  >«)  27  h.p.  per  ton  of  displace- 
ment, 'Whereas  scout  cruisers  have  only  some  4  h.p.  per  ton  of  displace- 
rnent.^  Battleships  are  provided  with  only  1.0  b.p.  to  1.3  h.p.  of  engine 
capacity  per  ton  of  displacement.  The  crtUnng  speed  of  the  "  Velox"  is  only 
11.3  knots,  which  require*  merely  some  300  h.p. 

Thus  a  noteworthy  characteristic  of  this  class  of  ship  is  the  great  ratio  of 
the  power  required  at  maximum  spaed  to  that  required  at  cruising  speed- 
In  tbe  case  01  the  "Velox"  this  ratio  is  12,000:300-40  :  1. 

■LIOTWO  PBOPUUION 

H.  Cmueauanoai  of  the  ■aU-containad  f  aatore  In  %  ship-propul- 
■lon  installation.  There  is  one  very  importantaspeot  of  the  proposition  of 
driving  a  ship  electrically,  which  should  facilitate  its  introduction  in  marine 
practice.  Each  ship  represents  an  independent,  self-contained  proposition. 
There  is  no  particular  need  for,  or  advantage  in,  a  rigid  adherence  to  some  one 
particular  system.  There  are  usually  several  alternative  methods  of  dealing 
with  any  engineering  problem  and  it  is  often  difficult  to  determine  which 
is  tbe  beet.  Qenerally,  one  can  definitely  discard  several  methods  as  less 
suitable  tat  aome  particular  case,  but  there  will  usually  remain  two  or  three 
methods  between  which  it  is  difficult  to  choose. 

In  undertaking  the  electrification  of  a  railway,  this  may  well  constitute  a 
great  embarrassment,  since  it  is  important  to  have  standardisation  and  inter- 
obangeaMlity  of  rolling  stock  over  extensive  systems.  Bat  in  the  ease  of  ship 
propulsion,  comparisons  of  various  types  of  engine  equipment,  of  propeller 
designs  and  speeds,  of  locations  of  propellers,  of  number  of  propellerv^  of 
kinds  of  fuel,  etc,  are  continually  being  made  on  ships  of  otherwise  identical 
characteristics.  The  rapid  progress  which  is  continually  in  evidence  in 
marine  engineering  is  largely  a  consequence  of  this  established  policy.  It 
is  easy  to  foresee  that  the  application  of  electrical  methods  to  ship  propulsion 
will  be  more  readily  accomplished  (so  far  as  it  is  demonstrated  to  realise  the 
economic  advanta([es  that  are  claimed  for  it),  than  has  been  the  case  with 
railway  electrification. 

The  engineer's  task  will  include  determining  upon  a  thoroughly  appro- 
priate installation  in  each  case.  It  will  be  entirely  unnecessary  for  him  to 
adopt  any  other  than  the  economically  appropriate  solution  in  any  case,  out 
of  consideration  for  uniformity  with  the  machinery  employed  in  some  other 
case. 

Various  combinations  of  machinery  for  the  electric  propulsion  of  ships  have 
been  worked  outi  and  some  of  them  have  crystallizea  into  "  systems. '  But 
there  are  many  sound  plans  and  principles  of  proved  appropriateness  which 
liave  been  employed  in  electric-power  applications  on  land  which  are  equally 
entitled  to  be  designated  as  "systems"  appropriate  for  ship  propulsion.  It 
is  therefore  not  considered  desirable  to  devote  any  space  to  detailed  descrip- 
tions of  "systems."  The  reader  may  care  to  refer  to  Chapters  XI II  to  XVI, 
inclusive,  of  Hobart's  "Electric  Propulsion  of  Ships"  lor  descriptions  of 
various  systems  which  have  been  proposed  by  Mavor,  Emmet,  Durtnall, 
Day,  Hobart,  and  others. 

M.  Turbines  Tanua  intemal-comboatlott  enfines  in  eleotrie 
propillaion.  For  anything  over  4,000  h.p.  it  would  appear  that  for  elec- 
trically-driven ships  the  economic  advantage  will  be  greater  when  the  steam 
turbine  is  employed  as  prime-mover  than  when  the  oil  engine  is  employed. 
In  the  first  place,  the  cost  of  steam  turbines  is  only  a  matter  of  some  20 
cents  per  pound,  as  compared  with  some  fiO  cents  per  pound  for  oil  engines. 
Furthermore,  the  weight  per  horse-power  for  oil  engines  of  large  output 
is  several  times  the  corresponding  figure  for  steam  turbines  of  the  same  out- 
put. The  handicap  in  the  matter  of  cost  is  so  great  that  it  is  far  from  being 
offset  by  the  cost  of  the  steam-raising  plant  in  the  case  of  the  steam  turbine. 
Moreover,  the  fuel  cost  per  brake  horse-power-hour  is  at  present  much 
greater  for  c^  than  for  coal.  In  electric  propulsion,  the  very  highest  turbine 
speeds  may  be  adopted,  since  in  a  self-eontained  plant  such  as  tnat  on  board 
snip,  the  particular  periodicity  employed  is  of  no  consequence. 
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It  had  heretofore  been  UBual  for  engineers  to  oommit  thenwelvas  to 
advoosting  either  a  geared-turbine  drive .  or  an  electric  drive.  But  ttiiB 
aeema  ill-adviaed.  If  the  ratio  of  turbine  speed  to  propeller  speed  is 
too  great  to  be  bridged  economically  and  satisfactorily  by  double-helicftl 
gearing,  on  the  one  hand,  or  by  an  electric  transmission  on  the  other  band, 
then  both  should  be  used.  For  instance,  for  a  6,000-h.p.  plant,  either  two 
8,000-h.p.  turbines  could  be  employed  or  three  2,000-h.p.  turbines,  according 
to  the  requirements  of  the  case.  These  turbines  could  be  driven  at  4,800 
r.p.m.,  or  even  faster,  and  could  supply  a  60-r.p.m.  propeller  by  first  driving 
&X)-r.p.m.  generators  through  8  : 1  gearing  ana  then  transmitting  the  power 
from  these  generators  to  60-r.p.m.  electric  motors.  This  extreme  case  of  a 
total  speed-reduction  of  SO  :  1  has  simpiv  been  taken  to  impress  the  view- 
point, and  no  special  significance  should  be  attached  to  tiie  ratios  selected 
tor  each  of  the  two  component  speed  reductions;  these  would  be  determined 
with  due  regard  to  the  conditions  in  each  partieular  case. 

It  should  be  realised  that  sacrifices  are  often  mads  by  keeping  down  to 
such  a  low  turbine  speed  as  1,500  rev.  per  minute  and  that  in  each  case  the 
particular  turbine  speed  should  be  adopted  which  leads  to  the  best  combina- 
tion of  low  steam  consumption  and  low  weight  and  cost.  But  the  mistake 
should  not  be  made  of  sacrificing  good  characteristics  in  the  electric  generator 
b^  necessarily  designing  it  for  direct  connection  to  the  steam  turbine. 
Similarly,  for  the  electric  motor,  the  design  should  be  for  a  speed  consistent 
with  good  electrical  and  mechanical  characteristics  and  low  weight  and  cost. 
If  these  are  secured  at  a  speed  near  that  of  the  best  propeller  speed,  Uien  a 
compromise  permitting  the  elimination  of  intermediate  mechanical  gearing 
may  be  appropriate;  otherwise  double-helical  gearing,  of  98.5  per  cent,  effi- 
cienov,  should  be  interposed.  As  long  as  electric  transmission  constitutes 
one  link  in  the  chain,  it  is  obviously  a  simple  matter  to  provide  a  variable 
speed  ratio  and  also  to  eliminate  the  astern  turbines,  thus  securing  excellent 
manoDurring  characteristics.         ^ 

Just  as  the  steam  turbine  is  at  its  best  from  4,000  h.p.  upward,  so  is  the 
oil  engine  often  appropriate  from  1,000  or  2,000  h.p.  downward,  notwith- 
standing the  hif h  cost  of  oil  fuel.  In  ships  of  such  relatively  small  Rapacity 
as  not  to  require  more  than  from  1,000  to  2,000  h.p.,  the  elimination  of 
steam-raising  plant  is  of  much  importance.  Furthermore,  with  the  inclusion 
of  the  feature  of  electric  transmission,  the  provision  of  a  small  oil-eni^ne 
installation  of  two  or  three  component  units  ensures  arnpte  reliability. 
The  space  and  weight  saved,  partly  in  consequence  of  the  elimination  of  the 
boiler  room  and  partly  in  consequence  of  the  fact  that  0.4  of  a  ton  of  oil  fuel 
is  the  equivalent  (as  regards  the  shaft  output  of  the  en^ne),  of  1.0  ton  of 
coal  in  a  steam  plant,  will  provide,  in  cargo  vessels,  sufficient  increase  in  the 
cargo  capacity  to  more  than  offset  the  considerably  greater  outiay  for  fuel 
at  present  prices.  The  ranse  of  capacities  lying  between  1,000  or  2,000  h.p. 
on  the  one  nand,  and  4,000  h.p.  on  the  other  hand,  constitutes  a  neutral  sone 
where  a  study  of  the  circumstances  of  each  case  will  disclose  some  cir- 
cumstance affording  guidance  to  a  correct  decision. 

ft7.  Study  of  alactrie  drive  for  the  "ICauretania."  In  engineering 
estimates  involving  comparisons  of  alternatives,  certain  among  which  are 
untried,  it  Is  often  necessary  to  discount  liberally  for  the  optimism  of  ex- 
ploiters of  systems.  Making  all  due  allowances  of  this  kino,  the  following 
comparison  is  of  interest  and  value.  It  is  abstracted  from  a  letter  by  Berger 
Ljungstrom  written  under  date  of  April  12,  1912,  and  published  at  p.  530 
of  Engineering  for  April  19.  1912. 

Ljungstrdm  has  developed  a  turbine,  both  members  of  which  revolve,  and 
in  opposite  directions.  This  turbine  is  described  in  Engineering  for  April  12 
and  19,  1912.  In  a  4.500-kw.  turbo-generator  set,  the  relative  speed  of  the 
two  parts  of  the  turbine  is  6,000  r.p.m.  while  the  speed  of  the  generator  is 
only  3,000  r.p.m.  Such  a  4,50O-kw.,  6,000-r.p.m.  turbo-eenerator  weighs 
only  34  tons,  or  11.5  lb.  per  horse-power.  The  total  weight  for  the  whole 
plant,  with  pumps,  and  with  water  in  the  condenser,  is  65  tons,  or  22  lb.  per 
Dorse-power.  The  main  dimensions  are:  Length,  23  ft.  7  in.;  width,  6  ft.  7  m.; 
height,  including  condenser,  14  ft.  6  in.  The86-r.p.m.  asynchronous  motors 
with  which  Ljungstrdm  proposes  to  drive  the  propellers,  would  weigh  38  lb. 
per  horse-power. 

It  is  estimated  that  by  installing  on  the  '*M auretania*'  eight  of  the<«e  4,500- 
kw.  sets,  and  supplsring  energy  from  them  to  four  motors  (two  motors  on 
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each  of  two  propeller  shafto),  the  ume  vessel  speed  could  be  obtained  by 
supplyins  only  46,500  shaft  b.p.  to  the  two  86-r.p.m.  propellers  bs  is  now 
obtained  by  supplying  69,000  h.p.  to  the  four  188-r.p.in.  propellers  which 
are  actually  fitted  to  the  ship. 

The  calculations  in  LjungstrSm's  comparison  are  given  in  tabular  form  in 
hia  letter  and  include  cost  estimatea. 

M.  Study  of  electrio  drlTe  for  the  daitrojar  "Hncin."  LjungBtrSm 
has  also  worked  out  estimates  for  an  electrio  dnve  for  the  348-ton  Swedish 
destroyer  **  Hugin,"  which  is  now  equipped  with  Curtis  turbines  of  10,400 
shaft  h.p.,  850  r.p.m.,  and  direct-connected  to  the  i>ro|>eller  shafts.  The 
corresponding  vessel-speed  is  31.2  knots.  By  substituting  a  Ljungstrdm 
turbo-electric  transmission,  it  is  estimated  that  the  propelling  power  would 
be  reduced  to  6,500  shaft  b.p,  and  the  coal  consumption  to  42  per  cent,  of 
its  present  value;  the  weight  would  be  decreased  by  75  tons  and  the  floor 
space  by  33  per  cent.  This  turbo-electric  alternative  comprises  three  turbo- 
generators driving  electric  motors  at  500  r.p.m.  normal  speed. 

H.  Stady  of  etooMo  driT*  for  the  cargo  boat  "Vanwiiaii."  Ljung- 
stlAm  has  also  described  an  electric  transmission  whieo  be  proposed  for 
the  cargo  boat "  Vespasian. "  He  states  that  "  the  electric  motors,  intended 
for  100  periods,  are  two  in  number  and  osored  to  the  shaft."  On  p.  106  of 
Hobart's  "The  Electric  Propulsion  of  Sliips,'*  this  same  plan  was  earlier 
advocated  in  the  following  words:     "The  disabilitiee  of  low-«[ 


w-«peed  indue- 
I  01  their  good 


tion  motors  may  be  escaped  and  advantage  may  be  taken 
qualities  by  arranging  that  high-speed  motors  shall  drive  the  propeller-shafts 
at  low  speeds  through  double-hehcal  speed-reduction  gearing.  The  pinions 
of  two  (or  even  more)  motors  could  be  arranged  to  gear  with  a  single  low- 
speed  gear-wheel  on  the  propeller  shaft,  quite  analogously  to  the  way  in  which 
two  steam  turbines  drove  the '  Vespasian V  shaft  in  the  tests  made  by  Parsons. 
Usually  the  2  per  cent,  loss  in  the  fearing  would  be  largely  offset  by  the 
higher  efficiency  of  the  faigh-epeed  induction  motor,  and  the  weight  and 
cost  of  the  gearing  would  be  partly  offset  by  the  lesser  weight  ana  cost  of 
high-epeed  as  compared  with  low-epeed  induction  motors.  The  difficulties 
associated  with  finding  space  in  ships  for  large  diameters  are  also  eliminated 
by  this  plan." 

M.  W.  L.  K.  Zmmat  on  aleetrio  ^opulaion.  Mr.  W.  L.  R.  Emmet 
has  read  papers  on  electric  ship  propulsion  before  various  engineering  socie- 
ties. References  to  these  papers  are  given  in  the  bibliography  (Par.  TS). 
Id  190B  Mr.  Emmet  designed  an  electrical  e<}uipment  for  the  battleship 
"Wyoming"  and  a  proposal  embodying  these  designs  was  made  to  the  Govern- 
ment. Since  that  time  Mr  Emmet  has  submitted  several  designs  to  the 
Qovemment  relating  to  equipments  of  battleship  which  have  been  built. 
In  the  spring  of  1913  Mr.  Emmet  submitted  a  design  which  applied  to  a  case 
like  that  of  the  "  Pennsylvania."  The  estimates  as  to  the  results  of  this 
equipment  as  compared  with  those  which  will  be  accomplished  by  the 
equipment  which  is  being  put  into  the  battleship"  Pennsylvania  "are  shown 
by  the  following  table: 


Turbine     drive     with    geared 

cruising  turbines  as  adopted. 

Turbo-electric  drive 
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n  S  •  ■) 
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374,000 
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III. 
53 


106,000      740 
91,000  ,    598 


Mr.  Emmet  states*  that  if  in  1909  hia  first  design  for  a  warship  had  been 
accepted  by  the  Navy  Pepartment,  the  vessel  produced  would  have  been 

*  In  a  paper  read  on  Dec.  11,  1913,  before  the  Society  of  Naval  Architects 
and  Marine  Engineers. 
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v«rv  greatly  stiperior  in  reBpeet  to  eoonomy  reliability,  wd|[ht,  aimplioity. 

and  cruising  raoiuB,  to  any  snip  now  afloat. 

•1.  UaTor  urgtem  of  electrio  pro^ultlon;  "ipizmer"  motor.  In  a 
paper  entitled  "Electric  Propulsion  of  Shipe,  with  Note  on  Screw  Propdlere." 
read  before  the  Institute  of  Engineers  and  Shipbuilders  in  Sootlaiul,  on  Feb. 
18,  1008,  Mr.  Henrv  A.  Mavor  describes  an  dectrio  drive  for  a  17.000- 
brakefa.p.  ship  with  three  propellers  and  a  maximam  vessel  speed  of  21  knots. 
Power  would  be  providea  by  two  turbo-geoerators  from  whioh  throe  induc- 
tion motors  are  driven.  The  motors  are  of  a  tjrpe  which  he  desisn&tee  as 
** spinner"  motors  and  from  which  he  obtains  three  efficient  speeds. 

On  Dec,  7,  1909,  Mr.  Mavor  read  another  paper  in  London  (see  p.  134 
of  Vol.  179  of  Proc,  Inst.  Civil  Engineers),  in  which  he  developed  further 
plans  employing  the  "spinnw"  ^pe  of  motor.  These  studies  constituted 
important  steps  in  the  nistcwy  of  ahipe  propulsiont  aiul  the  papers  should 
be  consulted. 

6S.  Study  of  electrio  drive  for  the  car^  boat  "Frieda."  Among 
other  intoreeting  projects  for  turbo-electric  drives  whioh  have  been  worked 
out  by  Mr.  Mavor  (Par.  61)  may  be  mentioned  one  described  in  a  paper 
whioh  he  read  at  the  Portsmouth  meeting  of  the  British  Association  in 
September,  1911,  and  published  in  the  Slectrician  for  Sept.  8.  1911. 
This  case  related  to  the  "Frieda,"  a  300>ft.,  sin|cle-«crew  vcwol  for  the 
transport  of  bulk  freights  between  the  Gulf  of  Mexico  and  New  York  City. 
The  vessel  was  for  carrying  a  dead  weight  of  5,000  tons  at  a  mean  loaded 
speed  of  12  knots  at  sea.  The  turbo-electric  genwator  was  to  run  at  3.000 
r.p.m.  The  generator  provided  three-phase,  JK>-cycle,  alternating  current 
to  a  1,900-brake.  h.p.  induction  motor  which  drove  the  propeller  at  about  &4 
r.p.m.  It  was  estimated  that  such  an  installation  would  cost  less  and 
weigh  less  than  the  normal  equipment,  and  that  the  saving  in  ooal  would 
amount  to  10  tons  per  day.  Owing  to  various  reasons,  one  of  which  related 
to  the  skepticism  of  the  owners,  this  vessel  was  finally  equipped  with  re* 
ciprocating  engines  instead  of  with  the  proposed  turbo-electric  drive. 

6S.  Eeference  to  detcrlptioxiB  of  other  proposals  for  aleotrlo  pru- 
pultlon.  Various  other  turbo-electrio  drives  which  have  been  proposed 
for  ship  propulsion  are  described  in  Hobart's  "Electric  Propulsion  of  Ships,'* 
D,  Van  NoBtrand  Co.,  New  York.  1912. 

M.  Oil-electric  projects  for  ship  propulsion.  Mr.  Mavor*  has 
desCTibed  several  plans  employing  Diesel  engines  driving  electric  generators 
which,  in  turn,  drive  a  motor  or  motors  direct-connected  to  the  wopi^er. 
He  has  also  described  the  planst  proposed  for  driving  a  24&-ft.  Canadian 
canal-type  tank  bar^  and  employing  three  Diesel  engines,  each  capaUe 
of  developing  200  shaft  h.p.,  direct-connected  to  alternating-current  genera- 
tors. It  was  proposed  that  the  energy  from  one  or  all  of  these  sets  should 
supply  one  or  all  of  three  separate  windings  of  a  squirrel-cage  induction 
motor  keyed  to  the  main  propelling  shaft  and  operating  a  single  slow-turning 
screw. 

KXAXPLSS  or  ILBOTRIOALLT  PBOPKIXED  SHIPS 

*S.  Kussiaa  tank  vessel.  In  1903  the  Soci£t6  Nobel  Freres,  of  Petro- 
grad,  constructed  an  oil-tank  ship  of  1,100  tons  displacement  and  fitted 
with  electric  transmission  gear.  The  vessel  was  employed  on  the  Volga  and 
in  the  Caspian  Sea.  She  was  equipped  with  three  Diesel  engines  with 
an  aggregate  capacity  of  about  360  n.p.  direct-connected  to  continuous- 
current  generators  which  in  turn  supplied  energy  to  three  motors,  on  the 
three  propeller  shafts,  respectively.  The  vesselhad  a  speed  of  some  7  to 
8  knots.     The  control  was  arranged  from  the  bridge. 

M.  The  Chicago  fire  boats  "Qraeme  Stewart"  and  "  Joseph  Hedill." 
The  electric  equipments  for  these  boats  were  designed  in   1908  by  Mr. 
W.  L.  R.  Emmet  and  built  by  the  General  Electric  Co.  of  Schenectady. 
Mr.  Emmet  describes  these  inBtallations  as  follows:^ 
"Each  of  these  boats  is  equipped  with  two  turbines  having  a  capacity  of  about 

•  See  page  134,  Vol,  179,  of  Proc.  Inst.  Civil  Engra. 

t  See  sUctncian  for  Sept.  8,  1911. 

t  In  a  brochure  issued  in  1913  by  the  General  Electric  Co. 
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660  h.p.  OMh,  and  operating  at  a  speed  of  1,700  r.p.m.  One  end  of  the  shaft 
of  eacn  of  these  turbines  is  connected  to  a  large  centrifugal  fire  pump  and  the 
other  end  is  connected  to  a  20(>-kw.  direct-current  generator.  The  boats  are 
propelled  by  twin  screws  and  the  speed  and  direction  of  each  motor  is  con^ 
trolled  by  manipulation  of  the  field  of  the  generator  which  drives  it." 

These  Chicago  fire  boats  have  a  length  of  120  ft.  and  are  of  2S  ft.  beam 
and  10  ft.  draught.  On  page  389  of  Snffinemno  for  Sept.  20,  1012,  will  be 
found  scale  drawinga  of  tne  general  arrangement  of  the  machinery  in  these 
boats. 

Mr.  Emmet  baa  made  tests  directed  toward  studying  the  propeller  charao-. 
teriatics  of  these  boats  and  has  published  the  results  in  a  paper  presented  in 
New  York  in  November,  1911,  before  the  Society  of  Naval  Architects  and 
Marine  Engineers. 

67.  The  "Xleetrie  Are."  In  1910  and  1911  Mr.  Henry  A.  Mavor 
equipped  with  electric  gearing  a  60-ft.  steel-built  veaaol,  and  subjected  it  to 
a  series  of  tests.  This  boat,  the  "  Eleotrie  Are,"  was  launched  in  February, 
1911.    See  description  in  Par.  68. 

66.  The  "  Multiple  "  iqulrrel-cag«  motor.  The  generator  supplied 
threfr-phase  current  to  a  squirrel-cage  induction  motor,  also  of  a  type  in- 
vented by  Mr.  Mavor  (British  Patent  No.  12,917  of  1909)  and  to  which 
he  applies  the  deaignation  of  "multiple"  motor.  This  motor  drives  the 
propeuer  at  one  or  other  of  two  speeds,  in  accordance  with  the  following 
plan: 

The  stator  is  provided  with  two  independent  windings  for  two  different 
pole  numbers.  At  its  normal  speed,  tne  generator  provides  periodicities 
which  bear  to  one  another  the  ratio  of  these  two  dinerent  pole  numbers. 
By  connecting  the  winding  of  higher  pole  number  to  the  suDply  of  lower 
periodicity  an  efficient  running  speed  of  low  value  is  obtaineo.  For  higher 
speed  and  power,  the  winding  of  higher  pole  number  is  transferred  to  the 
supply  of  higher  periodicity  and  the  winding  of  lower  pole  number,  which 
was  idle  for  the  lower  speed  and  power,  is  connected  to  the  supply  of  lower 
periodicity.  Consequently,  at  full  speed  and  power,  both  sources  of  supply 
and  both  motor  windings  are  fully  utilised,  and  cooperate  in  driving  the 
propeller.  With  this  "multiple"  motor  it  is  thus  possible  to  integrate  in 
a  single  motor  the  power  from  several  prime  movers  and  also  to  obtain  two 
or  more  efficient  speeds  without  resorting  to  a  motor  with  moving  contacts. 

69.  The  United  Statai  Collier  "Jupiter."  Certain  leading  data  of 
this  vessel^  have  already  been  given  (Par.  68)  and  an  illustrated  description 
appeared  in  an  article  entitled  "Electrical  Equipment  for  the  Propulsion 
of  the  U.  S.  Collier  Jupiter,"  by  Mr.  Eskil  Berg  at  page  490  of  the  General 
BUdriaU  Review  fqr  August,  1912.  The  "Jupiter."  a  vessel  of  20,000  tons 
dirolaoement  and  designed  to  cany  about  12,000  tons  of  coal  and  oil,  was 
built  at  the  Mare  Island  Navy  Yard.  The  contract  for  the  equipment 
was  awarded  to  the  General  Electric  Co.,  in  June,  1911.  The  machinery 
was  designed  by,  and  constructed  under  the  direction  of,  Mr.  W.  L.  R. 
Emmet.  The  contract  price  of  the  electrical  proi>elling  machinery  was 
stated  in  the  article  in  the  General  Electrical  Review,  to  be  813.75  per  horse- 

r>wer.  The  turbo-electrical  propelling  machinery  comprises  a  9-staKe, 
DOO-r.p.m.  Curtis  turbine  driving  a  2-pole,  three-phase.  2,300-volt,  33)- 
eycle.  5,500-kv-a.  generator.  The  two  36-pole.  110-r.p.m.  inducUon 
motors  each  have  a  normiU  rating  of  2,750  h.p.  The  rotors  are  provided 
with  three-phaae  windings  leading  to  slip  rings.  By  means  of  these  slip 
rings,  the  rotor  current,  at  starting,  reversing  and  manoeuvring,  is  carried 
to  water-cooled  resistors  which  are  short-circuited  when  the  ship  is  pro- 
oeeding  normally.  The  heat  is  removed  from  the  active  material  of  these 
resistors  by  the  circulation  of  sea  water  through  them. 

An  interesting  feature  of  the  arrangement  of  the  machinery  relates  to  the 
provision  of  sheet-metal  ducts  so  connected  to  the  air  outlets  from  the 
generator  and  motors  as  to  lead  the  heated  air  to  the  suction  of  the  fir»-room 
blowers,  thus  avoiding  needless  heating  of  the  engine  room. 

70.  Parforznaiiee  of  the  "luplter."  The  "Jupiter"  was  put  in  com- 
mission Sejptember  15,  1913.  Alter  a  period  of  preliminary  trials  in  San 
Francisco  Bay  and  at  sea.  the  ship  was  docked.  After  cleaning  her  bottom, 
a  set  of  standardisation  runs  and  a  48-hour  unofficial  trial  were  made. 
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On  the  48-hr.  triAl  the  ship  averaged  14.78  knot*.  The  average  iiower 
delivered  by  the  generator  was  5,000  kw.,  corresponding  to  about  6,300 
h.p.,  delivered  from  the  electric  motora  to  the  propellers.  The  average 
revolutions  of  the  propellers  were  115.  The  "Cyclops"  (see  Par.  5S)in  her 
official  48-hour  run  made  14,61  knots  with  an  average  of  6,700  i.h.p. 
The  official  trials  of  the  "Jupiter"  have  not  yet  been  made.     These  particu- 


Fio.  3.— Showing  the  arrangement  of  the  "Jupiter's"  motors. 

lars  are  taken  from  Mr.  Emmet's  paper  read  on  Dec  11,  1B13.  before  the 
Bpcicty  of  Naval  Architects  and  Marine  Engineers.  The  drawing  in  Hg  3 
■hows  the  arrangement  of  the  "Jupiter's"  motors- 

71.  The  '"ryn^mount."     Messrs.  Swan,  Hunter  and  Wigham  Richard- 
son have  built  to  the  order  of  the  Electric  Marine  PropuWon  Company 
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of  QUbsow.  a  canal-type  tank-  barge  for  service  on  the  Canadian  lakes  and 
through  the  Welland  Canal.  The  veesel  waa  built  for  operation  by  the 
Montreal  Transportation  Company,  and  was  designed  and  fitted  under 
the  supervision  of  Messrs.  John  Keid  and  Henry  A.  Mavor.  The  "Tyne- 
mount  was  described,  with  drawings,  in  a  paper  by  these  gentlemen  r^ul 
in  June,  1013,  before  the  Institution  of  Naval  Architects  and  entiUed  "A 
Case  for  Electric  Propulsion."  The  power  equipment  consists  of  two  four- 
■troke-cycle,  400-r.p.m.,  6-cylinder,  Diesel  engines,  each  directr^onnected 
to  a  three-phase  235-kv-a.,  500-volt  generator.  These  two  generators  are 
wound  respectively  with  6  and  8  poles  and  thus  constitute  sources  of  different 
XKriodicity,  the  one  supplying  20  cycles  per  second  and  the  other  20.6  cycles 
per  second.  An  exciter  is  fitted  on  an  extension  of  the  shaft  of  each 
^aerator.  Each  exciter  gives  normally  about  30  amp.  at  100  volts  and 
18  capable  of  supplying  a  considerable  overload.  The  propeller  is  driven 
by  a  "multiple"  motor  of  the  t^pe  invented  by  Mr.  Mavor  aadalready  de- 
cribed  (Par.  ftS).     This  motor  is  of  the  squirrel-cage  induction  type  and  is 


Fko.  4. — Plan  of  arrangement  of  the  "TynemountV  machinery. 

provided  with  two  stator  windings  for  30  and  40  poles  respectively.  At 
the  vessel's  normal  speed  the  power  of  the  two  Diesel  engines  is  integrated 
at  this  motor,  the  20-c^cle  supply  being  absorbed  in  the  30-pole  winding  and 
the  26.6-cycle  supply  in  the  40-pole  winding.  Under  these  conditions  the  ' 
synchionous  speed  is  80  r.p.m.  Allowing  for  slip  in  the  rotor  of  this  motor 
the  propeUer  speed  is  about  78  r.ij.m.  By  changing  the  40-pole  winding 
to  the  20-cycle  generator  and  leaving  the  30-pole  winding  of  the  motor 
and  the  26,&-cycTe  generator  out  of  circuit,  the  speed  is  lowered  to  75  per 
cent,  of  full  speed,  i.e.,  to  some  58  r.p.m.  The  26.6-cyrlc  set  may  then  be 
shut  down  thus  leaving  the  20-cycIe  set  alone  to  propel  the  ship  and  con- 
sequently providing  as  good  economy^  at  this  low  speed  and  load  as  at  the 
higher  speed  and  load.  The  vessel  is  designed  to  carry  about  2,400  tons 
drad  weight  of  cargo,  fuel,  fresh  water  and  stores  on  a  14-ft.  mean  draught 
in  fresh  water.  On,  p.  412  of  Engineering  for  Sept.  27,  1912,  the  cost  of  the 
Tynemount  is  given  as  £30,000  (1150,000). 

The  dimensions  of  the  ship  and  of  her  propeller  are  determined  by  the 
dimensions  of  the  canal  locks  through  which  she  must  pass.  The  system 
adopted  has  permitted  of  increasing  the  carrving  capacity  to  250  tons 
more  than  would  have  been  practicable  witn  steam  equipment.  This 
saving  ia  a  consequence  of: 
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(a)  The  abaenee  of  boilen  and  the  conaequent  reduction  in  apace  and 
weight  of  machinery, 

(d)  The  great  difference  in  the  heat  value  of  the  fuel  and  the  efficiency 
with  which  it  ia  used,  ao  that  the  bunker  capacity  can  be  materially  reduceo. 

The  "Tynemount"ia  fully  deacribod  and  illuatrated  in  an  article  publiahed 
3.  381  of  Tlu  Sngintar  lor  Oct.  10,  1013.  The  plan  of  the  arrangement 
.  Jie  machinery,  ahown  in  Fig.  4  is  reproduced  from  this  article. 

The  **Tynemount"  ia  250  ft.  long,  of  42  ft.  beam  and  haa  a  diaplacement 
of  aome  3,400  tona  at  11  ft.  draught  in  freeh  water.  She  ia  designed  for  a 
si>eed  of  some  8  knota. 

71.  Parformanee  of  the  "Tynemoont."    On  the  17th  of  September, 

1913.  the  Tynemount  made  her  first  trip,  and  her  performance  was  tested  at 
sea  over  a  measured  mile.  She  waa  also  reversed  many  times  and  it  waa  ascer- 
tained that  only  some  15  to  18  sec.  were  required  to  brin^  the  propeller  from 
full  speed  ahead  to  full  speed  astern  or  vice  versa.  This  is  an  intereatiiig 
demonstration  of  the  excellent  capabilities  of  properly  designed  squirrel- 
cage  induction  motors  for  work  whore  considerable  starting  and  accelerating 
torque  is  required.  The  design  of  the  squirrel  cage  comprises  the  feature 
that  the  slota  are  exceedingly  deep  and  narrow  in  order  to  take  advantage  of 
the  "Field"  effect  which  acts  to  imiwrt  high  resistance  characteristics  to 
the  rotor  at  starting.  The  high  resistance  charaoteristics  automatically 
merge  into  low  resistance  characteristica  as  the  motor  speed  increases. 
Consequently,  the  slip  and  losses  are  low  at  full  speed,  whereaa,  with  the 
ordinary  construction  employing  high  resistance  rotor  bars  of  the  usual 
proportions,  the  slip  and  losses  and  heating  would  be  undesirably  high  during 
normal  running. 
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BLBCTROCHEMISTRT 
ZNTBODUGTIOH 

1.  Deflnitdon.  Electrochemiatry  deals  with  iho  production  of  electrical 
onergy  from  ohemioal  energy  (primary  batteries,  storace  batteries)  and  with 
the  reverse  problem,  namely,  the  productioo  of  chemical  effects  by  electrical 
means.     Only  the  latter  problem,  however,  will  be  covered  in  this  section. 

I.  Ghemioal  equationi.  The  briefest  way  to  make  a  quantitative 
statement  of  an  electrochemical  fact  is  by  means  of  a  chemical  equation.  If 
the  chemical  equation  of  a  certain  reaction  or  process  is  civen,  it  is  pooeible  to 
derive  a  great  many  condusiona  from  it  with  the  aid  <h  certain  sets  of  con- 
stants, such  as  atomic  weights,  formation  energies,  the  constants  of  the  gas 
laws,  of  Faraday's  law,  etc.  We  will  first  give  a  concise  summary  of  the 
different  ways  in  which  a  chemical  equation  may  be  interpreted;  this  will 
invt^ve  sumzning  up  the  fundamental  principles  of  phyaicaJ  chemistry  and 
dectrocbemistry.  Interpreting  a  chemical  equation  in  different  ways  means 
looking  at  the  reaction  from  different  standpcrints.  This  is  of  greatest 
importance  for  any  electrochemical  proportion,  and  it  is  not  generally  appre- 
ciated, especially  by  electrical  engineers,  how  manifold  the  points  of  view  are 
for  consiciering  a  chemical  problem. 

S.  Ueotroohemiosl  prooaasea.  This  will  be  followed  by  a  concise  sum- 
mary of  those  electroonemical  processes  which  have  attained  industrial 
importance.  For  the  purpose  of  convenience  a  division  into  the  fdUowing 
three  olaiMl  will  be  made:  Electric  furnace  processes;  electrolytic  processes; 
and  processes  involving  electric  discharges  through  gases,  althougn  a  sharp 
separation  of  these  three  classes  cannot  oe  made  m  reality.  E^ch  class  will 
be  introduced  by  a  summary  of  the  prinoi|dea  governing  the  proceaeee  in 
that  class.  In  giving  references  to  available  literature,  the  aim  has  been  to 
refer  to  those  articles  and  papers  which  contain  the  latest  and  fullest  techniral 
information  and  which  are  most  easily  accesuble  to  American  readers.^ 

nmKP&iTATioN  or  ohxkioal  bquatiohb 

4.  A  ffTMn-Atom  is  that  number  of  ^rama  of  an  element  which  is  equal  to 
the  atomic  weight.  A  kilogram-atom  is  the  same  number  of  kilograms,  etc. 
A  gram- molecule  (or  "  mol ")  is  that  number  of  grams  of  a  substance  which 
is  eciual  to  the  molecular  weight.  It  is  very  important  to  alw^s  clearly 
distinguish  between  atoms  and  molecules;  thus  a  gram-atom  of  chlorine 
M  CI  — 35.45  g.,  while  a  gram-molecule  or  a  mol  of  chlorine  — Cla"«  70.90  g. 
A  gram*atomof  oxygen  =  0  —  16  g.;  but  a  gram-molecule  of  oxygen  — Oi»  32 
g.,  and  a  gram-molecule  of  osone  — Oi  — 48  g.  A  kilogram-molecule  of  cal- 
cium carbide  —  CaC!))  —  64. 1  kg. 

5.  Interpretotion  of  chemleal  equations.  The  equation  of  the  re- 
action between  burnt  lime  and  ground  coke  in  the  production  of  calcium 
carbide  in  the  dectrio  furnace  is 

CaO+Ci-CaCi+CO.  (1) 

5a.  1      36     64.1       28 


I  For  further  literature  reference  must  be  had  to  the  transactions  of  the 
three  electrochemical  societies,  namely:  the  TranMocliont  of  the  American 
Electrochemical  Society,  the  Tranaactiona  of  the  (British)  Faraday  So- 
ciety, and  the  Zeiiachri^t  fUr  EUktrockemie,  which  is  the  organ  of  the 
(Qerman)  Bunsen  Society.  The  principal  independent  publicatiooa 
specialising  in  electrochemistry  are  Mrtallurqical  and  Chemical  Enffineering 
(N^w  York),  BUktrochemische  ZeiUchrift  {B^tMn),  Joumtd  du  Four  &€€- 
triqueetcUl'Electrolye  (Paris),  La  HouitteBiaacAe  (Lyons and QrenoUe). 
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The  figurwi  placed  below  the  ohemioaL  flymlxdfl  an  the  molecular  weights. 
The  equation  states  that  when  56.1  kg.  of  burned  lime  combine  with  36  kg. 
of  coke,  there  are  formed  64.1  kg.  of  calcium  carbide  and  28  kg.  of  carbon 
monoxide.  Instead  of  kilogram,  we  could  use  just  as  well  any  other  unit  of 
weight  (pound,  ton,  etc.)i  since  the  chemical  equation  gives  only  the  relor* 
tivc  weights  of  combination.     The  table  of  atomic  weights  is  given  in  Sec.  4. 

BBLATIOM  BITWXIN  VOLUiaOE,  PEI8SUXX  AHD  TXMFKEATUmS 
IH  QAaXB 

S.  ATO^ftdro's  law.  If  any  of  those  substances  taking  part  in  a  reaction 
at  a  certain  temperature  is  In  the  gaseous  state  and  we  know  the  pressure, 
we  can  find  its  volume  directly  from  the  equation  of  the  reaction;  or  if  we 
know  its  volume  we  can  directly  find  the  pressure.  According  to  Avogadro's 
rule,  equal  numbers  of  molocutes  of  differeat  gases  fill  equal  volumes  under 
the  same  conditions  of  temperature  and  pressure.  One  gram-molecule  of 
any  gas  (for  instance,  2  g.  hydrogen,  Hi,  or  32  g.  oxygen,  Oi)  at  atmos- 
pheric pressure  (760  mm.  mercury)  and  at  a  temperature  of  0  deg.  cent. 
fills  22.42  liters.     One  kilogram-molecule  fills  22.42  cu.  m. 

Xzample :  The  28  kg.  of  carbon  monoxide  gas  set  free  in  the  formation  of 
64.1  kg.  of  calcium  carbide  according  to  the  above  equation  (Eq.  1, 
Par.  S)  are  1  kilogram-molecule  and  will  therefore  fill  22.42  cu.  m.  when 
brought  to  ft  temperature  of  0  deg.  cent,  and  to  a  pressure  of  1  atmosphere. 

7*  Boyl«-lt«riotto-Oa7-LuiBae  law.  To  calculate  the  volume  for 
other  temperatures  and  pressures,  the  Boyle-MaiiotteOay-Luasao  law  is  to 
be  api^ea,  according  to  which 

p  9  -  R  T  -  RX  (273-fdeg.  cent.)  (2) 

In  this  equation  p  is  the  pressure,  r  the  volume;  hence  pvthe  work  done 
in  the  expansion  of  the  gas.  T  is  the  absolute  temperature  —  temperature 
in  degrees  centigrade  plus  273.  R  is  the  gas  constant.  If  we  measure  the 
pressure  in  atmospheree  and  the  volume  in  liters,  then  Avogadro's  rule 
states  that  for  p  — 1  and  T  — 273,  1  gram-moleoule  of  gas  fills  the  volume 
vi-22.42.  hence  R- 22.42/273 -0.0821.  Hence  for  1  gram-molecule, 
if  we  give 

p  V  in  litei^-atmospheres,     R  — 0.0821 

p  p  in  kilogram-meters,       R  — 0.848 

p  V  in  gram-calories,  R  — 1.987. 

For  n  gram-molecules  the  value  of  p  t  is  n  timoe  the  value  found  from  the 

above  equation. 

■sample:     If  we  electrolyse  a  dilute  acid  or  alkaline  solution  for  the 

Kuipose  of  producing  oxygen  and  hydrogen  gas  and  if  we  wish  to   use  the 
ytfrogen,  for  instance,  for  filling  a  balloon,  then  the  main  reaction  is  simply 
the  deoompoaition  of  water. 

HiO-Hi+O;  (3) 

i.«.,  1  kilogram- molecule  or  18  kg,  H>0  are  decomposed  into  1  kilo- 
gram-molecule or  2  kg.  H,  occupying  22,420  liters  at  0  deg.  cent,  and 
atmospheric  pressure,  and  0.5  kilogram- molecule  or  16  kg.  O,  occupy- 
ing 11.210  titers  under  the  same  conditions  of  temperature  and  pressure.  If 
the  hydrogen  gas  is  contained  in  a  balloon  which  is  to  rise  in  the  atmosphere, 
it  will  be  under  atmoepherio  pressure,  and  the  hydrogen  produced  from  18 
Idlograms  of  water,  will  under  this  condition  fill  22,420  liters  at  0  deg.  cent. 
If  t^  temperature  is  higher,  for  instance  (  deg.  cent.,  and  the  pressure  leas, 
for  instance,  7G0~z  mm.  of  mercury  (when  the  balloon  rises),  then  the  volume 
,     -.,  22,420X76OX(273+0. 

inbters {loo^jxm ' 

S.  Unlta  employad.  The  calculation  is  quite  as  simple  for  English 
unite  instead  of  metric  units.  As  J.  W.  Richards^  has  remarked,  the  same 
numerical  factor  can  be  used  as  in  the  metric  system.  This  coincidence  im 
due  to  the  fact  that  there  is  practically  the  same  relation  between  an  ounce 
(av.)  and  a  kilogram,  as  between  a  cubic  foot  and  a  cubic  meter,  the  differ- 
ence being  negligible.  Hence  1  ounce-molecule  of  a  gas  (for  instance  28 
ox.  carbon  monoxide)  at  0  deg.  cent,  and  1  atmosphere  BUb  22.42  cu.  ft. 

9.  Oat  mixturei.  It  we  have  a  mixture  of  different  gases  in  the  same 
space,  two  different  views  are  a  prion  possible.     Instead  of  pv^RT  we 

>  Richards,  J.  W.     "Metallurgical  Calculations,"  1912;  Vol.  I,  p.  3. 
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might  writo  in  this  cam  p(n+n+vi+.  .)  ■■R  T,  auumixig  that  all  the 
gases  have  the  same  preeaure  p,  but  each  oocupies  only  a  certain  part  of  the 
total  volume  (the  same  as  it  wauld  occupy  alone  under  the  same  conditdona 
of  temperature  and  preaaure)  \  n  v»v»  .  .  oeiog  the  partial  TOlumM  of  the 
different  gases  1,  2,  3,  .  .  and  their  sum  being  the  volume  of  the  mixture;  or 
we  may  writo 

(PI+P1  +  PI  +  .  .)ti-RT,  (4) 

assuming  that  every  one  of  the  gases  fills  the  total  volume  r  of  the  mixture, 
but  that  each  exerts  only  part  of  the  total  pressure;  pi  pi  pi  ■  .  being  the 
parttftl  prttMUTM. 

10.  The  compoiitton  ot  a  gfti  mixture  mmj  be  defined  either  by  the 
ratio  of  the  weights  of  the  constituent  gases  (or  in  per  cents,  of  weight)  or  by 
the  ratio  of  the  partial  pressures  or  the  ratio  of  partial  volumes  (or  in  per 
cents,  of  volume).  For  instance,  if  atmospheric  air  is  a  mixture  of  23.1  per 
cent,  by  weight  of  oxygen  and  76.0  per  cent,  by  weight  of  nitrogen,  then 
the  psu-tial  volumes  are  found  as  follows:  In  100  g.  of  air  are  23.1  g.  or 
0.72  giam-moLecule  of  oxygen  and  76.9  g.  or  2.74  gram-molecoles  of 
nitrogen.  At  atmospheric  pressure  and  0  deg.  cent,  the  partial  vcdume  (^  the 
oxygen  is  therefore  0.72X22.42-16.2  liters,  the  partial  volume  of  the 
nitrogen  is  2.74X22.42-61.5  liters.  The  total  volume  of  air  is  77.7  liters. 
Hence  the  per  cents,  by  volume  are  20.8  per  cent,  of  oxygen  and  79.2  per 
cent,  of  nitrogen.  In  an  analogous  way  the  partial  pressures  may  be  cal* 
oulated.  ^ 

11.  Hypothesis  of  partlAl  preuures  n.  partial  Tolumes.  For 
many  cGueulAtions  the  hypothesis  oS  partial  volumes  is  as  good  as  that  ot 
partial  pressures  but  the  latter  is  the  only  one  strictly  tenable.  For  instance, 
we  have  steam  in  the  atmosphere  at  0  deg  cent.,  although  we  know,  that 
at  atmospheric  pressure  and  0  de^.  cent.,  water  could  not  exist  in  gas  form. 
Therefore  we  must  conclude  that  m  the  atmosphere  steam  is  under  less  than 
atmospheric  pressure;  this  leads  directly  to  the  conception  of  partial  pressure. 
Finally  it  must  be  added  that  the  above  rules  are  strictly  true  only  for  ideal 
gases. 

BBLATIOir  BKTWUN  OSMOTIC  PEMSPM,  GOHCBNTSATIOll 
AND  TBMPXEATimB  XM  SOLVTIOHS 

IS.  Analogy  between  gaseous  and  osmotic  pressures.  On  ac- 
count of  the  analogy  between  the  laws  of  gaseous  pressure  and  of  oamotio 
pressure  in  dilute  solutions  we  can  apply  directly  the  results  of  Par.  S  to 
It  to  dilute  solutions;  i.e.,  if  one  oi  the  products  of  a  chemical  reaction 
appears  in  aqucouo  solution  of  given  volume  and  if  we  know  that  the  laws 
of  osmotic  pressure  are  strictly  valid  for  the  solution  in  question,  then  we 
can  state  at  once  the  osmotic  pressure  from  the  equation. 

IS.  Osmotic  pressure.  If  an  n  per  cent,  aqueous  solution  of  a  non- 
electrolyte  is  placed  in  a  closed  vessel,  the  walls  of  which  are  semi-permeable, 
i.e.,  permit  water  only  to  pass  through,  but  not  the  solute,  and  if  we  place 
this  vessel  in  a  larger  reservoir  filled  with  water,  then  the  solution  inaide 
the  smaller  vessel  attracts  water  from  the  outside  until  a  certain  pressure 
is  produced  within  the  vessel.  This  pressure  is  called  the  osmotic  pressure 
and  its  value  in  atmospheres  is  0.0821  X  number  of  gram-molecules  per 
liter X absolute  temperature  (Van^t  HofT).  This  ia  the  same  equation  as 
in  Par.  7  with  the  exception  that  instead  of  the  volume  v  (the  number  of 
liters  which  arc  filled  by  I  gram-molecule)  we  use  here  the  reciproGal 
value,  c  —  1/v  which  is  the  concentration  in  gram-molecules  per  liter), 
so  that  the  eqiiation  p  v  »•  R  T  is  written  in  this  case  p  »  Ro  T. 

Example.  As  an  example  we  want  to  find  the  osmotic  pressure  of  a  1 
per  cent,  sugar  solution  at  7  deg.  cent.  The  molecular  weight  of  sugar 
»342;  1  liter  of  a  1  per  cent.  scMUtion  contains  0.01  kilogram  or  10  grams 
or     10/342    gram-molecules    of    sugar.     Henoe    c^iO/342.    T-aso,  and 

.,  ^.  0.0821X10X280     2     ^  ,         fjy,„s  ,., 

the  osmotic  pressure  — 575 =  „- atmosphere  (Pfeffer).  (5) 

o4«  o 

14.  Bzplaziation  of  osmotic  pressure.  We  may  describe  the  general 
phenomenon  in  another  way  by  saying  that  the  pure  water  outside  attracts 
the  solute  inside,  and  since  the  latter  cannot  pass  outside  it  presses  against 
the  walls.  Thus  the  osmotic  pressure  may  be  pictured  as  the  pressure 
which  is  produced  by  the  solute  inside  the  vessel  due  to  its  inability  to  znove 
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freely  to  the  outside — just  as  a  gas  inside  a  reservoir  exerts  a  pressure  on 
the  walls,  because  it  cannot  foUov  its  tendency  to  pass  outward.  More- 
over, for  the  osmotic  pressure  and  the  gaseous  pressure  the  same  numerical 
law  Dolds  true  as  shown  above  (Far.  18).  In  the  case  of  the  sugar  solu- 
tion the  osmotic  pressure  exerted  by  the  dissolved  sugar  molecules  is 
aumerioally  equal  to  the  gas  pressure  which  the  same  molecules  would 
exert  If  the  B»me  weight  of  sugar  existed  in  gaseous  form  in  the  same  volume 
and  at  the  same  temperature.  This  is  the  foundation  of  Van't  Rofl*! 
theory  of  solutions.  Instead  of  measuring  the  osmotic  pressure  directly, 
it  is  possible  to  calculate.it  from  the  changes  of  the  vapor  pressure  or  of 
the  freeiing  point,  due  to  the  addition  of  the  solute  to  the  solvent. 

18.  Klaotrolsrteft  form  an  azcaption.  However,  the  above  law  does 
not  hold  good  in  general  and  all  aqueous  solutions  whicn  are  electrolytes  form 
an  important  exception,  if  we  base  the  calculation  on  ordinary  molecular 
weights  in  the  same  way  as  in  the  above  case  of  su^ar.  This  discrepancy 
is  removed  by  the  hypothesis  of  an  electroljrtia  dissociation  in  solutions 
(Planck  and  Arrhenius).  According  to  Arrheniua  not  all  the  molecules 
of  the  dissolved  substance  are  electrolytically  active,  but  only  those  which  ^ 

are  "dissociated"  into  electrically  ohareed  ions;  this  is  the  foundation  of  M 

the  eloctroljrtlc  dluociation  theory.     In  applying  the  laws  of  the  osmotic  ■ 

pressure  to  electrolytes  a  larger  number  of^  molecules  must  therefore  be  v 

assumed  according  to  the  degree  of  dissociation. 

RKLATIOir  BSTWKIN  MASS  AND  KLICTRIC>  QUANTITY  IN 
XLICTEOLTTIC  BSAOTIONS 

16.  F«rftday't  first  law  gives  the  exact  relation  between  the  weight  of 
the  products  of  electrolysis  and  the  quantity  of  electricity  paasinK  during 
the  electrolyus.  There  are  always  two  reactions.  One  is  the  anodic  reac- 
tion, its  product  or  products  appearing  at  the  anode.  The  other  is  the 
catiiodio  reaction,  its  product  or  products  appearing  at  the^  cathode. 
Faraday's  first  law  states  that  if  nothing  but  the  one  desired  reaction  occurs 
at  the  anode  or  cathode  as  the  result  of  the  passage  of  the  electricity,  the 
quantities  of  material  changed  at  the  anode  or  cathode  depend  only  on  the 
quantity  ^  of  electricity-  wmeh  passes^  measured  in  coulombs  or  ampere- 
seconds;  in  other  words,  these  quantities  depend  only  on  the  product  of  the 
current  in  amperes  and  the  time.  With  t  amperes  the  same  quantities  of 
chemicals  are  changed  in  t  seconds,  as  with  i/n  amperes  in  nl  seconds,  where 
n  ma^  be  anything;  the  quantities  depend  only  on  the  product  of  current 
and  time  and  not  on  anything  else,  for  instance,  not  on  the  voltage  or  on 
the  siie  of  the  electrodes  or  on  the  temperature,  etc.  This  should  not  be 
misunderstood;  all  these  statements  are  valid  under  the  supposition  placed 
at  the  beginning  of  our  statement  of  Faraday's  first  law,  namely  that  noth- 
ing but  the  one  desired  reaotion  takes  pla(».  As  long  as  this  la  true^  the  quan- 
tities of  materifUs  changed  are  strictly  projiortionGu  to  the  quantity  of  elec- 
tricity passing.  But  iiTfor  instance,  by  raising  the  voltage,  a  new  reaction 
is  started,  the  conditions  are  of  course  changed. 

IT.  Vftraday's  second  law  gives  the  numerical  relation  between  the 
quantity  of  electricity  and  the  quantity  of  material  changed.  It  can  be 
most  easily  expressed  for  the  special  case  that  the  chemical  reactions  oc- 
curring at  the  anode  and  cathode  are  simply  a  liberation  of  a  gas  or  a  deposi- 
tion of  a  metal.  For  this  case  Faraday's  second  law  states  that  the  quantity 
of  gas  -set  free  or  of  metal  deposited  is  proportional  to  the  eqiilTalent 
weight  of  the  gas  or  metal,  and  that  96,540  coulombs  deposit  or  set  free 
1  gram-equivalent  of  metal  or  ^as.  The  equivalent  weight,  or  gram- 
equivalent  is  defined  as  the  atomic  weight  divided  by  the  valency.  For 
instance,  63.6  is  the  atomic  weight  of  copper;  the  equivalent  weight  is  63.6/2 
—  26.8  for  a  bivalent  salt,  like  copper  sulphate,  and  63.6  for  a  monovalent 
salt  like  cuprous  chloride.  Hence  96,540  coulombs  deposit  26.8  g.  of 
copper  from  copper  sulphate,  but  63.6  g.  from  cuprous  chloride. 

18.  7«radfty's  IftW  stated  in  general  form.  Faraday's  law  will  now 
be  stated  in  what  appears  to  the  writer  to  be  the  most  general  and  complete 
form.  ^  It  is  valid  for  all  eleetrolytic  processes  and  all  such  processes  require 
essentially  direct  ebrrent. 

In  any  electrolytic  process  there  is  chemical  reduction  at  the  cathode  and 
chemical  oxidation  or  perduction  at  the  anode.  Redaction  means  a  loss  of 
bonds,  perduction  m  gun  of  bonds.    Exactly  as  many  bonds  are  lost  at  the 
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eathode  aa  are  sained  at  the  axu>de.  //  the  number  of  bonds  loat  at  ihe  cathode 
and  oained  at  the  anode  in  an  electrolytic  proceaa  ia  n,  then  each  aymbol  of  the 
eUmentt  in  the  e<iitation  of  the  reaction  repreaents  a  ffram-atom  of  the  element 
intolited  in  the  reaction^  when  96,540  Xn  coxUomba  are  paaaino. 

19.  The  flffure  96,540  coulombs  per  monoTalent  n-am-lon  is  based 
on  the  atomic  weight  of  silver  107.93  and  the  electrochemical  equivalent 
of  diver  adopted  by  the  International  Electrical  Congress  of  Chicago  in 
1893  in  the  definition  of  lamp.,  namely  0.001 118  g.  of  silver  per  coulomb. 
This  gives  107.93 +  0.0011 18  <»  96,538.5  coulombs  for  the  monovalent  gram- 
ion  of  silver,  or  approximately  96,540,  which  figure  ia  very  widely  used. 

50.  Deflnltiona  of  valenoe  and  bonds.  For  the  understanding  of 
Faraday's  law  which  is  the  most  fundamental  law  of  electrolyma,  a  proper 
understanding  of  the  terms  valence  and  boiids  is  absolutely  ossential. 
This  subject  must  be  approached  from_  the  chemical  side  and  for  the  purx>ose 
of  acquainting  electrical  engineers  with  these  fundamental  chemical  con- 
ceptions, the  notation  of  Prof.  Otis  C.  Johnson  seems  to  be  particularly 
suitable.  While  for  a  detailed  study  of  notation  the  reader  must  be  referred 
to  Prescott  and  Johnson's  "  Qualitative  Chemical  Analysis,"  the  foUowinc 
summary  will  be  sufficient  to  explain  the  chief  points. 

The  valence  represents  the  number  of  bonds  uniting  an  element  with 
others  in  a  chemioal  compound.  A  bond — that  Is,  a  unit  of  actiTe  Talene* 
— is  either  a  positive  one  or  a  negative  one.  The  oxidation  of  an  element  is 
shown  by  an  increase,  and  its  reduction  by  a  decrease  of  the  number  of 
bonds.  Hydrogen  (in  combination)  has  always  one  positive  bond.  Oxygen 
(in  combination)  has  always  two  negative  bonds.  Free  elements  have  no 
bonds.  The  sum  of  all  bonds  of  any  compound  is  lero.  In  salts  the  bond 
of  the  metal  is  always  positive.  In  acids  and  in  salts  the  acid  radical  has 
always  negative  bonds. 

51.  Determination  of  Talence.  These  rules  enable  one  easUy  to  deter- 
mine the  vidence  in  any  compound.  For  instance,  in  HCl,  H  haa  one 
positive  bond,  hence  CI  must  have  one  negative  bond  in  order  to  have  the 
Bum  of  all  the  bonds  in  the  molecule  equal  to  lero.  In  all^  chlorides  CI  has 
one  negative  bond.  In  HtSO«  we  see  that  Hs  has  two  positive  bonds  and  0« 
eight  negative  bonds,  hence  S  has  six  positive  bonds,  or  the  radical  SO4 
has  two  negative  bonds.  In  CuCl,  CI  has  one  negative  bond,  hence  Ca 
one  positive  bond.     In  CuSO*.  SO4  has  two  negative  bonds,  hence  Cu  two 

f)OBitive  bonds.  In  other  words,  Cu  is  monovalent  in  the  chloride  and  biva- 
ent  in  the  sulphate.  COi  in  carbonates  has  two  negative  bonds.  ClOs 
in  chlorates  has  one  negative  bond.     See  also  Par.  14S  and  14S. 

St.  Xzftmple.  The  final  step  of  the  Siemens  and  Ralske  coppsr 
IKTOCeH  consists  in  depositing  copper  on  the  cathode  from  a  CuSO«  solution 
and  simultaneously  oxidizing  ferrous  sulphate  to  ferric  sulphate  at  a  carbon 
anode  in  a  diaphragm  cell.     The  equation  in  its  simplest  form  is 

CuS04+2FeS04-Cu  +  Fei(S04)i  ,-v 

159.66     303.92     63.6     399.98  ^^' 

The  figures  given  below  the  chemioal  symbols  are  the  molecular  weights. 
Cu  has  two  positive  bonds  in  CuSOi  and  when  depoated  as  metal  on 
the  cathode  it  has  no  bonds;  hence  the  loss  of  bonds  of  Cu  in  its  reduction  to 
the  metallic  state  is  two.  Fe  in  2FeS04  has  two  positive  bonds,  henee  the 
2Fe  have  four  positive  bonds;  but  Fe  has  three  positive  bonds  in  Fes  (SO«}t 
and  Fet  six  positive  bonds;  hence  in  the  oxidation  from  ferrous  to  feme 
sulphate  two  positive  bonds  are  gained.  Therefore,  if  the  symbols  in  the 
above  equation  represent  gram-atoms  or  gram- molecules,  the  reaction 
corresponds  to  the  passing  of  2X96,540  coulombs  through  the  cell.  Thus, 
2X96,540  coulombs  deposit  in  this  process  63.6  g.  of  copper,  or  100.000 
coulombs  33  g.  of  copper.  The  aoove  equation  may  be  completely 
interpreted  as  follows:  If  2X96,540-:  193,080  coulombs  pass  through  the 
cell.  159.66  g.  of  CuS04  and  303  92  g.  of  FeS04  are  changed  into  63.6 
g.  of  Cu  and  399.98  g.  of  Fci  (S04)t.  This  example  makes  it  clear  that 
the  statement  of  Faraday's  second  law  in  Par.  17  for  the  special  case  of 
metal  deposition  follows  directly  from  the  more  general  statement  of  the  law 
in  Par.  18. 

The  Siemens  and  Halake  process  of  producing  copper  has  never  attained 
industrial  importance.  But  it  has  been  chosen  here  as  an  example  for 
the  explanation  of  Faraday's  law,  since  the  importance  of  valeooe  is  clearly 
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illustrated  bv  a  comparUon  of  this  process  with  that  of  Hoepfner  which 
was  devised  later  to  compete  with  the  Siemens  and  Halske  process.  While 
sulphate  solutions  are  used  in  the  latter,  Hoepfner  proposed  to  use  a  chloride 
solution.  The  ferric  sulphate  and  oupric  chloride  are  used  for  leaching 
the  ore. 

tS.  Xxample.  The  scheme  of  the  Hoopfner  eopper  proe«w  was 
essentially  to  deposit  copper  on  copper  cathodes  from  a  cuprous  chloride 
solution  and  oxidise  simuftaneously  tne  cuprous  chloride  to  cuprio  chloride 
at  carbon  anodes,  the  essential  reaction  being 

2CuCl-CuCla  +  Cu  (7) 

198.1      134.5      63.6 

The  figures  placed  below  the  chemical  symbols  represent  again  the 
wights,  found  n*om  the  toble  of  atomic  weights.  In  this  case  Cu  in  the 
cuprous  chloride  CuCl.  has  one  positive  bond,  while  it  has  two  positive  bonds 
in  cupric  chloride  CuCU.  At  the  cathode  the  reduction  of^one  CuCl  to 
metaluo  Cu  (which  has  no  bonds)  involves  therefore  a  loss  of  one  positive 
bond.  At  the  anode  the  oxidation  of  one  CuCl  to  CuCls  involves  the  gain  of 
one  bond.  Hence  in  this  case,  we  have  a  monovalent  reaction,  the  change 
of  bonds  being  1,  and  we  find  that  when  96,540  coulombs  pass  through  the 
fsell,  198.10  grams  of  CuCl  are  changed  into  134.5  grams  CuCIs  and  63.6 
grams  Cu.  The  metallic  copper  is  the  principal  product  in  the  process, 
96,540  coulombs  deposit  63.6  grams  of  copper  or  100,000  coulombs  deposit 
05  grams  of  copper,  t.s..  Just  twice  the  amount  obtained  with  the  same 
current  and  in  the  same  time  by  the  Siemens  and  Halske  process. 

S4.  Xxplanation  of  dlff«r«nt  oatputo  in  th«  two  examples.  (Par. 
St  and  SS.)  It  is  quite  clear  from  the  above  argument  what  causes  the  dif- 
ferent output  of  both  processes;  it  is  simply  the  fact  that  Cu  has  two  bonds  or 
is  Inralent  in  CuSO«  and  has  one  bond  or  is  monovalent  in  CuCI.  It  is 
also  clear  that  to  find  the  amount  of  an  element  set  free  from  a  compound 
it  ia  not  necessary  to  write  down  the  whole  equation  of  the  reaction,  as  was 
done  above  for  the  sake  of  completeness.  We  can  state  that  if  1  gram- 
atom  of  a  metal  is  deposited  in  free  metallic  state  by  electrolysis,  96,540 
coulombs  are  necessary  for  deposition  from  a  monovalent  compound  (like 
CuCl),  twice  as  many  from  a  bivalent  compound  (like  CuaSO^),  three  times 
as  many  from  a  trivalent  compound,  etc.  But  this  rule  is  only  a  special  case 
and  does  not  give  any  information,  for  instance,  on  the  quantity  of  ferroui 
sulphate  oxidised  to  ferric  sulphate  in  the  Siemens  and  Halske  process. 

S8.  Procedure  in  calculations.  The  method  of  writizif  down  the 
whole  equation,  determining  the  number  of  bonds  lost  and  gained  and  apply- 
ing the  above  rule  gives  complete  information  in  all  cases  on  the  relation  be- 
tween the  quantity  of  electricity,  which  passes  a  cell  and  all  the  quantities 
changed  thereby  in  chemical  composition. 

M.  Method  of  calculation  under  the  electrolytic  dissociation 
theory.  The  above  method  of  calculation  becomes  easier  if  we  use  the  pic- 
ture of  the  electrolytic  dissociation  theory.  The  equation  of  the  Siemens 
and  Halske  process  is  then  written  in  the  form 

Cu-  •  +  SOi"  +  2Fe-  •  +  2S04"-»Cu+2Fe-  •  •+3S0«".  (8) 

that  is,  instead  of  CuSOi  in  solution  we  write  Cu*  '  +  SO4'',  the  copper  sul- 
phate being  dissociated  into  its  ions,  the  positive  copper  ion  Cu'  '  and  the 
negative  ion  SO4".  Each  dot  at  the  top  of  Cu*  *  represents  a  positive  electric 
charge.  Each  stroke  at  the  top  of  SO4  represents  a  negative  electric  charge. 
Each  such  charge,  positive  or  negative,  ia  96,540  coulombs,  if  the  chemical 
symbols  represent  gram-atoms  or  as  we  now  say,  gram-ions.  The  gram4on 
Cu**is  bivalent  and  charged  with  2X96,540  coulombs.  Each  gram-ion 
Fe'  '  (ferrous)  is  bivalent  and  charged  with  2X96,540  coulombs.  The 
gram-atom  Cu  (metal  deposited  on  the  cathode)  is  not  charged.  Each 
n«m-ion  Fe'  *  *  (ferric)  is  trivalent  and  charged  with  3X96,540  coulombs. 
The  above  ionic  equation  may  be  somewhat  simplified  by  writing 

Cu*  •  +2Fe-  ■-'Cu+2Fe*  ■  '     ^  (9) 

If  this  equation  shall  be  right,  not  only  the  chemical  symbols  but  the 
dots  must  balance  on  both  siacR,  since  otherwise  free  electrostatic  charges 
would  appear  somewhere.  In  this  case  we  see  Cu'  *  has  2  charges  and  each  of 
the  two  re'  'has  also  2  charges,  hence  the  total  sum  is  6  charges  on  the  left 
ride  of  the  equation.  On  the  right  side  Cu  has  no  charge,  each  of  the  two 
Fe*  *  *  baa  3  charges,  hence  the  total  sum  is  again  6  chfurges. 
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What  happezu  &coordins  to  this  view  is  that  at  the  cathode  a  bivalent 
Cu*  *  ion  (from  oopper  sulphate)  is  reduced  to  metallic  copper,  thus  BiTinc 
off  2  oluirges  to  the  cathode,  while  simultaneously  two  Pe*  '  ions  (ferrous)  are 
oiddised  to  two  Fe'  *  *  ions  (ferric)  at  the  anode,  each  taking  one  charge  from 
the  anode.  Hence  the  above  ionic  reaction  will  take  place  in  the  electro- 
lyte when  2X06.540  coulombs  pass  through  it.  entering  from  the  anode 
and  leaving  into  the  cathode. 

tr.  Keconeiiement  of  theories.  While  thne  statements  differ  greatly 
from  our  former  discussion  of  the  same  equation  in  the  notation  adopted  aod 
in  the  expressions  employed  it  will  be  seen  that  there  is  no  essential  difference. 
The  two  dote  on  top  of  Cu'  ', «.«.,  the  two  positive  charges,  represent  exactly 
the  same  thing  as  the  two  positive  bonds  which  Cu  has  in  Johnson's  notation. 
According  to  the  electrolytlo  dusociation  theory  the  reactions  in  electrolytes 
are  reactions  between  ions.  The  characteristic  feature  of  an  ion  is,  ^at  it  ia 
electrically  charged.  Any  gram-ion — whatever  may  be  its  chemical  nature — 
carries  one  or  two  or  three,  etc..  charges,  each  of  96,540  positive  or  negative 
coulombs,  according  to  whether  it  is  monovalent  or  bivalent  or  trivalent 
and  whether  it  is  positive  or  neftative.  There  are  everywhere  in  the  interior 
of  the  electrolyte  as  many  positive  as  there  are  negative  ions,  t.e.,  there  ia 
no  free  electricity  anywhere. 

tS.  Diflerenoe    between    eleotrolsrtle    and    ehemleal  dtasodAtloii. 

It  should  be  emphasised  that  electrolytic  dissociation  is  essentially  different 
from  chemical  dissociation.  The  ion  Cu'  *  isessentially  different  (In  electric 
charge,  energy  content,  properties)  from  the  atom  Cu  or  from  the  mono- 
valent ion  Cu*. 

M.  Izamplea.  To  write  the  equation  of  the  Hoepfner  proeeas  in  the 
notation  of  toe  electrolytic  diseoelation  theory,  we  write  Cu*  +  Cl'  instead 
of  CuCl  (in  solution)  and  Cu*  '  +  2Cr  instead  of  CuCU  (in  solution).  Hence 
the  equation  becomes 

2Cu*  +  2a'-cu'  +cr+cu  (lo) 

or  2Cu'  -Cu'  -+00.  (11) 

At  the  anode  one  monovalent  Cu*  ion  (cuprous)  is  oxidised  to  Cu'  *  (cu- 
prio) ,  taking  one  charge  from  the  anode.  Simultaneously  one  monovalent 
Cu'  ion  (cuprous)  is  reduced  to  metallic  copjker  Cu  at  the  cathode-giving  off^ 
one  charge  to  the  cathode. 

•0.  AppUoation  of  electron  theory.  We  may  go  a  step  further  and 
apply  the  modem  theory  of  electrons  to  our  problem.  This  nas  been  done 
by  Nernst.  We  will  assume  there  are  positive  and  nmealive  electrons, 
although  only  negative  elecTtrons  have  so  lar  been  isolated.  We  may  con- 
^der  them  as  kinos  of  new  elements  (only  for  the  sake  of  illustration),  with 
so  small  atomic  weights  that,  for  all  practical  calculations,  they  may  be  con- 
sidered sero;  while  their  characteristic  and  distinguishing  feature  is  that  each 
positive  electron  has  an  electric  charge  of  96,540  poeitive  coulombs  and  each 
negative  electron  has  an  electric  charge  of  96,540  negative  ooulonabe. 
Nernst,  therefore,  considers  an^  monovalent  positive  gram-ion  as  a  oompound 
of  the  gram-atom  with  a  positive  electron;  also  any  bivalent  gram4on  aaa 
compound  of  the  gram-atom  with  two  electrons,  and  so  on.  This  view 
empnasises  the  essential  difference  between  atoms  and  ions,  and  at  the  same 
time  gives  a  very  convenient  scheme  for  applying  Faraday's  law,  which 
appears  as  a  consequence  of  the  laws  of  defimte  and  multiple^  proportions. 
Johnson's  bonds  are,  then,  a  very  substantial  thing.  His  positive  mnds  are 
positive  electrons,  and  his  negative  bonds  are  negative  electrons.  This  view, 
although  it  may  be  called  very  hypothetical,  offers  the  safest  method  of 
applying  Faraday's  law.  There  is  no  possibility  of  making  a  mistake  if  we 
always  keep  the  mechanical  model  in  mind. 

SI.  Definition  of  a  'Taradaj." — The  charge  of  a  monovalent  positive 
ion,  which  is  96,540  coulombs,  is  the  fundamental  unit  for  all  electrolytic 
processes  and  is  called  one  Farad»  and  designated  by  F,  so  that  F  repre- 
sents one  positive  electron  and  —  F  one  negative  electron.  A  bivalent  Ica 
is  charged  with  2F,  etc. 

32.  Um  of  the  Varada^  notation.  With  this  notation  it  is  easy  to  write 
down  the  anodic  and  cathodic  reactions  separately.  For  instance,  in  case 
of  the  Siemens  and  Halske  process  the  anodic  reaction  is  2F+2Fe'  ■■•2Fe'  '  ', 
two  positive  electrons  being  absorbed  by  the  two  Fe  *  *iona  from  the  anode, 
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while  the  oathodic  reaction  is  Cu*  '^Cu+SFt  one  Cu  ion  giving  off  its  two 
positive  electrons  to  the  cathode. 

S3.  Use  of  larger  units  In  practieal  work.  In  the  above  we  have  based 
the  calculation  on  96,540  coulombs  as  the  chai^  of  1  gram-ion.  This  is 
the  laboratory  unit,  but  although  universally  used  in  discusaions  of  Faraday's 
law,  it  seems  too  small  for  practical  purposes.  If  one  monovalent  gram-ion 
carries  96,540  coulombs,  then  one  monovalent  Idlogram^on  carries  a  charge 
of  06,540,000  coulombiB  or  26,817  amp-hr.  Hence,  if  the  symbols  in  the 
equation  of  the  reaction  represent  kilogram-atoms,  then  the  reaction  re- 
quires 26,817  amp-hr.  if  monovalent,  2X26,817  amp-hr.,  if  bivalent,  etc. 

84.  Pr»etioal  use  of  the  gram-eqnlTalent.  finally  the  above  nu- 
merical relations  may  be  very  briefly  stated  by  using  the  term  gram-dqulTft- 
Iwit  which  means  gram-ion  di video  by  the  valency,  so  that  one  gnkm-equiva- 
lent  equals  a  gram-ion  if  it  is  monovalent,  but  one-half  gram-ion  if  it  is 
Mralent  as  already  explained  in  Par.  S4.  In  the  same  way  the  term  kilo- 
gram-equivalent  means  kilogram-ion  divided  by  valency.  Then  Faraday's 
law  states  that  1  gram-equivalent  of  any  chemical  composition  whatever 
carries  an  electric  charge  of  06,540  coulombs.  One  kilogram-equivalent 
carries  an  electric  charge  of  26,817  amp-far. 

89.  Johnion's  rule  for  balancing  equations.  In  the  procedure  recom- 
mended above  for  the  application  of  Faraday's  law  a  difficulty  may  be  found 
in  writing  down  the  equation  of  the  reaction.  Since  in  any  electrolytic 
process  we  have  to  do  with  reduction  and  oxidation  the  following  rule  of 
Prof.  O.  T.  Johnson  for  balancing  equations  of  this  kind  may  be  found 
useful.  This  rule  states  that  "the  number  of  bonds  changed  in  one  molecule 
of  each  shows  the  number  of  molecules  of  the  other  which  must  be  taken," 
the  words  "each"  and  "other"  referring  to  the  oxidising  and  reducing 
agents.  One  example  may  illustrate  this  rule,  which  appears  to  be  purely 
formal  from  a  chemical  point  of  view,  while  its  electrical  meaning  will  be 
shown  below.  In  the  Bunsen  cell  Zn  is  oxidized;  it  becomes  ZnSOt.  The 
metal  Zn  has  no  bond.  Zn  in  ZnSOi  has  two  bonds,  hence  the  increase  in 
bonds  is  two.  There  are  several  actions  possible  at  the  other  electrode.  We 
ma^  consider  that  NO  is  developed.  N  in  HNOs  has  five  positive  bonds, 
while  in  NO  it  has  two  positive  bonds,  hence  the  decrease  in  oonds  is  three. 
Now  Johnson's  rule  states  that  we  have  to  take  three  molecules  of  Zn  and 
two  molecules  of  HNOi  and  we  get  the  equation 

3Zn+3H»S04+2HNOi-.3ZnS04  +  2NO+4HiO.^  (12) 

86.  ApidicatiMk  of  Johnson's  rule.  This  rule  becomes  self-evident  if 
arolied  to  an  electrochemical  action.  It  simply  means  that  just  as  much 
^letricity  passes  from  the  anode  into  the  electrolyte  as  from  the  electrolyte 
into  the  cathode.  In  the  ease  of  the  Bunsen  cell  if  the  chemical  symbols 
represent  gram-atoms,  then,  as  Zn  gains  two  bonds  and  as  we  have  three 
Zn  atom's,  3X2X96,540  coulombs  pass  into  the  electrolyte  from  the  anode. 
On  the  other  hand,  N  loses  three  bonds,  and,  as  two  N  are  reduced,  2X3X 
96,540  coulombs  are  pven  off  to  the  cathode.  Of  course  we  may  siso  con- 
ader  HNOt  to  be  ionised  into  H  and  NOs  ions,  both  monovalent,  etc.  The 
result  is  the  same.  Johnson's  rule  for  balancing  equations  enables  one  to 
write  down  the  equation  which  represents  the  electrochemical  action,  and  in 
the  further  calculation  there  is  no  mistake  possible  if  one  keeps  in  nund  that 
each  bond  corresponds  to  06,540  coulombs*  providing  the  chemical  symbols 
represent  gram-atoms. 

8T.  Faraday's  lawla  always  exaotlyfulfilled in  the  sense  that  the  anodic 
oxidation  and  cathodic  reduction  of  given  quantities  of  materials  require 
a  certain  amount  of  coulombs,  not  more  nor  less.  For  instance,  the  depod- 
tion  of  1  gram-atom  or  63.6  g.  of  copper  from  the  solution  of  a  monova- 
lent cuprous  salt  requires  96.540  coulombs.  But  this  does  not  mean  that  if 
we  send  96,540  coulombs  through  such  solution,  we  must  always  deposit 
A3.6  g.  of  copper  on  the  cathode.  It  ma^  be  that  we  have  a  second 
reaction  at  the  cathode  besides  copper  deposition,  for  instance,  evolution  of 
hydrogen  gas.  'The  concUtions  may  be  such  that,  say  75  per  cent,  of  the 
coulombs  only  deposit  copper;  then  we  get  0.75X63.6*47.7  g.  of  cop- 
per. The  other  25  per  cent,  of  the  coulombs  deposit  hydrogen  and  there- 
fore evolve  0.25  gram-atom  —  0.25  g.  hydrogen.  Thus  Faraday's  law 
is  fulfilled,  but  in  practice  we  are  interestea  in  this  ease  only  in  the  copper 
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deposition;  we  consider  the  hydrogen  evolution  as  waste  and  say  that  we  have 
deposited  the  copper  with  an  "ampere-hour  efficiency"  of  75  per  cent.  The 
ampere-hour  efficiency  therefore  indicates  to  which  degree  the  one  reaction 
which  we  desire  to  obtain  (in  the  above  example,  the  copper  deposition) 
really  takes  place.  It  is  also  called  "  current  efficiency  "  although  somewhat 
loosely. 

HSAT  AND  CHXBUCAL  INIBOT 

58.  Transformatloiu  of  energy.  The  symbols  in  a  chemical  equation, 
besides  being  considered  aa  masses  and  volumes,  and  as  masses  charged  with 
electricity,  may  also  be  considered  as  masses  endowed  with  energy,  because 
simultaneously  with  the  transformation  of  matter  there  is  a  transforznatioQ 
of  energy.  Since  the  energy  stored  in  the  starting  materials  differs  from  Uie 
energy  stored  in  the  final  product  of  a  process,  the  balanced  equation  of  the 
chemical  transformation  of  matter  no  longer  balances  as  an  equation  for 
energy  transformation.  For  in^noe,  if  carbon  bums  to  carbon  dicmde* 
the  ordinary  chemical  Oquation  is 

C+Oi-COi.  (13) 

But  we  know  that  this  reaction  evolves  heat;  i.e..  If  at  ^e  end  of  the  reaction 
the  COi  is  brought  back  to  the  same  temperature  as  that  of  C  and  Os  at  the 
start,  a  certain  amount  of  heat  is  carried  off  to  the  surroundings,  and  from 
experiments  this  heat  is  found  to  be  97,200  g-cal.,  if  the  symbols  in  the  above 
equation  represent  gram-atoms.  To  balance  the  energy  equation  we  must 
therefore  write 

C-|-Oi-COi+97.2<K)  (14) 

This  equation  states  that  the  combination  of  12  g.  C  with  32  g.  O*  forminc 
44  g.  COi,  evolves  97,200  g-cal. 

59.  A  thermochemical  eauadon  is  therefore  the  total  sum  of  the  heat  bal- 
ance sheet  of  a  process.  To  give  this  for  any  reaction,  we  need  thermo- 
chemical data,  namely  the  formation  heats  of  all  compounds. 

40.  Thermochemical  data.  For  these,  as  they  have  been  determined,  the 
reader  must  be  referred  to  the  large  thermochemical  treatises  of  Berthelot. 
Thomsen  and  others.  A  very  convenient  and  handy  set  of  those  data  which 
are  most  important  for  the  engineer,  may  be  found  in  J.  W,  Richards*  '*  Met- 
allurgical Calculations,"  Vol.  I. 

41.  Use  of  different  units.  In  applying  these  data,  attention  must  be 
pud  to  the  fact  that  different  authors  write  the  same  equation  in  different 
ways.  Thus,  the  above  statement  of  the  formation  heat  of  carbon  dioxide 
is  written  by  Richards,  Uess  and  Naumann  in  the  form  (C.O>)  ~  97,200; 
by  Berthelot  in  the  form  (C,Oi)=97.2;  by  Ostwald  in  the  form  (C.O^ 
Mg72K:  i.e.,  if  the  chemical  symbols  of  the  reacting  substances  represent 
gram-atoms,  then  Richards,  Hess  and  Naumann  give  the  energy  in  gram- 
calories,  Berthelot  in  kilogram -calories  and  Ostwald  in  terms  of  a  unit  100 
times  as  large  as  a  gram-calorie. 

Sometimes  the  energy  is  given  in  British  thermal  units;  this  unit  ia  the 
heat  that  will  raise  the  temperature  of  1  lb.  of  water  1  deg.  fahr.  Then 
since  1  deg.  cent. « 1. 8  dog.  fahr.,  we  have  simply  to  multiply  the  figures 
in  the  Richards- Hess- Naumann  notation  by  1.8  and  the  thermochemical 
equation  will  be  correct  if  the  chemical  symbols  represent  pound-atoms. 
Thus  (C.Os)*97,200X1.8-- 174,900  B.t.u.  states  that  the  combination 
of  12  lb.  C  with  32  lb.  Oi,  forming  44  lb.  COi  evolves  174,960  B.t.u- 

4S.  Application  of  heat  balance  sheet.  In  many  electric  furnace 
processes  the  object  is  to  heat  the  charge  up  to  a  certain  high  temperature, 
at  which  the  desired  chemiciU  reaction  will  then  go  on.  Whether  this 
reaction  will  evolve  or  consume  energy  will  be  seen  from  the  thermochemical 
heat  balance  sheet.  If  it  evolves  energy,  then  this  amount  is  added  to  the 
heat  produced  by  the  electric  current.  If  it  consumes  energy,  then  this 
amount  must  be  furnished  by  the  electric  current.  To  find  tne  electrical 
energy  equivalent  to  the  heat  given  in  calories,  it  is  to  be  noted  that  1  g- 
oal.  =4,186  watt-sec.  Direct  currents  and  alternating  currents  are  equal^ 
suitable  for  producing  the  heat  effect. 

4S.  Change  of  reaction  heati  with  temperature.  In  mftldiicap  a 
heat  balance  sheet,  the  thermochemical  data  relating  to  the  temperature 
at  which  the  reaction  ia  carried  out,  must  be  chosen  since  the  reaction  energy 
depends  on  the  temperature.     The  data  may  not  be  available  for  the  denred 
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temperature.  In  such  cases  the  following  oonsideration  is  often  useful,  if 
the  specific  heats  of  all  substances  which  are  represented  in  the  equation  are 
known.  Suppose  a  certain  reaction  evolves  a  calories  at  the  temperaturo, 
(i,  and  we  want  to  find  the  reaction  heat  at  the  higher  temperature,  ti.  Then 
■we  consider  the  materials  on  the  left  band  of  the  equation,  t.«.,  the  starting 
materials,  and  raise  them  from  t\  to  tt\  the  heat,  necessary  for  this  purpose, 
may  be  b  calories  and  is  directly  found  from  the  specific  heats  of  the  starting 
materials  and  the  temperature  difference,  ii~ti.  That  is  h  more  calories 
are  now  stored  in  the  system  than  were  in  it  at  the  temperature,  ti.  We 
DOW  let  the  desired  chemical  reaction  go  on  at  the  temperature,  t%.  This  may 
evolve,  z,  calories,  which  is  the  figure  to  be  determined.  If  we  finally  cool 
the  system  back  to  the  temperature,  fi,  it  gives  out  a  certain  amount  of  heat, 
c,  wmoh  can  be  found  for  tne  temperature  difference,  U  —  tu  and  the  specific 
beats  of  the  end  products.  Then  wo  know  that  the  system  has  stored  in  it 
(b  — X— e)  more  calories  than  at  the  start,  which  according  to  the  principle 
of  the  conservation  of  energy  muat  be  equal  to  — o,  or  x  =  a4-fr— e. 

CHSBUCAL  AND  BfECHANICAL   INEEOT 

44.  Deflnition  of  liter- atmosphere.  If  as  a  result  of  a  reaction  between 
solid  or  liquid  bodies  a  gas  is  evolved,  work  is  done  against  the  pressure  of 
the  atmosphere.  The  work  done  by  the  evolution  of  1  liter  of  gas  under 
stmospheno  pressure  is  1  liter-atmosphere. 

1  liter-atmosphere  «     10.333  kg-m. 

-  24.2      g-cal.  ,,-^ 

-  101.3      watt-sec.  *-*^' 
'       0.136  horsepower-second. 

45.  Work  performed  by  evolution  of  gas.  For  instance,  if  hydrogen 
and  oxygen  gas  are  produced  under  atmospheric  pressure  by  electrolj^sis 
of  a  dilute  acid  or  alkaline  solution,  IS  kg.  water  yield  2  kg.  H,  occupying 
22,420  liters  at  0^  C,  and  the  work  done  in  expanding  the  hydrogen  gas  against 
the  pressure  of  the  atmosphere  is  22,420  liter-atmospheres » 543  kg-oal. » 
2,271  kw-sec.  Simultaneously  10  kg.  O,  occupying  11,210  liters,  are  evolved 
and  the  work  done  in  expanding  the  oxygen  gas  agtunst  the  pressure  of  the 
atmosphere  is  11,210  liter-atmospheres  — 271  kg-cal.""  1,135  kw-sec.  Hence 
the  total  work  done  in  expanding  both  gases  to  33,630  liters  is  814  kg-cal.  ~ 
3,406  kw-sec.  This  energy  consumed  is,  of  course,  not  to  be  confounded  with 
the  energy  required  for  the  electrolytic  decomposition  of  the  water.  It  is 
simply  the  mechanical  work  performed  in  expanding  the  gases  against  the 
pressure  of  the  atmosphere. 

A  very  simple  way  to  calculate  this  work  approximately  is  to  remember 
the  formula  pvaRT.  in  which  R  very  approximately « 2,  if  pv  is  given 
in  gram-calories  and  the  mass  of  1  gram-molecule  is  considercMi.  In  words, 
the  work  done  in  expanding  1  gram-molecule  of  any  gas  from  a  solid  or 
liquid  to  gas  at  the  absolute  temperature  T  is  2T  g-cal.;  for  instance,  at 
0  deg.  cent,  or  273  deg.  absolute  temperature  it  is  546  g-cal.  (as  compared 
with  543  found  above).  In  the  reverse  change  from  gas  to  solid  the  same 
amount  of  work  is  performed  upon  the  system  or  the  same  amount  of  energy 
is  gained  by  the  system. 

46.  Xxpanslon  of  gas  at  constant  pressure.  The  characteristio 
feature  of  processes  like  those  just  described  is  that  they  take  place  at  con- 
stant pressure.  In  general  if  a  gas  expands  at  constant  pressure,  p,  from 
volume,  n  to  ss,  the  work  done  is  p  (vi  — n).  In  the  special  case  that  a 
gas  expands  from  a  solid  or  liquid,  the  volume  of  the  solia  or  liquid,  which 
disappears  is  negligible  compared  with  the  gas  formed  and  vi»»o^  from  which 
results  at  once  the  above  calculation. 

47.  Expansion  of  gas  at  constant  temperature.  An  entirely  different 
ease  is  the  calculation  of  the  work  done  when  a  given  mass  of  gas  expands 
its  volume  at  constant  temperature,  the  pressure  decreasing  correspondingly. 
For  1  gram-molecule,  expanding  from  volume  vi  to  volume  vi  at  constant 
temperature,  T,  this  work  is 

RTfoff#"  (16) 

vx 

where  log*  means  the  natural  logarithm.  In  view  of  the  parallelism  between 
gaseous  pressure  and  osmotic  pressure  in  solutions,  the  above  statements 
on  gases  may  be  made  in  an  analogous  way  for  solutions. 
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OKUnOAL  AND  XUOTKZOAL  BinUtaY 

48.  Trauiformatlon  of  electrical  energy  to  chemical  enerfj.     Id 

electiio-furnaoe  reaotions,  as  noticed  above  in  Par.  4M,  electrical  energy 
is  changed  into  chemioal  enerey,  but  this  transformation  U  onl^  partly 
direct,  since  that  part  of  the  electrical  energy  which  serres  for  rauans  the 
charge  of  the  furnace  to  the  desired  temperature  (physical  change)  is  first 
changed  into  heat.  Another  amount  of  electrical  energy  may  be  neoeesary 
for  the  chemical  reaction  according  to  the  thermochemical  balance  sheet. 
Sudk  an  electrio-furnaoe  prooesa  should  therefore  be  treated  exactly  like  a 
thermochemical  process  (Z%  to  4S).  Direct  current  and  alternating  cur- 
rent are  equally  suitable. 

49.  A  direct  change  of  electrical  energy  Into  chemical  enorgy 
oocura  in  electrolytic  processes  requiring  direct  current,  and  we  will  first 
assume  that  no  other  forms  of  energy  besides  electrical  and  chemical  are 
involved  in  the  reaction.  This  assumption  is  never  strictly  fulfilled,  but 
approximately  in  many  cases.  Under  this  suppointion  the  chemical  equation 
of  any  electrolytic  reaction  gives  directly  the  e.m.f.  required  to  perform 
it  or  the  e.m.f.  which  it  can  give  out  according  to  whether  we  have  to  do 
with  an  electrolytic  process  changing  electric  energy  into  chemical  energy 
or  with  a  battery  changing  chemical  energy  into  electrical  energy. 

VO.  Calculation  of  e.m.f.  of  reaction.  We  need  for  this  calculation  the 
thermochemical  data  to  write  down  the  energy-balance  sheet;  while  we 
thereby  get  the  energy  of  the  reaction  in  heat  units  or  calories,  we  can  eamly 
change  it  into  electrical  units  or  watt-seconds  >  volt-ampere-seconds.  From 
Faraday's  law  we  know  the  coulombs  or  ampere-seconds  which  oorresiwnd  to 
the  same  equation.  By  dividing  the  volt-ampere-eeconds  by  the  ampere- 
seconds,  we  get  the  volts  corresponding  to  the  reaction. 
81.  Sxample.     In  the  Daniell  cell  the  essential  reaction  is 

Zn+Cu804-Cu  +  Zn80*.  (17) 

According  to  Richards,  "Metallurgical  Calculations,"  Vol.  I,  p.  24,  the 
formation  heats  of  ZnSOi  and  CuSO«  from  the  elements^  if  the  chemical 
symbols  represent  gram-atoms,  have  the  following  values  in  gram-calories: 
Za+S+O4-*ZnSO4  +  248,000  (in  solution). 
Cu+8+O4-CuSO4  +  197,500  (in  solution). 
By  subtraction  we  get  the  energy  balance  of  the  Daniell  cell 

Zn  +  CuSO4«Cu  +  ZnSO4+50.500.  (18) 

Since  the  change  of  bonds  or  chanse  of  valency  is  two,  we  know  that 

2X06,540  coulombs  are  involved  in  the  reaction  which  gives  out  fiO,500 

5^al.   or  50,500X4.186'=>211,400    watt-sec.  or  volt-ampere-seconds.     This 
ivided  by  2  X  065,400  amp-sec.  gives  1 .1  volt  which  is  almost  exactly  correct. 
88.  As  a  second  example  we  may  use  our  former  equation  of  the  Siemens 
and  Haiske  copper  process.     From  Richards  (Vol.  I,  pp.  24  and  25)  we  find 
Cu+  S-t-  4O-CuS04  + 107,600, 
2Fe+2S+  8O-2FeSO4+460,8OO, 
2Fe+3S+120"  Fe>(8O0i+650,50O, 
By  subtracting  the  sum  of  the  first  two  equations  from  the  third  equation 
we  get 

CuSO«+2FeS04-  Cu+Fes(S04)i-  16.800.  (10) 

Hence  in  order  to  let  this  reaction  go  on  from  the  left  to  the  right  hand  in 
the  equation,  if  each  symbol  of  an  element  means  a  gram-atom,  energy  in  tlw 
amount  of  16,800  g-cal.  must  be  furnished,  which  is  equal  to  about  70,C)00 
volt-amp-seo.  Since  this  reaction  involves  the  passage  of  2X06,540  amp- 
eec,  the  theoretical  voltage  which  must  be  applied  is  somewhat  less  than 
0.4  volt. 

88.  Thomson's  rule.  Let  W  be  the  total  energy  of  the  reaction  in 
gram-calories  when  all  symbols  of  the  elements  in  the  equation  of  Uie  reaction 
represent  gram-atoms.  The  same  energy,  measured  in  watt-seconds,  is 
4.186  W.  The  electrical  work  equals  electromotive  force X  coulombs « 
eXnX06,540,  if  e  ia  the  electromotive  force  in  volts  and  n  the  change  of  va- 
lence (change  of  bonds)  in  the  reaction.  If  the  total  chemical  energy  equals 
the  electrical  energy,  we  get 
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At  ordinary  temperaturea  this  rule  ia,  in  general,  approximately  fulfilled 
and  ia  therefore  exeeedinffly  useful  for  making  a  firat  approximate  calculation. 

M.  Terminal  Toltftg«.  The  voltase,  e,  is  the  e.m.f.  absorbed  or  pro- 
duoed  in  the  electrochemical  process.  It  is  different  from  the  voltage  at  the 
terminals.  The  voltase  at  the  terminals  of  a  battery  equals  the  e.m.f., 
e,  minus  the  voltage  drop  due  to  internal  resistance.  The  voltage  at  the 
terminals  of  an  eleetrolytio  cell  through  which  electricity  is  passed  from  an 
outside  source,  equals  the  e.m.f.,  e,  of  the  reaction  plus  the  voltage  drop  due  to 
internal  raristance. 

CRSMIOAL    INXEOT.    XLIOTBIOAI.    INEEOT    AND    HBAT 

U.  Mrmr  In  Thomson's  rule.  Thomson's  rule  is  wrong  in  principle 
because  in  an  electrochemical  action  we  never  have  an  interchange  of  chem- 
ical energy  and  electrical  energy  alone,  since  heat  is  always  invcuved.  This 
does  not  mean  the  Joulean  heat  which,  of  course,  is  also  present.  We  may 
assume  we  have  an  electrolytic  system  of  such  mmenmons  and  design  that 
its  internal  resistance  is  so  small  that  the  Joulean  heat  developed  in  it  is  negli- 
gible compared  with  the  amount  of  energy  involved  in  the  reaction.  Under 
such  conditions  we  know  from  experience  that  the  cell  while  electricity  passes 
through  it,  either  tends  to  cool  or  to  heat.  To  maintain  the  temperature 
constant  it  is  therefore  necessary  to  supply  heat  from  the  surroundings  or  to 
carry  it  off  to  the  surroundings.  In  the  case  of  a  battery,  if  it  tends  to  cool, 
and  we  supply  heat  to  maintain  the  temperature,  not  only  chemical  energy 
but  also  the  neat  supplied  during  discharge  are  changed  into  electrical  energy: 
hence  the  e.m.f.  at  that  temperature  has  a  greater  value  than  that  found 
from  Thomson's  rule.  If  the  battery  tends  to  give  up  heat  during  the  passage 
of  the  electricity,  heat  is  given  off  to  the  surroundings,  and  the  e.m.f. 
is  amaller  than  f  oxmd  by  Thomson's  rule. 

M.  lUstinetton  between  energy  of  reaoUon  and  oapaoity  for  p«r- 
forminff  work.  This  question  is  intimately  connected  with  the  essential 
difference  between  the  total  energy  of  a  reaction  at  a  certain  temperature,  as 
defined  in  Par.  38  to  4S  and  its  capacity  of  performing  work.  Tne  reason  is 
that  among  all  different  forms  of  energy,  heat  has  an  exceptional  place.  We 
can  always  change  all  other  kinds  of  ener^  completely  into  heat,  but  we 
cannot  do -the  reverse.  In  ease  of  a  chemical  reaction  we  can  change  the 
chemical  energy  completely  into  heat  and  this  is  exactly  what  we  are  doing  in 
thermochemistry  when  we  determine  the  heat  or  energy  of  a  reaction. 

S7.  The  capacity  of  performing  work  (mechanical  work  in  the  expan- 
sion of  gases  or  electric  work  in  case  of  a  battery)  is  something  different. 
As  an  example,  let  us  assume  a  concentration  cell,  consisting  of  two  different 
ooneentrations  of  the  same  salt  solution,  each  containing  an  electrode  made  of 
the  metal  of  the  salt.  If  then  the  reaction  is  that  at  the  anode  metal  is 
disserved  and  forms  more  salt,  while  simultaneously  salt  disappears  at  the 
cathode,  metal  being  deposited,  then  the  energy  corresponding  to  the  solu- 
tion of  metal  from  the  anode  and  deposition  of  exactly  the  same  amount  of 
metal  on  the  cathode  is  cero.  If  we  assume  further  that  we  have  to  do  with 
solutions  so  diluted  that  the  energy  of  further  diluting  them  is  sero,  then  the 
energy  corresponding  to  the  concentration  changes  in  the  cell  is  also  sero. 
Hence  thib  total  chemical  energy  of  the  reaction  in  the  cell  is  sero.  Neverthe- 
less the  cell  will  give  out  electricity  and  will  perform  work,  the  electricity 
produced  being  in  such  a  direction  as  to  equalise  the  ooneentrations  (i.e., 
the  electricity  passes  in  the  cell  from  the  dilute  to  the  concentrated  solution* 
because  under  this  condition  more  salt  is  formed  in  the  dilute  solution  from 
the  anode,  while  the  concentrated  cathode  solution  is  diluted  by  metal  being 
deposited  on  the  cathode).  Of  course,  the  energ:^  must  come  from  some 
source,  and  urulw  the  conditions  of  the  experiment  it  must  come  from  heat; 
».e.,  the  cell  while  giving  out  electricity  tends  to  cool  down,  and  heat  must  be 
supplied  from  the  outride  to  keep  the  temperature  constant.  This  is  there- 
fore a  case  in  which  the  chemical  energy  of  reaction  is  lero,  but  its  capacity 
of  performing  work  has  a  positive  value;  correspondingly  the  e.m.f.  would 
be  sero  according  to  Thomson's  rule,  but  has  in  reality  a  positive  value. 

M.  BelnUkoita  aquation  of  energy.  If  Wm  energy  of  the  chemical 
reaction  at  a  certain  absolute  temperature  T  and  if  Wo  is  the  maximum 
amount  of  work  which  it  is  capable  of  performing  at  that  temperature  under 
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ideal  conditions  (characterised  by  complete  "revenibiUty*')t  then  Helnihoits 

has  shown  that 

Wo-W+T  ^^*  (21) 

Helmholts  calls  W  the  total  enerjEy  of  the  reaction  and  Ws  the  free  eiMdrg^, 
i.e.f  that  amount  which  is  free  to  perform  work.  The  second  term  at  the 
right  hand  is  the  temperature  coefficieDt  of  the  free  energy  multiplied  by  the 
absolute  temperature. 

09.  OibbB-Hehnhdlti  equation.  In  the  case  of  an  eleotrolytic  reao- 
tion  which  is  supposed  to  be  reversible,  Wo  is  the  total  energy  of  the  reaction 
in  gram-calories  when  all  chemical  aymbols  of  the  Glements  in  the  equation  of 
the  reaction  represent  gram-atoms.  Measured  in  watt^seconds,  this  energy 
is  41.86  W.  The  free  energy  Wa  is  in  this  case  the  electrical  work=eXnX 
96,540  watt-^ec.  if  e  is  the  electromotive  force  and  n  the  change  of  valence 
in  the  reaction.  The  above  energy  equation  may  therefore  be  truisformed 
into 

•  -0.0000434  — -i-T^^;  (22) 

n  a  1 

where  e  is  given  in  volts,  W  in  gram-caloriea  and  T  is  the  absolute  temperature. 

This  equation  differs  from  Thomson's  rule  by  the  second  term  on  the  right 

hand  which  may  be  considered  as  a  term  of  correction  or  refinement,  since 

for  approximate  calculations  of  practice,  at  ordinary  temperature,  Thomson's 

rule  is  good  enough.     The  above  e(;^uation  permits  the  calculation  of  the 

temperature  coefficient  of  the  e.m.f.,  if  the  e.m  f.  and  the  energy  of  reaction 

are  known. 

XLBOTBIO  rUBNACBS 

60.  DistinffUlshlnff  feature.  There  is  no  specific  feature  which  dis- 
tinguishes an  electric-furnace  reaction  as  a  reaction  from  those  taking  place 
in  ordinary  chemical  or  metallurgical  processes.  The  dlsttnguunlzif 
feature  rests  in  the  apparatus,  the  heat  required  for  the  reaction  being  pro- 
duced electrically.  If  the  same  amount  of  heat  would  be  generated  in  the 
same  material  in  some  other  way  than  by  electricity,  the  reaction^  would 
be  exactly  the  same. 

61.  Advantaffei.  Compared  with  the  production  of  heat  in  the  ordinary 
way  from  fuel,  electrical  heat  has  the  following  advantages.  First,  a  con- 
siderably higher  temperature  may  be  obtained;  it  is  limited  in  arc  furnaces  by 
the  temperature  of  tne  arc  which  is  around  3700  deg.  abs.  (Waidner  and  Bur- 
gess) or  around  3,400  deg.  cent,  and  in  resistance  fumaoes  chiefly  by  structural 
considerations,  such  as  the  availability  of  insulating  refractories,  etc.  While 
in  ordinary  chemical  and  metallurgical  furnaces  temperatures  up  to  2,000 
deg.  cent,  are  obtainable,  temperatures  up  to  3,500  deg.  cent,  can  be  produced 
without  special  difficulty  in  the  electric  furnace.  Secondly,  for  reactions 
requiring  certain  refinements,  the  electric  furnace  has  the  advantage  of 
permitting  easier  control  of  the  conditions  of  operation  (temperature,  chem- 
ical nature  of  atmosphere,  etc.).  On  the  other  hand,  in  m<Mt  places  where 
chemical  or  metallurgical  processes  are  now  carried  out,  heat  produced  from 
electrical  energy  is  much  more  expensive  than  heat  produced  from  fuel. 

6S.  Limitations.  Under  exceptional  local  conditions  fuel  may  be  so 
expensive  and  electrical  energy  produced,  for  instance,  from  water-power, 
may  be  so  cheap,  that  electrical  neat,  because  cheaper  than  heat  from  fueL 
will  be  most  economical  for  any  purpose.  Such  exceptional  conditions  need 
not  be  considered  here.  Under  ordinary  normal  conditions,  the  use  of  the 
electric  furnace  is  economically  restricted  to  reactions  requiring  a  high  tem- 

Sernture  and  to  such  reactions  in  which  easy  and  strict  maintenance  of  con- 
itions  of  operation  is  of  importance  and  in  all  such  cases  it  is  of  the  highest 
importance  to  utilise  the  electrical  energy  to  the  utmost.  An  electric  horse- 
power-year contains  the  same  heat  oa  a  short  ton  of  coal  with  a  heating 
value  of  11,150  B.t.u,  per  pound. 

The  whole  problem  turns  on  two  items:  (a)  The  heat  generated  in  the 
furnace  from  electrical  energy  and  (b)  the  heat  lost  during  the  operation  to 
the  surroundings.  If  we  first  eliminate  the  size  of  the  furnace  from  oonaider^ 
tion,  the  rate  of  heat  production  in  the  furnace  oharge  depends  on  the  supply 
of  electric  power  per  unit  of  mass  of  charge,  i.e.*  on  the  Kilowatts  per  ouoio 
meter.     The  rate  of  heat  loss  depends  on  the  heat  carried  oS  by  oonduotion 
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and  rftdiation  per  unit  of  the  surface  of  the  furnace,  t.«.,  on  the  kilowatts  lost 
per  square  meter.  Hence  if  the  size  of  an  electric  furnace  is  increased,  then 
ceteria  paribus  the  generation  of  heat  from  electricity  increases  as  the  third 
power  of  the  dimension,  and  the  losses  as  the  square  of  the  dimension;  hence 
the  thermal  efficiency  of  an  electric  furnace  is  the  higher,  the  larger  the  sise. 
The  maximum  «ise  of  a  furnace  is  limited  by  the  consideration  that  the  more 
we  increase  the  slse,  the  greater  becomes  the  difficulty  of  maintaining  uniform 
conditions  of  operation. 

INIBOT  BALAKCK.  BIFKACTOBIXS 

63.  Analysis  of  energy  required.    The  energy  per  unit  of  mus  is, 

in  general,  coosumed  in  five  dinerent  items,  vii.: 

(a)  To  produce  the  heat  necessary  to  raise  the  starting  materials  to  the 
temperature  of  the  reaction. 

(o)  To  provide  the  energy  required  for  any  change  from  solid  state  to 
liquid  or  from  liquid  to  gas  or  from  solid  to  gas. 

(c)  To  provide  the  enerey  for  the  chemical  reaction. 

((0  To  supply  the  heat  Tost  by  conduction. 

(«)  To  supply  the  heat  lost  by  radiation. 

64.  He»t  neceuary  to  raUe  starting  materiftlt  to  opentinff  tem- 
perature. The  heat  necessary  to  raise  the  starting  materials,  if  cold,  to  the 
temperature  of  the  reaction  (Par,  68a)  equals  the  weight  of  charge  multi- 
plieo  by  temperature  difference  multiplied  by  moan  specific  heat.*  To 
reduce  this  item  of  energy  as  much  as  possible,  the  starting  materials  are  often 
preheated  by  waste  gases,  etc.  It  is  often  advantageous  to  divide  the  heating 
of  the  charge  into  two  stages,  the  lower  ranges  of  temperatures  being  obtained 
by  burning  fuel  and  only  the  higher  range  of  temperatures  from  electrical 
beat. 

66.  Heat  necesaary  for  ohange  of  etate.  The  best  required  for  a 
change  of  the  charge  from  solid  to  uquid  or  from  Uquid  to  gas  or  from  solid 
to  gas  (Par.  63b)  is  equal  to  the  weight  of  the  ebar^  multiplied  by  the 
latent  heats  (see  J.  W.  Richards,  "Metallurgical  Calculations,"  Vol.  I).  This 
item  of  energy  expense  should  also  be  eliminated  wherever  possible.  For 
instance,  for  electric  steel  refining,  the  steel  is  preferably  supplied  to  the 
electric  furnace  in  molten  state  from  the  open-hearth  furnace  or  Bessemer 
converter.  If  a  gas  is  evolved  from  solid  materials,  the  work  done  in  the 
expansion  of  the  gas  must  also  be  considered.     See  (44). 

66.  The  energy  required  for  the  chemical  reaction  (Par.  6So)  at  the 
temperature  of  tm  reaction  (Par.  48  to  64),  is  an  item  of  expense,  only  if 
the  reaction  absorbs  energy.  If  the  reaction  evolves  energy,  this  energv  is 
added  to  that  of  the  electric  current  and  changed  into  useful  heat,  so  that 
the  amount  of  electrical  energy  to  be  supplied  from  the  outside  is  reduced. 

67.  The  loss  of  heat  by  conduction  (Par.  6Sd)  depends  on  the  differ- 
ence of  temperature  inside  the  furnace  and  outside  and  on  the  thermal  con- 
ductivity of  the  furnace  walls.  To  reduce  this  loss  as  much  as  possible, 
the  furnace  walls  are  built  up  of  highly  insulating  refractory  matenals.  In 
the  chince  of  the  material  its  heat-inaulating  property  must  be  taken  into 
consideration  as  well  as  the  maximum  temperature  wluch  it  is  intended  to 
stand  and  the  chemical  nature  of  the  reactions  for  which  the  furnace  is  to  be 
used;  further,  the  ability  to  withstand  expansion  and  extraction  must  be 
taken  into  consideration.     See  Far.  69  to  89. 

68.  The  lou  of  heat  by  radiation  (Par.  6Se)  is  treated  in  Par.  90. 

69.  Lose  of  heat  through  terminela.  All  eleotrio  furnaces,  except 
the  induction  furnace,  have  terminals  (often  called  electrodes)  for  intro- 
ducing the  electrical  energy  into  the  furnace,  and  these  represent  the  weakest 
point  m  the  heat  insulation.  But  the  conduction  of  heat  through  an  elec- 
trode (due  to  the  temperature  difference  between  its  two  ends)  is  a  more  com- 
plicated phenomenon  than  the  single  heat  conduction  through  the  refractory 
wall,  because  in  the  former  cose  each  particle  of  the  electrode  is  not  only  a  con- 
ductor of  heat,  but  a  seat  of  generation  of  new  heat  (from  electrical  energy). 
There  is  a  superposition,  therefore,  of  two  phenomena;  first,  simple  heat  con- 

*For  tables  of  specific  heats  see  J.  W.  Richards,  "  Metallurpcal  Caleula- 
tioDs/'  Vol.  I,  also  Sec.  4. 
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duotaon  from  the  hot  to  the  odd  end,  and  seoond,  geneTation  of  Joulean  heat 
within  the  electrode,  this  heat  tending  to  flow  off  impartially  one-half  to  ooa 
end  and  the  other  half  to  the  other  end.     (Par.  lOS.) 

TO.  Befraotoiiwi.  For  ordinary  metallurgioal  furnaces  the  refractories 
are  generally  subdivided  into  three  classes:  Acid,  basic  and  neutral.  jPor  a 
basic  chaise  no  acid  lining  of  the  furnace  will  of  course  be  admittable,  etc. 
The  chief  constituent  of  add  refractories  is  alioa.  Lime,  magnesia,  bauxite* 
and  dolomite  are  basic  refractories.  Neutral  refractories  are  fire>-clays, 
chromite,  carbon. 

71.  Kietelffuhr.  A  useful  refractory  for  many  purposes  is  kieaelguhrt 
(infusorial  earth).  Its  chemical  characteristics  are  its  silioeous  nature,  its 
easy  solubility  in  alkalies,  and  its  insolubility  in  add  or  neutral  solutions.  It 
is  available  in  the  following  four  forms:  (1)  natural  kieselguhr  blocks  (melt- 
ing point  1610  deg.  cent.)  for  insulation  of  moderately  heated  bodies  and 
for  cold-storage  work;  (2)  pulverised  kieselguhr,  used  as  a  filter  for  in- 
sulating purposes;  (3)  light  weight  kieselguhr  insulating  brick,  used  as  an 
insulating  backing  for  more  refractory  brick;  (4)  kieselguhr  fire-brick  for  ' 
purposes  where  a  light  weight  (ap.  gr.  1),  non-conducting,  refractory  brick 
IB  required  (melting  point  1,050  deg.  cent.,  crushing  strengUi  1,200  lb.  per 
sq.  in.). 

7a.  Compounds  of  carbon  and  siUoon.  For  the  higher  temperatures, 
used  in  the  electric  furnace,  certain  compounds  of  carbon  and  dtieon  as  well 
as  pure  c»rbon  are  specially  suitable.  X  The  various  siUoo-carbi<iM  (alloxieon, 
earDorundum  fire-sand,  etc.}t  or  amorphous  compounds  of  carbon  and 
silicon,  or  of  carbon,  silicon  and  oxygen,  are  useful  up  to  the  temperature  of 
formation  of  crystalline  carborundum.  FitaQerala  recommends  uainjE  a 
comparatively  thin  lining  of  ailico-carbide  to  protect  the  walls  made  of  nre- 
brick;  to  suratitute  bricks  made  of  a  silico-caroide  for  fire-brick,  dispenmnK 
with  the  latter  altogether,  is  not  advisable,  dnoe  the  alieo-earbides  are  much 
better  heat-conductora  than  ordinary  fire-bricks.  F.  J.  Tone  (Foundry, 
August,  1904)  recommends  carborundum  fire-sand  as  a  furnace  lining.  The 
insulating  properties  of  the  sUioo-carbides  are  greatly  improved  by  using 
them  in  uie  porous  state. 

78.  Ooneemlnff  tha  methods  of  mooldlnff  lilioo-earbides  into  forms 
such  as  bricks  or  tiles,  FitsGerald  gives  the  following  instruotions:  When 
the  material  is  put  directly  into  place  in  the  furnace,  where  it  will  not  have 
to  undergo  any  serious  mechanical  strains,  a  mixture  of  the  powdered 
sitico-carbide  and  a  solution  of  glue  in  water  gives  satisfactory  results.  In 
order  to  obtain  the  best  results  with  this  method  the  mixture  snould  be  used 
hot.  ^  In  those  cases  where  very  high  temperatures  are  reached  this  method  of 
making  bricks  is  to  be  particularly  recommended,  for  the  silica  which  is 
usually  present  in  commercial  silico-carbides  is  fused  at  high  temperatures, 
and  thus  strengthens  the  article  considerably.  When  there  is  no  free  silica 
present,  and  the  article  is  made  up  with  the  glue  solution,  it  becomes  very 
wei^  and  crumbles  after  use.  It  is.  therefore,  advisable  to  analyse  the  silico- 
caroide  before  using,  and  if  there  is  no  silica  present  a  smsll  quantity  may  be 
incorporated  with  the  mixture.  The  best  form  of  silica  for  this  purpose  is 
infusorial  earth. 

In  oases  where  the  bricks  will  not  be  exposed  to  such  high  temperatures 
the  silioo-carbide  may  be  mixed  with  a  dilute  solution  of  sociium  silieate. 
The  solution  used  for  this  purpose  should  not,  as  a  rule,  have  a  greater  density 
than  1.03  to  1.05  according  to  FitsOerald.  Tone  reoommeods  a  solution 
having  a  density  of  33deg.Beaum6  (1.277).  but  this  is  for  ordinary  furnaces, 
where  relatively  low  temperatures  are  used. 

74.  Binder  for  aiUco-carbidea.  A  very  satisfactory  bond  for  dlico- 
carbides  is  found  in  gas  tar.  A  good  mixture  contains  4  parts  of  the  silico- 
carbide  to  1  part  of  tar.  In  using  tar,  however,  it  must  be  remembered  that 
a  residue  of  carbon  is  left  in  the  article,  and  ttuis  tends  to  diminish  the  insu- 

*  Concerning  the  use  of  alundum  (made  by  electrically  fusing  and  puri- 
fying bauxite)  and  cUundum  bricks  as  a  refractory,  see  Saunders,  Mtt. 
A.  Chem.   EngHnff,  Vol.  IX.  p.  257,  and  fltiGerald,  Vol,  X,  p.  129. 

tBoeck.    Met.  A  Chem.  Eng'ino,  Vol.  XII,  p.  109. 

t  See  for  details  F.  A.  J.  FitsGerald,  BUdroehem  and  MeL  /ad..  Vol  II, 
(1904),  p.  439. 
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latinf  propertiM  of  the  silico-cftrbide.  Furthert  if  the  article  is  exposed  at 
high  temperatures  to  an  ozidiung  atmosphere  the  carbon  residue  which  acts 
as  the  binding  agent  is  burnt  out.  If  this  happens  the  article  will  disinte- 
srate,  unless  the  temperature  and  oxidising  conditions  are  such  as  to  cause 
oxidation  of  the  sitieo-carbide  and  consequent  binding  together  of  the  parti- 
cles. ^  When,  therefore,  the  article  is  exposed  to  oxidisinf[  actions  at  a  com- 
paratively low  temperature,  it  is  better  to  use  sodium  sihoate  as  the  binding 
agent.  But  where  the  conditions  are  such  that  neither  oxidation  or  serious 
current  leakage  is  to  be  feared,  the  tar  bond  is  very  satisfactory,  giving 
articles  of  considerable  mechanical  strength. 

When  an  article  of  great  mechanical  strength  is  required,  and  the  use  of  tar 
i?  objectionable,  the  best  method  of  making  the  article  is,  according  to  Fits- 
Gerald,  to  cause  the  particles  of  the  silioo-earbide  to  frit  tc^ether  by  oxifiation. 
To  accomplish  this  result  the  silico-carbide  lb  mixed  with  some  tempora^ 
binding  agent,  such  as  a  solution  of  glue  in  water  and  then  heated  to  a  hign 
temperature  for  several  hours  in  a  strongly  oxidising  atmosphere.  By  uu 
treatment  the  grains  of  the  silico-carbide  are  superficially  oxidised. 

T0.  BUoxlooii.  When  siloxicop  is  heated  to,  or  above,  2,674  deg.  fahr. 
(Acheson)  or  1,468  deg.  cent,  in  an  oxidising  atmosphere,  decomposition  takes 
place.  If  the  siloxicon  be  in  the  form  of  a  brick  or  other  moulded  mass  the 
reaction  occurs  on  the  surface,  producing  a  vitreous  glase.  In  the  absenoe  of 
free  oxygen  or  in  a  reducing  atmosphere,  no  such  decomposition  occurs,  and 
the  temperature  may  beraised  to  the  point  of  the  formation  of  earbomndum, 
approximately  5,000  deg.  fahr.  (Acheson)  or  2,760  deg.  cent.,  solid  oiystallina 
carborundum  remaining  while  the  vapors  of  silicon  and  oarbon  monoxide  are 
given  off.  For  higher  temperatures  carborundum  is  a  useful  ref ractoiy ;  it  is 
suitable  up  to  such  temperatures  where  it  decomx>oBes. 

T*.  Bafraotorles  for  vsry  hlifh  temperatures.  When  the  temperature 
to  which  the  refractory  material  is  submitted  may  be  up  to  or  above  that  of 
the  formation  of  earborundum,  it  may  be  advisable,  according  to  FitsQerald, 
to  use  Ojfntalline  Bllioon-oarblde  in  the  first  place,  allowing  it  to  be  con- 
verted into  earborundnm  in  ntu.  If  this  is  done  the  silico-carbide  should 
first  be  analysed  to  determine  whether  oxygen  compounds  are  present  or 
not.  ^  If  oxsrgen  compounds  are  present  in  appreciaole  quantities  the  siUco- 
cartHde  may  oe  unsuitable  for  the  work,  since  at  the  temperature  of  the  forma- 
tion of  carborundum,  silicon  will  be  reduced  and  the  refractory  lining  will  be 
impregnated  with  metallic  silicon,  orthe  furnace  will  be  filled  with  silicon 
vapor.  When  the  presence  of  the  silicon  is  unobjectionable  this  reaction  may 
be  disregarded;  otherwise  there  are  two  courses  open;  the  silica  may  be 
removeclor  a  material  free  from  silica  obtained;  or  from  the  analysis  <n  the 
material  the  amount  of  carbon  necessary  to  eliminate  the  oxygen  and  to  form 
carborundum  may  be  added  to  the  mixture. 

TT.  CarborandQjn  m  a  refraetoty  matarUl.  When  it  is  desired  to  use 
carborundum  direcU^  as  a  refractory  material  the  binding  agents  suggested  in 
Par.  T>  and  74,  for  silico-carbides  may  be  used.  Carbonindum  may  also  be 
made  into  a  stroiu  article  by  the  oxidation  or  fritting  method  described  in 
T4.  Another  metaod  of  making  articles  of  earborundum  is  b^  reory;staUisa- 
tion.  The  earborundum  in  the  form  of  grains  or  powder  is  mixed  with  some 
adhesive  substance,  such  as  a  solution  of  glue  in  water,  the  mixture  moulded 
in  the  desired  form  and  the  article  then  placed  in  an  electric  furnace  and 
heated  to  the  temperature  of  formation  of  carborundum.  This  causes  a 
reorystallisation  of  the  carborundum  and  forms  a  strong  article  which  pre- 
serves perfecUy  the  form  in  which  it  was  moulded.  Neither  the  aiuoo- 
oarbidei  nor  eartMiruiLdam  can  be  used  as  refractory  materials  where  they 
come  In  oontaet  with  fused  alkalies,  since  these  produce  rapid  decomposi- 
tion.    They  are  also  attacked  by  chlorine  at  high  temperatures. 

TS.  Binder  for  earborundum  refraotories.  For  using  earborun- 
dum (silicon  carbide)  as  refractory,  E.  K.  Scott  iSUetrochemical  and 
MetaUurffietU  Indjutry,  Vol.  Ill,  p.  140)  recommends  that  the  carborundum 
be  ground  up  very  fine  and  mixed  in  the  proportion  of  three  parts  by  weight 
<rf  carborundum  to  one  part  by  weight  of  silicate  of  sodium  (water-glass). 
Aftar  thoroughly  brushing  the  newly  set  fire-brick  to  get  rid  of  dust.  etc. 
(the  mixture  wiU  not  stick  to  a  surface  which  has  already  been  fired),  the 
earborundum  Is  painted  oa  to  the  depth  of  about  half  a  millimeter.  It  is 
then  toft  for  24  or.  to  dry,  and  afterward  the  firing  started  up  graduaUy. 
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Where  basic  slags  or  basic  materials  hare  to  be  taken  into  oonadera- 
tion,  fire  cla^  is  emplojred  a^  a  binder,  instead  of  the  water-glass,  the 
proportion  being  usually  six  parts  by  weight  of  carborundum  to  one  part  by 
weight  of  fire  clay.  Cryatolon  (silicon  carbide)  brick  may  be  used  to  advan- 
tage in  the  construction  of  electric  furnace  roofs  of  special  designs  {Met.  k. 
Chem.  Eno'ino,  Vol.  X,  p.  131).  Carborundum  refractories*  are  now  avail- 
able in  two  different  types;  the  first  containing  a  vitrified  or  ceramia  Mnder, 
the  second  consisting  entirely  of  carborundum.  The  latter  type  is  alMolutely 
unattacked  by  acids  and  is  inert  to  the  influence  of  practically  all  other 
chemical  agents.  It  is,  however,  extremely  expensive  to  produce  and  its  use 
ia  limited  to  those  places  where  the  ordinary  brand  of  carborundum 
refractory  is  not  suitable.  Thus  for  certain  parts  of  electric  furnaces,  as, 
for  example,  for  heating  furnaces  of  the  carborundum-resistance  type,  it  is 
the  only  material  suitable  for  placing  in  contact  with  the  carbon  resistor. 
It  also  has  advantages  in  constructing  electric  furnao«Hi  of  the  Uoskins  carbon 
plate  type,  where,  owing  to  the  resistance  to  oxidation  of  the  silicon  carbide 
coating,  the  life  of  the  carbon  plates  is  increased  five  to  ten  times.  It  also 
has  remarkable  value  for  the  ooostruction  of  roofs  of  electric  ateel  {urnsoea 
and  furnaces  of  a  similar  type. 

79.  The  vitrified  OArbonindum  refractory  has,  owing  to  its  lower  coat 
of  production,  a  much  wider  application.  The  n>ecial  features  which  dia- 
tinguish  carborundum  among  refractories  are  hi^  softening  or  decomposi- 
tion point,  high  thermal  conductivity,  low  coefficient  of  expansion,  hardneaa 
and  mechanical  strength,  resistance  to  acids  and  other  chemical  agents,  and 
comparatively  low  density. 

80.  Manetift  lining.  For  certain  purposes  a  pure  magnesia  lining  is 
recoramenaed  by  E.  K.  Scott  who  treated  crude  pure  magnesite  from 
Southern  India  by  shrinking  it  in  an  electric  furnace.  Crystallised  magneoa. 
obtained  in  this  way,  can  be  used  without  further  preparation  than  beinc 
crushed  to  suitable  dimensions,  as  a  refractors^  material  in  metailuiviGal  prac- 
tice, and  an  important  point  in  connection  with  ita  use  as  linings  for  electric 
furnaces  is  that  magnesia,  unlike  lime,  does  not  form  a  carbide  with  carbon. 
Concerning  the  use  of  electrically  calcined  magnesia  as  a  refractory  see  also 
FitsGerald^  Met  A  Chem.  Sng'tna,  Vol.  X,  p.  129. 

81.  Temperature  limit  with  carborundum.  The  upper  temperature 
limit  to  the  use  of  carborundum  is  reached  when  that  substance  deeomposea 
into  silicon  vapor  and  graphite.  At  such  high  temperatures  the  only  avail- 
able refractory  is  carbon,  and  the  best  form  of  carbon  for  this  purpose  ia 
charcoal,  since  its  electric  resistivity  is  high.  Where  carbon  cannot  bo 
employed,  the  only  remedy  is  to  dispense  with  a  special  refractory  altogether 
ana  to  use  a  solid  layer  of  the  furnace  charge  as  lining.  The  solid  layer  ia 
obtained  from  the  fused  charge  by  artificially  cooling  the  walls  of  the  furnace. 

88.  Beat  Insulation.  Besides  the  ability  to  stand  high  temperatures  and 
to  resist  the  chemical  effects  of  the  materials  in  the  furnace  charge,  the  heat- 
insulating  property  is  of  greatest  importance.  It  is  in  general  necessary  to 
make  the  walls  of  the  furnace  not  of  one  single  material,  but  to  choose  the 
inner  lining  with  regard  to  the  maximum  temperature  which  it  has  to  stand 
and  the  chemical  effects  to  which  it  will  be  subjected  from  the  charge,  and 
to  build  the  outer  walla  of  a  material  of  hi^h  heat-insulating  quality.  The 
total  thermal  resistance  of  a  furnace  wall  is  the  sum  of  the  resistances  of 
the  different  layers  of  which  the  wall  coasista^  these  layers — the  inner 
lining  and  the  outer  brick  construction — are  in  senes,  and  the  thermal  resia- 
tances  are  added  in  the  same  w^  as  electrical  resistances  in  series.  The 
total  thermal  conductance  of  the  furnace  wall  is  the  reciprocal  of  the  total 
thermal  resistance. 

68.  Thermal  conductlvltlea.  The  following  tablet  of  thermal  conduc* 
tivities  gives  the  conductivities  of  materials  suitable  for  heat  insulation 
of  electric  furnaces,  as  far  as  determined,  in  the  order  of  their  heat-conducting 
qualities.  This  table  is  collected  from  J.  W.  Richards'  "  Metalluzvcal  Cal- 
culations," Vol.   I,  p.  1S3  and  from  R.  S.  Hutton  and  J.  R.  Beard,  SUc- 

•  Tone.     Mft.  A  Chem.  Eng'ing,  Vol  II,  p.  484. 

t  Other  tables  are  given  by  Snyder,  Trtin*aei,  Am.  Eleetroohera.  Soe., 
Vol.  XVIII.  p.  235;  Randolph,  Trantact,  Am.  Eleotroehem.  Soe.,  Vol  XXI, 
p.  546. 
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troehm.  ond  Met.  Ind.,  Vol.  Ill,  1005,  p.  Ml,  and  8.  Wologdine  and  A.  I 
Qaeneau,  Kleetroehem.  and  Mtl.  Ind.,  VoL  VII,  p.  383.  The  figures  takei 
from  Button  an  marked  (H) ;  moat  of  the  granular  powders  tested  by  Hut 
ton  and  Beard  just  passed  through  a  sieve  with  600  meshes  per  sq.  cm.  Tht 
figures  talcen  from  Wologdine  are  marked  (W).  All  the  conductivities  N 
are  given  in  oentimeter-gram-seoond  units,  i.e.,  each  figure  represents  thi 
quantity  of  heat  in  gram-calories,  which  ia  transmitted  i>er  aec.  through  i 
plate  1  cm.  thick  per  aq.  cm.  of  its  surface  when  the  difference  o 
temperature  between  the  two  faces  of  the  plate  ia  1  deg.  cent.  The  therma 
conductivity  of  various  other  substances  ia  given  elsewhere  (aee  index) .  _  Thi 
figures  under  t  represent  the  ranges  of  temperature  in  deg.  cent,  withii 
which  the  conductivity  figures  are  valid.  The  figures  found  by  diflerenl 
invBstigatora  are  oonnderably  at  variance.  Probably  those  marked  (W) 
are  the  best  available  at  present  for  the  grade  of  refractory  materials  oz 
the  marked  for  everyday  furnace  work.  Concerning  the  method  of  meaaup 
ing  the  thermal  conductivity  of  refractories  see  Clement,  UH,  and  Chem 
Bng'ina,  Vol.  VIII.  p.  414. 

S4.  T»bl6  of  Thermal  ConduetiTltiai  of  Tarlons  Substaneaa 


Substance 


Graphite  brick  (W)    

Caroorandum  brick  (W) 
Qas-retort  carbon,  solid  . 
Magnesia  brick  (W)  .... 
Magnesia  brick 


( 

100»-1000» 
100°- 1000° 

0°-100° 
100°-1000« 

O'-l.TOO" 


Chromite  brick  (W)     100°-1000' 

Masonry 

Fire  brick  (W)    

Checker  brick  (W)_ 

Gas  retort  briek  (W)   ." 

Building  brick  (W) 

Bauxite  brick  (W)    

Fire-brick    

Fire-brick  (Clement)    

Glass  pot  (W)   

Terra  cotta  (W)    

Alumina  brick 

SiUca  brick  (W)    

Kieselguhr  brick  (W  ) 

Marble,  white  


100»-1000» 
lOC-lOOC 
100°-1000° 
100""-1000» 
lOC-lOOO" 
0°-1300° 
400»-7S0'' 

100°-1000° 

100°- 1000° 

0»-700° 

100°-1000° 

ioo°-iooo° 


Water,  uncirculated 

Glass 

Fire-brick 

Plaster  of  Paris     

Water ." 

Clinker,  in  small  grains 

Slate 

Cork 

Pumice 

Oak  wood 

Quarts  sand 

white  Calais  sand  (H)     

Coarse  carborundum  (H)    

Fine  carborundum  (H)    

Magnesia  "  Mabor     brick,  powder  (H)    . . 

Carborundum  sand    

Rubber     

Pine  wood    

Magnesia,  fused,  granular  (H)     

Magnesia  calcined,  Grecian,  granular  (H) 
Powdered  coke    


10°-15° 
0°-S00° 


0°-700° 


18°-08° 

2O»-10O° 

20°-100° 

20»-100° 

20°- 100° 

18°-98° 


20°-100° 

20°- 100° 

0»-100° 


0.025 

0.0231 

0.01477 

0.0071 

0.00620 

0.0067 

ro.ooss 

1 0.0036 
0.0042 
0.0039 
0.003S 
0.0035 
0.0033 
0.00310 
0.0021  to 
0.0036 
0.0027 
0.0023 
0.00204 
0.002O 
0.0018 
0.0017 

f0.0016 

10.0012 
0.00150 
0.00140 
0.0013 
0.00120 
0.00110 
0.00081 
0.00072 
0.00060 
0.00060 
0.00060 
0.00060 
0.00051 
0.00050 
0.00050 
0.00050 
0.00047 
0.00047 
0.00047 
0.00045 
0.00044 
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Subatanofl 


P»per   

Retort  graphite  powdered  (H)      

SiUoate  enamel     

Coarse  ordinary  briok  dust     

Fused  quarts  (H)   

Infusorial  eartli 

"  Enamel "  quarts  (H)     

Magnesia  calcined,  "  Veitscli"  granular  (H) 

Lime  (H) 

Fire-briok,  powdered  (H) 

Chalk 

Powdered  charcoal 

Cement 

Wood  ashes 

Magnesia,  Pattinson's  light  calcined,  granular  (H) 

Infusorial  earth  (Kieselgubr)  (H) 

Felt 

Lava 

Cotton 

Wool..: 


20'-100» 
20°-B8° 

0°-100° 
20»-100* 

o^-eso" 
2o°-iao» 

20°-100° 

20°- 100° 

20°-100° 

0°-100" 

0°-100° 

C-TOO* 

0°-100° 

20°-100° 

20°-100° 


0.00040 

0.00040 

0.00040 

0.00030 

0.00039 

0.00038 

0.00036 

0.00034 

0.00029 

0.00028 

0.00028 

0.00022 

0.00017 

0.00017 

0.00016 

0.00013 

0.000087 

0.00008 

0.000040 

0.000035 


88.  Caleulationi  of  heat  flow  can  be  made  analogous  to  calculations  of 
electric  flow.  Carl  Hering  defines  the  thermal  ohm  *  as  that  thermal  resist- 
ance which  will  require  a  drop  of  temperature  of  1  deg.  cent,  for  1  watt  of 
heat  flow.  Ohm's  simple  law  then  applies  numerically  to  calculations  of 
thermal  flows.  If  R  is  the  thermal  resistance  in  thermal  ohms,  W  is  the  heat 
flow  in  watts  and  T  the  drop  in  temperature  in  centigrade  dep«ea,  then  Ohm's 
law  in  thermal  form  is  W^T/R,  which  may  be  unhesitatingly  used  in 
calculations,  as  the  units  are  then  such  as  will  avoid  all  eoeffidenta  and  re- 
duction factors. 

1  thermal  ohm»4. 18617  gram-calorie  units. 

1   g-cal.  unit  of  thermal  resistance  *  0.238882  thermaJ  ohni.    Bering's  analo- 
gous definition  of  the  thermal  mho  is  that  conductance  which  will  allow  1 
watt  of  heat  flow  to  pass  when  the  difference  of  temperature  is  1  deg.  cent. 
1  thermal  mho  ~  0.238882  gram-ealorie  unit 

1  g-cal.  unit  of  thermal  conductance  — 4. I86I7  thermal  mhos. 

M.  Tabl*  of  tharmal  reslitlTitles  and  eonduotlTtUai.^  Her- 
ing gives  the  following  table  of  heat  rosistivities  and  conductivities  of 
various  refractories  in  bis  new  units. 


Substance 

Resist 
Thern 

'cu.  in. 

ivities  in 
lal  Ohms 

Conductivities 
Thermal    Mhos 

Ctt.  cm. 

on.  in. 

cu.  cm. 

3.76 
4.06 
13.2 
16.5 
22.4 
24.1 
24.7 
26.9 
28.5 
34.8 
40.9 
46.9 
52. 3 

9.56 

10.3 

33.7 

42.0 

66.0 

61.2 

62.8 

68.2 

72.4 

88.6 

104.0 

119.5 

133.0 

0.266 

0.246 

0.0755 

0.0606 

0.0446 

0.0415 

0.0404 

0.0372 

0.0351 

0.0287 

0.0244 

0.0213 

0.0101 

0.105 

0.097 

0.0298 

0.0230 

0.0176 

0.0163 

O.OlfiO 

0.0147 

0.0138 

0.0113 

0.000« 

0.0084 

0.0075 

Magnesia  brick 

Checker  brick 

Building  brick 

Bauxite  brick 

Glass  pot  

Terra  cotta 

Silica  brick 

Kieselguhr  brick 

•  Met.  and  Chtm.  Eng'ing,  Vol.  IX,  1913. 
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tn.  bkiapU  of  tharmal  ealoulatioiu.  Aa  an  illuatntion  of  ths 
simplicity  of  the  calculationa  when  these  units  are  used,  let  the  inside  of  a 
small  furnaoe  be  a  6-in.  cube;  let  the  wall  consist  of  a  4-in.  layer  of  silica 
brick  on  the  inside  and  4  in.  of  brick  on  the  outside.  The  true  average  cross- 
section  of  the  layer  of  silica  brick  perpendicular  to  the  heat  flow  (namely,  the 
Keometrie  mean,  that  is,  the  8<}uare  root  of  the  product  of  the  extreme 
sections)  for  the  whole  furnace  will  be  504  sq.  in.  If  its  resistivity  from  the 
above  table  is  47  thermal  ohms,  its  resistance  will  be 

„      T-X.I        47X4      .,,  ^.  ,    . 

K-  — „— --^-— — 0.37  thermal  ohm. 

A  similar  calculation  for  the  outside  layer  of  fire-brick  having  a  resistivity 
of  22  thermal  ohms  gives  its  resistance  as  0.048  thermal  ohm.  Henee,  the 
total  is  the  sum  of  these  two,  which  is  0.42  thermal  ohm.  Incidentally,  it 
shows  what  a  very  much  smaller  insulating  effect  this  much  larger  outsida 
layer  has.* 

Suppose  the  drop  of  temperature  through  the  wall  to  be  1,800  deg.  oent. 
Then,  according  to  the  thermal  ohm's  law,  the  loss  of  heat  will  be 

ir-^-  o^-3.S«>  «'»»«•.  or  »bout  8.6  kw. 

The  analogy  between  heat  flow  and  electric  flow  has  been  analysed  very 
carefully  by  £.  F.  Northrupt  with  applications  of  the  results  to  an  analysis  of 
methods  for  measuring  thermal  reaiBtances. 

M.  Fonnulu  for  flow  of  heat  through  plates.     The  ordinary  formula 

for  the  flow  of  heat  through  plates  or  rods  of  solid  materials  may  be  written: 

W^iA/OkfX  -To)  (23) 

Where  W  *  the  heat  flow,  expressed  in  watts,  A  *  area  of  plate  or  cross- 
section  of  the  rod,  (  —  thickness  of  the  piste  or  length  of  the  rod,  T  —  To^, 
the  difference  of  temperature  between  the  two  sides  of  the  plate  or  between 
the  ends  of  the  rod,  and  k  —  heat  conductivity  of  the  material  of  the  plate 
or  rod  in  watts  per  cm.  per  deg.  Id  moat  practical  cases  of  heat  flow  the 
problem  is  more  complicated  than  this.  Usually  the  heat  is  not  flowing 
oetween  parallel  surfaces,  or  at  least  the  areas  of  the  two  bounding  surfaces 
ar«  different.  The  above  equation  as  it  stands,  applies  only  between  parallel 
sttrfaoes  through  a  body  of  uniform  cross-section.  For  bodies  of  other 
shapes  Langmuir  treats  the  case  as  follows.  While  A  will  vary  along  the 
path  of  heat  flow,  yet  if  the  area  of  inflow  and  outflow  is  fixed,  the  ratio 
A/t  will  have  a  definite  value,  depending  only  on  the  shape  of  the  body. 
This  quantity.  Langmuir  terms  the  shape  factor,  and  represents  it  by  S. 
The  formula  (Eq.  23)  thus  becomes: 

W-Sk  (r-ro)  (24) 

In  case  the  heat  conductivity  is  a  function  of  the  temperature,  the  equation 
should  be  written: 

T 

hdT  (2S) 

fTo 

S,  the  shape  factor,  is  a  quantity  of  the  dimension  of  a  length  which 
depends  onl^  on  the  shape  and  sise  of  the  body  and  the  position  of  the  sur- 
faoee  by  which  the  heat  enters  and  leaves  the  body, 

Langm^uirt  has  given  formulas  for  the  shape  factor  for  parallel  places, 
concentric  cylinders,  concentric  spheres,  square  edges,  square  corners, 
plane  edges,  plane  corners,  small  square  rods,  small   cubes,  and  for  rec- 

*  A  series  of  articles  oit  heat  insulations  of  furnace  walls  and  the  flow  of 
heat  through  furnace  walls  has  been  published  by  Carl  Hering  in  Met.  and 
Chem.  Bng'ing,  Vol.  IX,  p.  189,  590,  652  (where  there  is  a  further  table  of 
thermal  resistivities  in  thermal  ohms);  Vol.  X,  p.  97  and  159;  Vol.  XI,  p.  183. 
On  heat  losses  of  electric  furnaces  see  also  F.  A.  J.  FitiGerald,  Tram.  Am. 
Electrochem.  Soc.,  Vol.  XX,  p.  281,  and  Met.  and  Chem.  Enn'inQ,  VoL  X, 
p.  286. 

t  Tramaet.  Am.  Electrochem.  Soc.,  Vol.  XXIV,  p.  86. 

i  Tnauaet.  Am.  Electrochem.  Soc.,  Vol.  XXIV,  p.  63. 
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tangular  parallelopipeda  covered  with  ft  uniform  thickneae  of   insulstion 
For  a  cube  the  formula  is 

6a>                            1-2  ( 
S--,-+6.5o+ 


I  ./  It  (26)- 

V    l+0.16^ 

where  a  is  the  length  of  the  eide  of  the  cube  and  t  ia  the  thiekneoB  of  the 
insulation  covering  it. 

89.  Abrupt  diacontinultiea  in  the  thsrznal  dreult  or  path.     It  is 

to  be  oonaidered  that  there  is,  in  general,  no  thermal  equilibrium  between 
the  furnace  charge  and  the  furnace  lining,  nor  between  the  outer  wall  and  the 
surrounding  air.  This  means  that  at  both  these  contact  surfaces  there  is 
a  sudden  drop  of  temperature.  Since  this  is  analogous  to  the  voltage  drop  at 
an  electrode,  one  speaks  of  heat-transfer  resistances  at  these  places  which 
are  added  to  the  heat  resistance  of  the  wall  itself.  These  transfer  resistances 
depend  on  the  materials  in  contact  as  well  as  on  the  degree  of  motion  or 
drculatioD  which  may  eiist  in  one  of  the  materials.  For  instance,  if  a 
furnace  wall  is  water-cooled,  the  transfer  resistance,  corresponding  to  the 
transfer  of  heat  from  the  furnace  wall  to  the   circtUating  water  (which  ia 

§roportional  to  the  difTerence  of  temperatures  between  wall    and  water), 
epends  on  the  flow  of  water.  * 

90.  The  loss  of  heat  by  radiation  from  the  furnace  walls  to  the  sur- 
roundings is,  according  to  the  Stefan-Bolts mann  law,  proportional  to 
T*  — To*,  where  T  is  the  absolute  temperature  (or  deg.  cent. +273)  of  the 
outer  surface  of  the  furnace  wail  and  To  the  absolute  temperatura 
of  the  surrounding  atmo8i>here.  This  law  is  strictly  correct  only  for  abso- 
lutely "black  bodies"  (which  is  not  the  case  for  the  surface  of  a  fumaee) 
but  may  be  used  for  a  first  approximate  estimate.  The  gram-calories  radiated 
t>er  sec.  from  a  surface  at  100  deg.  cent,  to  the  surroundings  at  0  deg.  vary, 
according  to  Peclet,  between  0.00054  g-cal.  for  polished  silver  and  0.016S4 
for  lamp-black;  the  figure  for  wood,  plaster  and  building  stone  is  0.015,  for 

Solishea  sheet-iron  0.00189.    leaded  sheet>iron  0.00273,  ordinary  shoet-iron 
.01164,  new  cast-iron,  0.01332,  oxidised  cast-iron  0,01410  (see  also  Richards, 
''Metallurgical  Calculations,"  Vol.  I,  Chapter  8). 

91.  Tot&l  heat  required.  The  five  items  given  in  Par.  U  represent 
together  the  total  heat  produced,  which  is  partly  utilised  and  partly  wasted. 
ThiB  total  heat  is  equal  to  the  electrical  energy  consumed  within  the  furnace, 
according  to  the  following  relations: 

1  watt-hr.  ==  0.86  kg-cal. »  860  g-cal.. 

1  kg-cal.  =»  1,000  g-caL  ■=  1.163  watt-hr. 
91.  The  electrical  energr  Is  changed  into  heat  by  either  of  the 
following  ways:  first,  by  producing  an  electric  arc  and  thereby  generating 
heat;  or,  second,  simply  by  the  Joulean  effect,  the  electric  energy  being 
changed  into  heat  on  account  of  the  electric  resistance  of  the  path  of  the 
current,  the  rate  of  heat  produced  being  PR  watts  or  0.24  I'R  g-cal. 
per  sec.,  if  I  is  amperes  (enective  amperes  in  case  of  alternating  current) 
and  R  is  ohms  (resistance,  not  impedance).  Accordingly,  electric  fumacea 
are  divided  into  arc  furnaces  and  resistance  furnaces.  The  material  in  a 
resistance  furnace  in  which  the  electrical  energy  is  changed  into  heat  is 
called  the  resistor  (FitzOerald).  In  many  cases  it  is  difficult  to  say 
whether  a  furnace  belongs  to  one  or  the  other  class,  since  both  effects  may  be 
superposed. 

CONSTRUCTION   AND   DESIGN  OF  SLSCTUC  VIXENACSS 

9S.  A  typical  arc  furnace  is  shown  in  Fig.  1  which  represents  the  original 

furnaco  of  H.  Moissan,  composed  of  two  blocks  of  lime  placed  one  on  the 
other.  The  lower  piece  had  a  longitudinal  groove  through  which  passea 
two  carbon  rods,  between  which  the  arc  played.  In  the  centre  of  the  lower 
block  below  the  arc  a  cavity  was  provided  which  served  as  a  crucible  or  which 

*  Concerning  further  details  see  J.  W.  Richards,  **  Metallurjrtcal  Calcula- 
tions,** Vol.  I,  Chapter  S.  The  flow  of  heat  through  contact  surfaces  is 
discussed  by  Carl  Hering  in  Met.  &  Chem.  Eng'ing,  Vol.  X,  p.  40,  where 
he  gives  a  table  of  contact  resistances  in  thermal  ohms. 
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contaiDed  a  speoal  carboD  oruoible  in  which  the  material  to  be  heated  waa 
placed.  The  upper  block  was  slightly  rounded  out  directly  above  the  arc. 
By  the  strong  heat  of  the  arc  the  surface  of  the  lime  was  fused  and  highly 
polished  so  as  to  form  a  perfect  reflector  sending  all  the  heat  down  upon  the 
crucible. 

94.  Direct  and  Indirect  &rc  f  urnacai.  In  the  former  the  furnace  charge 
is  directly  exposed  to  the  arc,  in  the  latter  it  receives  the  heat  of  the  are 
by  radiation  and  by  reflection  from  the  roof  and  walls.  It  is  clear  that  in 
many  cases  there  is  combined  direct  and  indirect  heating.  A  topical  exam- 
ple of  indirect  arc  heating  is  the  Stauuio  furnace.  For  operation  by  three- 
phase  currents,  there  are  three  electrodes  at  the  top.  The  arcs  play  between 
the  enda  of  the  three  electrodes  and  heat  the  metallic  bath  below  by  radia- 
tion (there  being  no  arcs  between  the  electrodes  and  the  bath  itself)*  To  mix 
the  charge  thoroughly,  the  furnace  is  built  revolvable.  iBUdrochem.  jb 
MeLlnd.,  Vol.  VI,  p.  316.) 


^^^^^1 


^■■^■,.,.> , 


Fio.  1. — Moissan  Arc  Furnace.        Flo.  2. — Aoheson  Carborundum  Furnace. 


91.  A  typical  reilitance  furnace  is  the  carborundum  furnace  of  £.  G . 
Acheson,  shown  in  plan  and  vertical  section  in  Fig.  2,  the  dimensions  refer- 
ring to  a  capacity  of  750  kw.  The  charge  which  conusts  of  carbon, 
silica  sand  and  salt,  surrounds  a  carbon  core  which  acts  as  resistor  and 
is  ptacc»d  in  the  centre  of  the  furnace.  It  runs  through  the  furnace  from 
end  to  end  and  is  connected  at  both  ends  with  the  carbon  terminals  or 
electrodes  in  the  end  walls  of  the  furnace.  (For  further  details  see  F.  A. 
J.  FitiGerald,  Electrochem.  and  Met.  Ind.^  Vol.  IV,  p.  54.)  The  eurrent 
through  the  remstor  produces  heat  which  passes  outward  into  the  chuge, 
resulting  in  the  production  of  carborundum. 

96.  Keilstance  furnaces  may  again  be  subdivided  according  to  the 
nature  of  the  resistor,  whether  the  electric  heat  is  produced  in  the  charge 
itseU  or  in  a  special  resistor,  in  contact  with  the  charge.  The  former  is 
possible  only  if  the  charge  itself  is  a  conductor  of  electricity;  an  example 
IS  the  induction  furnace  for  melting  steel,  etc.  In  case  the  furnace  charge 
is  not  itself  a  conductor  of  electricity,  a  specisj  resistor  must  be  provided  m 
contact  with  the  charge;  the  electricity  takes  a  predetermined  path  in  passing 
through  the  resistor  in  which  the  heat  is  thereby  developed.  An  example 
is  the  carborundum  furnace  described  above.  Finally  it  is  possible  to  so 
arrange  the  resistor  that  it  is  not  in  direct  contact  with  the  charge,  but  is 
arranged  above  it  and  heats  the  charge  by  radiation.  *  Concerning  materials 
suitable  for  resistors  see  Par.  ill. 

No  sharp  distinction  is  always  possible  between  the  two  subclasses  of 
resistance  furnaces  with  or  without  a  special  resistor.  For  instance,  in  the 
Acheson  furnace  for  changing  carbon  electrodes  into  graphite  electrodes, 
the  electrodes  are  embedded  in  granular  graphite:  niost  of  the  heat  is 
developed  in  the  latter,  but  since  the  electricity  also  passes  through  the  elec- 
trodes themselves,  some  heat  is  also  directly  produced  within  the  same.  An 
example  of  a  furnace  operation  which  changes  in  character  during  a  run  is 
Acheson's  furnace  for  producing  graphite  in  bulk ;  in  the  centre  of  the  anthra- 
cite coal,  coke,  etc.,  to  be  graphitizcd  the  resistor  in  form  of  a  aeries  of 
carbon  rods,  is  placed  through  which  the  electricity  first  passes  exeluMVcly; 
when  the  anthracite  coal  next  to  the  core  is  changed  by  the  neat  into  graphite, 
the  electricity  also  passes  through  it  and  so  on.  Therefore,  while  the 
electricity  had  first  only  a  restricted  definite  path,  its  path  gets  broader  and 
broader  during  operation. 

97.  Pinch  phenomenon.  A  peculiar  limitation  of  the  temperature  ob- 
tainable in  that  class  of  resistance  furnaces  in  which  the  charge  itself  forms 

~  *  FitxGerald.     Met.  A  Chtm,  BnQ'i^,\o\.  VIII.'^iTrVoi.  fx,  p.  2ft.  ~ 
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the  reaiator,  Ib  the  "pinch  pA<nom«non,"  *  described  by  Carl  Herin£  in  the 
Trantactioiu  American   Elect roohemical  Society,    Vol.   XI   and   XVl. 

This  same  pinch  phenomenon  is  made  use  of  by  Carl  Hering  in  his  pinch 
•flflct  furnace,  f  wnioh  is  a  special  type  of  resistance  furnace.  The  charge  is 
contained  in  a  crucible  and  the  current  is  introduced  through  electrodes  in 
the  bottom,  the  upper  part  of  which  (that  is,  the  part  in  contact  with  the 
charge  in  the  crucible)  forms  at  the  same  time  the  resistor.  These  resistor 
tubes  are  so  dimensioned  that  the  proper  amount  of  heat  is  generated  in 
them.  At  the  same  time  the  liquid  metal  in  the  resistor  tubes  is  ejected 
by  the  pinch  effect  into  the  crucible  whereby  an  effective  agitation  and  cir- 
culation of  the  metal  in  the  crucible  is  obtained. 

98.  H^roult  furnace.  An  example  of  an  electric  furnace  which  is  strictly 
neither  an  are  furnace  nor  a  resistance  furnace  is  the  steel  furnace  of  P. 
H^roult.  The  steel  to  be  purified  in  the  furnace  chamber  is  covered  by  a 
layer  of  slag  so  chosen  as  to  produce  the  desired  chemical  reactions.  Two 
vertical  carbon  electrodes  are  suspended  through  the  top  of  the  furnace  if 


Fio.  3. — HAroult  Steel  Furnace.  . 

operated  by  single-phase  current.  The  operation  is  started  bv  striking 
arcs  between  the  ends  of  the  electrodes  and  the  surface  of  the  slag,  and  in 
this  respect  the  furnace  is  an  arc  furnace.  But  since  the  electricity  passes 
from  one  electrode  into  the  slag,  through  the  slag  and  out  into  the  other  elec- 
trode, further  heat  is  produced  within  the  slag  itself  due  to  the  Joulean  effect 
and  in  this  respect  the  furnace  is  a  resistance  furnace. 

99.  The  Oirod  furnace  differs  from  the  Hdroult  furnace,  because  it  has 
one  or  several  bottom  electrodes,  in  form  of  steel  rods  inserted  in  the  bottom 
and  water-cooled  from  the  outside.  There  is  one  or  several  electrodes  at 
the  top,  but  if  more  than  one  is  used,  they  are  all  electrically  connected 
in  parallel  (instead  of  the  series  connection  in  the  HAroult  furnace).  The 
current  passes  from  these  top  electrodes  through  the  arcs  into  the  slag  and 
downward  through  the  metallic  bath  and  out  of  the  furnace  throu^  the 
bottom  electrodes.      (Afet.  A  Chem.  Eno'ing,  Vol.  IX,  p.  £81.) 

100.  The  Keller  furnace  differs  from  the  Oirod  furnace  only  in  details  of 
the  bottom  construction.     (Transactions  Am.  Electrochem.  Soc.»  Vol.  XV.) 

101.  Loss  of  energy.  Whatever  the  type  of  the  furnace,  the  electrical 
energy  which  is  changed  into  heat  within  the  furnace  itaelf,  is  less  than  the 
electrical  energy  which  must  be  supplied  outside,  since  the  transfer  of  the 
energy  from  the  outside,  into  the  furnace  always  involves  losses.  This 
transfer  of  electrical  energy  may  be  made  either  by  electromagnetic  in- 
duction or  through  terminalsi  extending  through  the  lurnace  walla. 

109.  Induction  furnace.  An  electric  furnace  into  which  the  electrical 
energy  is  transmitted  by  electromagnetic  induction  is  called  an  induction 

*  Formulas  for  the  pinch  phenomenon  are  given  by  E.  F.  Northrup, 
Ph]f».  Rev.,  Vol.  XXlV,  p.  474,  and  C.  Hering,  Met.  A  Chtm.  Sno'ing, 
Vol.  IX.  p.  86. 

t  Afei.  <t  Chem.  Bng'ing,  Vol.  IX,  pp.  277.  371. 
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funuoe.  It  ia  esaentiaUy  a  transformer,  the  secondary  of  whioh  is  a  single 
turn,  represented  bv  an  annular  channel  which  contains  the  charge.  It  is 
neceasanly  operated  by  alternating  current  whioh  ia  fed  to  the  primary  wind- 
ing, thus  setting  up  an  alternating  magnetio  flux  in  the  transformer  core  of 
laminated  iron;  this  again  produces  alternating  current  in  the  furnace  charge 
in  the  secondary  annular  channel,  thus  heating  the  charge  directly  by  the 
Joulean  efTect.  A  tilting  induction  furnace  lor  melting  metals  (A. 
Colby,  F.  A.  iCjetlin)  is  shown  diagrammatioally  in  Fig.  4. 


E. 


Fio. 


4. — Colby-KjelUn  Induction  Furnace. 


The  chief  adTantage  of  this  type  of  furnace  liea  in  the  fact  that  there 
are  no  electrodes  which  could  contaminate  the  bath,  so  that  the  chemical 
composition  of  the  bath  can  bo  absolutely  controlled  by  carefully  selecting 
the  raw  materials.  The  nature  of  the  atmosphere  in  whioh  the  reaction  takes 
place  is  also  in  absolute  control  of  the  operator.  It  is  also  possible  to  heat 
up  such  a  furnace  very  quickly.  (FitsGerald,  Slectrochem.  A  Mel.  Ind., 
Vol.  VII.  p.  10,  1909.) 

The  loM«a  of  energy  in  transfer  from  the  primary  to  the  secondary 
are  calculated  exactly  as  in  the  case  of  the  ordinary  transformer  (Sec.  6). 
The  induction  furnace  differs  (quantitatively,  not  qualitatively)  from  com- 
mercial alternating-current  transformeni,  fl<.noe  it  has  neoesBarily  consider- 
able magnetic  leakage  fluxes  due  to  the  necessity  of  careful  insulation  of  the 
f  used-bath  channel  from  the  primary  winding.  The  power-factor  is  low,  due 
to  two  causes:  the  low  resistance  of  the  secondary  audita  high  self-induction, 
due  to  its  wide  separation  from  the  primary.  The  power-factor  can  be  im- 
proved by  any  of  the  following  means:  deoreaaing  the  frequency  of  the 
alternating  current,  or  increasing  the  ohmio  resistance  of  the  fused  charge, 
or  inoreaaing  the  magnetic  reluctance  of  the  two  leakage  fields. 

lot.  The  Eoechllnf-Bodenhauter  combination  furnace  is  a  modifi- 
cation of  the  simple  induction  furnace.  It  is  heated  by  a  superi>oeition  of  two 
heating  effects:  firstly,  according  to  the  simple  induction  principle;  secondly* 
an  auxiliary  secondary  circuit  is  provided,  the  ends  of  which  are  connected  to 
metallic  pole  plates  embedded  in  the  furnace  waits.  When  the  furnace  is 
started,  it  is  nrat  heated  by  induction  alone.  When  the  refractory  layer 
which  separates  the  pole  plates  from  the  metallic  bath  thereby  becomes  hot, 
it  becomes  an  electric  conductor  and  supplementary  heat  \i  now  produced  by 
the  electric  current  passing  between  the  pole  plates  through  the  furnace 
charge.  The  advantages  of  this  furnace  over  the  simple  induction  furnace 
are  tnat  it  can  be  used  for  refining  (not  only  melting)  purposes  and  that  it 
can  be  built  with  ordinary  commercial  frequencies  for  large  charges  so  as  to 
operate  with  a  good  power-factor.  lEUctrochem.  db  Met.  Ina.,  Vol.  VI. 
pp.  10,  143.  438,  458;  Met.  A  Chem.  Ending,  Vol.  VIII,  p.  338,  Vol.  X,  p.  263, 
Vol.  XI,  pp.  99  and  599;  TraruaU.  Am.  Electrochem.  Soc.,  Vol.  XX,  p.  293.) 
Another  combination  of  arc  and  resistance  furnace  is  the  "paragon  furnace" 
(Harden.  Met.  <£  Chem.  Bng'ing,  Vol.  IX.  p.  38,  595). 

104.  nectrodes.  If  the  electrical  energy  is  introduced  into  the  furnace 
through  terminals,  they  consist  almost  always  either  of  amorphous  carbon  or 
of  graphite,  at  least  for  large  furnaces.  In  this  country  amorphous  carbon 
electrodes  are  generally  made  from  petroleum  ooke,  while  in  Europe  electrodes 
made  from  anthracite  coal  are  also  used.  However,  artificial  graphite 
electrodes  made  by  the  Acheson  process  in  the  electric  furnace,  are  very  exten- 
•ively  employed  now.  They  are  more  expensive,  but  can  be  easily  machined 
into  any  shape  (C.  E.  Collens,  2nd,  TTanaaction*  of  the  American  Electro- 
chemical Society,  Vol.  I;  EUdrochemieal  Indtatry.  Vol.  I.  p.  26  and  Vol. 
1I»  p.   277;  W.   McA.  Johnson.   EUdrochemieal  Induatry,  Vol.  II,  p.  345), 
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are  more  resistant  to  combustion  and  have  a  hisher  electric  conductivity; 
on  the  other  hand,  graphite  has  also  a  higher  thermiU  conductivity  than 
amorphous  carbon.  Electrode  holder  construction  is  fully  treated  in  Met.  it 
Chem.  Eno'ing,  Vol.  XI,  p.  321.  Concerning  the  dimensioning  and  ar- 
rangement  of  the  conductors,  carrying  the  heavy  currents  to  the  electrodes, 
see  Randall.  Transact.  Am.  Electrochem.  Soc,  Vol.  XVII.  p.  139. 

106.  Lou  of  heat  through  eleotrodei.  As  mentioned  in  Par.  89,  the 
heat  loss  through  an  electrode  (if  the  heat  insulation  to  the  surrounding 
walls  is  assumed  to  be  perfect)  can  best  be  considered  as  the  sum  of  the  pure 
heat  conduction  loss,  due  to  temperature  difference  T  between  the  two  elec- 
trode ends,  plus  one-half  the  Joulean  heat  loss  in  the  electrode  itself.  For 
a  given  current  and  a  given  temperature  difference  T  the  heat  loss  through 
an  electrode  becomes  a  minimum  if  the  dimension^  of  the  electrode  are  so 
ohosen  that  the  Joulean  heat  loss  is  twice  the  pure  heat  conduction  loss; 
this  leads  to  a  simple  calculation  of  the  ratio  of  length  to  cross-section  of  the 
electrode.  This  rule  is  rigidly  correct  if  no  heat  leaks  into  the  walls  and  if 
the  thermal  conductivity  and  the  electrical  conductivity  of  the  electrode 
material  are  assumed  to  oe  independent  of  the  temperature  within  the  tem- 
perature limits  in  the  electrode.  In  this  case  this  is  also  the  condition  under 
which  the  hot  electrode  end  within  the  furnace  is  in  temperature  equili- 
brium with  the  interior  of  the  furnace,  no  heat  passing  through  the  hot  elec- 
trode end  in  either  direction.  For  practical  applications  this  method  of 
determining  the  ratio  of  length  to  cross-section  can  be  made  independent  of 
any  assumption  as  to  the  variations  of  the  conductivities,  if  the  ratio  of 
lengthy  to  cro8»-8ection  is  directly  determined  by  experiments  under  the 
conditions  of  electrode  operation.  The  following  figures  (C.  Hering)  give 
directly  for  copper,  iron,  graphite,  and  carbon  those  numerical  values  with 
which  the  product  of  length  in  centimeters  and  current  in  amperes  ia  to  be 
multiplied  in  order  to  find  the  proper  or  rational  oross-seetioil;  proper  or 
rational  means  that  under  these  conditions  there  will  be  heat  equiubnum  at 
the  hot  electrode  end. 


Copper 

T  -  800 
deg.  oent. 

1000 

1200 

1400 

1600 

0.000036 
0.00026 

0.000035 
0.00026 
0.00063 
0.00187 

0.000035 
0.00025 
0.00059 
0  00162 

0.000035 
0.00025 
0.00057 
0.00145 

0.000034 
0.00026 
0.00055 
0.00132 

Graphite 

Carbon 

1800 

2000 

2500 

3000  deg. 
cent. 

0.000034 
0.00025 
0.00054 
0.00123 

0.000034 
0.00025 
0.00053 
0.00115 

0.00051 
0.00102 

0.00050 
0.00093 

Iron 

Carbon 

In  this  table  the  temperature  difference  T  is  (^ven  in  deg.  cent.  The 
figures  in  the  table  are  given  in  centimeters  per  ampere  so  that  when  these 
figures  are  multiplied  by  the  length  in  centimeters  and  the  current  in  am- 
I>eres,  the  cross-section  is  obtained  in  square  centimeters.  For  iostanoat 
the  current  may  bo  1,000  amp.  and  the  temperaturce  of  the  furnace 
2,100  deg.  cent.,  that  of  the  cold  electrode  end  100  deg.  cent.,  hen^  the 
temperature  difference  2,000  deg.  cent. ;  further  the  electrode  length  may  be  26 
cm.,  then  the  graphite  crosa-section  is  0.00053X1,000X25^13  sq.  cm. 
These  figures  relate,  however,  only  to  the  "essential  part"  of  the  elec- 
trode, that  is,  that  part  which  is  embedded  in  the  furnace  walls,  and  are 
valid  if  the  heat  insulation  is  as  good  as  in  the  tests  in  which  thp  above 
values  were  determined.  Concerning  the  whole  theory  see  Carl  Hering, 
EUclrochem,  A  Met.  Ind.,  Vol.  VIl,  pp.  442,  473,  Vol.  VIII,  p.  471.  TVoim- 
artiona  Am.  Electrochem.  Soc.  Vol.  XVI,  pp.  265.  317.  and  Vol.  XVII.  pp. 
151  and  171,  Proc.  Am.  Inst.  Elec.  Eng.,  March,  1910;  Met.  <t  Chem.  Eng'tno, 
Vol.  VIII.  pp.  128,  188,  276;  Elec.  World,  June  16.  1910;  C.  A  Hanaen, 
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Tranaactiona  Am.  Electrocbem.  Soc..  Vol  XV.  p.  279,  Vol.  XVI,  p.  329, 
Xlectrochem.  AMet.  Jnd.,  Vol.  VII,  pp.  358.  389;  E.  F.  Roeber,  Transac- 
tioru  Am.  Electrochem.  Soc,  Vol.  XVI,  p.  363;  J.   Forsaell,   Mel.  <t  Chem. 


Eteetrochem.  AMet.  Jnd.,  Vol.  VII,  pp.  358.  389;  E.  F.  Roeber,  rron«a«- 
tiontKm.  Electrochem.  Soc,  Vol.  XVI,  p.  363;  J.  Forsaell,  Mel.  A  Chem. 
Bng'ing,  Vol.  VIII,  pp.  26  and  177;   A.  £.  Kenoelly,  Proe.  Am.  Inst.  Elee. 


Enc..  March.  1010.  p.  267. 

106.  B«rula.tion  of  tha  heat  production  is  of  greatest  importance; 
this  is,  of  course,  identical  with  regulation  of  the  electric  energy  supply. 
In  arc  furnaces  this  is  obtained  by  adjusting  the  position  of  the  electrodes. 
which  may  be  done  either  by  hand  or  automatically.  A  simple  automatic 
method  in  ease  of  a  furnace  with  one  electrode,  the  crucible  forming  the 
other  terminal,  is  to  control  the  position  of  the  electrode  by  an  electro- 
magnetic device,  the  magnet  winding  being  in  shunt  with  the  crucible  and 
the  electrode,  so  that  the  exciting  current  of  the  maniet  depends  on  the  current 
through  the  fumaoe.  In  the  single-phase  H^rouTt  steel  furnace  which  has 
two  electrodes,  there  being  current  from  one  electrode  through  the  slag  to  the 
other  electrode,  it  is  important  to  know  that  both  arcs  are  playine  properly. 
For  this  purpose  a  voltmeter  is  connected  in  parallel  with  each  oT  the  elec- 
trodes and  the  molten  furnace  charge:  one  terminal  of  the  voltmeter  is 
coDDeetad  with  the  electrode  and  the  other  with  some  oontact  in  the  molten 
steel  charge.  Each  voltmeter  may.  of  oourse,  be  provided  with  an  automatie 
regulating  attachment. 

107.  In  the  operation  of  reeUtance  fumacei  it  is  a  fact  of  great  im- 
portance that  the  resistance  is  a  variable  quantity  during  the  run  of  the 
furnace,  both  on  account  of  variation  of  temperature  ana  of  the  chemical 
changes  in  the  charge.  In  order  to  work  economically,  it  is  usually  im- 
portant that  the  maximum  power  available  be  used  throughout  the  furnace 
run.  and  if  the  resistor  changes  its  resistance  it  is  necessary  to  provide  some 
means  of  regulating  the  voltage,  and  the  maximum  and  minimum  voltages 
attMnable  must  have  to  each  other  the  ratio  of  the  square  roots  of  the 
maximum  and  minimum  resistance  of  the  resistor  (FitsGerald).  If  carbon 
is  used  as  a  resistor,  it  is  advisable  to  raise  it  previoiisly  to  the  maximum 
temperature  V>  which  it  will  be  submitted  in  practice.  The  beet  plan  is  to 
use  graphitised  carbon,  for  that  form  of  carbon  is  stable  in  its  physical 
charaeteristics  so  that  the  only  change  that  is  experienced  when  using  it  as 
a  resistor  is  temporary  and  due  to  the  increase  in  temperature. 

108.  Dlreet  current  and  alternating  current  mar  both  be  used  for 
operation  of  an  electric  furnace,  but  alternating  current  has  two  advantages: 
first,  electrolyUc  effects  which  arc  not  desired  in  pure  electrio-fumace  reao- 
lions,  are  excluded;  second,  alternating  current  permits  easier  regulation. 
The  induction  furnace  always  requires  alternating  current. 

109.  RheoBtati.  As  rheostats  for  voltage  regulation,  water  rheostats  or 
granular-carbon  rheostats  are  suitable.  (For  details  see  F.  A.  J.  FitsGerald, 
Electrochemical  and  Metallurgical  Industry,  Vol.  III.  p.  9).)  Rheostat 
design,  see  Sec.  5). 

110.  Tube  furnftce.  A  special  type  of  rewstor  furnace  for  experimental 
work  which  permits  very  exact  regulation  of  temperature,  is  the  tube  furnace, 
i.e.,  an  electric  furnace  in  which  the  resistor  has  the  form  of  a  tube.  For 
various  designs  of  such  furnaces  see  Hutton  and  Patterson,  Electrochemiral 
and  MeiaUurffical  Ijidualry,  Vol.  Ill,  p.  455;  S.  S.  Sadtler,  Electrochemical 
and  MelaUurtrical  Induntry,  Vol.  IV,  p.  434;  8.  A.  Tucker,  Electro- 
chemical and  MetaUurffical  Industry,  Vol.  V.  p.  227;  J.  A.  Barker,  Electro- 
chemical and  Metallurffical  Industry,  Vol.  Ill,  p.  273;  William  C.  Arsem, 
Tran»actionM  American  Electrochemical  Society.  Vol.  IX;  and  especially 
the  elaborate  designs  of  H.  N.  Potter,  U  S.  PatenU.  715507;  715508; 
715509;  Dec.  9,  1902;  719.507,  Feb.  3.  1903;  756891,  April  12,  1904; 
770312,  Sept.  20,  1904;  814726  and  814727,  March  13,  1906  Tube  fur- 
naces may  be  so  constructed  as  to  carry  out  the  reaction  either  under  in- 
creased or  reduced  pressure,  as  in  the  furnace  of  Arsem  and  the  last  two 
patents  of  Potter. 

111.  In  another  ipedal  type  of  retlitor  fum&ce,  due  to  FitsGerald 
and  Thomson,  the  charge  is  heated  by  radiation  from  a  resistor  above  the 
charge;  this  furnace  has  been  applied  for  «ino  smelting  {Afpt.  A  Chem. 
Eng'ing,  Vol.  VIII.  pp.  289.  317).  Various  materials  are  suitable  for  the  resist- 
ors, according  to  uie  special  design  of  the  furnace,  such  as  granular  carbon 
("kryptorOt  carbon  rode,  silundum  rode,  platinum  etrip  or  wire,  niokel  ttrip 
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or  wire,  tungBten  or  molybdenum  strips  or  wire  (Winne  and  Dantttien, 
TroMod.  Am.  Eleotroohem  Boo.,  Vol.  XX,  p.  287),  etc.;  an  alloy  of  nickel 
and  chromium  haa  an  advantage  over  pure  nickel  that  it  will  not  ozidiie 
even  if  heated  in  air  to  incandescence  for  a  coosiderable  time  ("niohrome"). 

111.  ComparatlTely  tlmple  railstanca  fumaoas  for  heatina  cruciblea 
are  desoribea  by  F.  A.  J.  FitsGerald,  Electrochemical  and  Meialluryical 
Induttry,  Vol.  Ill,  p.  55;  Oliver  P.  WatU,  Electrochemical  and  MetaUur. 
gieal  Induetry,  Vol.  IV,  p.  273;  Samuel  A.  Tucker,  Electrochemieal  and 
Metallurgical  Industry,  Vol.  V.  p.  227;  D.  F.  Calhane,  Met.  A  Chem.  Bng'ing, 
Vol.  X,  p.  461;  a  vertical-are  furnace  for  laboratory  work  by  Samuel  A. 
Tucker,  electrochem.  and  Met.  Induatry,  Vol.  IV,  p.  263.  A  Mffh-tempera- 
ture  laboratory  furnace  with  very  exact  temperature  regulation  is  described 
by  E.  F.  Northrup,  Met,  and  Chem.  EngHng,  Vol.  XII,  p.  31. 

lis.  Beilstanca  fumaoo  desUn  and  oonstructloii.  An  excellent 
serial  of  articles  on  resistance  furnace  design  and  oonstruotion  was  publiabed 
by  F.  A.  J.  FitsGerald  in  EUcirochemicat  and  MetaUurgicallnduatry,  Vols. 
II,  III,  IV.  Two  papers  by  F.  A.  J.  FitsGerald,  Tranaactums  of  the  Amefi- 
can  Electroohemical  Society,  Vol.  IV;  and  by  C.  L.  Collens,  2nd,  Transaction* 
of  the  American  Electroohemical  Society,  Vol.  IX,  deal  with  the  theory  of 
the  resistance  furnace;  a^aper  by  J.  W.  Richards^  Transactions  of  the  Ameri- 
can Electrochemical  Society,  Vol.  II,  with  the  efficiency  of  eleotrie  furnaces. 
A  serial  on  electric  furnaces,  their  design,  characteriatioa  and  oommercial 
applications,  for  students,  engineers,  and  business  men,  by  W.  MeA.  Johnson 
and  G.  N.  Sieger  appears  in  Met,  db  Chem.  Eng'ino,  Vols.  XI  and  XII.  Con- 
cerning the  claaaicaf  electric-furnace  researches  of  H.  Motssan,  see  his  book 
on  the  electric  furnace  which  is  available  for  the  English  reader  in  an 
American  as  well  as  in  the  English  edition.- 

114.  Seduelnf  acent.  It  should  be  emphasised  that  in  an  eleotrio 
furnace  the  electrical  energy  provides  the  heat  required  for  the  reaction,  but 
that  if  the  object  is  to  reduce  an  element  from  a  compound,  a  redudng 

Tnt  like  carbon  is  also  required.  For  instance,  if  we  compare  leduction 
iron  ore  in  the  electric  furnace  with  the  blast-furnace  prooew,  both  proc- 
esses require  so  much  carbon  as  is  necessary  to  combine  with  ihe  oxygen  in 
the  iron  oxide;  but  the  blast  furnace  aLso  requires  carbon  for  producing  the 
necessary  high  temperature  and  it  ia  only  this  last  portion  of  carbon  the 
calorific  value  of  which  ia  replaced  by  electrical  energy  in  the  electric  furnace. 
lis.  Oarbon  aa  a  reducing  agent.  For  most  purposes  some  form  of 
carbon  is  used  as  a  reducing  agent  in  the  electric  furnace  and  it  has  been 
claimed  that  at  the  temperature  of  the  electric  furnace  oarbon  is  able  to 
reduce  any  known  oxide. 

116.  In  speeial  caaea  othet-  reducing  agents  may  be  used,  especially 
when  the  object  is  to  produce  metals  or  alloys  for  use  in  the  steel  industry, 
where  it  is  of  advantage  to  use  metals  or  alloys  free  from  carbon.  Such 
metals  and  alloys  are  produced  by  the  alumlnothermlc  metbod  of  Hans 
Goldschmidt  of  reducing  a  metal  from  its  oxide  by  means  of  aluminum;  on 
account  of  the  very  high  oxidation  heat  of  aluminum  the  reaction  when  once 
started  goes  on  by  itself,  no  outside  source  of  power  being  necessary,  neithftr 
fuel  n<v  electrical  energy.  On  account  of  its  strong  reducing  power  aluminum 
may  also  be  used  in  electric  furnace  reactions  for  special  purposes,  as  is  done 
by  A.  J.  Rossi  for  production  of  ferrotitanium  {Electrochemical  Industry, 
Vol.  I,  p.  523).  Other  suitable  reducing  agents  are  silicon  and  carborundum 
(for  instance  F.  M.  Becket,  Electrochemical  and  Metallurgical  Industry, 
Vol.  V.  p.  237.  also  B.  F.  Price,  for  the  production  of  other  ferro-alloys). 
Other  reducing  agents  for  special  purposes  are  calcium  carbide  and  metaUic 
caldum. 

117.  Oompariaon  of  electric  fumaoe  with  coal  furnace.  Since  in 
an  electric  furnace  electrical  energy  replaces  the  heat  of  combustion  of  ooal 
in  coal-fired  furnaces,  a  numerical  comparison  of  the  economy  of  both 
processes  in  this  single  respect  may  be  given.  But  it  must  not  be  forgotten 
that  this  is  the  most  unfavorable  way  of  looking  at  the  economy  of  the 
electric  furnace,  since  we  purposely  ignore  all  its  special  advantages. 

One  kilo  wait-hour  is  equivalent  to  860  kg-cal..  i.e.,  the  full  heat  which  can 
be  produced  from  0.1  kg.  of  good  coal  when  completely  burnt  to  COx.  If 
the  cost  of  1  ton  (2.000  lb.  <-  907  kg.)  of  coal  is  a  dollars  and  if  the  efficiency 
of  beat  production  by  burning  ooal  is  m  per  cent,  then  the  cost  of  producing 
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860  kg-cal.  from  burning  —  kg.  coal  la  zr^riz —  dollars.     On  the  other  band. 

m  vu.f  m 

if   the  cost  of   1    kw-hr.  is  b  cents  and  if  the  efficiency  of  producing  heat 

100 

from  electrical  energy  is  n  per  cent,  then  the  ooet  of  860  kg-cal.  from 

n 

kw-hr.  is  —  dollars.    Hence  electric  heat  will  be   cheaper   than   heat  pro- 

fi 
duced  by  combustion  of  fuel  if  an  is  sreater  than  90.7  bm. 

If  we  assume  efficiency  figures  which  are  not  unfair  under  practical 
conditions,  namely  an  efbciency  m » 25  per  cent,  for  fuel  heating  an  d  an 
efficiency  n  *»  76  per  cent,  for  electrio  beating,  then  electric  heat  is  cheaper 
than  fuel  heat  if  a  is  larger  than  30.2  6,  i.  e.,  if  the  cost  of  1  ton  of  coal  in  ool- 
lars  is  more  than  30,2  times  greater  than  the  oo8t  of  1  kw-far.  in  cents. 
For  instance  to  compete  with  coal  at  SO  per  ton,  the  electrio  kilowatt- 
hour  would  have  to  ooat  less  than  i  cent.  This  shows  that  were  it  not  t<x 
its  other  important  features^^  electric  heat  could  not  compete  with  fuel 
heati  under  ordinary  conditions.  If  we  had  an  electric  furnace  proeeaa 
which  would  work  continuously  with  full  load  all  year,  then  the  cost  of  the 
electric  horsepower-year  will  be  65.7  b  dollars;  hence  electrio  heat  will  be 
cheaper  than  fuel  beat  if  the  cost  of  1  ton  of  coal  in  dollars  is  more  than 
30  2 

^^  or  say,  one-half  the  ooet  of  the  electric  horsepower-year.  This  ii 
DO. 7 

apparently  a  more  favorable  view  of  the  situation,  esjpecially  in  neighbor- 
hoods where  fuel  is  expensive  and  water-power  is  really  cheap  (say  below 
$10  per  electric  horseiiower-year).  But  unless  absolute  continuity  of 
Uie  process  is  assured,  it  is  safer  to  base  such  calculations -on  the  cost  of  tb« 
kilowatt-hour  instead  of  the  horsepower-year. 

COMMXBCXAI.  PEODUOT8  OV  THI  XLBCTKXC  ruaRACB 

118.  A  brief  summary  of  the  most  important  commerical  products  of 
the  electric  furnace  will  now  be  given.  Concerning  the  proiduction  of 
various  modifications  of  carbon  (including  artificial  diamonds)  and  the  pro- 
duction of  chromium,  manganese,  molybdenum,  tungsten,  uranium,  vana^ 
dium,  sirconium,  as  well  as  carbides,  aihcides,  boridea,  phosphides,  arsenidea 
and  sulphides  on  an  experimental  scale,  see  Moissan's  "Electric  Furnace."  A 
very  useful  bibliograpl^  on  borides  and  silicldes  may  be  found  in  O.  F.  Watts, 
"Investigation  of  the  Borides  and  the  Stlicidea,"  Bulletin  University  of  Wis- 
consin, No.  145.  A.  Stansfield'a  "Electric  Furnace"  is  a  reliable  and  concise 
descriptive  book.  Askenasy's  "Einf  uhrung  in  die  teehniacbe  Elektrochemie," 
Vol.  I  (Electrothermie)  contains  valuable  information  on  various  electrio 
fumaoe  processes.  Concerning  new  proposed  applications  of  the  electrio 
furnace  the  reader  is  referred  to  the  current  abstracts  of  new  electrochemical 
patents  in  Met,  dt  Cfum.  Bivg^ing.  The  following  list  includes  only  the 
most  important  products  which  are  made  in  the  electric  furnace  on  an  in- 
dustrial scale. 

119.  Arttfldal  graphlta  ia  made  by  the  processes  of  K.  Q.  Aoheson  in 
three  forms:  hard  graphite  in  bulk,  suitable  for  paint,  i>igment,  etc.;  artificial 
graphite  electrodes  for  electric  furnace  and  electrolytic  work;  soft  graphite 
suitable  as  lubricant,  stove  polish,  etc.  See  descriptioos  of  the  three  proc- 
esses in  Electrochemical  and  Metalltiirgical  Industry,  Vol.  Ill,  p.  41^  and  Vol. 
IV,  p.  602,  Vol.  VII,  p.  187. 

Coneeming  the  conditions  of  transformation  of  amorphous  carbon  into 
graphite  see  Arsem,  Traru.  Am.  Electrochem.  Soc,  Vol.  XX,  p.  105. 

UO.  Silicon  Oftrbldd  *  (trade  names  carborundum,  crystolon)  ia  made 
by  the  proMOT  of  £.  G.  Aoheson  from  a  charge  of  carbon,  sand  and  salt,  the 
easential  reaction  being  SiOs+3C*SiC+2CO.  The  chief  uses  of  car- 
b<»imdum  are  as  an  abrasive  and  a  refractory. 

"Descriptions  of  the  silicon  carbide  furnace  in  Electrochem.  A  Met.  Tnd. 
Vol.  IV,  p.  63;  Vol.  VII,  189;  Met.  *  Chem:  Eng'xng,  \ol  X.  p.  519,  685. 
Conoeming  the  temperature  of  the  silicon  car1n<^  furnace,  see  Saimdert. 
Met.  dt  Chem.  Eng'ing,  Vol.  X,   p.  287. 
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111.  ArtifldM  •m«rT  or  ftlundump  *  another  artificial  abrasive,  is  made 
according  to  C.  B.  Jacobs  by  fuung  bauxite  in  the  electric  furnace. 

IM.  Alozltfl.  Another  artificial  abramve.  aloxitet  conmstins  also 
principally  of  fused  alumina,  ia  made  by  an  electric  furnace  process  <a  Tone 
from  aluminum  silicate. 

Its.  SUoiloont  is  a  series  of  siliconfCarbon-oxyBea  compounds  of  a 
very  refractory  nature,  made  by  the  process  of  E.  G.  Acbeson. 

114.  MatalUe  Slllconfi  is  made  by  the  process  of  F.  J.  Tone,  in  which 
the  reaction  BiOi+2C>-Si+2CO  is  used.  Silieon  monozldei  (monox) 
was  made  by  the  process  of  Henry  Noel  Potter.  SUundumY  is  obtained 
by  action  of  silicon  on  carbon  and  is  useful   as  a  refractory  and  resistor. 

ISI.  VuMd  quart!  or  fused  silica  or  siUoa-fflaM  articles  are  made  in 
the  electric  furnace  by  smelting  quarts  into  the  desired  shape,  and  are  useful 
since  they  have  such  a  small  temperature  coefficient  of  expanedoa  that  they 
ean  bo  subjected  to  very  wide  vaiiations  of  temperature  without  danger  of 
cracking. 

Ittt.  Bisulphlda  of  carbon  is  made  from  sulphur  and  carbon  by  the 
process  of  ET.  R.  Taylor  (Electrochemical  and  Metatiurgieal  Induatrjf,  Vcrf. 
1,  i>p.  60,  63,  70,  Vol.  IV,  p.  32;  Transactions  American  Electrochemical 
Society,  Vol.  I  and  II).  This  is  an  example  of  an  electric  furnace  process, 
the  product  of  which  is  obtained  in  vapor  form  and  condensed  outside. 

It7.  Zinc  is  another  example  of  the  same  class.  It  has  been  made  in  the 
electric  furnace  commercially  oy  the  process  of  C.  G.  P.  deLaval.*  *  The  chief 
obstacle  in  the  commercial  development  of  electric  sine  smelting  has  been  the 
difficulty  of  condensing  the  sine  vapor  into  liquid  spelter,  as  almost  all 
early  experimenters  have  been  troubled  with  the  production  of  an  excessive 
amount  of  blue  powder.  But  this  trouble  seems  now  to  have  been  overcome 
to  a  large  extent.^  Of  American  experimenters  W.  McA.  Johnson  has  so 
far  gone  furthest  in  commercial  operation.  Most  electric  sine  furnaces  use 
carbon  as  reducing  agent,  the  ore  being  previously  roasted  and  preheated; 
the  electric-furnace  reaction  is  ZnO  +  C  —  Kn+CO.  In  the  Imbcit  process 
sine  sulphide  is  reduced  by  iron  as  reducing  agent,  the  reaction  being 
ZnS  +  Fe«Zn  +  FeS.  There  is  a  large  literature  in  existence  on  electric 
sine  smelting. ft 

ISS.  Phoiphorug  is  a  third  example  of  producing  a  volatile  product.  In 
the  Readman-Psrker  process  a  mixture  of  natural  phosphate,  carbon  and 
sand  is  treated  in  a   resistance   furnace.     {Elecirochem.  dt  Mtt.  Ind.  Vol. 


*  Electrochem.  A  Met.  Ind.,  Vol.  I,  p.  15;  Vol.  IIt«  pp.  30, 340  and  406.  As 
to  the  use  of  alundum  as  refractory  see  Met,  A  Chem.  Bng'tHo,  V<^.  IX, 
p.  257  (Saunders)  and  Vol.  X,  p.  129  (FitsGerald). 

i  Electrochem.  A  Met.  Ind.,  Vol.  VIl.  p.  192. 
Electrochem.  Ind.,  Vol.  I.  p.  287;  Vor  II.  p.  442. 
Tone.  Electrochem.  Ind.,  Vol.  II.  p.  Ill  and  Vol.  VII,  p.  192.  Tnm«aeli4m» 
Amcr.  Electrochem.  Society,  Vol.  VII,  p.  243;  Tucker,  Met.  A  Chem.  Bno'in^f 
Vol,  VIII,   p.    10.      As   to   the  properties   of   silicon  and  the  use  of  siucon 
castingB  for  the  chemical  industries  see  Met.  A  Chem.  Bng'irig  Vol.  XI,  p.  102. 

\EltctTochem.  A  Met.  Ind.,  Vol.  V,  p.  444. 

%  Boelling,  Tone,  Tucker.  Electrochem.  A  Met.  Ind.,  Vol.  VII.  pp.  24,  102. 
612. 

••F.  W.  Harbord.    Eng.  A  Min.  Joumai.  Feb.  10,  1912,  p.  314. 

tt  Among  early  literature  there  are  of  particular  interest  a  summary  by 
W.  McA.  Johnson.  Electrochem.  A  Met.  Ind.,  Vol.  V,  p.  8S,  also  Vol.  IV,  pp. 
152  and  321 ;  also  two  papers  by  the  same  author  and  E.  R.  Taylor  in  Tranaoii. 
Am.  Electrochem.  8oo.,  Vol.  XI;  Richards,  Electrochem,  A  Met.  /ad..  Vol, 
VI,  p.  196;  Cote  A  Picrron.  Vol.  VII,  p.  408.  Among  recent  papers  are  John- 
son, Met.  A  Chem.  Eng'ing,  Vol  X,  pp.  28L  637,  Vol.  XI.pp.  678;  Ingalls,Vol. 
X,  p.  481;  Louvrier,  Vol.  X,  p.  747,  Vol.  XI.  pp.  603  and  710;  Clero,  V^.XI, 
p.  037.  Concerning  the  condensation  problem  see  Met.  A  Chem.  Bno^ing, 
Vol.  X.  p.  451  (an  electrolytic  method  of  Bleecker  for  reduction  of  blue 
powder  is  described  in  Trontact.  Electrochem.  Soc,  Vol.  XXI,  p.  359). 
Bee  also  papers  by  Johnson,  Peterson,  Lyon  in  Tranaact.  Am.  Electrochem. 
Soo.,  Vol.  XXIV.  and  chapter  12  in  StansBeld*!  **  Electric  Fumaoe." 
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V.  p.  407).  Conoernizic  the  eleotrie  distillation  of  turpentine  see  F.  T. 
Snyder,  Traiuaetion*  Am.  Eiectrochem.  Soo.,  Vol.  XIII. 

119.  Oaletum  carbide  (CaC>)  production  is  one  of  the  larj^eat  and  most 
important  electrio-furnace  industries  (T.  L.  Wilson,  H.  Moissan,  L.  M. 
Bullier).     The  reaction  ia 

CaO  +3C  -  CaCi  +CO,  (27) 

the  fumaoe  charge  consi«ttng  of  burnt  lime  and  ground  coke.  The  chief  use 
of  calcium  carbide  is  the  production  of  acetylene  gas  CsHs  for  lighting  ao- 
cording  to  the  equation: 

CaCi  +  HiO  -  CaO + CtHi,  (28) 

acetylene  gas  being  developed  when  calcium  carbide  comes  into  contact 
with  water.*  Calcium  cyan  amide  is  made  from  calcium  carbide  and 
nitrogen.    See  Par.  SU. 

ISO.  The  application  of  the  electric  fumaea  in  other  branches  of 
non-ferroui  metallurgy  in  largely  czperi  mental. t  Experiments  have  been 
made  on  electric  smelting  of  copper  orea,t  nickel  ores,^  and  tin  ores-H 

131.  Verro-alloys,  Y  as  well  as  other  alloys,  like  copper-silicon,  are  made 
in  the  electric  fumaoe  according  to  the  old  process  of  A.  H.  Cowles,  by 
treating  a  mixture  of  [Hg  iron  (or  copper  in  the  case  of  copper  alloys),  an 
oxide  of  the  element  to  be  alloyed  with  the  Iron  (e.g.,  silica  in  the  case  of 
ferrosilicon)  and  carbon.  Various  variations  are  possible.  The  production 
of  ferro-alloys  in  the  electric  furnace  is  a  commercial  success;  vanous  alloys, 
especially  those  of  high  percentage  and  low  in  carbon,  can  only  be  made 
in  the  electric  furnace.  The  usual  reducing  agent  is  carbon.  But  mlicon 
or  ferrosilicon  or  carborundum  have  also  been  proposed  for  the  production 
of  other  ferro-alloys,  free  from  carbon. 

131.  In  the  iteel  induitry**  the  electric  furnace  is  rapidly  increasing 
in  importance  for  three  purposes.  The  firstft  is  the  manufacture  of  high- 
Srade  steel  in  competition  with  the  crucible  steel  process,  being  considerably 
eheapw  on  account  of  larger  units  and  smaller  wages,  while  the  product  of 
the  electric  furnace  is  as  good  oa  that  of  the  crucible  steel  process  and  it  is 
not  necessary  to  use  as  pure  and  expensive  starting  materials.  The  second 
AppUcationt¥  is  a  more  recent  one,  for  the  refining  of  molten  Bessemer  con- 
Terter  metal  or  molten  open-hearth  metal  for  large-tonnage  productx,  like 
rails  of  improved  quality.  For  steel  refining  in  the  electric  furnace  the  pos- 
aibility  of  producing  a  higher  temperature  in  the  slagfS  Ib  important,  but  of 

*  Concerning  the  tbermodynamio  theory  of  the  process  see  Thompson, 
Mei.  A  Chem.  Eng'ing,  Vol.  VIH,  pp.  279  and  324. 

t  Concerning  possible  applications  of  the  electric  furnace  to  Western 
metallurgy,  see  Lyon  and  Keeney,  Mft.  A  Chem.  Enif'ing,  Vol.  XI,  p.  577. 
As  to  vacuum  furnace  metallurgy  for  the  treatment  of  rebellious  ores,  such 
as  sulphite,  Nipissing  ore,  for  the  productioa  of  antimony  from  stibuite, 
Bee  Fink.  Met.  a  Chem.  Eng'ing,  Vol.  X,  p.  206.  As  to  the  uw  of  the  elec- 
tric furnace  for  the  treatment  of  tin  dross  concentrates  from  cyanide 
mills,  etc.,  see  Wile,  Met.  A  Chem.  Eng'ing.  Vol.  X,  p.  495. 

IStephan,  Met.  Sc  CA«n.  £n{r'in(r,  Vol.  XI,  p.  22;  Lyon  and  Keeney,  Vol. 
XI,  p.  622. 

I  Morrison.    Tranxoet.  Am.  Eiectrochem  Soc.,  Vol.  XX,  p.  315. 

j  Harden.     Met.  A  Chem.  Eng'ing,  Vol.  IX,  p.  453. 

i  G.  p.  Scholl.  Eiectrochem.  fnd..  Vol.  11.  pp.  349.  395,  449;  Keeney, 
Tranaaei.  Am.  Eiectrochem.  8oc.,  Vol.  XXIV,  p,  167.  Concerning  ferro- 
silicon see  Pick  and  Conrad's  German  monograph,  also  Copeman,  Bennett 
A  Hake,  Met.  A  Chem.  Eng'ing,  Vol.  VIII,  p.  133. 

**  A  very  good  review  of  the  situation  in  1900  may  be  found  in  the  sym- 
posium of  papers  on  the  electrometallurgy  of  iron  ana  steel  in  Tronaact.  Am. 
Eiectrochem.  Soc,  Vol.  XV.  See  also  Eugene  Hoanet's  first  Canadian 
Government  report  of  1904,  and  Neumann's  Klertrometallurgic  des  Eisen. 

■ftFor  instance.  Met.  A  Chem.  Eng'ing,  Vol.  VIII,  p.  563. 

ti  Description  of  South  Chicago  plant  of  the  U.  S.  Steel  Corporation, 
Met.  A  Chem.  Eng'ing,  Vol.  VIII  p.  179.  Sec  also  Walker,  Met.  A  Chem. 
Eng'ing,  Vol,  X.  p.  371,  and  OsDorne,  Trantoct.  Am.  Eiectrochem.  Soc., 
Vol.  XIX,  p.  205. 

fi(  As  to  the  function  of  slag  see  Amberg.  Met,  A  Chem.  BngHng,  Vol.  X, 
p.  601. 
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Kreat«r  impvtanoe  teem  the  neutnl  or  ndudnc  atmosphere  sinoe  it  per- 
mits chemical  reactiooB  which  are  impoeeible  in  oziaiiiag  fumaoee  (remorM  of 
sulphur  as  calcium  sulphide,  removal  of  phosphorus  as  phosphide).  The 
cost  of  refining  steel  in  the  electric  furnace  de^nds  on  the  composition  of  the 
etartin«  material  and  the  degree  to  which  the  impurities  nre  to  be  eliminated, 
but  is  relatively  small,  if  the  steel  to  be  refined  is  supplied  to  the  electric 
furnace  in  molten  state  from  a  Brasemer  oonverter  or  open-hearth  furnace. 
The  third  large  application*  is  the  use  c^  the  electric  furnaoe  for  maldnc 
eastings.  The  following  furnaces  are  emoloyed  for  theee  three  purpoeee  on 
a  commercial  scale:  H6roult  (98),  Oiroa  (M),  Btassano  (M),  Roeehlinc^ 
Rodenhauser  (lOS),  Groenwallf.  Nathusiust  besides  some  others  on  a 
smaller  scale.  Special  smaller  applications  ot  electric  furnaces  in  the  steel 
industry  are  the  melting  of  ferro-manganeeeS  and  the  heating  of  ban  and 
billets.! 

Its.  Iron  reductlonl  in  the  electric  funiaoe  b  economical  only  in  the 
localities  where  electric  energy  is  cheap  and  fuel  expensive.  Accordinc 
to  Harbord,  when  electrical  energy  is  available  at  $10  jwr  electric  horsepower 
year  and  coke  costs  $7  i>er  ton,  the  cost  of  production  of  pig  iron  in  the 
electric  furnace  is  approximately  the  same  as  the.  cost  of  prooucinc  it  in  a 
modem  blast  furnace.  On  the  other  hand  the  electric  furnace  has  distinct 
advanta^ies.  Ores  can  be  treated  in  it  which  could  not  be  economically- 
worked  in  the  past,  Ores  of  high-sulphur  content  can  be  made  into  ike  iron 
oontaining  only  a  few  thousandths  of  a  per  cent,  of  sulphur.  Titaniferons 
iron  ores  containing  up  to  5  per  cent,  can  be  suooesslully  treated.  The 
silicon  content  can  be  varied  as  required  for  the  class  of  pig  to  be  produced. 
As  redudnc  agent  it  is  not  necemair  nor  advisable  to  employ  coke,  since 
charcoal  and  peat-coke  can  be  satisfactorily  used. 

1S4.  "Pl(8toer'  (a  metal  with  2.2  or  less  percent,  of  carbon,  a  very  small 

*  amount  of  silicon  aQd  man^nese,  low  in  sulphur  and  phosphorus)  can  be 

produced  directly  from  ore  in  the  electric  furnace.**     Commercial  sueceos 

has  been  obtained  with  iron  reduction  in  electrio  shaft  f umaoes  in  Soandi- 

naviaft  and  in  California,  tt 

BUCTEOLTTIO  PROCSS8B8 

Itl.  The  eharacteriitlc  feature  of  an  electrolytte  proeoM  is  the 

chemical  oxidation  (or  perduction)  at  the  anode  and  the  chemical  reduction 
at  the  cathode;  the  anode  being  that  electrode  through  which  the  (positive) 
eleotricity  enters  the  electrolyte,  and  the  cathode  that  electrode  througb 
which  it  leavLS.  The  result  of  an  electrolytic  proc^  is,  therefore,  a  chem- 
ical change  in  the  electrolyte,  different  products  appearing  at  the  two  elec- 
trodes. The  contact  surfaces  between  the  two  electrodes  and  the  electro- 
lyte are  the  only  places  at  which  oxidation  and  reduction  take  place.  The 
relation  between  tne  quantity  of  the  chemical  change  and  the  quantity  of 
electricity  passing  through  the  cell  is  given  by  Faraday's  law  as  explained 
in  1$  to  ST.     Electrolytic  processes  essentially  require  direct  current. 

136.  Th«  chief  dlitlnetion  between  electrio  conductors  of  the  first 
class  or  metalllo  conductors  and  electrio  conductors  of  the  second  class  or 
•leetr<djtes  is  brought  out  if  we  form  an  electric  circuit  of  any  number  of 
metallio  conductors  and  electrolytes  in  series  and  see  what  happens  at  the 
different  boundary  suriaces.     At  the  junction  of  two  metallio   conductors 

•  Mtl.  <t  Chem.  BngHng,  Vol,  X.  pp.  64,  600,  663;  Vol.  XI.  p.  709. 

•  Met.  &  Chem,  Eng'ing,  Vol.  IX.  p.  573. 
:  Mei.  db  Chem.  Eng'ing,  Vol.  X,  p.  227. 

Met.  c£  Chem.  Eng'ing,  Vol.  IX,  pp.  575  and  &40  and  May.  1914. 
Bailey.     Met.  db  Chem.  Eng'ing.  Vol.  IX,  p.  202  and  Vol.X!,  p.  291. 
iThe  mostimportant  early  literature  on  the  subject  comprises  £.  Haanel'a 
second  and  third  Canadian  Government  reports,  also  papers  by   Haanel, 
Bennie,  Lyon,  Richards,  in  Transact.  Am.  Electrochem.  Soc,  Vol.  XV. 
*•  Richards.     Met.  it  Chem.  Bng'ing,  Vol.  X,  p.  397  and  p.  539 


ft  Met.   &  Chem.  Bng'ing,  Vol.  VIII,  p.  11 ;  Vol.  IX,  pp.  368,  459,  SOS.  631 : 
Vol__X.  p.  413;  Vol.  XII.  p.  82;  Tramact.  Am.  Electrochem.  Soc.,  Vol.  XX, 

.p.  3C 
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p.  375. 

it  Met.  A  Chem.  Bng'ing,  VoL  XI»  p.  383;  see  also  Vol.  X,  pp.  457.  530. 
68?  and  Vol.  XI,  p.  16, 
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Xhtm  u  nothing  but  a  heat  efFeet.  At  the  junction  of  a  metal  and  an  elec- 
trolyte there  ia  either  ohemioal  ^  oxidation  or  reduction  according  to  the 
direction  of  the  current.  At  the  junction  of  two  electrolytes  there  ia  neither 
oxidation  nor  reduction,  though  there  may  be  a  chemical  change  ie.g.,  at  the 
Junction  of  NaCl  and  KOH,  if  the  current  ia  directed  from  the  former  to 
the  latter,  there  will  be  formation  of  NaOH). 

1S7.  The  molt  importuit  ela«trol7tai  for  induatrial  api>Uoationa  are: 
first,  lolutioni,  and  especially  aqueous  solutions  or  solutions  in  water,  and 
second,  fuaed  lalti. 

IM.  Oalll.  An  electrolyte  with  two  electrodes  represents  either  a 
falTAnie  cell,  i.e.^  an  electrochemical  system  through  which  a  current  will  be 
voluntarily  estabhshed  when  the  two  electrodes  are  electrically  connected 
through  an  outside  circuit  (in  other  words  an  eleetroehemical  system  which 
can  be  used  as  a  source  of  electricity),  or  an  eleetrolytio  cell,  i.s.,  an  elec- 
trochemical s^tem  through  which  an  electric  current  will  be  eetablished  if 
the  outside  circuit  connected  to  the  two  electrodes  contains  a  sufficiently 
strong  source  of  electrical  energy. 

1>9.  OalTuale  oells.  In  the  case  of  a  galvanic  cell  or  battery  the  tattgj 
•quktion  written  on  the  basis  of  Thomson's  rule  states  that  the  iShemiciu 
energy  oonaumed  in  the  cell  is  partly  lost  in  form  of  Jourlean  heat  within 
the  cell  (I'RXtime)  the  balance  being  available  in  form  of  electrical  energy 
in  the  outude  drcwt  between  the  terminals  of  the  cell.  If  this  energy  equa- 
tion, the  symbols  of  which  represent  gram-equivalents,  is  divided  by  96,540 
eoulombs,  <.«.,  the  electric  charge  of  1  gram-equivalent,  the  voltage  equation 
is  obtained  whieh  states  that  the  electromotive  force  of  the  cell  in  volts  equals 
the  loss  ot  the  volts  within  the  cell  due  to  internal  resistance  (IR),  plus  the 
voltage  available  at  the  terminals  of  the  cell.  This  is  correct  for  a  mono- 
valent change.  If  the  change  of  valency  is  n,  the  energy  equation  is  to  be 
divided  by  96,540  Xn. 

IM.  llMtroljrtle  cells.  In  the  case  of  an  electrolytic  cell  through 
which  electricity  is  forced  from  the  outside,  the  energy  equation  states  that 
the  cdeotrical  energy  impressed  upon  the  cell  at  its  terminsJs  from  the  outside 
is  partly  changed  into  the  chemical  energy  required  for  the  chemical  process 
in  the  cell  and  partly  changed  into  Joulean  heat  (I'RXtime).  In  many 
cases,  when  the  process  requires  an  elevated  temperature,  especially  in  the 
electrolysis  of  fused  salts,  this  evolution  of  Joulean  heat  serves  a  useful 
purpose,  since  it  is  the  easiest  way  of  providing  the  requisite  high  temperature 
(AS  in  the  Bradley  "internal  heating"  patent  of  the  aluminium  process). 
The  corresxranding  voltage  equation  states  that  the  voltage  impressed  at 
the  terminals  of  the  cell  from  the  outside  equals  the  electromotive  force 
required  for  the  chemical  reaction  according  to  Thompson's  rule  plus  the 
volts  lost  in  the  cell  due  to  internal  resistance. 

141.  The  model  of  mlgrktlng  lorn  ia  a  picture  of  electrolytic  phenomena- 
It  is  a  dynamical  model  which  has  been  found  exceedingly  useful  to  illus- 
trate wl^t  happens  in  an  eleetrolYtic  cell.  Any  electrolyte  contains 
positive  ions  or  cations  and  negative  ions  or  anions. 

MS.  TypiCkl  anions  are: 

(a)  Bumoralent  (each  gram-ion  carrying  a  negative  charge  of  96,540 
eonlombs): 

Br  in  hydrobromic  acid  and  bromides, 

CI  in  hydrochloric  acid  and  chlorides, 

I  in  hydriodio  acid  and  iodides, 

Fl  in  hydrofluoric  acid  and  fluorides, 

OH  (hyaroxyl  ion)  in  hydroxides  or  hydrates, 

BrOt  in  bromic  acid  and  bromates, 

ClOt  in  oUorio  acid  and  chlorates, 

IO<  in  iodic  acid  and  iodates, 

NOi  in  nitrio  add  and  nitrates, 

CN  (cyanogen  radical), 

CHOi  in  formates, 

CiHtOt  in  acetates. 

(b)  btralMit  (each  gram4an  carrying  a  negative  charge  of  2X96,S40 
coulombs): 

80<  in  sulphates, 

W  15S1  ^  I 
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SiOi  in  siUcateflt 

COi  ID  carbonstet, 

C1O4         in  oxalates* 
CrOi         in  chromates, 
14S.  Typical  cations  are: 

(a)  monoTalent  (each  gram^ion  carrying  a  poaitiTe  oharve  Ot  96,540 
ooulombs): 

H.  K,  Na,  Cu  (in  cuprous  compounds),  Li,    A^,  Hg  (in  mercurotu  aalta). 

(b)  biralcnt  (each  gram-ion  carrying  a  positive  charge  of  2X96,5^ 
ooulombs) ; 

Cu  (in  cuprio  compounds) ,  Fe  (in  ferrous  compounds),  Zn,  Ba.  Ca,  Pb 
(in  usual  or  plumbic  salts),  Cd,  Co,  Mg,  Mn  (in  manganous  salts),  Ni  <iA 
mckelou8  salts),  Sn  (in  stannous  compounds),  Hg  (in  mercuric  salts). 

(c)  trlTalent  (each  gram-ion  carrying  a  positive  charge  of  3X06,540 
coulombs): 

Al.  Cr  (in  chromic  salts),  Fe  (in  ferric  compounds),  Au  (in  aune  salts). 
Mn  (in  manganic  salts),  Ni  (in  nickeU'c  salts). 

(d)  tctraralant  (each  gram-ion  carrying  a  potttive  charge  of  4X96,540 
coulombs) : 

8n  (in  stanntc  compounds). 

144.  Sz&mpld.  In  a  solution  of  hydrochloric  acid,  HC71,  in  water  the 
anions  are  CI'  and  the  cations  H*  and  according  to  the  picture  of  nuKrating 
ions  free  hydrogen  gas  is  set  free  at  the  cathode  and  free  cnlorine  gas  is  set  free 
at  the  anode,  because  as  a  result  of  the  migration  of  the  ions  in  opposite  direo- 
tions  through  the  electrolyte,  an  excess  of  positively  charftod  fi'  ions  appears 
at  the  cathode  and  an  excess  of  negatively  charged  CI'  ions  appears  at  the 
anode  (while  at  any  place  inside  of  the  electrolyte  there  are  always  the  safne 
number  of  H*  and  CI'  ions,  hence  no  excess  of  positive  over  negative  or  of 
negative  over  positive  ionic  charges).  The  excess  of  H*  ions  at  the  cathode 
gives  off  its  positive  charges  to  the  cathode,  while  simultaneouriy  the  excess 
of  CI'  ions  gives  oCF  its  negative  charges  to  the  anode  or  (what  is  electrically 
the  same)  takes  over  from  the  anode  an  equal  amount  of  positive  elec^ 
tricity  in  order  to  neutralise  the  negative  iomc  charges.  Hence,  according 
to  this  view  the  maintenance  of  an  electric  current  through  an  electrolyte 
is  performed  by  the  migrating  ions  which  transport  the  electricity  boaily 
through  the  electrolyte,  and  the  chemical  reduction  and  oxidation  at  the  two 
electrodes,  being  essentially  a  discharge  of  the  tons,  is  the  necessary  conse- 
quence of  the  electricity  entering  into  the  electrolyte  from  the  anode  and 
leaving  the  electrolyte  into  the  cathode.  As  another  example  of  the  applica- 
tion of  the  model  of  ions  the  electrolytic  theozT  of  the  eoirouon  off 
Iron  may  be  mentioned  (Whitney,  Cusnman,  Walker).  Aooording  to  this 
theory  the  surface  of  commercial  iron  and  steel  is  not  of  absolutely  uniform 
Composition,  on  account  of  the  presence  of  particles  of  slag,  manganese 
oxide,  etc.,  irregularly  distributed  in  the  iron.  In  contact  with  a  solution, 
some  spots  of  the  iron  surface  will  tend  to  become  anodes  and  other  apota 
cathodes,  forming  short-circuited  galvanic  cells.  Iron  then  goes  into 
solution  from  the  anodic  spots  as  ferrous  ions  and  hydrogen  ions  are  dis- 
charged at  the  oathodio  spots.  The  fundamental  primary  reaction  is  there- 
fore Fe+2H'>=Fe' *  +  Hi.  The  ferrous  ions  are  then  oxidised  to  ferrie 
by  the  oxygen  of  the  air.  The  loose  colloidal  ferric  hydroxide  moves  towsord 
the  cathode  under  the  influence  of  the  current  and  piles  up  in  the  form  of 
rust.  (Cushman  and  Gardner's  book  on  **Corroaion  and  Preservation  of 
Iron  and  Steel.") 

141.  HoblUtr.  In  working  out  the  above  model  in  greater  detail,  a 
certain  mobility  is  assigned  to  each  ion.  All  the  ions  pass  along  the  lines  of 
electric  force  which  extend  through  the  electrolyte  from  ona  electrode  to  the 
other;  and  the  speed  with  which  they  travel  is  directly  proportional  to  tho 
force  at  any  point,  i.e.,  to  the  potential  drop  in  volts  per  unit  of  length  (or  the 
differential  quotient  of  the  potential  taken  along  tne  line  of  electric  force 
through  that  point).  The  constant  of  proportionality  is  called  the  mobility. 
80  that  speed  of  migration  of  an  ion  equals  mobility  multiplied  by  potentisi 
drop  per  unit  of  length  of  electric  line  of  force.  We  will  designate  ^m 
mobility  of  positive  ions  by  u  and  those  of  nepative  ions  by  «.  (Concerning 
the  geometrical  configuration  of  the  electric  lines  of  force  from  one  electrode 
to  the  other,  see  M.  IJ.  Schoop,  Electrochemical  and  M^aXlurifical  XnduUnf, 
Vol.  lY,  pp.  208  and  307.) 

Digitized  by  VjOOQIC 


SLSCTROCHEMISTRY  See  19-146 

14S.  Ths  method  of  dttwmlnlng  the  mobiUtlM,  u  and  c,  separately 
consists  in  determimng  their  sum  and  their  ratio.     According  to  Faraday's 

law  if  a  coulombs  pass  through  a  celU  i:\,-^"rx  positive  monovalent  gram-ions 

Ud,54U 

(*'  5\7o«  kIH  positive  bivalent  gram-ions,   etc.)    are   concerned  in  the  re- 

duotion  at  the  cathode  and  the  same  number  of  negative  gram-ions  in  the 
oxidation  at  the  anode.  According  to  the  picture  of  migrating  ions  this 
means  that  when  q  coulombs  pass,  the  sum  ot  the  number  of  positive  mono- 
valent gram-ions  passing  through  any  imaginary  cross-section  of  the  cell 
toward  the  cathode  and  of  the  number  of  negative  monovalent  ^ram- 
ions   passing   through    the   same   cross-section  in    the  opposite  direction  is 

q     . 

96.540 

147.  GonduetiYity  proportional  to  the  mm  of  the   znobilltiei. 

In  other  words,  when  there  is  a  current  of  i  amperes  through  an  electrolytic 
cell,  the  sum  of  the  numbers  of  positive  and  negative  monovalent  gram-iona 
passing  per  sec.  in  opposite  directions  through  any  imaginary  cross-section 

of  the  cell  is  ir^  ^TTi"    This  sum  of  the  numbers  of  poMtive  and  negative 

96,54U 
grsm-ions  paMing  per  see.  is,  of  course,  directly  proportional  to  the  sum  of 
ih^r  spee<M  or  to  the  voltage  drop  per  unit  length  of  electric  line  of  force 
multiplied  by  the  sum  of  their  mobilities.  Hence,  the  sum  of  the  mobilities, 
tt+«t  IS  proportional  to  the  current  -in  amperes  divided  by  the  voltage  drop, 
hence  proportional  to  the  conductance  and  also  proportional  to  tne  con- 
ductivity of  the  electrolyte. 

148.  Conitant  of  proportionally.  The  statement  that  u  +  s  is  pro- 
portional to  the  conduotivity  will  now  be  supplemented  by  finding  the 
constant  of  proportionality.  For  this  purpose  we  necessarily  need  a  further 
hvpothesis  aa  to  the  number  of  iona  we  have  to  assume  for  a  given  number 
of  molecules. 

149.  Xquiralent  Ionic  concantration.  Formerly  it  was  silently  as- 
sumed that  in  a  fused  salt  all  the  molecules  of  the  salt  participate  equally  in 
the  transport  of  electricity,  while  in  the  case  of  solutions  the  solvent  (for 
instance,  water)  was  assumed  to  be  inert,  and  all  the  molecules  of  the  solute 
(the  dissolved  salt)  were  assumed  to  participate  equally  in  the  transport  of 
electricity.  Hence  for  a  fused  salt  the  equivalent  ionic  concentration 
was  defined  as  the  number  of  positive  monovalent  gram-ions  per  c.o. 
*>  number  of  negative  monovalent  gram-ions  per  cu.  cm. » number  of 
gram-molecules  of  the  fused  salt  multiplied  by  valency  per  cu.  brc\.  For 
a  solution  the  equivalent  ionic  concentration  was  defined  as  the  number 
of  positive  monovalent  gram-ions  per  ou.  cm.  «  number  of  negative  mono- 
valent gram-ions  per  cu.  cm. « number  of  the  gram-molecules  of  dissolved 
salt  per  volume  multiplied  by  valency  per  cu.  cm. 

150.  Dlasoeiation  theory.  For  fused  salts  our  conceptions  have  not  yet 
been  decidedly  changed,  while  a  decided  change  has  been  brought  about  for 
solutions  by  Arrhenlus*  electrolytic  dissociation  theory.  According  to  him 
only  a  certain  number  of  the  dissolved  salt  molecules  are  ionised  and  only 
these  are  active  in  the  transport  of  the  electncity,  while  the  non-ionised 
dissolved  salt  molecules,  like  the  molecules  of  the  solvent,  are  electrically 
inert.  If  we  write  3  tot  the  ratio  of  the  number  of  ionised  molecules  to  the 
total  number  of  dissolved  molecules  where  ;  is  smaller  than  unity,  the  equiva- 
lent ionio  concentration  is  defined  as  the  number  of  positive  monovalent 
gram-iona  per  cu.  cm.  =  number  of  negative  monovalent  gram-iona  per  cu.  cm. 
M^'c,  where  c  is  the  number  of  gram-equivalents  of  dissolved  salt  per  cu.  cm. 

191.  Universal  formula  for  tiio  liv  calculationa.  We  render  our 
calculations  general  by  using  the  factor  3.  For  fused  salts  we  have  to  make 
;m1,  while  for  solutions  we  are  free  to  take  our  choice.  If  we  make/*-  1, 
we  follow  the  old  conception,  while  if  we  make  i  smaller  than  unity  we  are  on 
the  baaia  of  the  eleetroiytio  dissociation  theory.  For  a  given  fused  salt  of 
uniform  constitution,  c,  has  a  fixed  value  depending  on  the  density,  while  for 
s  solution  c  is  variable  according  to  the  degree  of  concentration.  As  can  be 
easily  shown,  in  the  statement  that  conductivity  is  proportional  to  the  sum  of 
motnlitiea,  the  constant  of  proportionality  has  the  value  96,540  i  c.     In  other 
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words,  oonduotiTity*06,540io(ii+9).  This  is  generally  true  if  weaooapt 
the  model  of  travelling  ions,  and  is  not  dependent  on  the  ^otrolytic  di»- 
sociation  theory.  If  we  do  not  wish  to  accept  the  latter,  we  have  nmplj  to 
write  J  —  1. 

iSS.   IqulTalent    conductivity    is    defined  as   oonduetivity    divided 

by  concentration  in  gram-eouivalentfl  per  cu.  cm.  It  may  be  calewated  froa 
measurements  of  the  conauctance  of  a  cylinder  of  cross-section,  a,  and 
length,  I,  through  which  the  current  has  the  direction  I.  For  aoluliotts 
the  number  of  gram-equivalents  per  cu.  cm.  is  a  variable  quantity;  we 
may  establish  this  experimentally  oy  using  as  our  cylinder  a  vertical  rec- 
tangular trough  into  which  we  place  a  solution  of  a  certain  concentration 
which  fills  the  trough  to  a  certain  height,  and  then  add  more  and  more 
solvent  (e.0.,  water).  The  length,  I,  pi  our  cylinder  remains  thereby  con- 
stant, while  the  cross-section,  a,  is  varied  simultaneously  with  the  number  of 
gram-efluivalents  of  solute  per  cu.  cm.  The  latter  equals  the  number  of 
dissolved  ffram-equivalents  (which  is  held  constant  in  this  experi- 
ment) divided  by  the  volume  I  a  (which  is  varied,  mnoe  a  is  varied).     Hence 

in  this  experiment  the  conductance  of  the  solution  in  the  toough  equals  -: 

X  conductivity - 

eqmvalent  conductivity  X  dissolved    gram  eqmvalents 

It  ^**J 

This  equation  is  correct  whatever  may  be  the  dimensions  of  the.  trough 
whose  conductance  la  measured  and  whatever  may  be  the  number  of  gram- 
equivalents  dissolved.  In  the  special  case,  that  1*1  cm.  and  that 
the  trough  contains  a  solution  of  1  gram-equivalent  of  solute  in  a  variaUe 
quantity  of  water,  the  conductance  is  numerioally  directly  equal  to  the 
equiv^ent  conductivity.  For  this  reason  the  equivalent  conduotivi^  is 
often  defined  as  the  conauctance  of  a  solution  contatning  1  graEn-equivmlent 
of  the  solute,  when  placed  between  parallel  electrodes  1  cm.  apart. 

lU.  IquUalent  conductivity^  and  dilution.  From  very  extended 
measurements,  by  F.  Kohlrausch,  it  appears  that  as  a  ^neral  rule  when  a 
solution  is  gradually  more  and  more  diluted,  the  conductivity  decreases  but 
the  equivalent  conductivity  Increases  and  gets  nearer  a  definite  constant  value 
for  infinite  dilution.  This  is  clearly  shown  in  Par.  16C  which  contains  among 
other  results  the  most  recent  ones  obtained  by  Kohlrausch  and  whioh  la 
reproduced  from  M.  Le  Blanc,  W.  R.  Whitney  and  J.  W.  Brown*s  "Tex^ 
book  of  Electrochemistry.**  Doubtful  values  in  Par.  186  are  given  in 
parentheses. 

164.  Table  of  values  of  equivalent  conduetlvltlM.  In  Par.  166  all 
figures  represent  equivalent  conductivities,  i.e.,  conductivities  in  mhoa 
per  cu.  cm.  (or  described  more  properly  in  ohms-*  cm-^),  divided  by 
concentration  in  gram-equivalents  per  cu.  cm.  This  table  enables  one 
vo  find  easily  the  conductivity  at  different  concentrations.  For  instance 
we  want  to  find  the  conductivity  of  a  solution  of  hydrochloric  acid  containing 
1  gram-equivalent  or  36.5  ^,  HCl  x>€r  liter  (about  3.6  per  cent.  acid). 
According  to  Par.  166  the  eqmvalent  conductivity,  as  just  defined,  is  ^i; 
the  concentration  is  0.001  gram-equivalent  per  cu.  em.;  hence  the  oonduo* 
tivity  is  0.301  ohms-^  cm-^.  The  conductance  of  1  cu.  em.,  HCl,  is  there- 
fore 0.301  mhos;  that  of  1  liter  — 8.01  mhos.  -In  both  cases  the  volume 
is  assumed  to  be  in  cubic  form  and  the  conductance  is  measured  between 
opposite  sides. 

166.  Goncentratlon.  It  will  be  noted  that  in  the  figures  of  concentra- 
tion given  in  the  first  column  (Par.  166^  the  oonoentration  is  defined  in 
gram-equivalents  per  liter  because  this  is  the  usual  method  in  practice. 
On  the  other  hand  in  the  definition  of  equivalent  conductivity  we  follow 
Kohlrausch  who  is  responsible  for  the  wh(^e  matter  and  who,  in  order  to 
remain  on  the  basis  of  tne  centimeter  gram-seoond  system  defines  eoneentrap 
tion  as  gram-equivalents  per  cu.  cm.  This  should  be  taken  into  oonslderaticm 
in  the  use  of  the  table.  A  solution  containing  1  gram-equivalent  per  liter  is 
called  a  "normal"  solution;  a  solution  containing  0.1  gram-equivalent  per 
liter  is  called  0.1  normal,  etc. 

1864  „  , 
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UT.  Th*  iii«r*M«  o( 
•qulTatont  oonduetMtr 
with  Inorawtac  dUtttion 

may  be  interpreted  in  dif- 
ferent ways  on  the  basis  of 
the  picture  of  migrating 
ions.  Since  conductivity 
-  86,610i  c  (u+»),  equiT- 
alent  conauctivity—96,640 

First,  aooording  to  the 
old  view,  all  masolTed 
gram-equivalent*  partici- 
pate equally  in  the  traoa- 
port  of  the  eleetridty  and  i 
••  1;  hence  equivalent  con- 
ductivity -  »6|640  («+•). 
Since  the  equivalent  con- 
ductivity increases  with 
increasing  dilution,  we 
must  assume  that  the  sum 
of  the  mobilities  simulta- 
neousiy  increases. 

Secondly,  according  to 
Arrhenius  eiectrolytic  dis- 
sociation theory,  «  and  • 
do  not  change,  but  the  de- 
gree of  ionisationioban^es 
with  dilution.  With  in- 
creasing dilution,  j  must  be 
assumed  to  increase  until 
for  infinite  dilution  it 
reaches  a  certain  definite 
value.  3  is  the  ratio  of  the 
number  of  ionised  mole- 
cules to  the  total  number 
of  dissolved  molecule*. 
For  infinite  dilution  j  —  1, 
t.a.,  all  molecules  are  ion- 
ised. The  less  the  dilution 
or  the  higher  the  concen- 
tration, the  smaller  is  j, 
i.e.,  the  smaller  the  degree 
of  iooisation  or  the  smaller 
the  proportion  of  dissolved 
p-am-equivalents  which  are 
ionised. 

lis.  OondaetiTlty  of 
•laetrolytas.  Concerning 
the  measurement  of  the 
conductivity  of  electrolytes 
see  Kohlrausch  and  Hol- 
bwn's  "Liutvermogen  der 
ElekUolyte."  This  book 
contains  an  enormous 
amount  of  detailed  infor- 
mation and  of  figures  of 
conductivities  of  aqueous 
solutions.  Concerning 

fuaed  electrolyte*  see  R. 
Lorens'  "Electrolyse  gesch- 
molsener  Salse,"  3  volumes 
(figures  of  eonductivitiea 
in  Vol.  II). 

in.  Determination  of 
the  ratio  of  «  to  •. 
From   Faraday's  law  and 
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from  oonduotivity  meamirenienta  it  is  only  poasible  to  determine  the  gnm 
u  +  »,  but  not  u  or  V  separately.  This  becomes  possible,  howerer,  fiH* 
solutions,  since  from  the  ooncentration  changes  occurring  at  the  electrodes 
(besides  the  chemical  changes  of  reduction  and  oxidation)  it  is  possible  to 
calculate  the  ratio  of  the  mobility,  u,  of  the  cation  to  the  mobility,  v,  of  the 
mnioD,  as  was  shown  by  Hittorf. 

The  ratio  v  to  u  + 1  is  called  the  transport  number  or  trazuf erenoe  number 
n  of  the  anion,  the  ratio  u  to  u +9  is  that  of  the  cation  —  1  — n.  Tables 
of  transport  numbers  may  be  found  in  any  text-book  on  theoretical  chemistry. 
They  were  determined  expwimentally  from  concentration  changes  at  the 
•leotrodofl.  Reversely  we  will  now  show  how  it  is  possible  to  predict  con- 
centration changes  from  the  knowledge  of  the  transport  numbers. 

Let  us  assume  a  monovalent  solution,  or  in  case  of  Divalent,  eto.,  solutions, 
let  us  consider  gram-eduivalente.  Then  if  96,540q  coulombs  pass  througfa 
the  solution,  there  is  recfuction  of  q  gram-equivalents  at  the  cathode  and  oxiaa- 
tion  of  q  sTftxn-equivalents  at  tne  anode.  Through  any  arbitrary  cross- 
sectional  plane  in  the  centre  of  the  electrolyte  nq  gram-equivalents  of  the 
anion  pass  toward  the  anode  and  (1— n)  g  gram-equivalents  of  the  cation 
toward  the  cathode.     In  the  anode  compartment,  right  at  the  anode,  q 

£am-equivalenta  of  the  anion  are  oxidised  and  form  something  new  (what 
penda  on  the  special  case)  and  besides  this  there  is  due  to  ionic  import 
and  export,  a  gain  of  nq  anions  and  a  loss  of  (1— n)  q  cations.  .There  is, 
therefore,  a  combined  effect,  that  of  oxidation  at  the  anode  and  that  of  ionie 
migration.  At  the  cathode  q  gram-equivalents  of  the  cation  are  reduced 
ana  form  something  now  and,  besides  this,  there  is  on  account  of  ionic  import 
and  export,  a  gain  of  (I  —  n)  q  cations  and  a  loss  of  nq  anions.  Here  we  have 
also  the  combined  effect  of  reductions  at  the  cathode  and  of  ionic  migration. 

160.  Numtrio&l  example.  As  a  numerical  example  we  will  firat 
consider  the  electrolysis  of  hydrochloric  acid,  HCl,  with  platinum  electrodes, 
the  transport  number  of  the  anion,  CI  being  assumed  to  be  n  — 0.2,  when 
06,540  coulombs  pass,  1  eram-oquivaJent  H  (1  g  )  is  set  free  at  the  cathode 
and  1  gram-equivalent  CI  (35.5  g.)  is  set  free  at  the  anode,  both  hydrogen 
and  chlorine  being  set  free  as  gases.  From  Par,  IM  we  see  that  0.2  gram- 
equivalent  HCl  (7.3  g.)  are  lost  at  the  cathode  and  0.8  gram-eauivalent  HCl 
(29.2  g.)  arc  lost  at  the  ano(k.  The  whole  phenomenon  is  tnis:  36.5  g.  oi 
HCl  msappear  by  decomposition  and  the  solution  becomes  diluted  both  at 
anode  and  cathode,  but  more  quickly  at  the  anode.  The  decomposed  36.5 
g.  HCl  appear  in  form  of  35.5  g.  CI  gas  at  the  anode  and  1  g.  H  gas  at  the 
cathode. 

The  safest  way  in  any  case  is  to  write  down  the  equation  of  the  whole 
process,  interpret  it  by  the  picture  of   migrating  ions,  divide  the  c^  arbi- 
trarily into  two  compartments  by  a  cross-section  and  calculate  separately 
what  happens  in  the  anode  and  cathode  compartments.     In  the  foregoing 
example,  when  96^0  coulombs  pass,  0.2  gram-ion,  CI  passes  our  arbitrary 
cross-sectional  plane  in  the  direction  to  the  anode  and  0.8  gram-ion  H  in  the 
direction  to  the  cathode.     Hence  in  the  anode  compartment  we  have 
loss,  by  setting  free  as  gas,  of  1  gram-atom  CI, 
loss,  by  ionic  export  to  cathode  compartment,  of  0.8  gram-ion,  H, 
gain  by  ionic  import  from  cathode  compartment  of  0.2  gram-ion  CI. 
Henco  the  total  result  in  the  anode  compartment  is  the  evolution  of  1  gram- 
atom  —  35.5  g.    CI   and  a  loss,   from   the  solution,   of  0.8  gram-molecule 
HCl  (29  g).     This  is  the  same  result  as  above. 

^  161.  Am  another  example  we  give  the  electrolysis  of  an  aqueous  solu- 
tion of  common  salt,  NaCI,  with  an  inert  anode  and  inert  cathode,  such  as 
used  in  a  diaphragm  cell.  When  96,540  coulombs  pass,  the  reaction  is 
represented  by  the  following  equation,  all  symbols  representing  atoms: 

CI  NaOH  -k-  H 

Naa  -f  HtO  -  . • .  -h  . ■ ,  (30) 

at  anode        at  cathode 
If  we  take  the  transport  number  of  the  CI  ion  in  NaCl  as  0.6,  then  during  the 
passage  of  96,540  coulombs  there  passes  0.6  CI  gram-ion  through  any  arbi- 
trary cross-section    toward    the    anofie  and    0.4    Na  gram-ion  toward  the 
cathode.     In  the  anode  compartment  we  have,  therefore; 
loss,  by  ^as  evolution  at  anode,  of  1      gram-ioQ  CU 

swn»  t>y  ionic  import  from  cathode  compartment,  of  0.6  gram-Um  01, 

loss,  by  ionic  export  into  cathode  compartment,  of  0.4  gram-ion  N& 
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The  not  ramli  in  the  anode  oompartment  ia  (he  setting  free  of  1  gnm-atom 
CI  Ban  and  the  loae  in  aolution  of  0.4  gram-moleoule  NaCl. 

In  the  oathode  oompartment  we  have; 
loaa«  by  pai  evolution  at  cathode,  of  1     gram-ion  H, 

loo.  by  lonio  exi)ort  to  anode  oompartment,  of  0.6  gram-ion  CI, 
Bain,  by  ionio  import  from  anode  oompartment,  of  0.4  gram-ion  Nil 
Bain,  by  ohemioal  formation  of  NaOH  of  1     gram-ion  OH, 

looa,  by  the  oame  reaction,  of  1     gram-molecule  HiO. 

The  net  result  in  the  cathode  compartment  ia  the  setting  free  of  1  gram- 
atom  H  gas,  the  leas  in  solution  of  1  gram-moleoule  of  water,  while  the 
aolute  NaCl  has  now  been  changed  into  a  mixture  of  NaCI  and  NaOH 
since  the  positive  ions  have  been  mcreased  by  0.4  Na  gram-ions,  while  the 
nsBative  ions  have  sained  1  OH  gram-ion  and  lost  0.6  CI  gram-ion.  This 
latter  change  we  may  ohemically  express  in  the  statement  that  0.6  gram 
molecule  NaCl  have  disappeared  and  1  gram-molecule  NaOH  has  oeen 
formed.  (For  a  somewhat  different  and  more  detailed  discussion  of  this 
reaction  'see  W.  B.  Walker,  Tratuactunu  American  Electrochemical 
Society,  Vol.  Ill,  p.  177.) 

l«t.  nitration  MobiUtlM  of  Oatloiu 


Ull 

a 

fi 

H 

318. 

-1-0.0164 

-0.000033 

K 

64.87 

.0220 

+   .000075 

Na 

43.55 

.0246 

.000116 

U 

33.44 

.0261 

.000142 

Rb 

67.6 

.0217 

.000069 

Cs 

68.2 

NH« 

64.4 

.0223 

.000070 

Tl 

66.00 

Ag 

54.02 

.0231 

.000093 

Ba 

66.10 

.0239 

.000106 

Sr 

61.54 

.0231 

.000093 

Ca 

51.46 

Mg 

46.94 

.0265 

.000132 

ZtT 

46.57 

.0258 

.000133 

Cd 

47.36 

Cu 

47.16 

.0240 

.000107 

Pb 

61.10 

.0244 

.000114 

i 


Itt.  Migration  Mobilltlai  of  Anioni 


>i. 

a 

0 

OH 

174. 

+0.0179 

+0.000008 

F 

46.64 

0.0232 

.000094 

a 

65.44 

.0216 

.000067 

Br 

67.63 

I 

66.40 

.0206 

.000062 

8CN 

56.63 

CIO. 

65.03 

.0207 

.000064 

BrO. 

46.2 

10. 

33.87 

.0233 

.000096 

NO. 

61.78 

.0203 

.000047 

ao< 

64.7 

lO. 

47.7 

MnO< 

63.4 

CUO> 

46.7 

CHK). 

36.0 

.0236 

.000101 

C.H.O. 

31.0 

CiHiO. 

27.6 

CiHfOi 

26.7 

CHiiO. 

24.3 

&':'''' 

62.6 

68.14 

.0226 

.000084 

CrO. 

72.0 

__ 

CO. 

60,0 

.0269 

.000165 

1667 
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IM.  Uaetrolriit  may  ehuix*  tlw  orifinal  alMtoiMlwinloal  cystam. 

Thia  Uat  fut  ia  of  great  importaaoe  for  many  electiolytia  proeeaM*.  It 
emphasLies  the  fact  that  Mectrolyau  may  ohaoge  the  onstnal  eleetro- 
chemical  system.  In  the  present  oaw  we  have  no  looser  a  pure  NaCl 
solution  at  the  cathode,  ainoe  it  is  now  mixed  with  NaOU,  ».«.,  it  eootaiiis 
Na'  and  OH'  ions,  and  the  OH'  ions  will  becin  to  travel  toward  the  anoda 
together  with  the  CI'  ions  and  make  trouble  there. 

161.  Detormlnatlon  of  the  mobllltlaa,  «  uid  >,  taparataly.  Ftom 
«+«  as  determined  by  equivalent  conductivity  measurements,  and  from 
»+•  as  found  from  HittorTs  transport  numbers,  Kohlrauseh  ealeulated 
the  mobilities,  u  and  >,  separately.  For  infinitely  dilute  solutions  he  fdond 
the  JoUowing  important  law :  Any  ion  of  a  given  chemical  nature  has  a 
certain  distinct  mobility  which  is  always  the  same  whatever  may  be  tba 
other  ions  which  are  with  it  in  solution;  that  is,  for  instanoe^  'the  mobifiCy, 
«,  of  Na  in  NaCl  has  the  same  value  as  in  NaOH,  etc.  This  is  Kohl- 
rauaoh'i  law  of  the  independent  migration  of  tha  ions,  whioh  fom- 
shadowed  to  a  certain  extent  the  electrolytic  dissociation  theory.  In  Par. 
169  the  latest  values  of  the  migration  velocities,  u,  of  cations  are  given,  in 
Par.  16S,  those  of  anions  together  with  their  tamperatore  coefficient.  The 
figures  under  uii  and  tit  relate  to  temperature  of  18°  C.  For  a  tempaatnre 
f,  not  very  far  from  18  dsg.  cent.,  the  mobility  is, 

«i-H«[l+a«-18)+««-18)«l.  (81) 

Tha  table  of  ionic  mobilities  is  often  useful  for  determining  the  tranaport 
numbers 

n- — 1^ — andl— a- — ; —  (32) 

ti+»  «+»  *     ' 

but  it  must  be  taken  Into  consideration  that  the  values  «  and  «,  in  Par.  Uf 

and  l6S  relate  to  Infinitely  dilute  solutions.     Anyway,  they  offer  a  nseaaa 

for  approximately  finding  or  checking  transport  numbers  in  many  < 

166.  Ueetroehanaieal  Iqulvalanta  of  lona 


MiUigrams 

Grams  per 

Milligrams 

Grama  per 

Anions 

per 
coulomb 

ampere- 
hour 

Cations 

coulomb 

ampere- 
hour 

Br* 

0.828 

2.982 

tf---  ::: 

1.118 

4.028 

BrOi' 

1.32S 

4.772 

0.0936 

0.3368 

CI' 

0.8672 

1.322 

As-  •  •     ... 

0.2590 

0.932 

CIC 

0.864 

8.112 

Au"    ... 

0.681 

2.451 

CHOt' 

0.4662 

1.678 

Ba-  •      ... 

0.712 

2.562 

<3.HiO.'.... 

0.611 

2.201 

Ca-      ... 

0.2077 

0.748 

CN' 

0.2694 

0.971 

Cd"      ... 

0.682 

2.090 

COi" 

0.3108 

1.119 

(30-      ... 

0.8066 

1.100 

(Mi" 

0.4558 

1.641 

Cr"     ... 

0.179S 

0.648 

CrO" 

0.601 

2.165 

Cu-        ... 

0.6SS 

2.373 

F' 

0.1968 

0.709 

Cu-  •      ... 

0.3204 

1.186 

I' 

1.316 
1.813 

4.735 
6.625 

Fe  •      ... 
Fe--    ... 

0.2895 
0.1930 

1.042 
0.606 

lOi- 

NO.' 

0.642 

2.312 

H- 

0.01044 

0.03750 

0" 

0.0829 

0.2983 

Hg-        ... 

2.072 

7.46 

OH' 

0.1762 

0.634 

K- 

0.4056 

1.460 

SiO." 

0.3957 

1.425 

Li- 

0.0728 

0.2623 

8" 

0.1661 

0.598 

Mg-     ... 

0.1263 

0.4543 

8e" 

0.4102 

1.477 

Mn-     ... 

0.3840 

1.025 

80." 

0.4976 

1.791 

Na- 

0.2388 

0.860 

Te" 

0.661 

2.379 

Nl-  -       ... 

0.3040 

1.094 

NH«-     . . . 

0.1809 

0.673 

Pb-  -      ... 

1.073 

3.8S8 

8b-  -  -     ... 

0.41S 

1.494 

Sn-  -      ... 

0.616 

2.219 

Sn----  ... 

0.3082 

1.109 

Sr-  -       ... 

0.4537 

1.633 

Te----  ... 

0.3305 

1.190 

Tl- 

2.114 

7.61 

Zn-  •       ... 

0.8387 

1.219 
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m.  XlMtrle  MMlaimoiti.  Sinos  tha  above  naotion  ia  that  of  the  ao- 
ealled  diaphragm  prooeaaea  of  brine  eleotrolyaia,  it  ahould  be  mentioned 
here  that  the  introduotion  of  a  diaphracm  into  an  eieotrolytio  oell  involvea 
a  further  comoiication  lince  it  cauaea  the  phenomenon  of  elecbic  endoamoaia. 
Solution  ia  bodiiv  earned  throuch  the  diaohnsm,  the  amount  dependinc 
on  the  nature  of  the  diaphragm.  Thia  phenomenon  may  upaet  allroaulta 
of  oaleulation  of  eonoentration  ohangea  from  the  tranaport  oumbeta  of  iona. 
Thia  phenomenon  ia  the  leveiae  of  the  misration  of  edl<rida  in  aolutiona 
under  the  action  of  a  eurrent.  The  coUoida  eorreanond  to  the  diaphnsm 
in  our  former  caae,  but  tiie  ooUoida  are  movable,  while  in  our  former  caae 
the  diaphn^m  waa  fixed.  Henoe  in  our  former  oaae  the  liquid  will  be 
diaptaeed  with  reapeet  to  the  diaphracm.  In  the  latter  oaae  the  coUoida 
move  with  reapeet  to  the  atationajy  liquid. 

1(8.  ■lutrt-ent  ealenlatloni  of  aleotroehemieal  raaetioiu.  It  ia 
atronaly  recommended  to  proceed  in  Uie  way  outlined  above  in  malcinx  all 
ealeulationa  on  electrochemioal  reactiona;  sinee  in  thia  way  not  only  all  quea- 
tiooa  aa  to  detaila  of  the  reaction  are  anawered,  but  a  dear  picture  of  the 
machanlam  of  the  reaction  ia  obtained.  With  ordinary  care  it  u  then  iJmoat 
impoaeible  to  make  a  miatake.  Nevertholeaa,  for  cheokins  reaulta  thua 
•btatned  or  for  quick  preliminary  calculations,  tablea  of  electrochemical 
•q^inalenta  are  found  uaeful.  We  give  two  of  them:  Far.  IM  referring  to  tha 
•lectroebemical  equivalenta  of  all  ordinary  iona,  Par.  110  to  ITl  to  the  elec- 
trochemical equivaleata  of  the  elementa. 

From  Par.  IM  one  can  find  immediately  by  aimple  addition  for  moat 
eompounda  of  ordinary  praetioe  the  qumntitr  of  matarlal  lavolved  in 
•laetrolyali.  For  inatanoe,  for  the  reaction  oi  aodium  chloride  electrolyma 
in  a  diaphragm  cell 

NaCl  +  HiO-NaOH+Cl  +  H,  (33) 

we  filMl  direcUy  from  the  table  that  1  amp-hr.  producea  0.03769  g.  H  and 
1.322  g.  CI.  We  can  farther  find  the  quantity  of  NaCl  decompoaed  per 
ampere-hour,  by  adding  the  figures  0.860  (Na)  and  1.322  (CI),  wnich  gives 
2.1o2  grama  NaCI.  In  the  same  way  the  quantity  NaOH  formea  per 
ampere-hour  ia  found  by  adding  0.860  (Na)  and  0.634  (OH),  which  gives 
1.4M  g.  NaOH. 

An  Important  praeautlon  which  one  has  to  take  in  the  use  of  this 
table,  ia  to  Mteet  the  ion  of  the  propar  vatonn.  Thus  it  will  be  aeen 
that  figuiea  ate  pven  for  the  monovalent  Cu'  and  for  the  Uvalent  Ca° '  ion. 
In  oaae  of  the  bivalent  compound  CuSOt,  tor  instance,  one  haa  to  aelect  the 
figure  for  Cn'  '  and  finds  the  quantity  of  CuBOi,  decompoaed  per  hr.  — 1.186 
-1-1.791  —  2.977  g.  (Concerning  the  neoeeaity  of  using  thia  table 
cautiouriy  and  Judicioualy,  see  alao  Par.  169.) 

Par.  ITO  to  in  are  tables  of  electrochemical  equivalents  of  elements  and 
anaweta  directly  the  question  aa  to  the  qoantltr  of  the  element  ozldiaad 
at  tiM  aneda  or  reduoad  at  tha  cathoda.  Since  oxidation  and  reduction 
are  special  cases  of  change  of  valency,  column  4  ia  headed  "change  of  valency," 


i 

i 
t 


aa  tlua  covers  the  moat  general  caae.  in  tha  apedal  case  that  a  metal  ia  de- 
posited from  a  aolution  or  tiiat  a  gaa  ia  evolved  at  an  electrode,  it  is  to  be  con- 
sidered that  the  metal  or  the  gaa  naa  no  bonds  in  the  free  elementary  state,  so 


that  in  thia  caae  the  change  ot  valency  ia  ooual  to  the  valency  in  the  com- 
pound. For  inatanoe,  in  the  reduction  ot  Cu  from  CuClthe  change  of  val- 
ency ia  1,  while  in  the  reduction  ot  Cu  from  CuS04,  it  ia  2. 

In  eolnmn  4  thoae  ehangea  ot  valency  are  given  whioh  are  most  likely  to 
occur  in  praetioe.  Thua,  for  iron,  Fe,  the  figuree  are  given  for  the  changes  ot 
valency  1,  2,  3.  In  the  reduction  of  a  ferric  salt  to  a  ferroua  salt  the  change 
of  valency  ia  1 ;  in  the  reduction  ot  a  ferric  aalt  to  metallic  iron  it  ia  3;  in  tne 
reduetioo  of  a  ferroua  aalt  to  metallie  iron  it  ia  2.  But  for  every  element  the 
ilgurea  are  alao  given  for  the  indefinite  change  of  valency,  n,  so  as  to  cover 
any  poaiible  oaae  which  may  ever  ariae  in  practice.  To  give  an  example  of  the 
wpboation  ot  thia  table,  let  ua  aaaume  that  in  the  Bunaen  cell  nitric  acid, 
HNOfc  ia  all  reduced  to  nitrie  oxide,  NO,  and  let  ua  calculate  the  quantity 
et  titclB  add  thus  oonaumed  per  ampere-hour.  Since  the  valency  of  N  is  5 
in  HNOi  and  2  in  NO,  the  change  of  valency  ot  N  ia  3.  From  the  table  we 
And  directly  that  for  this  ebanae  a  valency  0.174g.ot  N  are  involved  in  the 
laduedon  per  ampan-hour.    The  amount  of  HNOi  conaumed  and  of  NO 

rdinar      -^      ■    ■      -'•--■•     •^-  -■      '- 

reight 

1«0 


raduetion  per  ampefe-hour.  The  amount  oT  avuji  conaumea  ana  oi  nu 
produeed  Is  then  found  tnr  the  ordinary  chemical  method.  The  atomic 
*4cbt  of  N  ia  14,  themofecularweishtof  HNOiMl+14-|-3Xt6>63,  the 
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moleoular  weight  of  NO  U  14+16-30.  Henoe  63X0.1744- 14»0.78  c 
HNOi is  reduced  and  30X0.174  +  14  =  0.37  g.NOis  produced  per  smpeie- 
hoor.  (A  limilar  very  elaborate  table,  but  not  ooveiing  all  elements,  is 
giTen  by  Carl  Heiing  in  ElMtrochemical  Indiutry,  Vol.  I   (1903),  p.  170. 

IM.  ixatnpls.  The  Bunsen-oell  example  in  Far.  ItS  is  on  instrueiiTa 
example  ahowing  the  preoaution  which  must  be  taken  in  using  the  table  ia 
Par.  114  of  the  electroehemioal  equivalents  of  ions.  If  it  ia  deaiied  to 
find  the  grams  of  HNOi  pa  ampere-hour,  involved  in  tha  reaction  of  the 
Bunsen  cells  as  sketched  above,  and  if  one  would  use  directly,  the  figun* 
0.03759  for  H  and  2,312  for  NOi  the  result  would  be  2.35  g.  HNOi  which 
is  just  three  times  the  correct  value  found  in  (168).  The  reason  for  the  mis- 
take 16  evident  if  we  write  down  the  whole  equation  of  the  reaction 

3Zn-f3HiSOi-f  2HNOi-3ZnS04-(-2NO+4HiO,  (34) 

which  shows  that  2HNOa  are  involved  in  the  passage  of  6  X96,540  ooulombs. 
If,  therefore,  anybody  makes  a  mistake  by  injudicious  use  of  the  table,  the 
table  should  not  be  blamed. 

170.  Klaotroehemleal  EqulTatonU  of  Xlemanta 


1 

Element 

2 
Symbol 

3 

Atomic 
weight 

4 

Change  of 

valency 

5 
Grams  per 
ampere- 
hour 

6 
Ampere- 
hours  per 
gram 

Aluminium 

Antimony 

Al 
Sb 

A 

As 

Ba 

Bi 

B 

Br 

Cd 

Cs 

Ca 

C 
Ce 

CI 

27.1 
120.2 

39.9 
76.0 

137.4 

208.0 

11.0 

79.96 

112.4 

132.9 

40.1 

12.00 
140.25 

35.45 

3 

n 

5 
3 
2 

n 

n 

3 

n 

2 
n 

3 

n 

3 

n 

1 

n 

2 
n 

1 

n 

2 

n 

n 

3 

1 
n 

1 
n 

0.3369 
1.011   +n 

0.896 
1.494 
2.241 
4.482  -^n 

1.488  -t-n 

0.932 
2.707  ■^n 

2.562 
5.124  +n 

2.586 
7.76     -^n 

0.1367 
0.41O2-^n 

3.982 
2.982  +n 

2.096 
4.191   +n 

4.966 
4.956  -i-n 

0.748 
1.495  -►n 

0.4476-t-n 

1.743 
6.23 
6.23     +n 

1.322 
1.822  -t-n 

2.969 
0.990  Xn 

1.115 
0.669 
0.4462 
0.2281Xn 

0.672  Xn 

1.073 
0.358  Xn 

0.3903 
0.19S2Xn 

0.3868 
0.1289Xn 

7.31 
2.438  Xn 

0.3354 
0.3364Xn 

0.4772 
0.2386Xn 

0.2018 
0.2018Xn 

1.338 
0.669  Xn 

2.335  Xn 

0.674 

0.1012 

0.1912Xn 

0.766 
0.766  Xn 

Argon    

Bismuth 

Boron 

Calcium 

Chlorine 
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If  0.  Bcetroehemieal  XquiTmlsnta  of  Elamanta. — (ConNnMd) 


Element 


Chromium . 

Cobalt 

Columbium 
Copper 

Krtrium. . . . 

Europiam.. 
Fluorine 

Gadolinium 
Gallium 

Germanium 

Qlucinum. . 

Gold 

Helium 

Hydrogen. . 

Indium 

Iodine 

Iridium. . . . 

Iron 


2 
Symbol 

3 

Atomic 
weight 

Or 

62.1 

Co 

m.o 

Gb 

94. 

Cu 

63.6 

Er 

166. 

Eu 

152. 

F 

19.0 

Gd 

156. 

Ga 

70.0 

Ge 

72.5 

Gl 

9.1 

Au 

197.2 

He 

4.0 

H 

1.008 

In 

115.0 

I 

126.97 

Ir 

193.0 

Fe 

55.9 

Change  of 
▼alency 


Grama   per 
ampere- 
hour 


0.648 
1.943  +n 

1.100 
2.200  +n 

1.763 
3.606  +n 

1.18S 
2.372 
2.372  +n 

2.063 

6.19  +n 

6.67     +n 

0.709 
0.709   +n 

5.82     +n 

0.870 
2.610  -t-n 

0.676 
1.362 
2.704  +» 

0.1807 
0.3393  +  n 

2.451 
3.677 
7.35 
7.36     +n 

0.1492+n 

0.03769 
0.03759 +  n 

1.429 
4.288  +n 

4.735 
4.736  +n 

2.399 
7.20 

7.20  +n 

0.605 
1.042 
2.085 
2.085  +n 


6 
Ampere- 
hours 
per  gram 


1.644 
0.515  Xn 

0.909 
0.4545Xn 

0.571 
0.28S3Xi> 

0.843 

0.4216 

0.4216Xi> 

0.4846 
O.I616Xn 

0.1764Xn 

1.411 
1.411   Xn 

1.719  Xn 

1.149 
0.383   Xn 

1.480 
0.740 
0.3609Xn 

5.89 
2.947   Xn 

0.4080 
0.2720 
0.1360 
0.1360Xn 

6.70     Xn 

26.60 
26.60  Xn 

0.700 
0.2332Xn 

0.2112 
0.2112Xn 

0.417 
0.139 
0.139   Xn 

1.439 
0.059 
0.4797 
0.4797Xn 


i 

i 
i 
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ITO.  >to«tro<ih«m<i»l  IqulfslMitt  vt  Bamanti. — (ContiitiMrf) 


Element 


2 
Symbol 


8 

Atomia 
wdcht 


Chansa  of 
Talenoy 


Qrame   pe 
ampere- 
hour 


0 
Ampere- 

ho  UTS 

per  ifr&m 


Krypton 

Lanthanum. . 

Lead 

Lithium 

Masneaium.. 

Maoganeae.. 

Mercury 

Molybdenum 

Neodymium 

Neon 

Niokel 

Nitrogen. . . . 

Oaniium 

Oxygen  

Palladium.. . 
Phoaphorua. , 
Platinum 


Kr 
La 

Pb 

Li 

Mg 

Mo 

Hg 


Nd 

Ne 
Ni 


O 
Pd 
P 
Pt 


81.8 
138.0 

200.9 

7.03 

24.38 

55.0 

200.0 


Mo  96.0 


143.6 

20. 

58.7 

14.01 

191.0 

16.00 
100.5 
31.0 
94.8 


3.060 

1.727 
5.18     +» 

3.858 
7.72     ■!■» 

0.2632 
0.2622 -l-n 

0.4543 
0.908  -t-n 

0.684 
1.025 
2.051 
2.051   +11 

3.729 
7.46 
7.46     ■ 

1.790 
3.680 
3.580  -t-n 

1.785 
5.36     -i-n 

0.746  -i-n 

0.780 
1.094 
2.189 
3.189  +n 

0.1741 
0.361 
0.523 
0.523  4-n 

3.561 
7.12 
7.12     -Mt 

0.2983 
0.507  +» 

1.986 
3.9715-1 

0.3853 
1.156  +a 

1.816 
3.632 
7.3(4  +n 


0.337SXa 

0.579 
O.lOSlXa 

0.2503 

o.iaoexa 

3.815 
3.81S  Xa 

2.308 
1.101   Xa 

1.463 
0.975 
0.4876 
0.4876Xa 

0.2683 
0. 1341 
0.1S4IXa 

0.5<« 
0.379 
0.279   Xa 

0.560 
0.1867Xn 

1.841   Xa 

1.371 
0.914 
0.4568 
0.456SXa 

5.74 
3.838 
1.914 
1.914   X« 

0.3808 
0.1404 
0.1404X» 

3.353 
1.676  Xa 

0.504 
0.2618X>i 

2.596 
0.865  Xn 

0.5506 
0.2753 
0.1377Xa 
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ITO.  Bwrtrochamioal  •qnlTStonti  of  >tem*nt«. — (ConlintwJ) 


ElamBnt 


Potaasium. . . . 

Praaeodymium 

Radium 

Rhodium 

Rubidium 

Rutlienium. . . 

Saiqarium. . . . 

Scandium 

Sdenium 

Silicon 

EKItw 

Sodium 

Strontium. . . . 
Sulphur 

Tantalum 

Tellurium 

Terbium 


2 

3 

4 

Symbol 

Atomic 
weislit 

Change  ot 
valenoy 

K 

30.15 

I 

H 

Pr 

140.5 

3 

n 

Rd 

225.0 

n 

Rh 

103.0 

2 

1 
n 

Rb 

85.6 

1 
n 

Ru 

101.7 

4 
2 
1 
n 

8a 

160.3 

3 
n 

Be 

44.1 

3 
n 

Se 

79.2 

4 
3 
n 

Si 

28.4 

4 
n 

Ag 

107.93 

1 
n 

Na 

23.05 

1 
n 

8r 

87.8 

2 

n 

8 

32.05 

2 

n 

ta 

181.0 

6 
n 

T« 

127.6 

4 
2 
n 

Tb 

169.2 

3 
n 

6 

Qrams  per 
ampere- 
hour 


e 

Ampere- 

houre 
per  (ram 


1.460 
1.460+n 

1.746 
5.24   +n 

8.39  +n 

1.921 
3.841 
3.841-i-n 

3.188 
3.188+n 

0.948 
1.896 
3.792 
3.7»2+n 

1.868 
5.61   +n 

0.548 
1.645-«-n 

0.738 
1.477 
2.953-4-n 

0.2648 
1.059+n 

4.025 
4.025-i-n 

0.860 
0.860-M> 

1.633 
3.267  +  n 

0.598 
1.196 
1.196+n 

1.350 
6.75  +n 

1.190 
2.379 
4.758+n 

1.970 
5.04  +n 


0.685 
0.685Xn 

0.573 
0.1909Xn 

0.1192X0 

0.521 
0.260 
0.260Xn 

0.3136 
0.S136Xn 

1.055 
0.5274 
0.2637 
0.2837Xn 

0.535 
0.1784Xn 

1.824 
0.608  Xn 

1.354 
0.677 
0.338exn 

3.777 
0.944   Xn 

0.2485 
0.2485Xn 

1.163 
1.163  Xn 

0.612 
0.306   X 

1.673 
0.836 
0.836  Xn 

0.741 
0.1482Xn 

0.841 

0.4203 

0.2I02Xn 

0.505 
0.16S4Xn 


i 

i 
i 
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ITO.  Baotroolwmteal  IqotTatoatt  o(  nanunta.^CanciiuIad) 


Element 


Thallium. 

Thorium. , 

Thulium.. 
Tin 

Titanium. 

Tungsten. 
Uranium. . 

Vanadium 


Xenon. . . . 
Ytterbium 

Yttrium.. . 

Zino 

Zirconium. 


2 
Symbol 

3 
Atomio 
weight 

4 

Change  of 

valency 

5 
Grama  per 
ampere- 
hour 

6 
Ampere- 

houra 
per  gram 

Tl 

204.1 

3 

1 
n 

2.537 
7.61 
7.61     +n 

0.3941 
0.1314 
0.1314X> 

Th 

232.5 

4 
n 

2.168 
8.67     +B 

0.4614 
0.1153Xa 

Tra 

171. 

n 

6.38     -t-n 

0.1568X1 

8n 

U9.0 

4 
3 
n 

1.109 
2.219 
4.438  +a 

0.901 

0.4507 

0.22S3Xa 

Ti 

48.1 

4 
3 

1 
n 

0.4484 
0.598 
1.794 
1.794  +» 

3.230 
1.678 
0.6675 
O.SS7SX« 

W 

184. 0 

2 

n 

3.431 
6.862  +11 

0.2015 
0.14S7Xa 

u 

238.5 

6 

4 
2 
n 

1.482 
2.223 
4.447 
8.89     -Ml 

0.675 
0.4498 
0.2249 
0.ll24Xn 

V 

51.2 

5 

4 
3 
2 

1 
n 

0.3819 

0.4773 

0.636 

0.955 

1.909 

1.909  +n 

2.619 
3.005 
1.571 
1.047 
0.524 
0.624   X« 

Xe 

128. 

n 

4.773   +n 

0.30g5XB 

Yb 

173.0 

3 
n 

2.150 
6.45     +n 

0.466 

o.iseoxa 

Yt 

89.0 

8 

n 

1.106 
3.319  -t-fi 

0.9030 
0.3013Xa 

Zn 

65.4 

2 
n 

1.219 
2.439   -l-n 

0.820 
0.4100XM 

Zr 

90.6 

4 
n 

0.845 
3.379  +n 

1.184 
0.2900Xa 

171.  BmU  of  tablet  (Par.  170).  All  the  figurea  in  our  Ublea  have 
been  calculated  on  the  baaia  of  the  atomic  weight  determinationa  (table  of 
International  Committee  for  1907)  and  on  the  basis  of  the  value  1.1180 
mg.  per  coulomb  for  the  electrochemical  equivalent  of  silver,  which 
vuue  was  adopted  by  the  International  Electrical  Con^p-ess  in  Chioaeo  in 
1893.  (They_  have  not  been  recalculated  for  the  changes  in  the  international 
table  of  atomic  wcighu  since  1907,  since  the  changes  would  be  too  small  to  be 
of  practical  importance.) 

ITl.  ConTenlon  ratios  for  •leetroehamloal  aalsulktiona.  To  find 
mUUiruna  por  Mnpora-Moond,  divide  grams  per  ampere-hour  (ooluain  5} 
by  3.6. 


1664 


i.jv^iuuyic 


BLSCTROCBEMISTR  Y 


Sec.  lfr-173 


To  find  ainp«n-Moonda  par  mllllcrun  multiply  ampere-houn  per  grsm 
(column  S)  by  3.6. 

To  find  gruna  par  watt-hour  or  Ulograma  par  kUowatt-hour,  divide 
grajtiB  per  ampere-hour  (column  S)  by  volte. 

To  find  watt-honra  per  grain  or  kUowatt-hotira  par  kUogram, 
multiply  ampere-hours  per  gram  (column  6)  by  volte. 

To  find  kuoarama  jiar  honaimwer-hour,  multiply  grams  per  ampere- 
hour  (column  5)  by  0.7456S  (about  ))  and  divide  by  volts. 

To  find  hocaapowar-hoari  per  kllogram,  multiply  ampere-hours  per 
e)  by  1.3411  (about  i)  and  by  volts. 


gram  (column 
To  find  U' 
ampere-hour 


To  find  kUogruni  per  electrlo'horBapoirer-year,  multiply 
(column  6;  by  6,532  and  divide  by  volts. 


TBI  S.1I.F.  OF  BUOTBOLTTIO  BXACTION 

ITS.  I.m.f.  and  tarmliuJl  voltage.  We  have  before  explained  that  it  ia 
necessary  to  distinguish  clearly  between  the  voltage  at  (he  terminals  of  an 
electrolytic  cell,  and  the  e.m.f.  of  the  electrolytic  process  proper  (Par.  140). 
We  have  also  shown  how  to  calculate  approximately .  the  latter  e.m.f.  by 
means  of  Thomson's  rule  from  the  total  energy  of  reaction,  while  it  should 
strictly  be  calculated  from  the  free  energy  of  reaction  (Far.  68).  The 
easiest  method  to  determine  the  latter,  however,  is  by  measurements  of 
potential. 

1T6.  Bingle  potantlab  of  elementa  are  determined  against  normal  elec- 
trodes or  standard  electrodes.  The  most  usual  normal  electrodes  are  the 
hydrogen  alectrbde  (platinised  platinum,  saturated  and  covered  with 
hydrogen  gas,  in  an  add  solution  of  normal  concentration  of  the  hydrogen 
ions),  and  the  ealomel  electrode  (mercury  covered  with  calomel,  HgCl, 
in  contact  with  a  normal  KCl  solution).  In  order  to  have  a  sero  point  in 
the  potential  series  of  elements,  Nernst  proposes  to  make  the  potential  of 
hydrogen  sero.  On  this  supposition  the  calomel  electrode  has  the  potential— 
0.283;  in  other  words  if  we  form  a  cell  of  a  calomel  electrode  and  a  hydrogen 
electrode,  it  has  the  e.m.f. —  0.283,  the  current  in  the  cell  being  directed  from 
the  latter  to  the  former.  On  the  basis  of  a  theory  of  Helmholtx  on  the  sur- 
face tension  of  polarised  mercury,  Ostwald  has  endeavored  to  determine 
"absolute  potentials;"  in  the  absolute  series  the  hydrogen  electrode  has  the 
absolute  potential— 0.277  volt  and  the  calomel  electrode  the  absolute  poten- 
tial —  0.660  volt.    But  this  theory  is  very  doubtful. 

1T(.  Potential  of  Varioua  Baments  In  Order  of  Their  KobiUty 


i 
i 


Mn 
Zn. 
Cd. 
Fe. 
Tl.. 
Co. 
Ni. 
Pb. 
H.. 
Cu. 
Hg. 

^:. 

Br. 
I... 


Potential  against 
hydrogen  electrode 


4-1.075  volt 

+0.770 

-t-0.420 

+0.344  (0.660) 

+0.322 

+0.232  (0.450) 

+0.228  (0.600) 

+0.151  (0.148) 

±0.0  (by  definition) 

-0.329 

-0.763  (0.750) 


(0.7 


-1.353  (1.400 
-0.993  (1.095) 
(O.e 


-0.520  I 


.628) 


Absolute  potential 


+0.798  volt 

+0.493 

+0.143 

+0.067  (+0.883) 

+  0.045 

-0.045 

-0.049 

-0.126 

-0.277 

-0.606 

-1.030 

-1.048 

-1.630 

-1.270 

-0.797 


i(+0, 
I  (+0. 
l(-0. 


173) 
323) 
129) 


ITS.  Order  of  nobility  of  element*.  The  table  in  Far.  ITS  gives  in  the 
first  column  the  series  of  dements  in  the  order  of  their  nobility;  those  above 
H  are  called  less  noble  than  H,  those  below  H  are  called  more  noble  than  H. 
A  less  noble  metal  paases  into  solution  when  in  contact  with  hydrogen  ions,  a 
more  noble  metal  is  not  attacked.  The  second  and  third  columns  give  the 
potentials  of  the  elements  in  a  normal  solution  of  one  of  their  salts,  for 
uHtaao*)  tfrtc  in  a  iilrer  lalt  solution.    In  the  second  column  Nemit'a 
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■era  point  of  the  potential  o{  Itydrogen  is  used;  {.«.,  the  figan*  give  diraetbr 
the  potentials  of  tne  different  elemente  against  the  nydrogen  eleetroda.  The 
third  column  givea  the  abeoluto  potentials.  The  fisu"*  ^  *^  aeeond  eolunia 
are  given  from  H.  Danneel  and  E.  S.  Merriam's  '^Ueetrochemistry;*'  when 
Le  Blanc,  Whitney  and  Brown  in  their  "Handbook  of  Eleotroohemiatry" 
(1907)  give  different  values,  the  latter  are  added  in  parenthesis.  The  voltajf* 
of  the  calomel  electrode  ii  0.283  in  the  scale  of  the  second  eoliimn  and  0.56  in 
the  third  column. 

ITT.  The  Dseomposltlon  Volta(«  of  Varlotu  Bolntloiu 

(Determined  experimentally,  chiefly  for  normal  solutions,  by 

Lc  Blanc  and  othen) 


Adds 

Sulphuric 

Nitric... 

Phosphoric 

-1.67  volte 
-1.60  volte 
-1.70  volte 
-1.72  volte 
-1.66  volte 
-1.69  volte 
-1.65  volte 
-1.62  volte 
-1.57  volte 
-1.61  volts 
-1.31  volte 
.-1.29  volte 
-0.95  volta 
.  -0.94  volte 
.-0.52  volte 

.-1.69  volte 

Potassium  hydrate 

Ammonium  hydrate.. . 
0. 25  n  Methylamine  . . 
0. 60  n  IXethylamine. . 
0 .  125  n  Tetramethylani 
monium  hydrate 

■■»■ 
Zinc  sulphate 

-1.67  volte 
.-1.74  volte 
.-1.75  volte 
.-1.68  volte 

!'-1.74  volte 

-3.35  volte 
.-1.80  volte 
.-2.00  volte 
.-1.85  volte 
.-1.52  volte 
.  -0.70  volte 

-1.98  volte 
.-2.03  volte 

-1.88  volte 
.-1.82  volte 
.-1.78  volte 

Monochloracetie 

Dichloracetic 

Malonic 

Periohloric 

Deztrotartario 

Pyrotartaric 

Trichloracetic 

Hydrochloric 

Hy  drasoic ". 

Oxalic 

Hydrobromic 

Hydriodio 

Sodium  hydrate 

Nickelous  sulphate 

Niekelons  chloride 

Lead  nitrate 

Silver  nitrate 

Cadmium  nitrate 

Cadmium  sidphate 

Cadmium  chloride 

Cobaltous  sulphate 

Cobaltous  chloride 

178.  OTerrdltaffe.  In  determining  the  deoomposition  volta^  of  a  so- 
lution, which  yields  ftas  at  an  electrode,  the  peculiar  phenomenon  u  obaerred 
that  the  decomposition  voltage  depends  on  the  chemioal  nature  of  the  eleo- 
trode  at  which  the  gas  is  evolved.  Thus  hydroEea  gas  is  most  easily  devel- 
oped at  a  platinised  platinum  electrode  whue  a  higher  voltage  is  required  at 
other  metals;  for  instance  to  evolve  hydrogen  gas  at  a  ainc  electrode,  an 
excess  of  0.70  volt  is  required  over  the  vc^ta^e  required  to  evolve  hydrogen 
at  a  platinised  platinum  electrode;  0.70  is  called  the  excese  voltage  or  *' 
voltage"  (Qberspannung)  of  hydrogen  at  a  sine  eleotrode. 


1T9.  The  Overvoltaga  of   ^drofen  and  Osygan  at  Diftarant 
BeetrodM 

Overvoltage  of  hydrogen 
Metal                                Potential 

Pt  platinised 0.00  volt 

Au 0.01 

FeinNaOH 0.08 

Pt  polished 0.09 

Overvoltage  of 

Metal 
Au 

oxygen 

Potential 
....1.75  volte 

Pt  polished 

....1.67 

Pd.'^T:;.  ... 

Cd 

1.65 

....1.66 

Ag 0.15 

Ni 0.21 

Cu 0.23 

Pd 0.46 

So 0.63 

Pb 0.64 

Zn 0.70 

Hg 0.78 

A« 

....1.63 

pg::::::::::::::::: 
Cu 

Fe 

Pt  platinised 

....1.58 
....1.48 
....1.47 
....1.47 

Co.'. 

Ni  polished 

....1.86 
1.36 

Ni  sponge 

1  as 

180.  Th«nno.-clMmieal  oonstanM.  Binea  Thomaon's  raU  (Par.  tl) 
enables  one  to  find  the  e.m.f.  of  an  alaetrolytto  ivooMi  from  the  total 
energy  of  the  reastion — at  least  as  a  first  approximation,  but  with  sufficient 
accuracy  for  most  practical  purposes— the  tables  in  Par.  ISl  to  HI  of 
voltages  calculated  from  tbermochemioal  date  should  be  found  usef uL  They 
are  reproduced  from  a  paper  of  J.  W.  Bicbarda  in  Journal  at  the  FnnUin 
Institute,  February  and  Maroh,  1906.    The  great  conveDisiw*  ba  the  uia  of 
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theae  tables  rests  ia  givinc  the  "thermDohemical  oosstanta"  and  the  oor- 
respoodios  Toltases  separately  for  the  basic  elements  and  the  acid  elements 
and  add  radicals.  This  separation  of  the  two  constituents  of  a  salt  in  solu- 
tion ia  possible  on  aceount  of  the  ezi>etimental  fact  that  takinz  the  heats  of 
formation  of  salts  plus  their  heat  of  solution  in  excess  of  water  (usually  called 
"heat  of  formation  to  dilute  solution"),  these  quantities  are  found  to  be 
additive  in  their  nature,  such  beinj;  composed  of  the  sum  of  two  quantities,  one 
characteristic  once  for  all  of  the  .base,  m  all  its  combinations,  and  the  other 
being  charaoteristio  once  for  aQ  of  the  acid  radical,  in  all  of  its  combina^ons. 
There]  is  thus  for  each  basic  element  a  thermochemical  constant,  which 
repreoents  the  amount  of  heat  it  contributes  to  the  formation-heat  of  a  salt, 
the  tatter  taken  in  dilute  solution;  and  for  each  acid  radical  a  similar  thermo- 
chemical constant,  representiAK  in  a  similar  manner  the  part  which  it  con- 
tributes; the  sum  of  these  two  tnermochemical  constants  is  the  formation  heat 
of  the  salt,  from  its  elements,  to  dilute  solution.  The  thermochemical  con- 
■tan*  ia  nothins  more  nor  less,  in  the  case  of  a  base,  than  energy  drop  which 
represents  the  aecrease  of  energy  in  the  element  as  it  passes  from  tne  free, 
unoomUned  state  into  the  dissolved  (ionic)  state  in  dilute  solution;  in  the 
ease  of  an  add  element,  the  statement  is  entirely  similar;  in  the  ease  of  an 
acid  (or  baaio)  radical,  it  is  the  total  energy  drop  from  free  elementa  to  the 
ionic  state  as  a  radioaL 

The  arbitrary  basis  selected  to  which  to  refer  these  thermochemical 
constants  is  tut  of  hydrogen  constant  equal  to  sero.  This  makes  the 
thermochemical  constant  of  every  basic  element  the  heat  evolved  when  it 
displaces  hydrogen  from  a  dilute  solution  of  acid;  and  that  of  an  add  ele- 
ment or  radical  the  heat  of  formation  of  the  add  in  dilute  solution. 

The  "corresponding  voltages"  given  are  therefore  those  which  accord- 
ing to  Thomson's  rule  should  be  found  against  a  "hydrogen  electrode." 
The  figures  may  therefore  be  compared  with  the  table  in  Par.  ITS  of  voltages 
of  various  metals  against  a  hydrogen  electrode.  The  difference  between 
the  values  of  the  two  tables  correspond  to  the  diCTerences  in  the  free  energy 
and  the  total  energy.  For  many  elements  the  agreement  is  quite  good. 
Thus  for  Zn  the  voltage  corresponding  to  the  free  energy  is  0,770,  that  ooi^ 
responding  to  the  total  energy  is  0.75. 

lU.  Tlunaoehamioal  Conituiti  of  Baaie  Bameati  par  Ohemloal 

■quiT«l«nt  and  Oorrupondlnc  a.m.f. 

(J.  W.  RiCHABns) 


i 
i 


Li 

Rb 

Calories 

..    +62,900 

621000 

. .       61,900 

59,950 

. .       68,700 

57,200 

54,400 

54,300 

40,100 

Vqlts 
+2.78 
2.69 
2.69 
2.60 
2.55 
2.48 
2.36 
2.36 
1.74 
1.45 
1.08 
0.75 
0.47 

Cd 

Calories   Volte 
9,000       0.36 

Co 

Ni 

Fe  (ferric) . . . . 
8n 

8,200       0.36 
7,700       0.33 
3,230       0.14 
1,900       0.06 

K 

Ba 

8r 

Na 

Pb 

H 

TI 

Cu 

Hg 

Pt. 

A« 

Au 

400        0.02 
0              0 
...    -      900    -0.04 
...    -  7,900    -0.34 
...    -14,260    -0.62 
...    -19,460    -0.84 
...    -26,200    -1.10 
. ..    -30,300    -1.32 

Ca 

5\':::::::::; 

S?n^.«''.:v.;: 

Zn 

Fe  (ferrous) . . . 

. .       33.400 
24,900 

. .       17,200 
10,900 

The  thermochemical  constanto  in  Dr.  Bichards'  table  are  given  in 
every  ease  for  ans  chemical  equivalent  and  not  for  the  number  of  equiva- 
lente  which  are  designated  by  the  number  of  dots  (podtive  bonds)  or  strokes 
(negatiTe  bonds).  In  using  these  tables,  it  must  be  borne  in  mind  that 
the  sum  of  the  tMrmochemioal  constante  for  the  bade  and  add  constituents 
'  of  amr  salts,  gives  the  heat  of  formation  of  the  salt  from  the  oonatituent 
cheimeal  elemente,  in  dilute  solution.  Conversely,  the  heat  of  formation 
thus  obtained  la  the  energy  neoessarv  to  separate  the  salt  in  dilute  solu- 
tion into  its  constituent  ehemical  elements.  The  sum  of  the  voltages, 
corresponding  to  this  amount  of  chemical  energy,  is  the  voltage  necessary 
to  decompose  the  salt  In  solution  into  ite  constituente,  free  chemical  elements. 
If  these  elemente  re-combine  in  the  proeeaa  of  decompodtion  to  form  other 
•benrisal  eompoiUMis,  then  the  whole  ebemioal  reaction  must  ba  taken  into 
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account,  and  when  thu  U  exproaaed  in  caloriea  per  chemical  equivalent 
concerned,  the  neoeaaary  voltage  for  producing  the  change  is  obtained  hr 
multiplying  thia  by  0.0000434. 

ISt.  Tbetmoohemleal  ComtanU  of  Acid  Badleala 
From  their  elemcnta  (J.  W.  Richards) 


Per 

Corre- 

chemical 

spond- 

Conatltuenta 

Radical 

equi%'a- 
lent 

ing 

SalU 

e.m.f. 

(calories) 

(volts) 

0.(gaa)H.(gaa)...- 
S(8oUd)H>^aa)  ..■ 

(OH)' 
(SH)' 

+55,200 

+2.40 

Hydrate 

3,400 

0.15 

Sulphydrate 

8e(n)et)Hs(gBs).. . 

(SeH  ' 

19,100 

0.83 

Sclenhydrate 

Cb(gas)0>  gas)    . . 

(CIO  ' 
(CIO.  ' 
CIO.  ' 

27,500 

1.19 

Hypochlorite 
Chlorate 

CI<(gas)Oi(gas) . . . 

21,000 

0.95 

Cl,(gas)0.(gas) . . . 

30,400 

1.71 

Pcr-chlorate 

Bn(gas)Oi(gas) . . . 

(BrO)' 

28,800 

1.24 

Hypo- 

bromite 
Bromate 

Bn(ga8)Oi(gas).. . 

(Br0.r 

12,500 

0.54 

Ifgaa)0.(gaa) 

(lO.)' 
(10.)' 

65,000 

2.82 

lodate 

I(Kaa)0.(ga8)...    . 

52,600 

2.28 

Per-iodate 

S&olid)0.(gas)... 

(S.O.)" 

71,750 

3.U 

Hypcj-. 
sulphite 
Sulphite 

8(aolid)0,(ga8)... 

(_SO.)" 
(H80.)' 

76,100 

3.26 

Hi(Kaa) 

S(8olid)0.(gaa) . . . 

149.400 

6.48 

Bi-sulphite 

S(BoIid)Oi(gas) . . . 

(S.O,)" 

115,200 

5.00 

Pyro- 
aulphite 
Sulphate 

S  (solid)  Oi(gas)... 

(SO.)" 

107,000 

4.64 

Hi(ga8)' 

SC8oUd)0.(Ea«)... 

(HSO.)' 

211,100 

9.16 

K-aulphate 
Per-aulphate 

S(solid)0.(gaa) . . . 
S(8olid)0»(ga8)... 

K' 

158,100 

6.86 

138,500 

6.01 

Di-thionate 

S(so1id)Ot(ga8) . . . 
8(8oIid)Oi(gas) . . . 

(S.O.)" 
(S.O.)" 

136,500 

5.92 

Tri-thionate 

130,600 

5.67 

Tetra- 

thionate 

S(soIid)0>(gas)... 

(8.O.)" 

133,100 

5.78 

Penta- 
thionate 
Selenite 

8«(8olid)Oi(ga.i)... 
Se(9olid)C),(ga8)... 

(SeO.)" 

60,050 

2.61 

(ScO,)" 

72,800 

3.16 

Selenate 

P(80lid)0.(gas)... 
P(80lid)0.(ga»)... 

(PO.)'" 

90.300 

4.31 

Phosphate 

Ht(gaa) 

(HPO.)" 

152,750 

6.63 

iiv 

Hi(Eas) 

P(8oUd)0,(gas)... 

(H.PO.)' 

307,700 

13.35 

A5fsolid)Oi(gaa. . . 
As(soIid)0>(gas) . . 

(AsO.)" 

102,150 

4.43 

(AaO.)'" 

70,200 

3.05 

Araenate 

H,(gas) 

A8(aoUd)Ot(ga8).. 

(HAaO.)" 

71,700 

3.11 

Mono-H- 
Arsenate 

Di-H- 
Arsenate 

Nitrate 

H.(ga») 

As(BoUd)0<(ga8) . . 

(HiAsO.)' 

217,200 

9.43 

N,(gas)Oj(giui).... 

(NO.)' 

48,800 

2.12 

N!(ga8)0,(gas).... 

(NO,)' 
(NO)' 

27.000 

1.17 

Nitrite 

N!(Kas)Oi(ga3).... 

-3,800 

-0.16 

Hypo-nitrite 

C(amor.)0!(gaa). . 
C(amor.)03CKii8).. 
C{amor.)0!(ga8).. 

(0,0.)" 

99.800 

4.33 

Oxalate 

(CO,)" 

82,450 

3.58 

Carbonate 

H>(8aa) 

(HCO,)' 

160,100 

7.34 

Bi-Carbonate 

H.(gaa) 
Ht(ga.) 

C(amor.)Ot(gas).. 
C(ainor.)Oj(gas).. 

(CHOa)" 
(O.H3(-ij)" 

104,600 

4.54 

Formate 

120,500 

5.23 

AceUte 

Nt(gas) 

C(amor.)Oi(gas).. 
C(amor.)Nj(g«s).. 
C(amor.)N2(ga8).. 

(CNO)' 
(C.N)' 

87,100 

1.61 

Cyanate 

-34,900 

-1.51 

Cyanide 

S(>oUd) 

(CNS)' 

-18,100 

-0.79 

Sulpho- 
oyanids 
Ferro-cyanide 

Fe(Bolid)  C(amor.)N.(ga»).. 
Fe(aoUd)  C(amor.)N>(ga>).. 

(FeCN,)" 

-25,000 

-1.11 

(FeCN.)'  ' 

-52,800 

-2.29 

Ferri- 

oyanide 

1568 


Digili^edbyV^iOOyi' 


BLBCTROCHSMISTB  F 


Sec.  19-183 


1st.  Thwmoobamloal    OonBtantt    of    Add    Elamenta 

(J.  W.  Riohards) 


F.'.'  fgaal... 
Cfa"(gaa)  . . 
Br»"TKa»).. 
Br'  (liquid) 
Bi^  (solid).. 

I'  <^quidj.'.' 
I'  (Bolid)... 
8"  (solid).. 
Se"(inet.). 


Per 

ehemioal 

equivalent, 

caloriiea 

Corresponding 
e.m.f. 
volts 

Salt 

+52,900 

+2.30 

Fluoride 

89,4(X) 

1.71 

Chloride 

32.300 

1.40 

Bromide 

28,600 

1.20 

Bromide 

27,300 

1.18 

Bromide 

20,000 

0.87 

Iodide 

14,600 

0.63 

Iodide 

13,200 

0.67 

Iodide 

-  6,100 

-0.22 

Sulphide 

- 17,900 

-0.78 

Selenide 

INDTTSTBIAL  SLICTBOLTTIC  FBOOE88X8 
IM.  BleetroukAlyMU.  As  to  eleotroaniUysis  refereuoe  should  be  had  to 
the  book  ci  £dsar  F.  Smith  or  to  that  by  A.  Classen.  The  chief  reaaoc  why 
aleetroanalytical  methods  have  found  xntroduetion  into  industrial  labora- 
tories is  the  great  ease  and  the  venr  conaidersble  raduotion  iii  time  required 
for  An  analsws  as  a  oonsequenee  of  recentimproTements  mainly  due  to  E.  F. 
Smith  and  hia  school.  The  chief  features  of  these  improvemente  are  the  use 
of  a  rotatiuK  anode  and  of  a  mercury  cathode.  The  mercury  cathode  absorbs 
the  metal  oi  the  salt  solution  which  is  electrolysed.  The  anode  is  generally 
made  of  such  a  substance  as  to  absorb  the  anion.  The  anode  is  rapidly 
revolved  to  provide  such  a  circulation  of  the  electrolyte  that  a  high  current 
<ienm^  ^xia.y  be  used  with  a  corremmnding  reduction  in  the  duration  of  an 
Analysis.  Concerning  rapid  methoou  of  electooanalysis  see  the  latest  edition 
of  Smith's  "  Electroonalysis." 

1S9.  Eleotrotypiziff.  The  object  of  electrotypingis  to  reproduce  printers 
set-uptype.engravings,  medals,  etc.  Amouldof  the  object  to  be  reproduced  is 
first  made,  for  instance  of  wax,  by  impressing  the  object  in  wax.  It  the  mould 
is  a  non-conductor  of  electricity,  as  in  the  case  of  wax,  its  surface  is  made 
eonducting  by  giving  it,  with  a  brush,  a  coating  of  plumbago  (graphite). 

J  Instead  of  a  plumbago  coating,  the  mould  may  receive  a  metalbc  coating, 
or  instance  of  eopper  as  follows:  Pour  copper  sulphate  solution  over  the 
stfffaoe  of  the  mould  and  dust  on  it  from  a  pepper-box  very  finely  divided 
iron  filings,  brushing  the  mixture  over  the  surface.)  By  suitable  electrical 
connectionB  of  clamps  or  wire  to  the  surface  of  the  mould  the  latter  is  then 
made  cathode  in  an  electroplating  bath,  which  is  made  up  by  preparing 
an  8  to  10  per  cent,  solution  of  sulphune  add  in  water  and  dissolving  in 
it  copper  sulphate  until  the  resulting  solution  is  saturated  at  ordinary  tem- 
peratures. The  solution  is  maintcuned  saturated  by  adding  some  crystals 
of  copper  sulphate,  or  by  using  a  cop^r  anode.  In  the  case  of  reproducing 
type  matter,  always  two  cases  containing  prepared  moulds  are  suspended 
back  to  back  between  two  large  copper  anodes  so  that  the  conducting  sur> 
faces -of  the  moulds  directly  face  the  anodes.  The  thickness  of  the  copper 
deposit  depends  on  the  product  of  current  (in  amperes)  and  timcj  a  certain 
circulation  of  the  electrolyte  ia  useful  for  the  same  reasons  as  in  electro- 
plating (see  below). _  The  co{>per  shell  is  then  separated  from  the  mould 
on  which  it  is  dep(»ited,  and  in  order  to  give  it  the  necessary  strength  for 
further  use  It  is  backed  with  type-metal.  * 

ILXCTROPL&TINa 

IM.  Ocnaral  indndplss  of  electroplfttillg.  The  object  which  is  to 
rec^ve  a  coating  of  a  metal,  is  employed  as  cathode  in  a  solution  of  a  salt 
<tf  this  metal.  The  anode  may  either  be  soluble  and  consist  of  the  same 
metal  or  it  may  be  inert;  the  object  of  the  former  arrangement  is  to  get 
as  much  metal  dissolved  from  the  anode  as  is  deposited  upon  the  cathode 

*  Description  of  a  modem  electrotyping  plant  in  MeL  A  Chtm,  Bng'tnc, 
Vol.  X,  p.  442. 
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during  the  pUting  prooen;  on  the  other  huid,  if  an  inert  anode  b  naed  it 
ia  neoeesary  to  regenerate  the  eolution  and  add  new  material  in  lome  form  to 
the  solution  at  intervale  during  operation  in  order  to  make  np  far  the 
metal  loit  by  depoaition  on  the  cathode. 

In  an  electroplating  bath  in  which  the  anode  oonsiiti  of  the  asmo  metal 
as  that  which  la  plated  out  on  the  cathode,  the  electrochemical  reaotion 
at  the  cathode  ia  the  reverse  of  that  at  the  anode,  so  that  no  e,m.f.  is  re- 
quired to  bring  this  reaction  about  (if  we  neglect  the  very  small  e.m.f. 
required  to  overcome  the  concentration  difTerenoes  which  establish  them- 
selves in  the  cell).  The  e.m.f.  applied  at  the  terminals  of  the  cell' is  there- 
fore loet  by  overcoming  the  ohmic  resistance,  and  equals  current  multiplied 
by  internal  resistanoe  of  the  cell.  In  case  an  inert  anode  is  used,  for  ia- 
stanoe  a  platinum  anode  in  a  copper  sulphate  solution  for  copper  plating, 
oxygen  is  evolved  and  aulphurio  add  is  formed  at  the  anode  wrdle  the 
copper  is  plated  out  on  the  cathode.  The  anodic  reaction  is  therefore  not 
the  reverse  of  the  cathodio  reaction  and  a  certain  e.m.f.  is  required  to 
bring  about  the  reaction.  The  voltage  applied  at  the  electrodes  equals 
in  this  case  the  voltage  required  to  overcome  the  ohmic  resiatanoe  of  the 
cell  plus  the  ileoomposition  voltage  of  the  solution.  The  ohmic  loss  of 
voltage  should  always  be  made  as  small  as  possible,  while  the  deoompoai- 
tion  voltage  of  any 'solution  is  also  always  relatively  small,  never  more 
than  a  few  volte  (see  Par.  ITT).  As  a  conaeouence  of  this  it  is  elear  that 
the  voltage  at  the  electrodee  of  a  plating  cell  must  be  relatively  low;  it 
is  in  practice  generally  between  a  fraction  of  1  volt  and  6  volts.  For 
this  reason  djnainoi  for  elaotzoplating  purposM  are  low^voltage 
dynamoe.  Jt  is,  of  course,  poesible  and  it  is  qmte  usual  to  connect  a  num- 
ber of  celLa  in  series;  in  this  case  the  value  of  the  current  is  the  sam,)  through 
all  cells  in  series,  while  the  voltage  is  the  same  at  the  electrodes  of  the 
different  cells  only  if  the  reeistanoe  of  all  oeUs  is  the  same.  In  all  oases 
a  voltmeter  and  ammeter  should  be  used  by  the  eleotroplater  so  that  he 
always  knows  exactly  the  electrical  conditton  of  his  cells  and  can  regulate 
them  accordingly.     Some  kind  of  a  rheostat  is  needed  for  this  purpose. 

What  the  eteotroplater  pays  for  in  paying  his  eleetiidty  bills  or  in  re- 
newing his  batteries,  is  the  number  of  kuowBtt-hoara  consumed.  The 
amount  of  work  performed,  i.«.,  the  weight  of  metal  plated  out,  dependa  on 
the  other  hand,  solely  on  the  ampere-hours  (for  figures  see  Par.  ITO,  table 
of  electrochemical  eouivalents).  ^  Hence  the  old  saying  that  for  electro- 
plating (and  electrolytic  work  in  general)  electrical  energy  consists  of 
two  factors,  of  which  one,  the  volts,  costs  money  and  the  other,  the  ampere- 
hours,  brings  money, 

UT,  Th*  only  war  to  reduoa  the  voltac*  at  th*  elaotrodai  of  a 
plating  tank  is  to  reduce  the  internal  reeistanoe.  This  may  be  aocompUahad 
oy  increasing  the  conductivity  of  the  plating  bath  by  suitable  additions 
or  high-conductivity  electrolytes.  It  may  also  be  accomplished  to  •  oer- 
tain  extent  by  placing  the  anodes  very  near  the  articles  to  be  plated.  But 
this  should  not  be  overdone;  at  least  when  the  articles  to  be  plated  are  in 
a  fixed  stationary  position,  since  it  is  important  to  get  a  uniform  deposit 
over  the  whole  sunace.  For  this  purpose  the  density  of  the  electric  lines 
of  force  should  be  as  uniform  as  possible  over  the  whole  surface,  and  this 
condition  will  be  the  more  fulfilled  the  further  the  anode  is  away  from  the. 
article  to  be  plated.  This  precaution  is  eepedally  necessary  when  the 
surface  of  the  article  is  uneven  and  irregular  and  has  proiectiag  points. 

1S8.  In  eaie  a  great  many  small  artiolaa  are  plated  ilmultan*- 
WUlw  in  one  plating  tank,  the  arrangement  is  generally  made  to  have  the 
articles  in  continuous  motion,  so  that  they  tumble  over  each  other  and 
present  successively  all  parts  of  their  surfacee  to  the  electroplating  action 
of  the  current. 

IS*.  Currant  d«nait7  at  tlMoatlMMto.  The  higher  the  cathodio  current 
density,  the  greater  the  total  current  for  an  article  of  given  surface  and  there- 
fore the  shorter  the  time  to  produce  a  given  weight  of  deposit  on  this  surface. 
The  output  of  a  plating  shop  is  therefore  the  greater,  the  higher  the  current 
density.  A  limit  is  set  to  the  incease  of  current  density  by  the  fact  that  by 
we  metal  being  plated  out  onto  the  article  under  treatment,  the  sdation 
becomes  more  and  more  diluted  right  at  the  surface  to  be  plated,  and  with 
the  decrease  of  the  number  of  the  metal  ions  at  this  surface  tiie  danger 
increases  that  instead  of  ths  desired  metal  something  else  (for  isstanse 
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hydrogen)  li  pUted  out.  The  exact  ealooktion  of  the  deoreaae  of  oon> 
a«ntration  at  the  oathode  reiulting  'from  the  panage  of  a  certain  number 
of  ampere-houra,  for  oopiper-plating  with  eopper  anodea  and  a  sulphate 
■olution  was  given  before  in  the  diecuseion  of  Hittorf's  tranaport  numbers. 
In  any  case,  the  higher  the  current  density  the  quicker  is  the  loss  h'om  VtM 
aolution  at  the  cathode  of  the  metal  ions  to  be  plated  out  and  the  smaller 
is  the  ohanoe  for  diffuaion  and  oonrection  currents  to  bring  fieah  oonean- 
ta«ted  solution  to  the  cathode  surface  where  it  is  neededT  The  higher 
^he  current  density,  the  greater  is,  therefore,  the  importance  of  artifidal 
ciniulation  or  stimng;  for  this  purpose  either  one  or  Doth  eleetrodea  may 
be  revolved  or  a  special  stirring  device  may  be  employed  in  the  solution. 
It  seems,  for  instance,  that  with  a  smooth  copper,  sine  or  nickel  cathode, 
m  good  copper,  sine  or  nickel  deposit  can  be  obtained,  however  high  the 
eurrent  density  may  be  raised,  if  only  the  cathode  is  revolved  at  an 
increasing  and  sufficiently  high  speed.     Heating  also  aids  circulation, 

IM.  Jonotlon  between  the  meteli.    In  contradistinction  to  eleotrotyp- 

which  will  stick  to 

junction  between 
xicaX  Industry, 

Vol.  I,  p.  201),  thisrequires  that  the  two  metalsforni  an  alloy  together.  Thus 
nickel  may  be  sucoessfully  plated  on  copper  and  its  alloys  (brass,  bronae, 
etc.),  ainoe  with  tiiaae  nickel  alloys  readily.  On  the  other  nand,  if  an  objeet 
at  lead  is  to  be  niekeled.  it  ia  first  eopper  plated  and  then  the  niekel  is 
depoeited  on  the  oopper  beeaose  eopper  alloya  better  with  lead  than  does 
nickeL  • 

Itl.  Ia  order  to  make  the  depodt  etiek  to  the  metal  undameath,  it 
ia  also  of  fundamental  importance  that  the  surface  metal  before  being 
plated  is  carefully  cleaned  both  mechanically  and  chemically,  and  that 
all  trace*  of  fat  and  oil,  etc.,  are  thoroughly  removed.  To  remove  grease, 
a  caustic  soda  solution  or  a  caustic  potash  solution  is  suitable,  the  latter 
being  preferable.  Acid  solutions  for  cleaning  gold,  silver,  copper,  brass 
and  line  surfaces  are  being  recommended  by  Trevort  as  follows: 


Water 

so 

100 
2 

Zinc 
100 

10 

Silver 

100 

10 

Iron 
100 
2to3 
8tol2 
2to3 

Nitric  acid      

Sulphuric  Bcid 

i 

i 
i 


Its.  The  plating  bath  contains  principally  the  salt  of  the  metal  which 
la  to  be  plated  out,  together  with  the  addition  of  a  solution  of  high  con- 
ductivity, so  as  to  reduce  the  voltage  drop.  However,  other  additiona 
have  also  been  found  useful,  for  the  following  reasons:  At  moderate  current 
danaitiea  a  bad  deposit  is  practically  always  due  to  the  precipitation  of  a 
noinmetallio  solid  with  the  metal,  especially  of  an  oxide,  hydroxide  or  basic 
■alt  of  the  metal.  Whatever  will  dissolve  the  oxide,  eto„  readily  under 
the  conditions  of  the  operation  will  prevent  its  deposition  and  should 
therefore  improve  the  quaUty  of  the  deposit.  W.  D.  Bancroft  ("Transactions 
International  Electrical  Congress,"  St.  Louis,  Vol.  II,  p.  27,  and  Tronsao 
Horn  American  Electrochemical  Society,  Vol.  VI)  shows  that  a  large 
raajoiity  of  the  more  important  additions  recommended  for  rariooa  plating 
braia  act  in  the  way  Just  described. 

IW.  Seonrlng  flne-gralned  dapodta.  It  seems  that  a  fine-grained  de> 
posit  ia  favored  by  high-current  density  and  potential  difference,  by  acidity 
and  alkalinity  and  by  low  temperatures.  Solutions  containing  oxidising 
■gent*  appear  to  yield  small  crystals  while  larger  crystals  are  obtained  from 
■olations  eoDtaining  reducing  agents. 

It4.  To  prarent  the  formation  of  "treet"  a  veiy  small  addition  of  a 
colloid  baa  Men  found  useful  in  several  cases.  In  the  deposition  of  lead 
from  a  solution  of  lead-fluoailicate,  containing  an  excess  of  fluoailiaie  add, 
A.  O.  Betta  found  that  the  formation  of  trees  and  the  deposition  of  spon^ 
lead  could  be  completely  avoided  and  the  deposition  of  perfectiy  soha 
and  dense  lead  could  be  assured  by  the  simple  addition  oi  a  very  small 
amount  of  gelatine  or  glue  added  to  the  bath.  Similar  observations  have 
been  made  with  nlver  and  oopper.    The  general  rule  aeema  to  be  that 
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(he^  a4dition  of  a  very  small  amount  of  such  a  colloid,  which,  under  the 
action  of  the  current,  migrates  toward  the  cathode,  improves  the  uni- 
formiiy  and  denrity  of  the  depoait.  * 

198,  Practical  rulei  for  olectropUtinff.  A  tentative  and  very  useful 
theoiy  of  the  chemical  prlnciplei  which  underlie  electroplating   hae 

been  given  in  the  paper  by  W.  D.  Bancroft  quoted  above.  Other  Buggesta  ve 
hypothesea  have  been  presented  by  A.  G.  Betta.t  Bancroft  has  given  the 
following  "axioms  of  electroplating:"  (a)  Bad  deposits  are  due  to  exceesive 
admixture  of  some  compound  or  to  excessively  large  crystals;  ffr)  exoee- 
■jve  admixture  of  any  compound  can  be  eliminated  by  changing  tne  condi- 
tions so  that  the  compound  cannot  precipitate;  (c)  increaalng  the  current 
density,  increasing  the  potential  difference  at  the  cathode,  or  lowering  the 
temperature,  decreases  the  siie  of  the  crystals;  (A)  the  crystal  sise  is  de- 
creased when  there  are  present  at  the  cathode  surface,  substances  which  are 
absorbed  by  the  deposited  metal;  (e)  if  a  given  solution  will  give  a  good  de» 

Sosit  at  any  current  density,  it  will  give  a  good  deposit  at  any  higher  current 
ensity,  provided  the  conditions  at  the  cathode  surface  are  kept  constant: 
CO  treeing  is  facilitated  by  a  high  potential  drop  through  the  solution  and 
by  conditions  favorable  to  the  formation  of  large  crystals. 

196.  Vor  detailed  preicrlptloni  of  solution!,  t  etc.,  the  reader  must 
be  referred  to  special  handbooks  for  eleotroplaters,  like  Watt's  and  Philip's 
**  Electroplating  and  Electrorefining  of  Metals,"  or  the  smaller  books  of 
van  Home  and  others.  In  the  following  a  brief  account  only  is  given  of  some 
solutions  in  most  common  use. 

197.  Kickel  plating.  \  The  nickel  salt,  generally  used  for  nickel  plating, 
is  nickel  ammomum  sulphate.  For  small  baths  the  salt  is  dissolved  by  boilxns 
12  to  14  08.  of  the  salt  per  gallon  of  water  in  a  new  stone  jar  and  filling 
up  the  bath  with  water  until  a  hydrometer  placed  in  it  stands  at  6.5  des 
to  7  dcg.  Beaum£.  The  solution  should  be  slightly  acid,  but  too  much 
acid  «ill  cause  peeling  and  too  much  alkali  will  darken  the  tone  of  the  work 
according  to  van  Home.  He  recommends  the  following  current  density. 
For  plating  sine  with  nickel,  use  0.05  to  0.10  amp.  per  sq.  in.  of  the  surface 
of  the  object  to  beplated;  for  plating  nickel  on  other  metals  use  half  this 
current  density.  To  improve  the  quality  of  the  nickel  deposit,  certain 
additions  to  the  bath  have  been  recommended.  J.  Powell  recommends 
the  addition  of  0.126  oi.  of  bensoic  acid  per  gallon  of  solution.  £. 
Weston  recommends  a  solution  containing  10  parts  nickel  ammonium  sol* 
phate,  2.5  to  5  parts  of  boracic  acid  and  150  to  200  parts  of  water.  Boracie 
acid  is  now  much  emnloyed  as  an  addition.  According  to  F.  Foerster,  a 
good  deposit  of  nickel  is  obtained  from  its  sulphate  solution,  containing 
some  slight  amount  of  free  citric  acid  or  boracto  acid,  with  a  current 
density  of  0.005  amp.  per  sq.  cm.  A  very  suitable  nickel  bath  {a 
obtained  by  dissolving  50  g.  of  nickel  sulphate  crystals  so  as  to  get  one- 
half  liter  solution;  20  g.  citric  acid  are  then  dissolved  in  water  and  neu- 
tralised by  means  of  caustic  soda  to  such  a  degree  that  blue  litmus  paper 
is  just  colored  red,  and  the  solution  is  then  diluted  to  get  one-half  liter;  uiis 
is  then  added  to  the  nickel  sulphate  solution;  this  bath  requires  about  3  volts. 
There  is  no  danger  that  the  nickel  deposit  will  peel  off,  as  long  as  the  thick- 
ness of  the  deposit  thus  produced  is  below  0.01  mm.  Thicker  deposits  may 
be  obtained  from  neutral  or  slightly  acid  nickel  sulphate  solutions,  heated 
to  70  or  90  deg.  cent.  (F.  Foerster,  Zett,/.  £2eA«rocA«mts.  Vol.  IV.p,  leO). 
If  a  more  concentrated  solution  is  used  (containing  ISO  to  350  g.  of  nickel 
sulphate  per  liter  and  preferably  also  some  sodium  sulphate)  the  current 

*  SUctrochem.  A  Met.  Ind.,  Vol.  IV,  p.  379  and  416;  see  also  the  papers  by 
Kern  and  Tucker  on  the  efTcct  of  addition  agents,  Vol.  VII,  p.  271  and  273. 

t  Transact.  Am.  Electroohem.  Soc,  Vol.  VlII,  p.  G3. 

t  An  excellent  net  of  papers  summarising  all  the  different  solutions  proposed 
and  used  for  plating  with  gold,  silver,  cobalt,  nickel,  lead,  tin,  copper,  brass 
and  bronse  may  be  found  in  Vol.  XXIII  of  the  Tranaati.  Am.  Electrochem. 
Soc. 

\  A  very  extended  summary  of  all  solutions  proposed  and  used  for  elec- 
troplating with  nickel  and  cobalt  is  given  in  a  paper  by  O.  P.  Watts  in  TVan- 
9aa,  Am.  Eleotrochem.  Soc.,  Vol.  XXIII,  p.  09. 


1572 

Digilized  by 


Google 


BLBCTROCBBMISTRY  SeC  1^198 

density  may  be  raiaed  to  0.03  to  0.08  amp.  per  aq.  «m.  and  viUi  moderate 
circulatioa  of  the  electrolyte  good  depoeita  1  mm.  tnick  may  be  obtained. 

198.  DUBoulties  In  nickel  plating.  A  difficulty  in  nickel  plating  waa 
formerly  found  in  the  fact  that  the  mckel  anodes  do  not  diaaolve  freelv  in 
the  nicKel-ammonium,  sulphate  solution.  Cast  nickel  anodes  are  saia  to 
diasolTe  better  than  rolled  nickel  anodes.  For  the  same  reason  it  la  im- 
portant to  use  as  large  a  surface  of  nickel  anodes  as  possible.  This  has  led 
to  the  introduction  «  corrugated  anodes,  ete.,  and  it  has  been  recommended 
to  make  the  nickel  anode  surface  \  times  the  auiface  to  be  plated.  W, 
D.  Bancroft  has  recently  suggested  {Tranaaetions  American  Electrochemical 
Society,  Vol.  IX,  p.  217)  that  the  greater  effecUveness  of  the  cast  nickel 
anodes  is  due  to  the  fact  that  they  contain  iron.  For  this  reason  they  will 
diaaolve  better  but  iron  will  also  pass  into  aolution,  which  is  a  disadvantage. 
He  recommenda  the  use  of  a  pure  nickel  anode  in  a  nickel-ammonium  sulphate 
solution  containing  a  alight  percentage  of  ammonium  chloride  or  nickel  chlo- 
ride. If  this  addition  is  made,  the  nickel  will  dissolve  as  quickly  from  the 
anode  aa  it  is  plated  out  on  the  cathode.  If  iron  ia  to  be  mokoled  it  should 
first  receive  a  coating  of  copper. 

199.  8ilT«r  plating.*  The  standard  aolution  for  silver  plating  is  the 
double  cyanide  of  silver  and  potassium,  with  silver  anodes.  Aa  to  working 
on  a  large  acals  and  the  production  of  the  ailver  cyanide  from  mlver  nitrate 
and  potasrium  cyanide  and  the  production  of  the  double  cyanide  from  silver 
eyamde  and  potassium  cyanide  the  reader  must  be  referred  to  q>ecial  text- 
books.^ A  good  silver  plating  aolution  ia  obtained  by  diaaolving  26  g. 
pure  silver  cyanide  in  a  aolution  of  25  g.  potassium  cyanide  in  300  to 
600  cu.  em.  water  and  diluting  the  solution  so  as  to  form  1  liter.  The  best 
current  density  ia  0.001  to  0.0046  amp.  per  sq.  cm.,  with  about  1  volt 
at  the  terminals  of  the  cell.  Another  prescription  for  experimental  work  is 
to  dissolve  3  os.  of  ailver  chloride  (rubbed  to  a  thin  paste  with  water)  in 
a  solution  of  9  to  12  os.  of  98  per  oent^  potassium  cyanide  in  a  gallon  of 
water.  A  current  density  of  A  amp.  per  aq.  in.  is  reeommendeoT  in  the 
latter  case. 

too.  Gold  plating. t  The  standard  solution  ia  the  double  cyanide  d 
gold  and  potassium  and  the  problems  involved  in  gold  plating  are  similar 
in  many  respects  to  those  of  ailver  plating.  In  view  of  the  expenaive  ma- 
terial involved,  great  care  is  necessary  in  detaila  and  the  reader  muat  be 
referred  to  apecial  books  on  the  subject.  Gold  is  generally  i>lated  on  cop- 
per; other  metals  to  be  coated  with  gold  firat  receive  a  coating  of  copper; 
•ee  also  (MT). 

Ml.  Copper  platlnc.t  A  copper  aulphate  solution,  eontcining  free 
acid,  such  as  ia  used  for  electrolytic  refining  of  copper,  may  be  used  for 
copper  plating  (see  SOS),  but  better  results  are  obtained  with  a  cyanide 
solution,  van  Home  gives  the  following  formula:  to  each  gallon  of  water 
add  5  OS.  copper  carbonate,  2  ox.  potassium  carbonate  and  10  os.  chem- 
ically pure  potassium  cyanide.  Dissolve  about  nine-tenths  of  the  cyanide 
of  potassium  in  a  portion  of  the  water  and  add  nearly  all  of  the  copper 
carbonate,  previously  dissolved  in  a  portion  of  the  water;  then  add  the 
potassium  carbonate,  also  dissolved  in  water,  slowly  stirring  until  thoroughly 
mixed.  Bring  the  solution  to  160  deg.  Beaum£,  put  in  a  small  article  and 
teat  the  solution,  adding  cyanide  or  copper  or  both,  until  the  aolution  deposits 
freely  and  uniformly. 

F.  Foerster  recommends  for  copperplating  a  solution  made  as  follows: 
20  g.  copper  acetate  are  diaaoWed  in  500  cu.  cm.  water,  20  g.  potaaaium  cya- 
nide, 26  g.  sodium  sulphite  crystals  and  17g.  sodium  carbonate  crystals  are  dis- 
solved in  another  £00  cu.  cm.  water.  The  first  solution  is  then  added  to 
the  second  one  and  a  current  density  of  0.003  amp.  per  sq.  cm.  ia  used  with 
3  v<^ts  at  the  terminals  of  the  cell. 

*Avolumiaous  summary  of  all  recipes  for  electroplating  nlver  on  metals 
is  nven  in  a  paper  by  F.  G.  Frary,  Trantact,  Am.  Electrochem.  Soc., 
VoT  XXIII,  p.^ 

t  All  recipes  for  gold  plating  are  collected  in  the  paper  by  F.  C.  Yraxy, 
Trantaa,  Am.  Electrochem.  Soc..  Vol.  XXIII,  p.  25. 

t  A  summary  and  classification  of  the  different  solutions  for  copper  plating 
is  gives  in  a  paper  by  C.  W.  Bennett,  TrofwocC,  Am.  Electrochem.  Soc..  VoT 
XXIII,  p.  233, 
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lOS.  Brau  lolutlons*  of  any  desired  color  are  made  aocordins  to  ▼«& 
Homo  by  adding  rino  carbonate  in  varying  proportiona  to  the  oomMr 
BolutioD.  Tbia  is  done  by  diBeolving  about  one  part  by  weight  of  cai^ 
bonate  of  lino  to  two  parte  of  cyanide  of  potassium  in  sufficient  water  to 
dissolve  them  and  adding  them  slowly  to  the  copper  bath. 

SOS.  Zlno  plating.  The  protection  of  iron  surfaces  against  rustiiiK  by 
means  of  a  ano  coating  is  now  becoming  ah  important  industry.  Zine- 
ooatie»d  iron  is  often  owled  "galvanised  iron.  Most  prooesaes  uaed  is 
the  United  States  use  soluble  sine  anodes,  while  Cowpei^Coles  in  England 
uses  insoluble  (lead)  anodes  in  an  electrolyte  eontainin|[  35  os.  of  sine 
•ulphate  (ZnSOi,  7HiO)  and  0.1  oi.  sulphuric  acid  (speoifio  gravity  1.S4) 
per  gallon  of  water. 

A  suitable  sine  plating  solution  is  obtained,  aooording  to  Foerster,  by 
dissolving  200  g.  piu«  sine  sulphate  (free  from  iron),  40  g.  glauberaali,  10 
g.  sine  chloride  and  0.5  g.  boraclo  a<nd  so  as  to  get  1  liter  solution;  with 
a  ourrent  density  of  0.005  to  0.02  amp.  per  sq.  cm.  good  dense  depoaita 
up  to  0.05  mm.  thickness  are  thereby  obtained  at  temperatures  be- 
tween IS  and  50^  C.  The  method  of  producing  the  sine  ooating  by 
electrolysis  ("cold  galvanising")  has  the  following  advantages  over  the  old 
dipping  process  ("hot  galvaniiing");  electrolytic  sine,  when  properly  ap- 
phed,  IS  denser,  tougher,  more  uniform  and  more  resistant  against  corroaonf 
(C.  F.  Burgess,  Electrochemical  and  Metallurgieal  Induttrj/,  Vol.  Ill,  p.  17), 

t04.  Plating  upon  aluminium.  As  an  example  of  the  great  im- 
portance of  thoroughly  cleaning  a  surface  preliminary  to  plating  upon  it,  the 
difficulties  of  iilating  upon  aluminium  may  oe  cited.  A  coating  on  alumiuiiim 
will  not  stick  in  g^eneral  for  any  length  of  time  and  this  trouMe  is  due  to  the 
invisible  film  (oxide  or  hydroxide  film)  which  is  alwasrs  present  on  an  ain- 
minium  surface  in  contact  with  air,  and  which  prevents  the  neoessary 
intimate  junction  between  the  aluminium  and  the  plated  metal.  C.  F. 
Burgess  and  C.  Hambuechen  (^Elet^roeKemical  Industry,  Vol.  II,  p.  S6) 
found  that  this  film  can  beat  be  ehminated  by  using  a  soluole  fluoride  in  tiie 

?latiDg  bath:  further  that  of  all  metals  sine  wilt  adhere  best  to  aluminium, 
'hwefore,  aluminium  should  first  receive  a  sine  ooating.  If  the  object 
is  to  plate  g<^d  on  the  article,  the  gold  should  not  be  plated  direotiy  on  the 
sine  since  tne  gold  will  soon  allov  witii  the  sine  and  apparentiy  dis^pear; 
for  this  reason  the  sine  should  nrst  receive  a  copper  coating  and  then  the 
gold  ooating. 

The  mode  of  operation  recommended  is  to  first  clean  the  alumiimim 
by  immersion  for  a  few  minutes  in  a  dilute  hydrofluoric  acid  bath  where  it 
remains  lon^  enough  to  produce  a  suitable  roughening  of  the  surfaoe.  It  is 
then  rinsed  in  runmn^  water  and  dipped  for  a  few  seconds  in  a  mixture  of  100 
parts  of  sulphuric  acid  and  75  parte  of  nitric  acid,  both  concentrated,  from 
which,  after  rinnng  in  water,  the  aluminium  cornea  perfectiy  white  and  clean. 
The  article  is  then  transferred  to  the  sine  plating  solution,  which  is  a  mixture 
of  sine  and  aJuminium  sulphates,  very  slightly  acidified  and  having  a  density 
of  about  15  deg.  Beaum6  and  containinjs  about  1  per  cent,  of  hycfavflnorio 
add  or  an  equivalent  amount  of  potaaaum  fluoride.  After  the  d^;>oaiti(Mi 
has  proceeded  for  about  10  or  15  min.  with  a  ourrent  density  of  from 
10  to  20  amp.  per  sq.  ft.,  the  article  may  be  taken  from  the  solution  and  dried. 
It  may  then  be  given  a  coating  of  copper  or  silver  from  their  cyanide  solutions, 
using  such  precautions  i 
metals  upon  ^nc. 


to  polish  the  copper  coating  before  depoaung  the  sold,  as  i 
gold  coating  will  be  necessary  to  produce  the  final  polish. 

tM.  Datinninf  4    The  reverse  of  electroplating  is  the  electric  removal 

*  A  summai7  of  the  solutions  for  braas  and  bronse  plating  ia  given  in  a 
paper  by  C.  W.  Bennet.  Trantact.  Am.  Klectrochem.  Soc.,  Vol.  XXIII, 
p.  251. 

t  As  to  electrolytic  zinc  plating  (cold  galvanising)  in  comparison  wiUi 
hot  galvanising  and  sherardising  see  Burgess,  EUorochem.  3b  Met  Ind. 
Vol.  III.  p.  17;  Cowpei^oles,  Vol.  Ill,  p.  189;  Storey,  Met.  (ft  CAem.  Bn^'int, 
Vol.  XI,  p.  190. 

:  K.  Goldachmidt.  Blectrochem,  db  M«t.  Ind.,  Vol.  VII,  p.  79;  aee  also 
Met.  dt  Chcm.  Eng'ing,  Vol.  X,  p.  202. 
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of  a  metalUo  ooating  from  the  surface  of  an  article.  This  is  genaimUy 
mirtied  out  as  an  anodio  reaction.  The  moat  important  induatty  in  thb 
field  ifl  the  detinning  of  tin  ecrap,  which  has  assumed  quite  considerable 
dimenaionain  reoentyvars  as  a  consequence  of  the  enormous  crowtb  of  the 
tin-can  indoatiy.  while  formerly  only  the  tin  scrap  of  the  tin-can  fae- 
toriea  (a  pore  material,  eonaistins  of  sheet  iron,  covered  with  tin)  waa 
treated,  the  treatment  of  tin  cans,  tin  boxes,  etc.,  which  have  been  in  use, 
has  recently  been  taken  up  on  a  commercial  scale;  since  they  contain  many 
impurities,  theee  must  first  be  very  thoroughly  removed  (carbonised,  etc.). 
The  objeot  of  the  electrolytic  process  is  to  remove  the  tin  from  the  iron 
ao  as  to  get  both  the  tin  and  iron  separate  and  pure.  The  iron  is  sold  aa 
aerap  to  open-hearth  steel  works,  etc.,  and  must  therefore  be  absolutely 
fi«e  from  tin  and  in  good  condition.  The  process  which  has  been  moat 
■uoceosful  on  a  very  large  scale  is  that  of  the  firm  of  Theodor  Goldsehmidt  in 
Easen;  it  is  a  secret  process  and  employs  the  scrap  as  anode  in  a  solution 
of  oanstio  soda.  Since  1006  detinning  with  chlorine  haa  entered  into  com- 
petition with  electrolytic  detinniog.  Detinning  with  chlorine  may  be  eon- 
oldered  aa  an  electrolytic  process  only  in  so  far  as  electrolytic  chlorine  (see 
SSO)  is  used.  While  the  products  of  electrolytic  detinning  are  tin  and  iron, 
thoae  of  ohloriae  detinmng  are  tin  tetrachloride  and  iron.  (Karl  Oold- 
achmidt,  SUctrochtm.  6b  Met.  Ind.,  Vol.  VII,  p.  79.) 

IM.  Othar  Mtcipjftag  proeaaMl.  A  comparatively  small,  but  inter- 
eating  application  of  electrolytic  stripping  is  the  process  of  C.  F.  Burgess 
for  removing  from  bicycle  frames  the  films  of  brass  which  are  left  there 
from  braaing  the  Joints.  A  sodium  nitrate  solution  is  used  for  this  purpose. 
(For  this  and  similar  processes  see  C.  F.  Burgess,  Bleetroeh^mical  Industry, 
vol.  II,  p.  8.)  As  an  example  of  the  oathodic  removal  of  a  surface  coating, 
the  process  of  C.  J.  Reed  for  removing  an  oxide  scale  from  iron  and  steel 
may  be  mentioned.  The  iron  sheets,  rods  or  wire  are  treated  as  cathode 
in  a  27  per  cent,  solution  of  sulphuric  acid  of  specific  gravity  1.20,  with  a 
eorrent  dennty  of  0.25  to  0.5  amp.  per  sq.  in.  at  a  temperature  of  60°  C. 
Under  these  conditions  the  heavy  scale  on  rolled  iron  rods  is  removed  in 
from  2  to  3  min.  The  iron  oxide  is  not  reduced  to  metallic  iron,  but 
to  a  lower  state  of  oxidation  and  is  then  dissolved,  ferrous  sulphate  being 
produced.  (Trajuaciioru  American  Electrochemical  Society,  Vol.  XI.; 
Concerning  the  sharpening  of  tools  by  electrolytic  etching  see  Sohneckenberg, 
Mt.  *  Chem.  Eng-ing,  Vol.  IX,  p  612. 

ILBOTBOLTTIO  BXmnVa  or  MITAUI 

MT.  Fundainantel  prineiplai.  In  electrolytic  refining  of  metals  the 
starting  material  is  a  highly  concentrated  alloy  and  the  purpose  is  to  remove 
the  last  impurities  and  to  recover  not  only  the  prindpai  metal  in  pure  form, 
but  also  the  foreign  metals,  especially  the  precious  metals.  The  impure 
metal  is  made  the  anode  and  the  fundamental  principle  of  the  process  is 
that  by  the  electrolytic  action  the  metal  to  be  refined  is  dissolved  from  the 
anode,  passes  into  the  electrolyte  and  is  deposited  from  the  electrolyte  on  the 
cathode  in  pure  form;  the  foreign  metals  (impurities)  are  intended  either 
to  remain  back  In  the  anode  or  anode  slime  without  being  dissolved,  or  if 
they  are  dissolved  in  the  electrolyte,  they  are  intended  to  remain  in  the 
deotrolyte  without  being  deposited  on  the  cathode.^  This  cannot  be  satis- 
faetoriljr  accomplished,  except  with  a  comparatively  pure,  high-grade 
anode;  in  American  practice  of  copper  refining  the  impure  copper  anode 
la  jpnerally  98  to  99. 6  per  cent.  pure.  The  cost  of  the  electrolyt!c-re- 
fimng  process  is  covered  first  by  the  higher  price  of  the  refined  metal  and 
secondly  by  the  value  of  the  foreign  metals  recovered,  especially  silver  and 
gold. 

tM.  Ooppar  raSnlnr.  The  electrolyte  is  a  copper  ralphata  solution 
containing  free  sulphuric  acid.  ^  The  copper  should  not  exceed  3  per  cent, 
at  the  moat,  or  12  per  cent,  if  figured  as  bluestone.  The  acid  may  ad- 
vantageously be  run  up  to  about  13per  cent.*  (Usually  a  very  small 
amount  of  a  soluble  chloride,  like  NaCT,  is  added  to  precipitate  aa  chloride 

*  Figures  of  the  conductivity  of  mixtures  of  copper  sulphate  and  sulphuric 
add  arsgiven  by  Richardson  and  Taylor  in  rrotw.  Amer.  Elactooehem.  Soc, 
Vol.  ZXTp.  179. 
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any  ailver  which  may  dissolve  and  to  slime  antimony  as  oxyehloride.) 
An  anode  of  typdeal  composition  contains  98  to  00-5  per  cent,  copper.  Dp 
to  300  OS.  ^ver  per  ton,  up  to  40  oi.  gold  per  ton  and  up  to  2  per 
cent,  arsenic.  Tne  cathode  copper  is  ezoeedlnsly  pure,  usually  runmng 
about  00.03  per  cent,  copper,  with  hydrogen  as  the  chief  impurity.  In 
order  to  have  high  electric  conductivity^  the  copper  must  be  free  from 
arsenic  and  anUmony  (the  amount  should  be  but  a  few  thousandths  of  a 
per  cent.);  in  order  to  prevent  brittlenesa,  the  cathode  copper  must  be 
free  from  tellurium  and  lead.  Since  the  electric  conductivity  of  copper 
very  delicately  indicates  its  purity,  it  is  used  for  giving  the  ^ure  ol  the 
punty.  Matthiesaen'a  standard — according  to  which  the  resistance  of  one 
meter-gram  of  pure  soft  copper  at  0  deg.  cent,  is  0.14172  international  ohzn — 
la  generally  used  although  it  is  some  3  per  cent,  too  low.  It  is  a  "fact 
that  the  quality  of  the  [etectrolyticl  copper  on  the  market  to-day  often 
exceeds  by  ae  much  as  1  per  cent,  the  purest  laborat<Mry  coiH>er  of  forty 
years  ago."     (L.  Addicka.) 

It  is  customary  to  circulate  the  electrolyte  from  tank  to  tank  and  this 
is  more  important  the  higher  the  current  density.  The  current  denaltgr 
varies  in  American  refineries  between  12  and  35  amp.  per  sq.  ft.;  the  question 
of  what  current  density  to  carr^  ia  largely  one  of  eneigy  cost.  ^  An  elevated 
temperature  of  the  electrolj/'te  is  used.  Soluble  sulphates  of  impurities  in 
the  anode  pass  into  the  solution  which  therefore  needa  purification  generation 
at  intervals.  This  is  usually  done  by  working  up  a  certain  quantity  of  elec- 
trolyte regularly  into  bluestone  and  adding  fresh  acid  to  the  electrolyte. 

too.  Arranifeinent  of  eUetrodei  In  copper  reflnlnf.  With  nspect 
to  the  arrangement  of  the  electrodes  two  dinerent  systems  are  in  use.  In 
the  parallel  syatem  or  multiple  system  all  cathodes  are  in  parallel  and  all 
anoaos  are  in  parallel;  the  arrangement  is  shown  in  Fig.  6.  In  the  series 
system  or  Hayden  syatem,  diagrammatically  shown  in  ng.  6,  only  the  first 


ill  liiL    -Hiiii^^ 


Fxa.  6. — Multiple  System.  Fia.  6. — Series  System. 

and  the  last  electrodes  are  connected  to  the  electric  circuit;  the  first,  which 
is  the  anode,  is  of  lead,  the  last  which  is  the  cathode,  is  of  copper.  All 
intermediate  electrodes  are  made  of  the  copper  to  be  refined  and  act  as  bi- 
polar electrodes,  copper  being  dissolved  from  the  side  acting  as  anode  and 
pure  copper  being  Bimultaaeously  deposited  on  the  aide  acting  aa  cathode. 
According  to  Addicks,  the  main  points  of  difference  between  the  multiple 
S3rstem  and  the  scries  are  in  energy  coat,  compactness  and  cost  of  propanng 
anodes.  The  power  in  the  series  system  is  about  70  per  cent,  of  that  in  the 
multiple  system.  In  the  multiple  tank  close  attention  must  be  paid  to 
the  contacts  (B.  Magnus,  EUclrockemical  Industry,  Vol,  I.  p.  561,  Vol.  II, 
p.  74;  C.  T.  Hutchinson,  Vol.  II,  p.  13).  The  series  tank  nas  relatively  no 
contacts  or  conducting  bars,  and  the  electrodes  are  very  close  together,  the 
anodes  being  thin,  even  platea.  To  produce  such  anodes  they  must  either 
be  rolled  or  specially  hand-cast,  and  the  grade  of  material  used  must  be  good. 
The  interest  on  the  metal  tied  up  in  process  and  the  investment  in  plant  is 
less  in  the  series  system.  The  aeries  system  requires  no  starting  sheets, 
but  much  closer  supervision  to  keep  the  quality  of  the  cathodes  up.  As 
lead-lined  tanks  cannot  be  used  in  series  work,  due  to  the  relatively  high 
voltages  used,  tank  nuiintenance  becomes  an  important  item. 

510.  Btatlitiot  of  copper  refining.  According  to  T.  Ulke  {Electro- 
chemical  Indxutry,  Vol.  I,  pp.  240  and  276)  the  yearly  output  of  American 
electrolytic  copper  refineries  in  1902  was  270,000  tons.  At  the  same  time 
the  amount  of  ailver  and  gold  recovered  per  year  in  the  copper  refineries 
was  27,000,000  oi.  of  silver  and  346,020  os.  of  gold.  It  is  also  known 
that  the  capacity  of  American  electrolytic  copper  refineries  hfu  about 
been  doubled  up  to  1908,  although  exact  figures  aa  to  the  present  statistics 
are  not  available. 

511.  BcfarencM  to  literature  on  ccpper  reflnlnf .  A  very  good  and 
concise  summary  of  modern  copper  refining  methods  is  the  article  by 
L.  Addicks,    Btedrochemical   and    Metailurffical    Induttry,  Vol.  IV,  p.  10. 
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See  aloo  the  monograph  of  T.  Ulke  on  modern  electrolytic  copper  refining. 
Conceroin^  treatment  of  the  Blimes  of  copper  refineries  see  below  under 
silver  refining,  alao  Kcrn^3/ei.  &  Chem.  Eriif'inff,  Vol.  IX,  p.  417.  A  full 
desoription  of  the  Great  Falls  refinery  is  given  by  Burns  in  Bmtrtin  American 
Inst.  Min.  Kngra.,  August,  1013,  p.  2011.  Concerning  the  power  problem 
in  electrolytic  copper  refining  see  paper9  by  Addioka,  Longwell,  and  Newbury, 
Transact.  Amer.  Electroohem.  Soc,  Vol.  XXV. 

IIS.  SilTer  reflning.  The  chief  commercial  problem  of  silver  refining 
relates  to  the  treatment  of  the  bullion  produced  by  copper  refineries,  to 
recover  the  silver  and  gold. 
This  bullion  may  be  treated 
either  with  the  old  sulphuric 
acid  parting  process  or  electro- 
lytically  by  one  of  the  follow- 
ing methods  (for  a  critical  com- 
muison  soe  F.  D.  Easterbrooks, 
Tranaacliona  American  Elec- 
trochemical Society,  Vol. 
VIII,  p.  126).  In  the  electro- 
lytic methods  the  electrolyte  is 
a  silver  nitrate  solution.  * 

SIS.  Balbach  prooeu.  The  cross-section  of  a  tank  is  shown  in  Fig. 
7.  The  cathode  is  made  of  i-in.  Acheson  graphite  slabs  fitted  to  the 
bottom.  Two  silver  contact  pieces  rest  respectively  on  the  bullion  to  be 
parted  and  the  graphite  slabs.  Bullion  cast  in  thin  square  slabs  is  contained 
in  a  cloth  case  which  is  supported  on  a  wooden  frame  suspended  over  the 
tank.  The  gold  slimes  accumulate  on  the  under  side  of  the  bullion,  between 
it  and  the  cathode,  increasing  the  resistance  as  the  operation  continues. 
£ach  tank  hss  a  cathode  surface  of  8  sq.  ft.,  and  a  current  density 
of  20  to  25  amp.  per  sq.  ft.  is  used.  The  voltage  averages  3.8  per  tank,  and 
an  average  ampere-hour  efficiency  of  93  per  cent,  is  obtained  on  a  continued 
run,  while  occasionally  an  efficiency  of  98  per  cent,  is  secured.  The  energy 
required  is  31.5  watt-hr.  per  os.  of  fine  silver  produced.  At  20  amp. 
per  sq.  ft.  about  32  per  cent,  of  the  daily  output  of  each  tank  is  held  perma- 
nently in  stock  in  electrolyte 


Fia.  7.— Balbach  Cell. 


i 
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Fio.  8. — Moebius  Cell. 


and  contacts.  (For  a  descrip- 
tion of  the  Balbaoh  refinery 
see  Electrochemical  Industry, 
Vol.  II,  p.  302.)  Thum'e 
modification  of  the  Balbach 
process,  as  employed  on  the 
Raritan  Copper  Works,  is  de- 
scribed by  Easterbrooks  in 
EUctrochem.  A  Met.  Ind.,  Vol. 
VI,  p.  277. 

S14.  Moebiui  proceu.  The 
cross-section  of  a  tank  is  shown 
in  Fi^.  8.  They  are  arranged 
in  umts  of  6  placed  end  to  end, 
each  unit  being  provided  with 
apparatus  for  raising  the  boxes 
containing  the  deposited  silver 
together  with  the  anodes  and 
cathodes,  and  with  arrange- 
ments for  imparting  a  recipro- 
cating motion  to  the  wooden 


8ora{>er8.  There  is  no  system  of  circulating  the  electrolyte,  but  the  scrapers 
moving  back  and  forth  agitate  it.  The  anodes  are  contained  in  a  cloth 
frame  which  holds  the  gold  slimes,  and  the  silver  is  brushed  off  from  the 
flUver  cathodes  by  the  wooden  scrapers,  and  drops  into  a  box  with  hinged 
bottom.  It  is  removed  by  raising  the  boxes  aoove  the  top  of  the  tanks 
and  emptjang  them  into  a  tray  placed  beneath.  This  operation  requires  i 
br.  per  day  per  unit.  Each  tank  has  a  cathode  surface  of  about  16.5  sq. 
ft.,  and  a  current  density  of  20  to  25  amp.  per  sq.  ft.  is  used.     The  voltage 


*  See  also  Kern,  Met.  d  Chem.  BnQHng,  Vol.  IX,  p.  443. 
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betwMn  electrodes  ii  1.4  to  l.S  and  the  energy  oonnunption  ii  13.2  waM-hr. 
per  01.  of  silver  deposited.  A  mean  ampere-nour  effidenc^  of  S4  per  cent. 
18  obtained.  At  20  amp.  per  sq.  ft.  41  jwr  oent.  of  the  dally  output  of  each 
unit  is  permanently  in  stock  in  cathodes  and  electrolyte. 

In  both  the  Balbaoh  and  the  Moebius  prooeasee  whioh  are  in  use  at  Tarioua 
copper  refineries  the  silver  is  depositea  in  a  looae  orystalline  form  at  a 
relatively  high  current  density.  With  a  lower  current  density  ^10  amp.  per 
•q.  ft.)  silver  is  deposited  in  adherent  form  from  a  cop^r-siirer  mtrate 
solution,  with  a  small  addition  of  jgelatine,  with  rapid  circulation  of  the 
solution.  The  energy  consumption  is  nearly  identical  with  the  Moebim 
method.  28  to  32  per  cent,  of  the  daily  output  is  retained  in  cathodes  and 
electrolyte.  A.  G.  Betta  (Trontactiotu  American  Electrochemical 
Society,  Vol.  Vin,  p.  121)  recommends  an  electrolyte  of  methyl  sulphuric 
add  with  a  small  addition  of  carbon  bisulphide. 

aiC.  Treatment  of  bullion  at  United  Btatei  mints.  The  buIUoB 
to  be  parted  and  refined  is  divided  into  two  daaaes.  by  selection  and  blend- 
ing. One  class  is  largely  gold  (see  below  gold  refining).  The  other  class 
contains  largely  silver;  the  anodes  are  compoeed  of  300  parte  of  gold  in  1,000, 
the  remaining  700  parts  consisting  of  silver,  copper  and  other  material. 
The  electrolyte  consists  of  a  3  per  cent,  solution  of  silver  nitrate  to  which  is 
added  l.fi  per  cent,  free  nitric  acid.  The  silver  deposit  is  obtained  in  co- 
herent form  if  a  very  small  amount  of  gelatine  is  B^ded  to  the  electrolyte 
(D.  K.  Tuttle,  BUetrochmical  and  iltlaUtiTaiail  Induttry,  Vol.  IV,  p.  S06). 

tU.  Oold  reflninf.  The  WotalwUl  prooeu  of  gold  refining  with  re- 
eovery  of  platinum  and  palladium  employs  a  gold  chloride  solution  strongly 
impregnated  with  hydrochloric  add,  at  a  temperature  of  66  to  70  dec.  oent. 
A  alight  modification  of  the  Wohlwill  process  (55  deg.  cent,  purer  anodes  and 
lower  current  density)  is  in  use  in  the  United  States  mints.  See  E.  Wohlwill, 
meetndumicei  Indutlry,  Vol.  II,  pp.  221  and  281,  Vol.  VI,  p.  450; 
D.    K.    TutUe,    BUclnchemical    Induslry,  Vol.    I,    p.    157;    also    Vol.  VI, 

Iip.  356  and  408.  The  applicability  of  the  Wohlwill  process  to  alloys  richer 
n  silver  has  been  rendered  possible  recently  by  the  employment  of  a  pul- 
sating current  (obtained  by  superposing  an  alternating  current  on  the 
direct  current)  instead  of  a  purely  direct  current.  {Met.  A  Chen.  Bnff^inc, 
Vol.  VIII,  p.  82).    See  also  Kern,  MeL  *  Chem.  Bnn'ing,  Vol.  IX,  p.  446. 

SIT.  Lead  reflnlnr.  The  Betta  proeeu  employs  a  solution  of  lead- 
fluoailieate,  containing  an  excess  of  nuosilido  acid  (5  to  7  per  cent.  Pb 
and  12  to  15  per  cent.  SiFi)  with  a  very  small  addition  of  gelatine  or  glue, 
depositing  lead  in  dense  coherent  form  and  free  from  bismuth.  {BUctn~ 
chemical  /ndujtry.  Vol.  I,  p.  4070.  The  voltage  per  tank  is  0.35  to  0.4 
including  losses,  the  temperature  30  'deg.  cent.,  the  energy  consumption  is 
from  fit  to  6  horsepower^days  per  ton  of  lead.  The  process  is  now  (1907) 
used  commercially  m  three  plants  in  Canada,  England,  United  States  of  an 
aggregate  capadty  of  175  tons  per  day.  The  emdoncy  at  Trail  is  88  per 
cent,  the  current  density  16  amp.  per  sq.  ft.  Concerning  the  treatment 
of  limes  see  BUctrochemiaJ  <t  MetaUumxcal  Itubutry,  Vol.  Ill,  pp.  141 
and  235. 

118.  Mekel  raSninf.     For  nickel  refining  dther  a  chloride  or  a  sul- 

?hate  solution  is  used.  F.  Foerster  recommends  a  temperature  of  00  to 
0  deg.  cent.,  good  drculation  and  a  current  density  of  0.01  to  0.02  amp.  per 
sq.  cm.,  with  a  solution  containing  about  30  g.  nickel  ( — 146  g.  NiS04, 
7HiO  or  121  g.  NiCli,  6HiO)  or  more  per  liter.  The  mckel  depodt  is 
of  such  density  and  tenadt>^  that  it  may  be  rolled  immediately^  into  tonn  of 
sheets.  Concerning  the  posdbility  of  obtaining  thick  coherent  nickel  deposits 
see  W.  McA.  Johnson,  Blectrochemical  Indiutry,  Vol.  I,  p.  212;  and  D. 
H.  Browne,  Electrochemical  Indxutry,  Vol.  I,_  p.  348.  ^  Browne  obtained 
good  coherent  depodts  from  a  neutral  solution  containing  70  g.  NiCI^ 
180  NaCI  per  liter,  heated  to  50  to  75  deg.  cent.,  with  a  current  density  m 
100  to  200  amp.  per  sq.  m.  with  effident  circulation  of  dectrolyte.  ]nom 
sulphate  solutions  thick  cathodes  may  be  depodted,  with  a  solution  of  neutral 
nickel-sulphate  or  nickel-ammonium  sulphate,  kept  at  about  SO  deg.  cent, 
with  effiaent  drculation  and  a  current  density  of  50  to  300  amp.  per  sq.  m. 
tit.  Zino  reflninf .  In  the  Boeptaar  pro«eu  which  is  in  use  in  a 
plant  in  England,  a  sue  chloride  solution  is  lubieoted  to  eleotralyrii.    De- 
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tails  oi  eleetrolyiia  as  eanied  out  in  Enslond  are  not  known;  MS,  howarer, 
E.  Guentfaer'a  Daratellung  de«  Zinks  auf  ElaktrolytUohem  Wese."  The 
latest  advsnoe'of  the  Siemens  It  Halske  Co.  in  this  field  is  the  use  eS 
nsancanese  peroxide  anodes.  The  power  consumption  is  3.4  kw-hr.  jwr 
kiloBnun  Zn. 

no.  Iron  rsflninC'  The  Burrsu  lirooau  employs  a  solution  of  fer- 
rous and  ammonium  sulphates  with  s  esthodie  current  density  of  8  to  10 
amp.  per  so.  ft.  and  a  slightly  smaller  anodic  current  density.  The  e.m.f. 
for  eaioh  cell  is  slightly  under  1  volt;  the  temperature  of  the  electrolyte  is 
about  30  deg.  cent. ;  the  ano<le8  consist  of  ordinary  grades  of  wrouglit  iron  and 
steel;  tiie  startins  sheets  for  the  cathode  are  of  thin  sheet-iron,  previousir 
cleaned  of  rust  (SUctrochtnical  Induttry,  Vol.  II,  p.  183).  See  also  E.  F. 
Kern,  Trantottiont.  Am.  Electroohem.  Soc,  Vol.  XIII. 

As  an  eleotrolytio  iron-refining  process  and  as  a  plating  operation  may  be 
considered  the  process  of  Cowpei^olesf  for  the  production  of  iron  sheets  and 
tubes  of  nearly  pure  iron  from  anodes  of  pig  iron.  The  electrolyte  is  a  con- 
eentrated  solution  of  ferrous  chloride  with  addition  agents. 

Ml.  Tla  reflainf.  According  to  the  Claus  prooMn  raw  tin  is  eleotro> 
lyced  in  a  10  per  cent,  sodium  sulphide  solution  at  a  temperature  of  mora 
than  80  deg.  cent,  with  a  current  density  of  0.5  amp.  per  sq.  dm.  at  a  voltage 
at  the  electrodes  below  0.2  volt.  Pure  tin  plates  or  plates  coated  with  pure 
tin  must  be  uaed_  as  cathodes.  The  anodes  contain  at  least  90  per  cent, 
tin:  no  circulation  of  electrolyte.  Before  introducing  new  tin  anodes 
into  the  cell,  it  is  necessary  to  dissolve  in  the  electrolyte  about  1  per  cent. 
of  its  weight  of  sulphur,  preferably  in  form  of  flowers  of  sulphur  (O.  Steiner, 
J7I«c<racA«fflKa{  and  Jf«(a(iur;icaf  /ndiu(r|r,VoL  V,  p.  309). 

m,  Biamath  raflnixif .  The  electrolyte  is  bismuth  ohlotida  eontain- 
ins  free  hydroohloiie  acid  (7  per  cent.  Bi  and  9  to  10  per  cent.  HCl).  The 
eathodic  current  density  is  20  amp.  tier  sq.  ft.,  the  anodic  current  density 
is  three  timea  this  amount,  the  voltage  at  the  electrodes  is  1.2.  Stvar 
and  gold  remain  at  the  anode,  but  traces  of  the  silver  pass  into  tlw  bismuth 
deposit.  The  anodes  contain  over  90  per  cent.  Bi,  besides  lead,  diver, 
eto.  The  product  is  99.8  per  cent,  pure,  the  chief  impurity  being  silver. 
The  arrangement  of  the  cell  is  the  same  as  in  the  Balbach  silver-refining 
process.  (A.  Mohn,  Bleetrochmieal  and  iletaUvrgieal  Inchulm,  Vol.  V, 
p.  314.) 

SIS.  Cadmium  refining.  A  cadmium  sulphate  solution  containing 
free  add  is  electrolysed  with  a  current  density  of  0.006  to  0.02  amp.  per 
sq.  cm.    (F.  Mylius  and  R.  Funk,  Zeit,  i.  ilnor^an.  Chimit,  Vol.  13,  p.  157.) 

SS4.  Klieallanaous  reflninc  proceisas.  ,  Cobalt  is  stated  to  be  de- 
posited from  its  sulphate  and  chloride  solutions  with  the  same  ease  and 
under  the  same  conditions  as  nickel.  Concerning  thallium  see  F.  Foerster 
"ZtU,  /.  Anorg.  Ckrnnie,"  Vol.  15,  p.  71.  Concerning  chromium  see  M. 
Le  Blanc's**  Production  of  Chromium,**  (English  translation  by  J.  W.  Rich- 
ards), also  Carveth  and  Mott,  and  Carveth  and  Curry,  Jour,  Phytieal 
Chmittry,  Vol.  IX.  pp.  231  and  363,  Le  Blanc,  IVansoctunu  of  the 
American  Electrochemical  Society,  Vol.  IX,  p.  315, 

rBOOUonoH  or  BTDsoonr  Aim  oxranr  oasis  bt  ilio- 
noLTsis  or  watbb 

SU.  Oenaral  theory.'  In  the  electrolytic  decomposition  of  water,  as  car- 
ried out  on  an  industrial  scale  for  the  production  of  oxygen  and  hydrogen 
gases,  instead  of  pure  water  which  has  too  low  an  electric  conductivity,  either 
a  20  per  cent,  solution  of  sulphuric  acid  or  a  15  per  cent,  solution  of  caustic 
soda  IS  used  as  electrolyte,  these  concentrations  eorrespondinf  to  maximum 
conductivity.  If  sulphuric  acid  is  used,  the  oathodio  reaction  is  the  dicharge 
of  hydrogen  ions  and  the  setting  free  of  hydrogen  gas,  while  the  anodic  reac- 
tion may  be  written 

80«'+HK)-Hi804+0,  (35) 

so  (hat  oxygen  gas  is  set  free  and  sulphuric  add  'a  reformed.    The  quantity 
of  sulphuric  acjg,  therefore,  remains  eonstant  and  only  water  disappears. 

'Engelhardt.    Mtl.  it  Chtm.  Bna'int,  Vol.  XI,  p.  43. 

t  FaCuar  and  Brinell.    Jf «(.  <t  CK*m;  gng'ing,  VoL  XI,  p.  197. 
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In  the  same  way  with  caiutio  soda,  NaOH,  as  electrolyte,  the  eathodk 
reaction  i* 

2Na-)-2H<0-2NaOH+Ht.  (36) 

and  the  anodic  reaction  is 

2OH-H1O  +  O,  (37) 

M  that  Hs  is  set  tree  at  the  cathode  and  O  at  the  anode,  water  diaappearinc, 
while  the  quantity  of  caustic  soda  remains  constant,  since  as  much  is  formed 
at  the  cathode  as  is  decomposed  by  the  current.  It  is,  therefore,  neceasaiy 
to  add  new  water  to  the  solution  from  time  to  time.  The  deoompooition 
e.m.f.  of  water  with  polished  platinum  electrodes  is  about  1.7  volts. 

116.  In  a  oommareial  elaotrolyisr  the  e.m.f.  is  3  volts  or  leas. 
We  will  assume  3  volts,  100,000  coulombs  evolve  1.04  g.  of  hydrocen 
gas,  occupying  11.6  liters  at  0  deg.  cent,  and  atmospheric  pressure,  and  &3 

([.  oxygen  gas,  occupying  5.8  liters.  But  the  passage  of  100,000  ooo- 
ombs  at  3  volts  represents  an  energy  consumption  of  A  kw-hr, 
so  that  the  electrolytic  production  of  1  cu.  m.  of  hydrogen  gas  (0  deg. 
cent,  and  atmospheric  pressure)  reouires  somewhat  over  7  kw-hr.  Wito 
sin  add  solution  the  electrodes  may  be  made  of  lead,  with  an  alkaline  aoln- 
tion  of  iron.  In  the  construction  of  the  vats  for  electrolysis  the  chief  prol>> 
lem  is  to  keep  the  hydrogen  and  oxygon  gases  separate  from  each  other  by 
some  such  device  as  a  diaphragm.  * 

MT.  An  Important  appllcatsion  of  eleebtklTtic  hydrogen  and  esnan 
is  the  production  of  liign  temperatures  by  the  ozyhydrosen  fiamcf  for 
welding,  etc. 

ALKAUNX  CHLOftlDI  ILIOTBOLTSU 
tU.  Produota  of  alkaline  chloride  aleotrolTlia.     If  the  aoltttioa  of 
an  alkaline  chloride  (say,  sodium  chloride)  in  water  is  eleotrolysed,  the  pr»' 
ducts  may  be,  accorclinc  to  the  arrangement  of  the  operation,  either  (a)  caustie 
•oda  and  chlorine,  or  (b)  hypochlorite  (bleaching  liquor)  or  (o)  chlorate. 
tn.  Canatlo  soda  and  chlorine,  t    The  total  reaction  la 

NaCl  +  H,0-NaOH+H  +  CI.  (S8) 

At  the  cathode  the  Na  cations  discharge,  react  with  water  and  form  caustic 
soda  and  hydrogen  gas.  At  the  anode  chlorine  is  liberated  which  is  partly 
dissolved  in  the  solution  and  partly  evolved  as  gas.  If  the  valuable  products 
of  the  process  are  to  be  caustic  soda  and  chlorine,  §  the  chief  requirement  is 
to  keep  the  anodic  and  cathodic  products  separate  from  each  other  and  to 
remove  them  as  quickly  as  possible  from  the  sphere  of  electrolytic  action. 
ISO.  Merourr  cathode  procaiaei.  Of  the  mercury  cathode  prooesera, 
the  Castner-Kellner  process  and  the  8oIvay  process  first  aehieved  large 
industrial  importance.  The  sodium-mercury  alloy  formed  at  the  cathode 
of  the  electrolytic  cell  is  by  some  special  means  removed  from  the  surface 
of  contact  witn  the  electrolyte  and  carried  off  to  a  separate  cell  where  the 
amalgam  is  decomposed  in  contact  with  water,  caustic  soda,  NaOH,  being 
formed  with  simultaneous  evolution  of  hydrogen  gas,  Na+HtO  — NaOH 
+  H.  In  some  mercury-cathode  processes  this  is  simply  a  chemical  reaction, 
heat  being  evolved  in  consequence  of  its  taking  place.  In  other  proceeaea, 
like  the  Castner-Kellner,  it  is  made  an  electrolytic  action,  and  the  energy 
given  out  by  this  reaction  is  obtained  in  form  of  electrical  energy  80  that  less 
energy  is  required  to  decompose  the  NaCl  solution  in  the  other  cell.  As  a 
matter  of  fact,  we  have  in  this  case  two  electrol3^o  eelly  in  series.  In 
the  series:  carbon  anode,  NaCl  solution,  mercury,  water,  iron  cathode,  the 
mercury  acts  as  a  bipolar  electrode,  and  the  reaction  in  the  first  cell  is 
NaCl  +  Hg  =  Cl-t-Hg,Na.  that  in  the  second  cell  Hg,Na-)-HiO>H(-t- 
NaOH-f-H;   hence  the  total  reaction   NaCl-l- HiO-Cl-l- NaOH H-H.    The 

*8ee  V.  Engelhardt's  "Electrolysis  of  Water,"  English  translation  by 
J.  W.  Richards,  also  Met.  it  Chem.  Sng'ijiQ^  Vol.  IX,  p.  475. 

t  Concerning  this  and  oxy-acetylene  welding  see  R.  N.  Hart,  "Welding,** 

t  Billiterj  "  Die  Electrochemiaehen  Verfsinren  der  Cbemisehen  Qroas- 
Industrie;'  Brochet,  "  La  Sonde  Electrolytique;"  Lucion,  "  Electrolytische 
Alkalichloridserlegung  mit  flassigen  Metsill-kathoden;"  Allmand,  "Applied 
Electrochemistry,  p.  342  to  385. 

i  The  hydrogen  gas  evolved  at  the  cathode  is  usually  waated,  though  it  is 
employed  in  Germany  to  some  extent  for  balloon  filling. 
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fiiat  partial  reaction  oonmimes  energy,  hence  it  requires  that  a  certain  volt- 
age b«  impressed  on  the  cell  from  the  outside.  The  second  partial  reaction 
evolves  energy.  Hence  the  total  reaction  requires  energy  equal  to  the 
difference  of  the  energiea  of  the  two  partial  reactions.  The  voltage  at  the 
terminals  of  the  vfaole  is  less  than  that  required  for  the  first  partial  reaction 
alone. 

Newer  mercury  cathode  cells  are  the  Whiting  cell  and*  the  Wilderman 
oell.t  The  advantages  of  mercurv  cathode  cells  are  high  purity  and  high 
ooncentration  of  caustic  soda  witti  reduction  of  evaporation  charges,  and 
high  ampere-hour  efficiency.  The  drawbacks  are  comparatively  high  volt- 
age and  the  first  cost  of  the  mercury. 

SSI.  Fuaad-Iead-cathode  proceu.  While  in  the  mercury-cathode  call 
an  aqueous  solution  of  sodium  chloride  is  electrolysed,  the  fiised-lead- 
caihode  process  (C.  E.  Acker)  employs  an  electrolyte  of  fused  sodium 
chloride.  The  sooium  alloys  with  the  fused  lead.  This  alloy  is  carried  off 
and  decomposed  in  another  vessel  by  means  of  a  jet  of  steam.  The  principle 
18  exactly  analogous  to  the  mercury-oathode  process  (C.  E.  Acker,  Trant' 
actions  American  Electrochemical  oociety,  Vol.  I.  p.  165).  The  proeesa 
is  no  longer  in  commercial  operation. 

StS.  In  the  Olooken  proceii  or  bell-process  or  gravity-procees  the  anode 
is  contained  in  a  bell-formed  non-conducting  receptacle,  oi>en  at  the  bottom 
and  thereby  in  connection  with  the  outside  cathode  compartment  surround- 
ing the  bell.  By  force  of  gravity  the  anodic  and  cathodic  products  are  held 
automatically  separate  and  prevented  from  mixing  and  are  continually 
carried  off.  Fresh  saturated  NaCl  solution  is  continually  supplied  to  the 
anode  compartment  (bell)  and  passes  downward  and  prevents  the  OH  iona 
from  reaching  the  anode  (O.  Steiner,  Elecirochemical  and  Metailuruiccd 
Industry,  Vol.  V,  p.  171). 

iM9.  In  the  BIlUter-IieTkain  oelU  the  bell  process  has  been  modified  by 
placing  the  cathodes  (hooded  to  collect  the  hydrogen)  immediately  under- 
neath the  bell  jar,  and  not  around  its  sides. 

M4.  In  the  diftphra^rm  procestesS  which  are  the  oldest  ones  and  of  which 
there  are  quite  a  number,  the  electrolytic  cell  is  divided  into  an  anode  com- 
partment and  a  cathode  compartment  by  means  of  a  porous  diaplira^ra 
which  prevents  the  mechanicar  mixing  of  the  two  solutions.  If  the  chlonde 
solution  Is  supplied  to  the  cathode  compartment,  the  solution  cannot  be 
highly  saturated  with  caustic  without  trouble  being  produced  by  the  OH 
iona  passing  to  the  anode.  The  only  large  industrial  process  in  which  this 
arrangement  is  used  is  the  Griesheim  Elektron  processlt  used  in  Germany. 

In  most  other  diaphrag'm  cells  saturated  sodium  chloride  solution  is 
introduced  into  the  anode  compartment  so  as  to  flow  through  the  diaphragm 
toward  the  cathode  and  counteract  the  tendency  of  the  OH  ions  to  pass  to 
the  anode.  This  is  the  case,  for  instance,  in  the  cells  of  LeSueur,  McDonald 
and  others.  A  comparatively  very  small  cathode  compartment  of  special 
oonatruction  is  the  feature  of  the  Hargreavee-Bird  cell.  This  principle  ie 
carried  still  further  in  the  Townaend  cell,  in  which  the  cathode  compartment 
contains  no  electrolyte  whatever,  but  liquid  kerosene.  The  caustic  as  soon 
aa  formed  is  absorbed  in  the  kerosene  and  carried  o£F.  (C.  P.  Townsend, 
TranaaetionM  American  Electrochemical  Society,  Vol.  VII,  p.  63;  L. 
Baekeland,  Electrochemical  and  Mdallurgieal  fnduMtry,  Vol.  V,  p.  209 
and  Vol.  VII.  p.  313.) 

Almost  all  diaphragm  cells  use  vertical  diaphragms.  An  exception  is 
the  Billiter-Siemena  &  Halake  cell^  in  which  honaontal  diaphragms  are  used. 

US.  Data  on  alkali-chlorine  celli.  AUmand  ("Principles  of  Applied 
Electrochemistry,**  p.  383)  gives  the  following  comparative  table  of  electro- 
chemical data  of  different  alkali-chlorine  cells,  which  holds  for  those  condi- 
tions under  which  the  cell  in  question  is  normally  worked.     Concerning 

■  Trantaetions  Amer.  Electrochem.  Soc,  Vol.  XVII.  p.  327. 

iMet.  A  Chem,  Bng^ing,  Vol.  XI,  p.  628. 
Afrf  A  Chem.  Bn^Hng,  Vol.  XI,  p.  20. 
Theory  by  Guye,  Jour,  Chim,  Phyt,,  Vol.  I»  pp.  121  and  212,  Vol.  II,  p. 
79,  and  Vol.  V,  p.  398. 

^Lepsius.     dhem.  Zeit.,  Vol.  XXXIII.  p.  299. 
1  Met,  A  Chem,  Sng'ing,  Vol.  XI,  p.  10. 
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ficuras  of  ooit  o(  operation  *ee   Knselhardt,  itt.  A   Chtm.  Xno'ina,  VoL 
IX,  p.  489;  aim  du  Faur,  itet.  <ft  Clum.  Snt'ina.,  Vol.  VIII.  p.  S76. 

Me.  Table  of  Chlorlac-AIkaU  0«lta  (AUmaad) 


Cdl 


Normality 
ofalkaU 


Cathodie 

euiTWit 

effidenoy 


Volt- 
age 


Snergy 
efficiency 


Kir-hr. 
per  Idio 
NaOH 


Caatner  (rocking  cell) . . . 
Kellner  (platinum 

anodes). 
Kellner  (carbon  anodaa) . 

Whiting 

Wildermann 

Griethflim  (carbon 

anodes) . 
Oriesheim  (magnetite 

anodes) . 

Outhenin-Chalandre 

BeU  ceU 

BiUiter  beU  eeU 

BiUiter  diaphragm  coll.. 

HargreaTea-Bird. 

Townaend 

Flnlay 


5n. 
5-«n. 

6-en. 

6n. 

6-«n. 

l-2n. 

l-2n. 

(2n.T) 
2n. 
3n. 
3-4n. 
3n.  NaiCOi 
4n. 
2n. 


per  cent. 
92 
97 

85 
82 
87 

70-80 

70-80 

«« 
85 
82 
95 
85 
94 
88 


Tolta 
4.2 
6.0 

4.5 
4.0 
6.0 
3.6 

4.0 


per  cent. 
60 
45 

49 

53 

45 

45-51 

40-58 

41 
48 
«8 
58 


3.1 
8.4 

3.1 

2.8 

3.4 

3.0-3.4 

3.S-3.S 

8.7 
3.1 
3.3 
2.6 


8.0 


45 
75 


S.4 
2.0 


SIT.  AnodM.  Artificial  graphite  anodes  are  ezcefedingly  oaeful.  Plati- 
num anodes  are  occasionally  used.  Ferric  oxide  electrodes  have  been 
introduced  in  Germany.  The  construction  of  concrete  tanks  for  chloride 
electrolysis  is  described  by  D.  H.  Browne,  SUctrochemictU  /mfusfrf. 
Vol.  I,  p.  273.  Concerning  the  construction  of  diaphragms  see  Allmand's 
"  Applied  Electrochemistry/'  p.  154. 

US.  Conoamliif  the  usei  of  eleotrolytlfl  ohlorlne  see  F.  'innteler, 
Electrochemical  Induttry,  Vol.  II,  p.  339:  O.  Nagel.  jB(ee<rocA«mical  oimI 
UttaUuraieal  /ndiulry.  Vol.  Ill,  p.  16.  The  chief  application  of  electro- 
lytic chlorine  is  for -the  manufacture  of  chloride  of  lime  (bleaching  powder). 
Other  apiilications  are  the  detinning  of  tin  scrap  (with  production  of  tin 
tetrachloride),  manufacture  of  carbon  tetrachloride,  sulphur  chlwide, 
acetylene  tetrachloride,  hydrochloric  acid  (by  combining  the  anodic  chlorine 
with  the  cathodie  hydrogen),  etc.  Concerning  the  uses  of  chlorine  in 
metallurgy  see  Baker,  Trantacti»nt  American  Electrochem.  Soc.,  Vol.  XII. 
As  to  the  electrolytic  production  of  bromine  and  iodine  see  the  Gennaa 
monograph  by  M.  Schloetter. 


tSt.  Table  of  HypoohlOTlta  Calli  (Allmand) 

Type 

Brine 
used 

Grams 
active 
chlorine 
per  liter 

Kwhr. 
per  Ulo 

active 
chlorine 

Kilos  of 
salt  per 

kao 
active 
chlorine 

Addition 

Kellner  (vertical 
electrodes). 
Haaa-Oettel 

Per  cent. 
15 

17 
15 

15 

12.0 

12.3 
20 

25 

6.5 

6.4 
6.0 

6.0 

KtCrO. 

14 
7.8-8 

4-6 

Sodium 

reainate 

Sulphur 

compound 

Kellner  (horisonul 
electrodes). 

140.  Hypoehlorlta    (blaaoblnc   liquor).    While  for  the  production  of 
caustic  and  ohlorine  by  electrolyits  of  Moium  chloiida  the  anodia  and 
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Mtthodie  produots  must  bs  kept  separate,  the  reverae  reqairement  moat  be 
fulfilled  for  the  eleotrolytio  production  of  hypoohlohtee  ibleaehinc  liquors) 
by  electrolysis  of  sodioin  chloride.  Sodium  hypochlorite  is  the  result  of  the 
re&ction  of  chlorine  on  caustic  soda.  To  obtain  the  hypochlorite  in  the 
electrolytic  cell  itself,  the  electrodes  are  placed  near  together  and  the  electro- 
lyte ia  maintained  in  steady  motion  in  order  to  mix  the  anodic  and  cathodic 
products  together.  For  a  deecription  of  commercial  oelta  for  the  production 
of  bleaching    liquor  see  W.  H.  Walker,  fteetrocAemieoi  Indtutry,  Vol.  I, 

5.  439;  Engelhardt  and  Abel,  "Hypochlorite  and  Elektiisobe  Bleiche," 
Tolumes;  Allmand,  "Applied  EIectroobemistiy,''j)p.  818  335.  Concerning 
eo«t  of  operation  see  Engelhardt,  Met.  <t  Chtm.  Bnt'int,  Vol.  IX,  p.  489. 

AUmand's  table  (Par.  IM)  gives  typical  results  yielded  by  different  eleo- 
trolysers.  They  cannot  be  very  closely  compared,  owing  to  varying  con- 
ditioDS,  but  give  an  idea  of  the  relative  capabihties  of  the  different  types. 

Concerning  the  Digby  hypochlorite  cell  see  Met.  A  Chem.  Bng'ing,  Vol. 
IX,  p.  328. 

141.  OhloratCi  The  production  of  chlorate  by  electrolysis  of  sodium 
ehloride  requires  interaction  between  caustic  soda  and  chlorine  under  the 
oonditions  of  a  modsratel/  high  tmnperature,  above  40  deg.  cent,  and  an 


of  reducing  oonmtions.     For  the  latter  purpose  the  addition  of 

ehromate  has  been  found  especially  useful.  No  diaphragms  are  used  in 
modem  chlorate  cells  (see  the  German  monograph  by  Kenhaw  and  Huth; 
iklso  Allmand,  Applied  Eleotroehemistry,  pp.  335-341).  As  to  the  use  of 
electrolytieaUy  produced  add  and  alkali  (obtained  \>y  electrolysis  of  a  solution 
of  chlorate  or  perehlorate  of  sodium)  for  producing  bichloric  phosphate 
fertiUsen  see  Palmaer,  iltt.  A  Chtm.  Bnp'int,  Vol.  X,  p.  681. 

lUOTBOLTUB  Or  OBLOBIDIl  OF  OOPPH,  HIOXIL 
AKDZnC 

t4t.  Seduction  of  eopper-nlekel  matte.  Besides  the  electrolysis  of 
alkaline  chlorides,  which  is  now  carried  out  on  a  very  large  industriu  scale 
in  the  numerous  processes,  sketched  above,  chloride  electrolysiB  has  also  been 
attempted  in  the  metallurgy  of  copper,  nickel  and  sine.  (Concerning  the 
early  work  of   Hoepfner  in    this    field  see  Wm.  Koehler,  BUetroehemical 


i 

i 
i 
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Fig.  9. — Separation  of  nickel  and  copper. 

Indiutn,  Vol.  I,  pp.  S40,  568.)  Success  has  been  attained  in  this  field  by 
D.  H.  Browne  for  upanttlon  of  the  nickel  and  eoppvr  from  oopper- 
nlekel  matt*,  the  scheme  of  the  process  being  indicated  in  Fig.  9.  The 
matte  is  roasted  and  melted  and  one^alf  of  the  fused  cop^jer-nickw  is  poured 
into  anode  form,  the  other  half  is  poured  into  water,  thus  giving  copper-nickel 
shot  of  a  weight  equal  to  that  of  the  anodes.  The  anodes  are  placed  in  the 
nickel-copper  chloride  bath;  the  copper-nickel  shot  is  brought  Into  the  shot 
tower  in  which  the  electrolyte  for  the  copperKlepositing  baths  is  made.  In 
these  baths  pure  copper  is  depoeited  on  the  cathodes,  nearly  all  the  copper 
being  separated  from  the  nickel  in  solution.  The  small  amount  of  copper 
lenuuning  in  solution  is  removed  by  means  of  sodium  sulphide.  The  solu- 
tioB  wbiek  to  now  a  mixture  of  NiCb,  NaCI,  and  a  small  amount  of  FeCb 
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ia  then  treated  with  some  chlorine  gas  in  order  to  oxidise  the  ferrous  chloride 
to  ferric  chloride.  By  means  of  sodium  hydroxide  the  iron  is  then  removed 
from  the  solution;  alter  removal  of  the  ferric  hydroxide,  the  solution  is  a 
mixture  of  NiCli  and  NaCl  and  ia  then  brought  into  the  evaporator.  The 
sodium  chloride  separates  out,  and  the  nicker  chloride  solution  is  subjected 
to  electrolysis.  As  shown  in  the  diagram,  the  prooeaa  is  nearly  cyclic  with 
respect  to  chlorine,  (For  details  see  F.  Eaber,  EUetrochemteal  Induftrm, 
Vol  I,  p.  381.)  ^ 

tU.  FuMd  ehlorid*  «I«etrol7ila  is  employed  in  the  Swinbume-Aah- 
GToft  "chlorine-smelting"^  process  for  the  treatment  of  mixed  sulphide 
ores.  The  scheme  ia  indicated  in  the  diagram.  Fig.  10,  where  the  ore  ia 
assumed  to  be  a  mixture  of  sine  sulphide  and  the  sulphides  of  two  other 
metals,  designated  by  M  and  N.  The  mixture  of  sulpnides  is  first  treated 
in  the  transformer  with  chlorine  and  changed  into  a  mixture  of  chlorides. 
The  second  step  of  the  prooesB  consists  in  substituting  sine  for  M  and  N. 
The  lino  chloride  is  then  electrolysed.  The  process  is  cyclic  with  respect 
to  chlorine.  (See  Swinburne,  Electrochemical  Induatry,  Vol.  I,  p.  412* 
Vol.  II,  p.  404.  See  also  Aahcroft's  articles  on  experiments  with  fuaeci 
electrolytes  and  handling  of  chlorine  (pumping,  etc.),  Blectrochmieat  and 
MttaUwrtical  IndutiTu,  Vol.  IV,  pp.  91,  143,  178,  357.) 

aZng+bMSfcNS 
t(»tb+c)8)-" — I    Traniformer   |. — (s+b+rtCli- 
SZsCl^bMCI^cHCIi 


rhM4.rN1«—      SabiMtotlon  of 
"•       "^^      Zn  for  M  anil  N 


T 


Cirbou  Auodet 
(  s+bMlZsOlt— ^       BlectrolflU 
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■  (b-t-clZn  ■ 


Fig.  10. — Swinborne-Ashcrofl  Prpeess. 

M4.  Oonoemlnir   eleotrolytlo   prooeaM*   In   sine    mstallunrr,    see 

W.  McA.  Johnson,  Electrochem.  dt  Met.  Ind.,  Vol.  V,  p.  83:  alao  Tramact. 
Amer.  Electrochem.  Soc.  Vol.  II;  and  J.  W.  Richards,  Tramact.  Amer. 
Electrochem.  Soc,  Vol.  XXV.  See  also  Ollnthor'a  "Daistellung  das  Zinka 
auf  Elektrolytisohem  Wege." 

1*6.  In  gold  metallurcy  electrochemical  processes  have  been  tried  or  used 
in  various  ways.  In  the  chlorination  prooess  electrolytic  chlorine  or  electro- 
lytically  produced  bleaching  jpowder  nas  been  employed.  In  the  cyanide 
process  electrolytic  precipitation  of  gold  (as  a  substitute  for  sine  precifMtSL^ 
tion)  by  the  Siemens  A  Halake  process  has  been  formerly  employed  on  a 
large  scale,  especially  in  South  Africa.*  Clancyf  has  proposed  the  sub- 
stitution of  cyanaraido  (in  combination  with  electrolysis)  for  cyanide,  but 
has  not  achieved  commercial  success  so  far.  Electrolytic  amaJgamationt 
has  been  experimented  with  repeatedly,  but  is  not  in  use  on  a  large  scale  at 
present;  the  principle  is  to  make  the  mercury  in  the  ordinary  amalgamatioii 
process  cathode  in  an  electrolytic  cell. 

BLKCTKOLTTIC  KZDUCTION  OF  ALUIOHIUK,  SODIUM,  KAO- 
HKSIUM  AND  CALCIITM 
lis.  Aluminium.  Finally,  various  electrolytic  processes  must  be 
mentioned  which  have  resulted  in  the  cheap  production  of  certain  metala 
which  can  be  made  by  other  means  only  at  ^reat  expense.  The  olaasical 
example  is  the  electrolytic  production  of  aluminium  wnich  is  now  certainly 

*  Concerning  this  proccaa  and  ita  later  developments  by  Butters,  Hamilton 
and  Richmond  see  EUctrachem,  A  Met.  Ind.,  Vol.  II,  pp.  55,  131,  207,  215. 
372.  B.  Neumann,  Vol.  IV,  p.  297.  C.  R.  Richmond,  Bn<r.  <1  Min.  Jour.,  1807 
March  16.  See  also  Walker,  Traruacl.  Amer.  Electrochem.  Soc,  Vol. 
IV,  p.  47  and  two  papers  by  Kern  and  by  Clevenger  and  Hall  in  TVonsoct. 
Amer.  Electrochem.  Soc.,  Vol.  XXIV,  pp.  241,  271. 

t  Mel.  <t  Chem.  Eng'ing,  Vol.   VIII,  pp.   608.   623;  Vol.  IX,  pp.  21,  336, 
J  Carey,    Met.   ik   Chem.  Eno'ino,  Vol.  VIII,  p.    438;  Tramact.  Amer.. 
Electrochem.  Soc..  Vol.  XIX,  p.  127. 
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the  most  important  electroohemical  industry.  In  the  processes  of  Hall 
and  Hiroult  the  electrolyte  is  a  fused  solution  of  alumina  (as  solute)  in  the 
double  fluoride  of  aluminium  and  sodium  (as solvent).  Carbon  anodes  are 
used,  while  the  melted  aluminium  metal  in  the  bottom  of  the  pot  forms  the 
c&thode.  The  temperature  is  9CX)  des.  cent.  The  alumina  is  decomposed 
by  the  current  and  treah  alumina  ia  added  at  intervals  to  the  bath.  Accord- 
ing to  J.  W.  Richards  the  production  of  1  kg.  of  aluminium  requires  22  kw-hr. 
Aluminium  is  used  for  the  manufacture  of  various  utensils,  for  all  purposes 
where  lightness  ia  an  advantage,  and  especially  for  electric  conductors  as 
a  substitute  for  copper.  J.  W.  Hicharda'  "Aluminium"  is  the  standard 
book  oh  this  metal:  concerning  the  theory  of  the  process  a  different  view  is 
defended  in  the  book  by  Minet,  translated  by  L.  Waldo.*  According  to  the 
U.  8.  Geological  Survey,  the  production  of  aluminium  in  the  Unitea  State* 
was  61,281  lb.  in  1890;  920,000lb.  in  1805;  7.150,000  lb.  in  1900;  and  11.347,000 
in  1905.  It  is  estimated  that  the  output  in  1906  i^as  30  per  cent,  greater  than 
the  output  in  1905,  but  a  much  greater  rate  of  increase  is  expected  in  the 
future. 

S47.  Fropertlat  of  aluminium  oalla.  The  property  of  aluminium 
electrodes  to  let  electricity  pass  in  one  direction  (when  the  aluminium 
electrode  is  cathode),  but  not  in  the  other,  is  made  use  of  in  eleotrolytlo 
reetlflerg.  A.  Nodon  ("Transactions  of  the  International  Electrical 
Congreas,"  St.  Louis,  19(>4,  Vol.  I,  p.  510)  employs  a  neutral  solution  of 
ammonium  phosphate  in  water  as  tne  electrolyte,  with  aluminium  as  one 
electrode  and  the  other  electrode  of  lead  or  polished  steel.  C.  F.  Burgees 
»nd  Carl  Hambueehen  {Trantactiona  American  Electrochemical  Society, 
Vol.  I,  p.  147)  use  a  fused  electrolvte  of  molten  sodium  nitrate  with  an  alu- 
minium and  an  iron  electrode.  If  two  aluminium  electrodes  are  used,  the 
system  represents  an  eleotrolytic  condenser  (C.  I.  Zimmerman,  Trana- 
actiona  of  the  American  Electrochemical  Society,  Vol.  VII,  p.  309).  Thia 
valve  effect  of  the  aluminium  electrode  is  also  made  use  of  in  the  eleotrolytio 
Ilfhtning-arreiter  (see   R.  P.  Jackson,  Electrical  Journal,  August,   1907). 

MS.  Metellio  lodlum  is  produced  on  a  large  scale  by  the  CMtiier 
proceia  from  a  fused  NaOH  electrolyte  at  a  temperature  not  more  than  10 
(W  15  deg.  cent,  above  the  melting  point  (which  is  at  308  d^.  cent.).  A 
cause  or  screen  is  provided  between  the  electrodes  and  a  superposed  dome 
for  ooUecting  the  metallic  sodium. 

S49.  The  Asheroft  process  produces  sodium  from  common  salt  in  a 
double  cell  of  the  following  construction.  In  the  first  half  of  the  cell  fused 
sodium  chloride  is  electro^sed  with  a  carbon  anode  (at  which  chlorine  is 
liberated)  and  a  fused  lead  cathode  (which  absorbs  the  sodium).  The  same 
fuwed  soaium-lead»alloy  forms  the  anode  in  the  second  half  of  the  cell,  fused 
NsOH  being  the  electrolyte  and  the  cathodes  consisting  of  iron  or  nickel. 
Id  this  second  half  of  the  cell  sodium  passes  from  the  sodium-lead  alloy  into 
the  bath  and  is  deposited  at  the  cathode,  the  fused  bath  remaining  of  con- 
stant composition.  The  first  half  of  the  process  is  in  principle  analogous 
to  the  Acker  process,  the  second  half  to  the  Caatner  proceae,  but  with  the 
eaoeption  that  as  much  NaOH  is  formed  back  at  the  fused  sodiun)-lead 
anode  as  is  decomposed.  The  total  result  of  the  process  is  given  by  the  simple 
equation  NaCl'^Na+Cl  (Electrochemical  and  Metallurffical  Industry^  Vol. 
Iv,  p.  218).  (A  good  summary  of  various  sodium  processes  is  nven  by  C-  F. 
Carrier.  Jr.,  in  Electrochemical  and  Metallurgical  /ndustru.  Vol.  iV,  pp. 
442  and  475;  also  Met.  A  Chem.  EngHng,  Vol.  VIII,  p.  253.)  The  yearly  pro- 
duction of  sodium  in  the  world  (1906)  ia  about  3,500  tons,  of  which  1,500  tons 
are  used  for  making  cyanide,  1,500  for  peroxide  and  500  are  sold  as  metal. 

SM.  Hairnesium  is  produced  by  electrolysis  from  a  fused  dehydrated 
bath  of  carnalite,  i.e.,  a  double  chloride  of  potassium  and  magnesium  or 
from  a  fused  bath  of  magnesium  chloride  (Tucker  and  Jouard,  Transact. 
Amer.  Electrochem.  Soc.,  Vol.  XVll,  p.  249). 

Ml.  Oalelum  is  made  by  a  process  of  the  Allgemeine  Elektricitata 
Qesellachaft  by  electrolysis  of  fuaed  calcium  chloride,  the  cathode  being 
continually  and  slowly  raised  during  process  of  electrolysis  so  that  its  end 
always  just   touches    the    surface    of  the  bath  (J.  H.  Goodwin,  Electro- 

*  See  also  Neumann  and  Oesen,  Met.  A  Chem.  Eng*inQt  Vol.  VIII,  p.  185; 
Claeher,  Vol.  IX,  p.  146. 
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ehemical   and    MelaUurtieal   Induttry,    Vol.    Ill,  p.  80):  Frsry,    TranttL 
Amer.  Eleotroohem.  Soo.,  Vol.  XVIIl,  p.  117. 

■II.  Concamlnc  the  elaclzolTtio  preparation  of  a«rium  aae  Hinh, 
TrartMoet.  Amer.  Eleotrochem.  Soc,  Vol.  Xa,  p.  57. 

DISOHABQI  THROUaH  QASKB 

IIS.  Oiioluu'cei  throach  •tmospherle  air.  If  an  electric  diicbarce  ii 
pused  throush  «  gas  or  a  mixture  of  gases,  diffecent  chemical  reactions  an 
produced  according  to  the  nature  of  the  discharge.  Thus,  if  a  silent  disoharge 
IB  passed  through  atmospheric  air  Uie  oxygen  (Oi  moleoules)  in  the  air  is 
changed  into  oione  (Oi  molecules).  On  the  other  hand,  if  a  spark  or  an 
discharge  passes  through  air,  the  oxygen  and  nitrogen  of  the  air  are  foreed 
to  combine;  mnce  the  nitrogen  in  the  air  is  thereby  fixed  in  form  of  a  naeful 
compound,  this  process  is  spoken  of  as  the  fixation  of  atmospheric  nitrogen. 

Mi.  The  rationale  of  oxone  formation  by  the  rilent  discharge  is  not 
yet  fully  understood  although  considerable  evidence  has  been  produced  to  the 
effect  that  the  reaction  is  essentially  photo-electric,  due  to  the  ultraviolet 
radiation  which  accompanies  the  silent  discharge.  It  is  known  that  ultra- 
violet rays  passing  through  oxygen  gas  change  it  into  oxone.  Commerdal 
osonisers  are  operated  by  high-tension  alternating  current  and  the  chief  fea- 
ture of  their  design  is  the  necessity  to  avoid  any  spark  or  arc  discharges.  In 
most  forms  of  osonisers  this  is  accomplished  by  providinc  a  dielectrio  (glass, 
mica,  etc.)  between  the  electrodes.  In  the  raemens  de  Halske  osoniser*  a 
water-cooled  metal  tube  is  employed  in  a  glass  or  mica  tube  wound  with  cop- 
per ribbon;  the  glass  or  mica  tube  forms  the  dielectrio,  while  the  inner  metal 
tube  and  the  outer  copper  ribbon  form  the  two  electrodes.  Through  the 
annular  space  between  the  two  the  air  to  be  osonised  is  passed.  In  the 
Vosmaer  osoniser  no  dielectric  is  used,  but  the  production  of  sparks  and  arcs 
is  prevented  by  purely  electrical  means,  essentially  with  the  aid  of  condensers. 

ISS.  The  main  appUeationi  of  oxone  are  for  bleaching,  purifying  and 
Bterilicing,  and  for  the  industrial  manufacture  of  certain  chemical  compounds 
such  as  vanillin  from  iso-eugenol.  The  chief  apj>lieation  is  for  the  steriUxa- 
tion  of  water;  its  effectiveness  for  this  purpose  is  certain  but  the  cost  of  the 
process  has,  so  far,  somewhat  restricted  ita  wider  application  on  a  oommercia] 
scale.t     (Sec.  22.) 

SSS.  Coneeminf  othar  ebemieal  eSaeti  of  the  silent  dlaeharr*  see, 
for  instance,  J.  N.  Collie,  rransacfioiM — Journal  of  the  CHiemical  Society, 
London,  1905,  p.  154;  Wiechmann,  "Notes  on  Electrochemistry,"  p.  133. 
Concerning  the  fixation  of  atmoapheric  nitrogen  by  arc  discharges  see  Par. 

FIXATIOK  or  ATKOSPBXUC  HITKbOlM 
tST.  Atmotphurle  air  it  a  mixture  of  80  per  cent,  by  volume  of  nitro- 
gen and  20  per  cent,  of  OX7Ken,  if  the  other  gases  which  are  present  only  in 
small  quantities  are  neglected.  Air  is  a  mixture  of  gases,  not  a  ehemical 
compound.  The  importance  of  the  problem  of  the  fixation  of  atmospheric 
nitrogen  rests  in  the  fact  that  elementary  nitrogen,  as  contained  in  the  air,  is 
inert  and  practically  useless,  while  nitrogen  com|>oundB  are  of  great  com- 
mercial and  industrial  value,  especially  in  the  fertiliser  industry  and  in  the 
manufacture  of  explosives.  The  object  of  the  "fixation"  of  atmospheric 
nitrogen  is  to  change  the  elementary  nitrogen  in  the  air  into  some  useful 
nitrogen  compound.  As  there  are  various  useful  nitrogen  compounds  several 
fixation  processes  are  possible.  These  will  be  discussed  under  the  following 
three  headings:  nitric  acid  and  nitrates;  caldom  oyanamide;  nitrides  and 
ammonia. 

ISS.  Hitrlc  add  and  nitrate*.  The  simplest  fixation  process  which 
suueets  itself  is  to  take  the  oxygen  and  the  nitrogen  in  the  air,  as  they  are, 
ana  combine  as  large  a  portion  of  them  as  possible  directly  into  nitrogen 
oxides  (burning  the  atmospheric  nitrogen)  and  then  convert  'these  oxides 
into  nitric  acia  and  nitratee.     This  is  done  in  the  processes  of  Bradley  and 

*The  Siemens  osone  plant  for  water  purification  in  St.  Petersburg  is 
described  by  Erlwein  in  Mat.  &  Chem.  Bng'inp,  Vol.  IX,  p.  213. 

t  An  excellent  serial,  by  A.  Vosmaer,  on  the  brash  (Usebarge,  the  pro- 
duction of  osone  and  its  various  u.tea,  has  been  published  in  St.  St  Chtm. 
Eng'ing,  Vols.  XI  and  XII. 
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LoTeJoy,  Birksland  and  Eyde,  Sohoenherr  (Badiaohe  Company)  and  Pauling, 
all  of  which  use  electrio  dischargee  through  air  to  produce  a  very  high 
temperature.  The  object  of  the  spark  or  arc  is  simply  to  produce  the  very 
high  temperature  required  for  the  combination  of  the  nitrogen  with  oxygen, 
which  would  go  on  in  the  same  way  if  the  same  high  temperature  was  pro- 
duced by  some  other  means.  ^  The  gas  mixture  of  air  and  nitrogen  oxides  thus 
B reduced  is  then  treated  with  water  or  with  alkaline  solution  (caustic  soda, 
me  water,  etc.)  to  give  dilute  nitric  add,  nitrates,  or  a  mixture  of  nitrates 
and  nitrites. 

The  higher  the  temperature,  the  greater  is  the  content  of  nitiio  oxide  pro- 
duced in  tne  air  and  the  quicker  is  the  transformation.  This  is  the  reason 
why  the  electric  arc  is  so  effective.  Besides  the  necessity  of  producing  a 
hi^n  temperature,  the  second  chief  requirement  is  to  remove  the  nitrogen 
onde  formed  as  quickly  as  possible  from  the  hi^ h  temperature  sone  and  to 
cool  it  down  as  rapidly  as  possible;  the  reason  is  that  with  decreasing  tem- 
peratures the  opposite  reaction  takes  place  and  the  nitric  oxide  dissociates  into 
nitrogen  and  oxygen,  so  that  if  the  cooling  of  the  mixture  of  air  and  nitric 
oxide  is  too  slow  the  latter  will  break  up  into  its  constituents.  Hsber  has 
■hown,  however,  that  at  low  temperaturee  the  formation  of  nitrogen  oxide 
by  means  of  electrio  discharges  cannot  be  considered  as  a  purely  thermal 
imenomenon;  there  seems  to  oe  a  specific  electric  effect  superposed  upon  it. 
At  the  temperature  used  in  the  commercial  processes  the  thermal  theory 
•ketched  above  seems  to  hold  strictly  true.  * 

tM.  In  til*  Bra«Uey-lK>Te]or  proeesit  mechanical  means  (rotation  of  a 
wheel  earrying  one  set  of  electrodes  which  continually  pass  along  an  opposite 
and  stationary  set  of  electrodes)  are  employed  to  make  and  break  oontinu- 
ously  8parkaj6,900  sharks  per  sec.)  in  the  space  through  which  the  air 
is  passed,  while  this  process,  which  was  tried  for  some  years  at  Niagara 
Falls  without  attaining  final  commercial  success,  represents  the  era  of  the 
spark  furnace,  the  desire  to  get  larger  units  led  to  the  construction  of  arc 
furnaces.  The  different  tjrpes  differ  essentially  in  the  way  by  which  the 
produced  gas  mixture  is  quickly  removed  from  the  gas  sone. 

tCO.  In  tha  BirksUnd-lyda  proMUt  the  are  is  deviated  magnetically 
by  means  of  a  single-^aae  magnet  field,  until  the  arc  breaks;  then  a  new 
arc  is  formed,  etc.  The  Birkeland-Eyde  process  has  been  in  successful 
oommereial  operation  since  1005  in  Norway  (electric  energy  being  very  cheap 
at  the  plant,  0.094  cent  per  kw-hr.). 

Mt.  Tha  Sohoanhair  famaea.  The  Badische  Company  used  success- 
fully for  a  time  the  Schoenherr  furnaoe,!  the  characteristic  feature  of  which 
is  the  use  of  a  very  long  alternating-current  arc  around  which  the  air  moves 
in  a  helical  path.  This  plant  has  been  taken  over  by  the  Birkeland-Eyde 
interests  which  now  use  exclusively  the  Birkeland-Eyde  furnace  ss  it  has 
a  higher  effieienoy  in  larger  units. 

MI.  Fanllac  prooaia.  Two  plants  in  Tysol  and  in  France  employ 
the  Pauling  process,  |i  using  electric  discharges  quite  similar  to  those  obtained 
in  a  horn  lightning  arrester.  The  results  obtained  in  these  three  commercial 
proeesses  were  given  in  1909  as  follows  (no  later  data  being  available) : 


i 

i 
i 


Grams  HNOi 
per  kw-hr. 

Concentration  in 
per  cent.  NO 

SohSnherr 

75 
70 
60 

2.6 

2 

1       tol.5 

Birkeland-Eyde 

Pauling 

*  For  a  concise  summary  of  the  thermodynamioal  principles  of  the  problem 
see,  for  instance,  iliiural  Indiuiry,  Vol.  XtX,  p.  58;  also  Ouye,  BUctro- 
chem.  <£  Uet.  /n£,  Vol.  IV, j>.  138. 

t  Bltclroehem.  Ind.,  Vol.  1,  pp.  20  and  100. 

t  BUctrockm.  Ind.,  Vol.  II.  p.  399;  Vol.  IV,  pp.  296  and  360:  Vol.  VII,  pp. 
304,  305;  Mel.  A  Chem.  Bng'ina.Voi.  IX,  pp.  3W,  364  ,436,  545;Vol.  X,  p.  617 

i  BUetTockem.  i  Mt.  /nd..  Vol.  VII,  p.  245;  Jfal.  <t  Chtm.  Bnt'ing,  Vol. 
IX,  p.  73. 

I  BUctroehtm.  Jt  lit.  Ind.,  Vol.  VII,  p.  430;  AfX.  A  Chem.  Bng'ing., 
Vol.  IX.  pp.  90  and  196.  Concerning  an  experimental  idant  in  North  Carolina 
sas  Met.  A  Chem.  Bng'ing,  Vol.  VIlT  p.  555. 
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I6S.  Calolum  cyanAinlde,  *  CaCNs  (lime  nitrogen;  German:  Kalk- 
stickstoff:  French:  Chaux  Aiotee),  is  made  from  calcium  carbide  and  nitro- 
gen (Frank  and  Caro),  the  fundamental  reaction  being 

CaCj  +  Ni-CaCNi+C  (39) 

In  this  process  the  nitrogen  must  first  be  separated  from  the  oxygen  in  the 
air  (for  instance,  by  fractional  distillation  of  hquid  air).  Cyanamide  may  be 
used  directly  as  a  fertilizer,  or  as  a  starting  material  for  making  other  com- 
pounds,  tike  ammonia  sulphide  and  nitric  acid.  Cysnamide  may  be  used  to 
make  ammonia  by  blowing  steam  over  cvaoaraide,  CaCNi+SHsO  ■«  CaCOi  + 
2NHt  and  passing  the  ammonia  so  produced  into  sulphuric  acid  for  the  pro- 
duction of  ammonium  sulphate.  Another  development  is  the  working  up  of 
the  ammonia  (produced  from  the  cyanamide  as  just  described)  into  mtrie 
acid  by  the  Ostwald  contact  process.f 

S61.  Httrides  And  Mnmonift.  The  most  interesting  of  the  processes  for 
accomplishing  the  fixation  of  atmospheric  nitrogen  by  means  of  nitrides  is 
the  Serpek  process,  t  which  is  being  tried  on  a  large  exfrarimental  stage  la 
Francs.  Its  principle  is  first  the  production  of  aluminium  nitride  AIN  from 
a  mixture  of  alumina  and  carbon  in  an  electrically  heated  kiln,  in  an  atmos- 
phere of  nitrogen  or  producer  gas  (AltOj+3C  +  Ns>«2AIN+3CO)  atatem- 
I>erature  between  1,600  and  2,000  deg.  cent.;  this  is  followed  by  the  aecompofli* 
tion  of  the  aluminium  nitride  by  water  or  caustic  soda  solution,  thereby  hber- 
ating  the  nitrogen  as  ammonia  and  producing  an  alkaline  aluminate  solution 
from  which  pure  alumina  can  be  ootained  (2AlN+3HsO">2MHt  +  AliOi). 
The  original  intention  was  to  use  the  alumina  thus  obtained  for  the  produc- 
tion of  fresh  aluminium  nitride  so  that  the  process  would  be  cyclio  with 
respect'to  alumina,  and  the  net  result  would  be  the  production  of  ammonia 
(by  addition  of  the  above  two  equations  representing  the  two  steps  the  net 
result  is  3C  +  Ni+3H«0-3CO  +  2NHi).  However,  the  production  of  alu- 
minium nitride  does  not  work  well  with  pure  alumina.  The  intention  is  now 
to  produce  simultaneously  pure  alumina  and  ammonia  and  to  use  the  pure 
alumina  for  the  production  of  aluminium. 

Another  process  for  obtaining  ammonia  from  atmospheric  nitrogen  is 
the  Haber  process  fi  for  the  synthesis  of  ammonia  from  its  elements  nitrogen 
and  hydrogen.  This  process  has  no  electrochemical  features  except  possibly 
the  production  of  hydroKen  by  the  electrolysis  of  water. 

A  useful  summary  of  the  subject  of  utilization  of  atmospheric  nitrogen 
(covering    proposals    and    accomplishments,    unsuccessful    and    successfiU 

g recesses)  is  given  by  Thomas  H.  N.  Norton  in  Dept.  of  Commerce  &  Lal>or, 
pecial  Agents  Series,  No.  52  ("  Utilisation  of  Atmospheric  Nitrogen"). 

KLKOTKOMAQNITIC  AND  KLECTKOBTATIO  PEOCKS8I8 

S6t.  Ka^etic  ore  separaton.  Although  not  strictly  electrochemical 
the  appUoauon  of  electricity  and  magnetism  to  ore  dressing  may  here  also 
be  mentioned.  There  is  no  real  chemical  effect,  but  only  a  ooncentrarion  or 
separation  of  a  finely  crushed  ore-mixture  into  its  constituents.  The  princi- 
ple of  magnetic  separators  is  to  pass  the  finely  divided  ore  mixture  through  a 
strong  magnetic  field;  the  magnetic  particles  are  thereby  separated  from  the 
non-magnetic  ones,  since  the  latter  are  simply  acted  upon  bjr  gravity,  while 
the  former  are  attracted  away  from  their  path  by  the  magnetic  field.  When 
they  have  been  separated,  they  are  called  magnetic  concentrates.  A  good 
summary  of  the  practice  of  magnetic  concentration,  with  description  of 
magnetic  separators  and  special  reference  to  applications  in  sine  metallurgy 
may  be  found  in  W.  R.  Ingalls*  "Report  of  the  CommiBsion  Appointed  to 

♦  BUetTochem.  A  Met.  Ind.,  Vol.  V,  p.  77  and  Vol.  VII.  pp.  212. 305.  300, 
360.  Concerning  the  thermochemistry  of  the  formation  oi  calcium  cyana- 
mide see  Thompson,  Met,  A  Chem.  SngHng,  V-oK  VIII,  pp.  617  and  682. 
Concerning  the  definition  of  cyanamide  see  BeokmaUf  Met.  A  Chem. 
Bng'ing,  Vol.  IX.  p.  17. 

t/ron  and  CotU  Trades  Review  (London),  May  33,  1013;  Met  A  CKem. 
Bnp'ino,  Vol.  XI.  pp.  438,  476. 

I  Tucker  A  Read,  Transact.  Am.  Electrochem.  Soc,  Vol.  XXII.  p.  57; 
Richards,  Me(.  *  Cktm.EngHno,  Vol.  XI.  pp.  137  and  281;  Tucker,  Met.  A 
Chem.  Eng'ing,  Vol.  XI,  p.  139;  Fraenkel,  Zeit.  f.  Elcelrochemie,  Vol.  XIX, 
p.  362. 

{  Met.  A  Chem.  BngHng,  Vol.  X,  p.  637:  Vol.  XI,  p.  211, 
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tnv«ati«mte  the  Zinc  Resouroes  of  British  Columbia"  (Canadian  Oovernment 
l>ublication,  1906,  pp.  82  to  US)  and  in  C.  G.  Gunther's  book  on  "  Electro- 
nasnetio  Ore  Separation."  See  also  Ruhoff,  Mtt,  <t  Chem.  Eng'ing,  Vol.  X, 
p.  278. 

SM.  Baetroitatle  or«  isparatori.  The  action  o(  electrostatic  aepara- 
tora  depends  on  the  difference  in  electric  conductivity  of  the  conatituente  of 
bhe  ore  mixture.  According  to  the  conductivity,  the  eleotroetatio  charge 
acquired  by  the  different  constituents  from  the  same  source  of  electric  charge 
lKI  the  same  time  is  different.  If  the  mixture  oonaiats  of  a  finely  crushed 
aon-oonductor  and  a  finely  crushed  conductor  and  is  brought  in  contact  with 
a  charged  surface,  the  latter  will  receive  a  charge  while  the  former  remains 
ancharged.  Electrostatic  repulsions  of  the  charged  particles  from  the 
ebargea  surface  will  then  result,   while  the  uncharged  particles  are  not 


XVIII,  p.  207,  and  Vol.    AXIV;  Wentworth,  Mtt.  <t  Chem.  EnQ'mo,  Vol. 
X,  p.  167.) 

M7.  Dust  praclpltation  hf  •toetroitetle  meaos.  The  Cottrell 
prooese*  is  based  on  the  old  familiar  phenomenon  of  the  "electric  wind."  If 
»  metallic  needle  point  is  placed  opposite  a  flat  metallic  plate  and  the  needle  is 
oonneeted  to  one  pole  and  the  plate  to  the  other  pole  of  a  high-voltage  direct- 
current  supply  line,  electricity  streams  out  of  the  needle  point  and  charges  the 
S*s  molecules  in  the  space  between  needle  and  plate.  The  gas  molecules 
thus  receive  an  electric  charge  of  the  same  sign  as  the  needle  point,  hence 
opposite  to  the  sign  of  the  charge  of  the  plate.  They  are,  therefore,  attracted 
by  the  plate  and  move  toward  it.  Now  if  the  space  between  the  needle  point 
and  the  plata  is  filled  with  a  gas  or  fume  in  wnich  particles  of  dust,  etc.,  are 
suspended,  these  dust  particles  will  be  immediately  charged  with  electricity 
ana  will,  therefore,  move  toward  the  plate,  stick  to  it  and  pve  up  their 
charges.  The  speed  of  movement  of  tne  particles  ia  proportional  to  their 
charge  and  to  the  electrostatic  field  intensity  in  the  space  between  point  and 

Filate.  Cottrell  uses  this  principle  for  the  precipitation  of  dust  jnrtictes 
rom  smelter  fumes,  ete.  Hb  employs  ordinary  commercial  high-voltage 
aJtematinc-current  and  converts  it  into  intermittent  direct-current  by  means 
€>f  a  speeiiuly  designed  synchronous  converter.  This  intermittent  direct-cur- 
rent is  directly  used  for  charging  the  system  of  electrodes  (needles  and  plates) 
in  the  flues  which  carry  the  gas  under  treatment.  Instead  of  using  needle 
points  he  twists  asbestos  filaments  or  mica  scales  with  wires.  The  electrioitjr 
passes  from  the  wires  by  surface  leakage  over  the  asbestos  or  mica,  and  the 
fine  filaments  of  the  asbestos  or  edges  of  the  mica  provide  the  required  (very 
fine)  discharge  points.  The  process  is  in  suooeesful  use  in  smelters,t  cement 
plants,)  etc. 

S#8.  Bmok*  prvT^ntion.  The  same  principle  has  been  proposed  for  the 
electric  preoipiution  of  smoke  (A.  F.  Nesbit,  Elec.  Rev.,  Oct.  31, 1814,  p.  877). 

BIBUOaKAPHT 

let.  One  of  the  best  all-around  books  in  English  on  industrial  electro- 
ehemistrv  is  Allmand's  Principles  of  Applied  Electrochemistry.  Other 
general  nooks  are  N.  Monroe  Hopkins,  Experimental  Electrochemistry; 
W.  Q.  McMillan  and  W.  R.  Cooper,  A  Treatise  on  Electro-metallurgy; 
F.  MoUwo  Perkin,  Applied  Electrochemistry;  M.  de  Kay  Thompson, 
Applied  Electrochemistry. 

A  very  good  general  book  on  electric  furnaces  is  Stansfield,  The  Electric 
Furnace.  The  application  in  the  iron  and  steel  industry  is  well  treated  in 
Rodenhauser  and  Schoenawa,  The  Electric  Furnace  in  the  Iron  and  Steel 
Industry  (translated  by  vom  Baur).  Lyon,  Keeney,  and  Cullen's,  The  Elec- 
trio  Furnace  in  Metallurgical  Work  (Bureau  of  Mioes,  Bull.  77)  is  very  useful. 

A  Btandutl  work  on  the  theory  and  practice  of  the  electrolysis  of  aqueous 
'solutions  is  Foerster's  Elektrochemie  w&sseriger  Losungen.  An  equally 
excellent  work  on  fused  electrolytes  ia  Lorens's  Elektrolyse  geschmolsener 
Salsa,  3  vols.     Neither  book  la  available  in  English. 

The  titles  of  the  principal  books  on  theoretical  electrochemistry  and  on 
special  fields  of  industrial  electrochemistry  are  given  in  connection  with  their 
respective  subjects. 


•Cottrell.  Mtl.  it  Chem.  Ent'ina,  Vol.  X,  p.  172. 
t  Bradley.  Mtl.  *  Chtm.  Eng'ing,  Vol.  X,  p.  686. 
i  Sehmidt.     Mtl.  <t  Chmn.  Bno'ing,  Vol.  X,  p.  611. 
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BATTERIES 
PRIMARY  BATTERIES 

aSNK&AL 

1.  Deflzkitioni.  An  electric  battery  is  a  device  for  the  direct  trmn*- 
formation  of  oliemical  ener|(v  into  electrical  energy.  The  term  ia  usually 
applied  to  an  assembly  of  identical  units  or  ceils,  connected  in  seriee.  Ji. 
a  primAry  battery,  the  chemically  reacting  parts  require  renewal,  whereas 
in  a  storage  battery,  the  reactions  being  reversible  to  a  high  degree,  the 
chemical  conditions  are  restored  after  partial  or  complete  discharge  by 
reversing  the  current  flow,  i.e.,  by  clectnc  charge.  A  primary  cell  is  com- 
posed of  a  containing  jar,  plates  or  electrodes  with  suitable  connecting  ter- 
minals and  the  electrolytic  solution.  In  certain  types  of  cells,  the  two 
electrodes  are  in  different  electrolytes,  separated  by  a  porous  cup. 

1.  The  polai  of  a  cell  are  the  junctions  of  the  external  circmt  with  the 
plates  or  electrodes,  i.e.,  the  terminals.  The  positive  pole  is  that  from  which 
the  current  flows  into  the  external  circuit;  the  negative  pole  is  the  oppoeito 
terminal,  and  in  the  various  practical  primary  cells,  this  is  the  sine  plate. 
Nevertheless,  the  sine  or  electrode  connected  to  the  negative  pole,  ia 
termed  the  i>08itive  plate  or  electrode.^  It  is  the  electrode  that  furnishes 
positive  ions  in  the  action  of  the  cell  and  it  is  also  usually  the  more  iifiportant 
source  of  the  chemical  energy. 

S.  The  e.m.f.  of  a  cell  is  understood  to  mean  its  total  electric  pressure. 
If  current  is  permitted  to  flow,  the  terminal  difference  of  potentiu  or  cell 
voltage  is  less  than  the  e.m.f.  by  the  amount  of  drop  due  to  internal  resist- 
ance, and  also  by  the  effects  of  polarisation,  and  concentration  changes  in 
the  electrolyte. 

4.  The  e.m.f.  of  polarisation  is  the  amount  by  which  the  total  e.m.f. 
of  the  cell  is  reduced,  owing  to  secondary  reactions  or  to  concentration 
effects  in  the  electrolyte.  For  example,  if  current  is  allowed  to  flow  in  the 
elementary  siac-dilute  acid-copper  cell,  hydrogen  appears  at  the  copper 
electrode,  the  hydrogen-covered  copper  acting,  as  a  hydrogen  eleoteode* 
to  reduce  the  initial  pressure  of  the  cell. 

0.  Truultion  reiUtance.  With  certain  electrodes  and  electrolytes  the 
action  of  the  cell  results  in  the  deposition  of  a  relatively  insoluble  or  insulat- 
ing nubstance  on  the  electrode  surface.  The  effect  of  this  is  to  increase  the 
internal  resistance  of  the  cell. 

•.  Depol&rlxen.  The  effect  of  polarisation  at  an  electrode  surface  may 
be  partly  or  almost  completely  eliminated  by  depolariring  means,  whicn 
may  be  either  chemical  (Par.  7)^  physical  or  mechanical.  Mechanical 
depolarixation  arises  from  a  relative  motion  of  the  electrolyte  and  the 
plates.  It  is  not  employed  in  practical  forms  of  cells.  Physical  depolarixa- 
tion  results  from  roughening  the  electrode  surface  in  order  to  give  it  greater 
area,  or  it  may  result  from  the  electro-deposition  of  a  loose  mass  of  metal  on 
the  electrode  surface,  such  as  platinum  black  on  a  smooth  platinum  surface, 
etc.  The  hydrogen  escapra  more  easily  from  such  a  surface,  and  the 
polarisation  is  considerably  reduced. 

7.  OhendcuJ  depolarlsers.  These  are  of  two  general  types,  (a) 
The  electrolyte  contains  the  ion  of  the  metal  which  constitutes  the  negative 
plate,  so  that,  when  current  flows  through  the  cell,  additional  metal  is 
deposited  on  the  negative  with  no  escape  of  hydrogen  gaa.    An  example  is 
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the  copper  aulphste  in  oontaot  with  the  copper  pUte  of  a  Daniell  or  grarity 
cell,  or  the  slightly  soluble  mercurous-sulpbate  paste  of  the  standard  C3lark  oi 
Weeton  cell. 

(b)  A  chemical  compound  is  present  at  the  negative  plate,  which  is 
capable  of  f  urnishins  negative  ions  to  the  solution  because  of  its  metal 
constituent  possessing  different  valenciee.  Examples  are  the  manganese 
peroxide  of  toe  Leclanch6  or  dry  cell,  and  the  chromic  acid  of  the  bichromate 
cell.  It  is  of  advantage  that  such  depolariiers  be  relatively  insoluble, 
in  order  that  they  do  not  come  in  contact  with.tlie  sine  electrode  and  thereby 
suffer  reduction. 

S.  Meaiuremant  of  iattrnkl  rMUtano*  and  polarisation.  The 
true  internal  resistance  of  a  cell  is  obtained  from  the  formula 
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in  which  B  is  the  total  e.in.f.  of  the  cell  on  open  circmt,  Bp  is  the  opposing 
polarisation  e.m.f.  and  V  is  the  voltage  at  the  cell  terminals.  If  immeoi  ately 
after  breaking  the  current,  the  cell  voltage  is  determined  by  the  condenser- 
ballistic  galvanometer  method,  or  otherwise,  then  Ep  =  E—V. 

Upon  open  circuit,  after  the  delivery  of  current,  the  opposing  e.m.f.  of 
polarisation  decreases,  at  first  rap- 
idly and  then  more  slowly,  owing 
to  the  gradual  diffusion  of  the  pol- 
arising substances.  The  curves. 
Fig.  1  are  tjrpical  of  a  dry  cell. 
The  heavy  curve  shows  the  grad- 
ual drop  in  voltage,  the  cell  being 
closed  through  a  constant  resis- 
tance, while  the  dotted  curve 
(read  in  the  opposite  direction) 
shows  the  voltage  recovery,  with 
time,  after  the  current  ceases. 
The  vertical  portion  of  the  re- 
covery curve  represents  the  vol- 
tage drop  due  to  internal  resifr- 
tance,  the  further  recovery  being  due  to  the  gradual  equalisation  of  concen- 
trations throughout  the  electroljjrte,  or  in  the  pores  of  the  electrodes. 

9.  ZfOCftl  ftotton.  In  all  practical  forms  of  battery,  the  fundamental 
reactions  are  somewhat  departed  from.  Local  action  takes  place,  resulting 
from  impurities  on  one  or  both  the  electrodes;  this  action  is  of  the  nature  of 
an  elementary  short-rircuited  cell.  For  example,  a  linc  electrode  always 
contains  impurities  such  as  copper,  iron  and  carbon.  Zinc  is  dissolved. 
hydrogen  ^s  comes  off  at  the  point  of  impurity,  and  current  flows  between 
the  impurity  and  the  point  where  the  sine  enters  into  solution.  This  action 
is  reduced  by  amal^anuitlng  the  surface  of  the  sine  with  mercury;  this 
forms  a  solution  of  sine,  uniformly  covering  the  surface,  and  greatly  reduces 
the  local  action. 

10.  Xleetrochemleal  theory.  Two  methods  may  be  employed  in 
the  theoretical  consideration  of  primary  battery  phenomena.     One,   the 

f;eneral  thermodynamic  method,   the  other,  a  mechanical  method  resulting 
rom  the  osmotlc-preesure  theory  of  solutions.     The  e.m.f.  of  a  reversible 
cell  may  be  calculated  from  the  relation 


Fig.  1. — Polarisation  recovery. 
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(volts) 


(2) 


Where  /—mechanical  equivalent  of  heat;  ff  — heat  of  formation  of 
resultant  chemical  compound  in  calories;  a. « charge  in  C.G.S.  units  of 
1  g.  ion,  i.e.,  S.654  units;  n  — valency;  T  — absolute  temperature.  The 
first  quantity  of  the  right  side  of  the  equation  is  the  controlling  one, 
the  second  usually  having  a  small  value.  Ii  a  cell  has  a  zero  temperature 
coefficient,  the  e.m.f.  can  be  directly  calculated  from  the  heut  of  formation 
of  the  resultant  chemical  compound  of  the  reaction.  The  second  term  may 
be  either  positive  or  negative.  The  above  eouation  is  deducinl  on  the  assump- 
tion that  the  cell  is  reversible,  but  the  voltage  of  any  cell  may  be  closely 
approiimated  by  its  use. 
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11.  ITanut'i  aqaktlon.  The  onnotio  pmmire  thaotr  of  MihitioH 
(Me  Sea.  It)  leads  to  the  equation 

«  =  0.0002rC-i  lo«  5-ilof  -^  (volU)  (3) 

\  n  p       n  p  / 

where  T»  absolute  temperature  n  and  n'  are  the  valeneiea  of  the  two  ions 
of  the  eleotrodee  and  p  and  p'  the  osmotio  preaaurea  of  theee  ions  in  the  electro- 
lyte. P  and  P"  are  the  solution  tensions,  i.e.,  are  the  presaorea  immediately 
at  the  electrode  surface.  In  this  theory,  which  is  essentially  mechanical, 
the  seat  of  conversion  of  the  ohemieal  to  electrical  energy  is  dearly  at  the 
electrode  surfaces. 

11.  Potential  dlflaranM  batwaan  alaetroda  knd  elactroljrta.  In 
the  preceding  equation  the  two  terms  on  the  right-hand  side  are  the  differ- 
ence of  potential  between  the  corresponding  electrode  and  the  electrolyte, 
and  it  is  at  once  apparent  that  the  voltage  of  any  cell  depends  on  the  oon- 
centration  of  the  aalta  of  the  electrode  metals  present  in  the  solution. 

The  absolute  differencea  of  potential  of  each  element  in  a  normal  aolution 
of  one  of  its  salts  may  be  determined  by  means  of  a  capiUary  electrometer, 
and  the  solution  tension  of  that  element  may  then  be  calculated.  Howerer 
the  values  of  the  solution  tensions  thus  determined  are  open  to  some 
question. 

IS.  Eetarence  slaotrodai.  In  Sec.  19,  Par.  1T4,  the  normal  hydrogen 
and  ealomel  electrodes  are  defined^  they  may  be  used  as  reference  eleotroaes 
and  the  differences  of  the  potential  of  the  various  elements  in  normal  eola- 
tions of  their  salts  have  been  observed. 

14.  Klaetrochemloal  larlea.  The  varioua  elementa  in  normal  solutiaaa 
of  thdr  salta  may  be  arranged  in  a  series  with  reference  to  their  potentials 
against  the  normal  hydrogen  electrode  <see  Sec.  19,  Par.  1T().  It  should  be 
noted  that  the  tabulated  values  and  the  order  of  the  potential  differences 
are  dependent  upon  a  normal  strength  of  solution.  If  the  elementa  are  im- 
mersea  in  other  electrolytes,  the  values  will  be  quite  different.  The  reader 
is  referred   to   Le  Blanc:  Slectrodunw,  1911,  for  a  complete  treatment  of 

this  subject.     The  series  is  not  to  be  confused 
with  the  "  Voltaic  aeries"  nor  with  the  "Peltier 
effect." 
I  I  IS.  Potantial  tkU  In  a  call.    The  poten- 

\  ^^0^  \  .y^  ^'  **'  ^^  various  parts  of  the  current  path 
V"^^  \'^  in  a  oell  may  be  represented  diagrammatically 
~  ~  aain  Fig.  2  in  whichtheKneailareauppoaed 

to  join  at  their  outer  extremities.    The  section 
A  represents  the  drop  in  the  external  circuit, 
B  ia  the  potential  fall  in  the  exceedingly  thin 
Flo.  2. — Potential  diagram,    film   of  electrolyte  adjacent  to  the  positive 
electrode,  C  is  that  which  takea  place  in  the 
dectrolyte  and  D  that  ia  the  electrolyte  film  adjacent  to  the  negative  elec- 
trode.    The  thickness  of  these  films  in  which  the  potential  drops  occur,  is 
exceedingly  small,  as  calculated  from  the  osmotio  pressure  theory. 

15.  Oonoentratlon  ealli.  An  effect  which  is  small,  but  which  cannot 
be  neglected  is  the  difference  of  potential  which  exists  at  the  boundary  surface 
of  two  solutions  of  different  concentrations.  This  arises  through  diffusion 
of  the  various  ions  tending  toward  equalisation  of  the  concentrations  on 
either  side  of  the  boundary  and  the  fact  that  the  different  ions  have  different 
mobilities,  that  is,  under  unit  force  they  move  at  different  rates.  See  Sec. 
19,  Par.  14S  et  seq.  This  effect  does  not,  however,  lead  to  cell  constructions 
of  a  practically  valuable  difference  of  potential. 

IT.  Olaaiiflcatlon.  Primary  cells  may  be  classified  as  wet  and  dry. 
They  are  further  classi6ed  as  to  their  depolarising  means  and  whether  they 
are  single  or  two  fluid.  The  various  applications  of  primary  batteriea 
impose  special  conditions  which  the  different  types  in  general  use  possess 
in  very  different  degree.  Dry  cells  or  storage  batteries  nave  displaced  the 
other  forms  of  battery  to  a  great  extent,  although  the  gravity  battery  and 
the  Edison  Lalande  battery  nave  a  wide  application. 

WBT  OBLLt 
It.  Tha  Danlall  call.     The  container  is  usually  a  tfaas  jar  in  which  is 
a  porous  cup.     A  sheet  of  copper  partiy  surrounds  the  outside  of  the  porous 
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oup  and  !s  tn  a  Mturated  solution  of  copper  sulphate  containing  excess 
erystals.  The  line  (usually  amalgamated)  is  in  the  porous  cup,  which 
contains  sulphuric  acid  and  sine  sulphate  solution.  The  e.m.f.  oi  the  cell 
depends  on  the  concentration  of  the  sine  sulphate  in  the  porous  pot,  the 
maximum  initial  value  being  about  1.14  volts.  The  cell  may  be  set  up  with 
zinc  sulphate  solution  only  in  the  porous  cup  in  which  case  the  e.m.f.  is 
approximately  1.07  volts  and  has  a  very  small  temperature  coefficient. 
The  chemical  reaction  is  Zn+CuS04-ZnS04  +  Cu.  The  cell  is  not 
adapted  to  stand  on  open  circuit.  When  placed  out  of  service  the  liquids 
should  be  poured  out  and  the  porous  cup  should  be  throughly  washed  in 
running  water  until  all  the  sine  sulphate  is  removed, 
otherwise  the  oup  will  oraek  on  drying. 

19.  (}raTit7  battery.  This  cell  is  the  usual  modi- 
fication of  the  Daniell  cell,  and  is  shown  in  Fig.  3. 
The  porous  pot  is  omitted  and  gravity  is  depended 
upon  to  keep  the  heavier  copper  sulphate  solution  in 
the  bottom  of  the  cell.  The  sine  is  frequently  cast 
in  the  form  of  a  "crowfoot"  and  hangs  from  the  edge 
of  the  jar.  The  copper  electrode  is  mad6  of  two  or 
three  striiw  of  sheet  copper,  riveted  together  and 
spread  out  in  the  bottom  oi  the  jar.  A  rubber-covered 
wire  is  fastened  to  the  copper  and  leads  upward  out 

of  the  cell.     Copi>er-auIpnate  crystals  are  placed  in  pi^^  3^ Gravity  cell. 

the  bottom  of  the  jar  and  sine  sulphate  solution  is         *     * 
added  to  cover  the  sine.     The  solution  should  be  poured  in  carefully,  so  as 
not  to  bring  copper  sulphate  solution  in  contact  with  the  sine,  as  copper 
would  be  immediately  precipitated  on  the  sine. 

to.  Oare  of  gravity  battery.  The  cell  should  be  kept  on  closed  circuit 
in  order  to  prevent  copper  from  diffusing  upward  and  precipitating  upon  the 
sine.  The  edge  of  the  jar  should  be  coated  with  paraffin  to  prevent  creepaga 
of  the  sine  sulphate  solution.  As  the  top  solution  becomes  saturated  with 
sine  sulfate  some  of  it  should  be  drawn  off  and  carefully  replaced  with 
water  The  copper  sulphate  solution  must  not  be  stirred  up.  Evaporation 
may  be  reduced  by  covering  the  solution  with_  a  thin  layer  of  mineral  oil. 
If  a  heavy  copper  precipitate  is  present  on  the  sine,  it  should  be  scraped  off. 
A  sharp  dividing  line  should  oe  maintained  between  the  two  solutions. 
This  can  be  noted  by  color  difference.  At  the  top  should  be  a  light  solution, 
while  the  copper  sulphate  is  very  dark  blue.  For  each  ampere  hour,  the 
following  amounts  of  materials  are  theoretically  used  up  or  formed  — 0.042 
01.  copper  deposited,  0.043  01.  sine  is  dissolved,  and  0.164  os.  copper  sulphate 
used  up.  Local  action  will  require  at  least  a  10  per  cent,  greater  amount 
of  line  and  copper  sulphate.  Note  that  the  increased  copper  weight  should 
be  credited  to  the  cost  of  upkeep. 

SI.  Bunsen  or  Qrore  oell.  In  the  Bunsen  cell  the  sine  plate  is  in  a 
sulphuric  acid  solution,  while  the  negative  plate  is  a  carbon  rod  immersed  in 
strong  nitric  acid,  contained  in  a  porous  cup.  The  Qrove  cell  differs  from 
the  Bunsen  oell  only  in  the  use  of  platinum  instead  of  the  carbon.  The 
e.m.f.  of  this  type  of  cell  is  about  1.9  to  2  volts  and  the  internal  resistance 
quite  low.  The  cell  is  adapted  for  laboratory  purposes  and  can  be  used  for 
heav^  currents.  It  must  not  be  allowed  to  stand  on  open  circuit  for  any 
considerable  time,  and  must  be  set  up  freshly  each  time  it  is  used. 

Vapors  of  nitric  peroxide  are  given  off  from  the  cell  and  provision  must 
be  made  for  their  removal.  The  chemical  reaction  of  the  cell  is  presented 
by  the  equation  Zn+H£04+2HNOi-iZnS04+2HiO  +  2NOi. 

21.  Chromlc-acld  oell.  This  cell  is  in  wide  use  for  laboratory  purposes- 
It  may  be  used  as  a  single-fluid  cell  but  the  porous-cup  form  is  preferable. 
Tlie  Grenet  or  plunger  type  is  shown  in  Fig.  4.  Two  carbon  plates  are 
immersed  in  a  solution  of  potassium  or  sodium  bichromate,  sulpnuric  scid 
and  water.  Potassium  permanganate  is  a  fairly  satisfactory  equivalent  to 
the  chromic-acid  salt.  The  sine  plate  is  between  the  two  carbons  when 
lowered  for  use.  The  usual  solution  is  made  up  as  follows:  water,  12  lb. 
concentrated  sulphuric  acid,  2}  lb.  and  potassium  bichromate,  1  lb.  Potas- 
^um  bichromate  gives  rise  to  insoluble  crystals  of  chrome  alum  aod  the 
sodium  salt  is  preferable.  Chromic  acid,  on  account  of  its  great  solubiUty 
is  to  be  preferred  over  either  of  the  above  salts,  and  the  quantity  used  need 
be  but  two-thirds  of  the  weight  of  either  of  }he  salts,  required  for  the  same 
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effect.  The  eoet  of  the  equiralent  wei^t  of  the  chromie  acid  U  Dot  aopn- 
eUbly  grestor  than  the  salta.  The  e.mJ.  of  the  oell  is  about  2  volU.  and  the 
internal  resietance  extremely  low.  It  can  therefore  be  lued  for  hich  curreoti. 
and,  by  raising  the  >inc,  can  be  open  circuited.  The  chemical  reaction  ii 
represented  by  the  formula  3Zn+2CiOa  +  6HdOi-Cr>(SOO<  +  3Zi>SOi 
+6H1O. 


FiQ.  4. — Grenet  cbromio-add  cell. 


Fio.  6.— Fuller  edi. 


tl.  Two-fluid  ohromio-acid  e«U.  In  the  sincle-fluid  type  there  is 
some  local  action  between  the  sine,  and  the  chromic  acid  ana  a  mate  of 
both  these  materialB  even  when  the  sine  is  amalgamated.  It  is  preferable, 
therefore,  to  immerse  the  amalgamated  sine  in  a  sulphuric-acid  solution 
contained  in  a  porous  pot,  the  chromic-acid  solution  and  carbons  bein^  in 
the  outer  chamber.  The  Fuller  cell,  Fig.  5,  ia  of  this  type  and  baa  a  re- 
stricted use  in  telephone  practice  for  small  local  exchanges. 

li.  Diaehart*  ourrai.  In  Fig.  6  are  discharge  curves  which  illustrate 
the  advantage  of  the  porous  cup. 
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Fig.  0. — Chromic-acid  cell  characteriBtica. 


S5.  Leclanchi  celU.  There  are  many  forms  of  this  cell  in  practical  uw- 
In  the  original  form  the  carbon -rod  was  contained  in  a  poroua  cup  filled 
with  crushed  carbon  and  manganene  dioxide,  the  mixture  being  tamped  to 
obtain  intimate  contact.  In  the  later  forma,  the  manganese  dioxide  and 
carbon  are  moulded  by  the  use  of  a  binder  into  a  cylindrical  form,  the  tine 
rod  being  suspended  centrally,'  as  in  Fig.  7.     The  electrolyte  is  a  solution 


1506 


i.y^^iDuyie 


BATTBRIBS 


S«c.S0-26 


o(  MUmmoniMj.  the  c.m.f.ia  about  1.5  volts  but  the  terminal  voltage  dropa 
rapidly  with  high  ourrenta.  The  cell  ia  auitable  for  open-circuit  or  closed- 
circuit  work,  if  lor^e  currents  are  used  intermittently  and  for  short  perioda 
of  time.  The  continuoua  current  demand  on  closed  circuit  must  not  exceed  a 
few  hundredths  of  an  ampere,  as  otherwise  the  terminal  voltage  is  too  greatly 
reduced  by  polarisation.  The  chemical  reaction  is  Zn  +  2NH4Cl  +  2MnOi 
—  ZnCli+2NHi  +  HiO  +  MniOi.  The  dry  battery,  which  is  a  modification 
of  the  Leclanchi  cell,  has  largely  replaced  the  latter  in  practical  use. 

IC.  Bdiaon  Lalande.  The  usual  form  of  this  cell  comprises  a  plate  of  oom- 
pressed  copper  oxide  on  either  side  of  which  is  a  sine  plate  with  riba.  These 
ribs  serve  to  hold  the  plate  together  until  it  is  worn  out.  The  oopper-oxide 
plate  is  superficially  reduced  to  cover  it  with  a  very  thin  layer  of  metallic 
copper  for  conductivity.  The  electrolyte  is  caustic  soda  solution  covered 
with  a  layer  of  mineral  oil  to  prevent  evaporation  and  the  formation  of  aodium 
carbonate  from  the  carbon  dioxide  of  the  air.  The  construction  of  these 
eella^  is^shown  in  Fig.  8.  The  chemical  reaction  is  Zn+2NBOH+CuO- 
""'""'"  The  e.m.f.  of  the  cell  is  0.95  volts  and  the  terminal 
voltage  drops  to  less  than  two-thirds  of  this 
value  when  furnishing  heavy  currents.  Ita  in- 
ternal resistance  is  low.  It  ia  adapted  for 
both  closed  and  open-circuit  work  and  does 
not  depredate  materially,-  excepting  from  the 


NatZnOi+HiO+Cu. 


Fio.  7. — Leelanch^  cell. 


'^Flo.  8. — Edisott-LaUnde  cell. 


uasng  up  of  the  chemiealfl  correspoziding  to  the  ampere-hour  output.  These 
c^ells  are  available  in  siies  from  100  to  600  amp-hr.  On  aooount  of  the  low 
voltage,  the  initial  cost  of  a  battery  of  these- cells  is  relatively  high. 

ST.  Carbon  eella.  A  great  deal  of  effort  has  been  expended  to  develop 
a  cell  which  would  permit  the  conversion  of  the  chemical  energy  of  coal  and 
the  oxygen  of  the  air  directly  into  electric  energy.  The  difficulties  at  the 
present  time  seem  insurmountable  on  account  of  the  high  temperature  which 
must  obtain  in  order  for  the  carbon  to  enter  into  a  suitable  reaction,  and 
because  the  CO3  necessarily  formed,  unites  with  the  fused  caustic  soda  elec- 
trolyte, which  has  been  proposed.  The  difficulties  in  the  way  of  an  oxygen 
electrode  are  also  great. 

18.  Standard  c«Ua.  The  Clark  cell  comprises  an  electrode  of  mercury, 
containing  metallic  liao,  an  electrolyte  of  sine  sulphate  and  a  depolarising 
electrode  of  metallic  mercury,  covered  with  a  paste  of  difficultly  soluble 
mercurous  sulphate.  The  chemical  reaction  is  Zn  +  HgsSO*  — ZnSOi 
+  2Hg.  In  the  Wfllton  cell,  cadmium  is  substituted  Tor  the  sine. 
Very  elaborate  preparation  of  all  the  materials  used  in  these  cells  is  imi>era- 
tive,  and  the  reader  is  referred  to  the  extensive  literature  on  this  suDJect. 
The  variation  of  the  e.m.f.  with  temperature  of  the  practical  forms  of  tneae 
cells  is  nven  in  Sec.  3.  These  cells  are  not  adapted  for  closed-cirouit  work, 
although  they  qoiekly  recover  their  voltage  after  an  appreciable  discharge. 

DKT  0UJ.8 
St.   DflAnltlon.     The  only  "dry  battery"  in  commercial  use  is  a  modi- 
fication of  the  Leolanch^  cell,  in  which  the  sal   ammoniac  solution  is  held 
by  capillary  action  in  a  porous  medium  separating  the  line  from  the  opposite 
electrode  also  in  the  pores  of  the  carbon-depolariier  electrode. 
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so.  OonitruetiOB.  In  tbe  uiusl  form,  tha  nno  o(  the  lemtiTe  pole 
take*  s  cylindrical  shape  and  eonstitutea  the  cpntaininc  veuel.  An  ab- 
sorbent separating  medium  of  pulp,  plaster  of  Paris  or  paste  corers  the  walls 
and  bottom  of  the  sine  cylinder,  and  a  rod  or  flat  plate  of  carbon  is  placed 
axially  inside.  A  mixture  of  crushed  coke,  graphite  and  manganese  aiozide 
is  tamped  about  the  carbon  rod  to  within  about  I  in.  of  the  top  edre  of 
the  sine  cylinder.  The  whole  is  mounted  in  a  pasteboard  container  ana  the 
filling  mass  saturated  with  a  solution  of  sine  chloride  and  sal  ammoniac 
The  top  is  then  flooded  with  an  asphaltum  sealing  compound.  The  stud  of 
the  positive  binding  post  is  fixed  in  a  vertical  hole  in  the  carbon  by  ninninc 
in  an  expanding  bismuth  alloy,  the  hole  in  the  rod  being  enlarged  at  the 
bottom. 

SI.  Tha  intamal  railltenea  of  various  makes  of  dry  oella  depends 
slightly  upon  the  absorbent  material  between  the  plates,  but  is  priaapally 
determined  by  the  fineness  of  the  crushed  carbon  and  manganese  dioxide  ana 
the  degree  to  which  it  is  tamped  when  new.  ^  The  internal  resistance  is  usually 
less  than  0. 1  ohm  but  increases  to  several  times  the  initial  value  with  aco. 

SI.  Tha  opan-cireuit  voltaca  of  a  new  cell  is  approximately  1.5  volts 
and  is  but  slightly  influenced  by  temperature.  With  a^  the  voltage 
gradually  drops,  whether  the  cell  is  used  or  not.  The  terminal  voltace  on 
closed  circuit  is  about  1  volt,  the  greater  portion  of  the  drop  being  due  to 
polarisation.  For  this  reason  it  is  not  usually  important  to  determine  the 
internal  resistance. 

SS.  Dry-call  appUeationi.  Dry  cells  are  admirably  adapted  for  such 
purposes  as  require  minute  currents  continuously  or  umitea  amounts  of 
current  intermittently.  Among_  the  various  applications,  may  be  cit«d  the 
following;  intermittent  gas-engine  ignition;  operation  of  relay-controlled 
mechanisms;  telephone  work;  pocket  flash-lamps;  etc.  They  are  not  suited 
for  heavy  discharges  nor  to  furnish  appreciable  currents  on  continued  closed 
circuit. 

54.  Llfa.  Dry  cells  continuously  depreciate  with  age  and  caution  should 
be  exerciseid  when  purchasing  to  see  that  cells  are  recently  made.  The 
better  makes  become  worthless  after  12  to  14  months,  even  on  open  cirouit. 
A  gage  as  to  their  condition  is  therefore  desirable. 

tS.  Dry-eall  taati.  Cells  for  any  particular  application  should  be  tested 
under  conditions  which  approximate  actual  service.  The  usual  method  for 
a  large  consumer^  is  to  place  a  number  of  cells  in  a  rack  and  by  means  of 
resistances  and  switch  contacts  operated  b^  a  clock  mechanism,  subject  Uie 
cells  to  intermittent  discharge  at  the  desired  rates  and  for  the  desired  in- 
tervals. A  committee  of  the  American  Electrochemical  Society  on  dnr- 
cell  testing  has  had  this  subject  under  consideration  for  several  years,  and 
its  reports  in  the  transactions  of  this  society  since  1912  should  be  consulted. 

St.  QualitatiTa  taita.  It  is  desirable  to  apply  rough  selective  testa 
if  dry  cells  are  purchased  from  any  but  reliable  concerns.  The  best  test  of 
this  nature  is  to  connect  a  cell  momentarily  through  an  ammeter  whose 
needle  is  properly  damped;  for  this  test  the  resistance  of  the  outside  circuit, 
including  the  ammeter  shunt,  should  not  exceed  O.OI  ohms.  Aocordinji 
to  Ordway  (Trans.  Am.  Elec.  Chen^  Boc,  1910)  a  2t-in.X8-in.  dry  ocU 
when  freshly  made  should  give  between  18  and  26  amp.  at  a  temperature  of 
about  70  deg.  Fahr.  If  the  cell  gives  less  than  IS  amp.,  agu  or  inferior  ma- 
to'ials  are  indicated. 

ST.  Shslf  tait.  The  user  of  a  considerable  number  of  dry  cells  should 
select  a  few  at  random  for  shelf  test.  This  consists  in  determining  the  number 
of  months  the  cells  will  last  before  the  short-circuit  current,  taken  at 
monthly  intervals,  falls  to  a  certain  arbitrary  value  which  is  customarily 
taken  at  10  amp.  Such  test  cells  should  be  continuously  kept  at  about  70 
deg.  Fahr.,  as  the  shelf  life  is  favorably  influenced  by  lower  temperatures. 
Dry  cells  depreciate  rapidly  at  hijgh  tempnatures.  Voltage  readings  on 
open  circuit  have  little  or  no  value  in  determining  thp  merits  of  a  cell. 

55.  Capacity.  The  capacity  of  a  freshly  made  standard  2i-in.X&-in. 
dry  cell,  closed  through  a  circuit  of  16  ohms  resistance,  averages  about  2JS 
amp-hr.  before  the  terminal  voltage  falls  below  0.5  volts.  Inoividual  cells 
may  show  considerably  better  capacity  than  this.  Considerable  data  on 
capacities  under  various  conditions  are  given  by  Ordway  in  the  Trans.  Am. 
Elec.  Cbem.  Soc,  1910. 
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n.  Barrloa  taita.  The  oommittee  on  dry  cell  tests  of  the  Am.  EI. 
:;hem.  Society  (Transactiona  1912)  has  reoomended  the  tests  described  in 
?ai.  40  to  U. 

40.  For  tetophoiM  work.  Connect  3  cells  in  series  through  •  resistance 
if  20  ohms  for  a  period  of  2  min.  during  each  hour  until  the  terminal  vol- 
Jtge  falls  to  0.93  volt  per  cell  at  the  end  of  the  2-min.  period.  The 
«ata  are  to  continue  24  hr.  per  day  and  7  days  per  week,  and  the  number  of 
lays  elapsing  until  the  above  limiting  voltage  is  reached  is  to  be  noted. 

41.  Tor  gw-anglna  ignition.  Connect  6  cells  in  series  through  16  ohms 
resiatance  for  two  periods  of  1  hr.  each  during  each  day,  7  days  per  week. 
The  first  discharge  may  be  made  during  the  morning,  and  the  second,  late  in 
:he  afternoon.  At  the  end  of  each  twelfth  of  the  above  discharges,  shunt 
the  16-ohni  resistance  with  a  0.&-ohm  resistanee  connected  to  an  ammeter  and 
note  the  current.  The  test  is  considered  complete  when  the  current 
ihunted  through  the  ammeter  falls  below  4  amp.,  and  the  total  number  of 
hours  of  aetualdischarge  to  this  limiting  value  of  4  amp.  is  noted. 

4S.  Vorlbsh-lMnpnrrlca.  '  Discharge  the  battery  through  a  resistance 
of  4  ohms  for  eaeh  cell  connected  in  series  for  a  period  of  5  nun.  once  each 
day,  and  determine  the  total  number  of  minutes  of  actual  discharge,  the 
tenninal  voltage  of  the  last  discharge  being  limited  to  0.76  volt  per  celL 

STORAGE  BATTERIES 

4S.  Doflnltlong.  Cells  which  are  reversible  to  a  high  degree,  t.«.,  those  in 
which  the  chemical  conditions  after  discharge  are  brought  back  to  the  original 
condition  simply  by  causing  current  to  now  in  the  opposite  direction,  or 
"charge,"  may  be  used  aa  storage  batterieo.  Storage  batteries  are  some- 
times termed  •toetrlo  aocumulaton. 

44.  BersnlbiUtr.  In  all  the  practical  forms  of  storage  batteries,  both 
the  electrode  matenals  and  the  products  of  the  chemical  reaction  are  rela- 
tively insoluble.  The  form  of  the  electrodes  is  practically  unchanged  with 
use,  or  at  least  it  changes  but  slifhtly.  Many  of  the  cells  m  which  the  reac- 
tion products  are  soluble  and  which  are  ordinarily  used  as  primary  batteries 
can  be  used  ae  storage  batteries.  For  example,  the  Daniell  or  gravity  cell 
and  also  the  Edison-Lalande  cell  ^are  reversible  to  a  high  degree,  but  have 
practical  disadvantages  contributing  against  their  use  aa  storage  batteries. 

41.  Claidfloation.  The  storage  battery  which  is  in  widest  commercial 
use,  for  various  purposes,  is  the  lead-sulphuric  acid  type.  The  only  other 
type  which  is  of  any  prominence  is  the  nickel-bon-potash  battery,  apparently 
fust  proposed  by  Darrieus,  then  h}r  Jungner  and  developed  in  commercial 
form  by  Edison.  The  use  ot  cadmium  instead  of  iron  as  a  negative  plate, 
the  battery  otherwise  bein^  quite  similar  to  the  Edison,  is  due  to  Hubbell 
and  his  battery  is  in  extensive  use  for  miner's  lamps. 

44.  PoiltiTa  and  nagatlTe  plates.  The  positive  terminal  or  pole  of  a 
battery  is  that  one  from  which  the  current  flows  into  the  externsl  circuit. 
In  storage  battery  practice,  a  positive  plate  is  one  which  is  connected  to  the 
positive  pole,  and  the  negative  plate,  the  one  which  is  connected  to  the  nega- 
tive pole.  It  should  be  specially  noted  that  this  is  the  reverse  of  pri- 
mary-battery terminology.  The_  U.  S.  Patent  Office  has  attempted  to  avoid 
confusion  in  this  regard  by  insisting  on  the  use  of  the  terms,  "positive- 
pole  Plato"  and  "nagatlvo-pola  plate,"  but  this  has  not  come  into  gen- 
eral use. 

4T,  Th*  o.m.f.  or  opon-oironlt  voltaro  of  any  storage  cell  depends 
whoDy  upon  its  chemicafoonstituents  and  not  in  any  way  upon  the  number 
or  total  area  of  its  plates.  It  varies  further  with  the  strength  of  the  solution, 
or  electrolyte,  and  its  temperature,  and  to  a  minor  extent,  upon  the  state 
of  charge  of  the  plates.  Upon  charge,  the  terminal  voltage  of  the  cell 
riles,  and,  upon  discharge,  it  falls,  due  to  the  internal  resistance  and  to  a 
number  of  more  or  less  obscure  causes,  such  as  polarisation,  acid-concen- 
tration effects,  etc. 

41.  The  capacity  of  a  cell  with  a  defimte  type  and  thickness  of  plate 
is  in  proportion  to  the  plate  area.  The  sise  of  a  cell  is  usually  stated  in 
termaof  Its  ampere-hour  capacity  at  a  standard  temperature  of  70deg.  fahr., 
but  it  is  necessary,  also,  to  state  the  discharge  rate,  as  the  capacity  of 
all  practical  forms  of  batteries  is  lower  with  increasing  discharge  rates. 

4t.  Battory  voltage.  The  voltage  of  a  battery  is  that  of  eaeh  cell 
multiplied  by  the  number  of  oells  connected  in  series. 
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LEAD  STORAGE  BATTERIES 
axKiaAL 

•0.  TlMwr.  The  active  material  of  the  lead  storage  battery  is  lead 
peroiide  (PbOt)  on  the  positive  plate  or  electrode  and  finely  divided,  or  sponce 
iMd  (Pb),  on  the  negative  plate.  The  plates  are  immersed  in  a  solution  of 
sulphiirio  acid  and  water  (HtSOi  +  HsO)  called  electrolyte.  On  disclurBe 
of  the  battery,  both  these  active  materials  are  quantitatively  converted 
into  lead  sulphate,  (PbSOO  at  the  expense  of  the  acid  radical  of  the  electrolyte 
and  with  the  formation  of  water.  Precisely  the  reverse  action  takes  place 
upon  charee  of  the  battery  and  these  reactions  may  be  represented  by  tbc 
following  chemical  equations: 

Reaction  at  positive  plate: 

PbOf +HiSO«  -  PbS04  +HjO+0  (4) 

Reaction  at  negative  plate: 

Pb+H«SO4-PbS04+2H  (5) 

Combined  reaction  at  positive  and  negative  plates: 

PbOi  +  Pb  +  2H.SOi-2PbS04  +  2HiO  (6) 

Eq.  (6),  read  from  left  to  right,  is  the  equation  of  discharge;  read  from  right 
to  left  shows  the  reactions  durin^E  charge.  The  above  reactions  are  those 
which  normally  take  place.  If  impurities  are  present  either  in  the  plates 
themselves  or  in  the  electroljrtCr  these  normal  reactions  may  be  departed 
from. 

81.  The  ftctlTO  mfttMrlftli,  lead  peroxide  on  the  po^tive  plate  and  spongy 
lead  on  the  negative  plate,  are  crystalline  in  structure,  the  masses  being  hetd 
together  by  the  intergrowth  of  the  crystals.  The  positive  active  material 
probably  exists  in  the  cell  as  a  hydrated  peroxide  of  lead;  when  fully  charged 
it  has  a  very  dark  brownish-black  color,  but  the  color  of  the  positive  plata 
as  a  whole  may  bo  somewhat  masked  by  the  presence  of  loose  particles  of 
white  lead  sulphate  which  have  become  detached  from  the  active  mass. 
The  positive  plate  becomes  reddish  brown  in  color  with  proceeding  dis- 
charge. The  color  of  the  negative  active  material  is  that  of  metallic  lead 
after  it  has  been  exposed  to  air,  and  is  somewhat  darker  when  the  plate  is 
discharged.  Thesp  active  materials  are  supported  on  the  plates  in  eithra- 
of  two  ways.  With  Plants  plates,  they  lorm  rather  dense,  thin  layerSi 
formed  from  a  massive  lead  olank  with  a  highly  devdoped  surface  and 
cohere  to  the  surface.  With  pasted  plates  the  active  matenals  are  cemented 
masses  supported  in  a  grid,  usually  of  lattice  form. 

U.  The  capacity  of  a  cell  is  stated  in  ampere-hours,  at  some  normal 
rate  of  discharge.  The  8-hr.  rate  is  standard  with  lead  c^ls  of  the 
stationary  type.  No  standard  rate  has  been  adopted  for  the  other  types.* 
The  capacity  of  a  plate  varies  with  the  amount  of  active  material,  but  usA 
directly,  because  its  mass  initialljr  does  not  hold  enough  acid  to  convert  it 
to  lead  sulphate.  DifTusion  of  acid  into  the  moss  is  quite  slow,  so  that  the 
higher  the  discharge  rate,  the  more  nearly  ia  the  plate  surface  the  determining 
factor.  The  capacity  of  a  cell  at  the  higher  rates  of  dischar^  depends, 
therefore,  on  the  area  of  its  plates,  their  number,  and,  to  a  minor  extent, 
on  the  thickness  of  plates.  With  low  discharge  rates,  a  sufficient  amount 
of  acid  diCtuses  into  the  interior  of  the  active  material  to  permit  this  portion 
to  be  acted  upon. 

M.  The  amount  of  ftctlTC  mftterlal  converted  into  lead  lulphats 
per  ampere-hour  of  discharge  is  0.135  os.  (avoirdupois)  of  sponge 
lead,  ana  0.156  os.  of  lead  peroxide,  independent  of  the  dischar^  rate. 
Reduction  of  capacity  with  high  rates  is  the  result  of  using  up  the  acid  in  the  • 
pores  of  the  active  material,  and  lack  of  time  for  fruh  acici  to  diffuse  from 
the  electrolyte  to  replace  it.  Diffusion  is  also  hindered  by  the  reduction 
of  porosity  on  the  surface  of  the  active  materials,  due  to  the  formation  of 
lead  sulphate,  which  occupies  a  greater  volume  than  either  the  si>0Dge  lead 
or  lead  peroxide.  The  amount  of  active  material  actually  present  in  a  plate, 
is  some  three  to  six  times  that  converted  into  lead  suipnate,  part  of  this 
excess  being  present  for  the  life  of  the  plates. 

*  For  standard  rate  proposed  by  Standards  Committee,  8oo.  Automobile 
Engineers,  for  gas-car  batteries,  see  Bee.  22. 
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M.  Th«  opttn-elrcilit  TOltaffe  of  a  lead  cell  varies  between  2.06  to  2.14, 
according  to  the  strength  of  electrolyte  and  temperature  and  is  independent 
of  the  aiie  of  a  cell.  Charge  and  discharge  characteristica  are  given  under 
descriptions  of  the  various  types. 

M.  The  Tariatlon  of  Toltftfe  is  approximated  by  the  following  formula, 
due  to  Streints: 

E~  l,850+0.917(O-ff)  (volte)  (7) 

in  which  B^e.m.f.  in  volts ;G'« specific  gravity  of  electrolyte,  and  0"specific 
gravity  of  water  at  the  cell  temperature. 

M.  Test  or  reference  electrode.  It  is  often  desirable  to  determine  the 
relative  performance  of  the  positive  and  negative  plate  groups  in  a  cell  and 
this  may  be  done  by  taking  the  voltage  between  either  group  and  a  reference 
electrode  of  ainc.  spongy  lead  or,  preferably,  cadmium. 

ST.  A  typleftl  digcharge  eurre  for  a  stationary  type  of  cell  is  shown  in 
Fig.  9,  also  the  curves  for  both  positive  and  negative  groups  with  reference 
to  cadmium.  Curve  (1)  shows  the  cell  voltage,  curve  (2)  the  voltage  of  the 
positive  group  and  cadmium,  while  curve  (3)  represents  the  voltage  for  the 
negative  group  and  cadmium.  Fig.  10  shows  tne  corresponding  curves  for 
charge. 


7 

y 

f.ao 

> 

.10 

0 

-.10 

;3 

loT 

*«' 

_, 

^ 

5_ 

._- 

— 

-^ 

^ 

:^ 

CM 

*» 

HH 

"~" 

-^ 

s 

^ 

Fio.  9. — Discharge  curves. 
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FiQ,   10. — Charge  curves. 


M.  Oftdmlum  teatl.  The  cell  voltage  is  the  difference  between  the 
positive-cadmium  and  the  negativc-nadmium  voltagca.  In  Fig.  9  the  dis- 
charge curves  are  continued  in  dotted  lines  and,  the  greater  portion  of  the 
final  voltage  drop  occurring  with  the  positives,  show  that  the  capacity  of  the 
cell,  in  this  instance,  is  limited  by  the  positive  ^oup.  This  is  a  desirable 
condition,  as  most  negatives  suffer  from  overdischarge  more  than  do  the 
positives. 

M.  I*ead  battery  pUtes  are  clatslfled  thus:  Plants  plates  (Par.  60)  and 
pasted  plates  (Par.  M). 

60.  Plants  plates  comprise  a  moss  of  lead,  usually  of  flat  form  with  a 
highly  developed  surface.  The  increased  surface  is  oDtaincd  by  casting  a 
cdlular  structure,  or  by  acorinp  or  cutting  a  blank  of  heavy  sheet  lend.  The 
active  material  is  electrochemically  formed  as  a  coherent  layer  of  lead  per- 
oxide at  the  expense  of  a  film  of  the  underlying  lead.  Huch  plates  are 
always  formed  as  poutivcs,  but  Plants  negative  plates  are  obtained  from  the 
positives  by  connecting  them  as  negatives  in  a  cell,  and  charging  whereby 
the  active  material  is  reduced  to  sponge  lead. 

61.  The  original  Plants  j>roceBB  of  formation  consists  of  charging  the 
plates  alternately  in  opposite  directions;  each  successive  reversal  under 
proper  conditions  of  temperature,  strength  of  electrolyte  and  current  in- 
creases the  capacity  of  the  plates.  This  method  is  extremely  wasteful  of 
current  and  re<|uirca  a  long|  time;  it  has  been  abandoned  in  favor  of  acceler- 
ated forming  processes  which  consist  of  making  the  plate  to  be  formed  an 
anode  in  an  electrolyte  of  dilute  sulphuric  acid  containing  a  small  amount 
of  nitric,  perchloric  or  other  acid  which  dissolves  lead.     The  current  density. 
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■trencth  of  seida  and  temiMrmture  must  b«  propstly  rdated  to  obtain  a 
Buooeaaful  result. 

U.  FMt«d  pUtu  taka  the  form  of  a  flat  baaket-Uke  frame  or  grid, 
pasted  with  a  maaa  of  lead  oxide  under  oementins  eooditiooa.  After  the 
mam  is  thorou(hly  cemented,  the  platea  are  aaaemblad  in  a  dilute  anlpburio- 
add  electrolyte  and  oharsed.  The  oxide  mass  beoomes  lead  peroxide  on  the 
poaitivee  and  sponse  leaa  on  the  necatives. 

U.  Proeanw  in  pMt«  manufaetun.  There  are  many  waya  of  makins 
paste  masses  which  have  been  propoeed  and  great  merits  have  been  claimed 
tat  special  processes.  All  the  practical  paste  processes,  however,  depend  in 
principle  on  the  cementing  action  resultinc  from  the  formation  of  lead 
sulphate.  Plates  can  be  pasted  with  a  stiff  mixture  of  lead  oxide  and  water 
and  then  immersed  in  dilute  sulphurie  add  solution.  The  resultant  aolphat- 
ing  hardens  the  mass.  Another  method  is  to  mix  the  oxide  with  dilnte  sul- 
phuric add  or  a  solution  of  ammonium  sulphate  and  stir  to  a  uniform  thit^ 
paste,  which  is  then  smeared  into  the  grids  quickly  and  before  much  sulphatinc 
Las  had  time  to  take  place. 

M.  Combination  of  PlanU  and  pasted  plataa.  Pasted  plates  of  one 
polarity  can  be  used  with  Plants  plates  of  the  oppoeite  polarity  and  mem 
verta,  but  plates  of  different  design  or  a^  should  not  be  assembled  together 
in  any  sin^e  poaiUve  or  negative  iToup  in  a  cell.  If  this  is  attempted,  local 
action  takes  place  between  the  different  plates. 

65.  Depreciation  of  Plants  platu.  Plants  jpoaitive  platea  wear  in 
service,  by  gradually  shedding  their  active  material  and,  as  fast  aa  this 
occurs,  new  lead  automatically  is  corroded  and  formed  to  lead  peroxide  at 
the  expense  of  the  original  reserve  of  metallic  lead  of  the  plate.  The  life 
of  these  platea  is  at  an  end  when  the  lead  becomes  so  oorrodea  that  the  plate 
is  medianicsUy  weak.  A  good  poeitive  Planti  plate  is  capable  of  giving 
1,800  to  2,400  cycles  of  complete  charge  and  discharge  at  the  8-hr.  rate. 

Plants  negative  plates  in  use  show  a  physical  shrinkage  of  their  active 
material,  and,  associated  with  this,  a  shrinkage  of  capacitv.  Good  Plants 
negatives  have  a  capacity  of  75  per  cent,  to  100  per  cent.  In  excess  of  their 
rated  capadty  to  provide  against  this  factor.  They  should  jpve  2,600  to  3,000 
cycles  of  charge  and  discharge  at  the  normal  rate  before  f  alUng  to  80  per  eent. 
of  their  rated  capacity. 

M.  Dapraelation  of  paatad  plates.  Fasted  pontive  platea  lose  their 
active  material  by  gradual  shedding  which,  however,  should  not  be^  until 
after  60  to  70  cycles  of  charge  and  discharge.  The  capadty  is  maintained 
so  long  as  there  is  sufficient  remaining  active  material.  Plates  0.26  in.  thick 
ahoula  give  600  to  800  complete  cycles  of  charge  and  discharge  at  the  S-hr. 
rate,  before  falling  to  80  per  cent,  of  their  rated  capadty.  Plates  0.125  in. 
thick  should  give  some  3O0  or  more  complete  cycles  of  charge  and  dischar^ 

Pasted  negative  plates  would  show  the  same  ph^cal  shrinkage  of  active 
material  as  Plants  negatives,  if  it  were  not  for  the  incorporation  of  materials 
such  as  lamp-black,  barium  sulphate  or  kaolin,  termed  azpandan,  into  the 
oxide  pastes.  Pasted  negatives  can  be  somewhat  thinner  than  pasted  posi- 
tives to  show  the  same  life. 

•T.  Permanlalng  proeasi.  Instead  of  mixing  expanders  (Par.  M) 
with  the  paste,  certain  substances  can  be  deponted  in  the  pores  of  the 
active  material  to  produce  a  like  result,  after  the  plates  are  formed.  Jos. 
BUur  perfected  a  process  of  soaking  negatives  in  sugar  solution  and  sub- 
sequently carbonising  the  sugar.  He  also  brought  forward  a  process  of  pre- 
dpitating  barium  sulphate  in  the  pores  of  the  spongy  lead.  The  process  is 
spedslly  applicable  to  Plants  negatives. 

M.  Growth  of  PlantA  platea.  All  Plants  positives  show  the  eharao- 
teristic  of  growth  in  service.  The  lead  peroxide  occupies  more  volume  than 
the  lead  from  which  it  is  formed,  and  tnis  action  finally  causes  the  lead  to 
stretch.  For  this  reason,  they  are  usually  made  of  smaller  dimensions  than 
the  negative  plates  with  which  they  are  used.  In  some  cases,  the  growth 
takes  place  unequally  on  the  two  sides  of  the  plate,  this  causing  a  deformation 
or  buckltalg.  As  the  positives  grow  their  capacity  usually  increases  very 
appredably. 

Attempts  have  been  made  to  reduce  buckling  of  Plants  positivee  by 
subdividing  them  and  allowing  for  growth  of  individual  sectiona.     These 
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in«thoda  have  not  proved  very  auccoMful  in  practice  and  have  largely  been 

abandoned. 

%%.  Tudor  PositiYa.     Fig.   U  is  a  "Tudor"  poaitive.     It  is  a  cellular 

casting  of  pure  lead.     It  has  claimed  for  it  the  obaracteriatic  of  remaininc; 

•traighter  in  service  than  other  Plants  types  and  that  it  shows  a  minimum 

of  buckung.  No  centre  web  is  employed, 
an  open  type  of  construction  being  adopted. 
TO.  Centr«-w«b  posltlTei.  Figs.  12 
and  13  show  PlactA  positives  made  from 
a  sheet-lead  blank,  the  surface  being 
increased  by  plowing  leaves  in  the  first 
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Fia.   11. — Tudor  positive  and  section. 


Flo.   12. — Willard  "plowed"  plate. 
A 


instance,  and  by  "Bplnnlnf"  with  rotating  circular  discs  in  the  latter, 
section  of  the  latter  plate  is  shown  in  Fig.  14. 

Tl.  Kuiehaitor  potltlra.  Fig.  15  shows  a  Manchester  positive,  com- 
prising a  casting  of  lead  antimony  with  a  number  of  round  holee  symmetri- 
eally  spaced.  Into  these  holes  are  inserted  spiral  coils  of  corrugated  lead 
ribbon.     The  piste  as  a  whole  is  electroohemioally  formed,  but  the  frame 


Flo. 


14.— Section  of  Gould 
"spun"  plate. 


-i;^ 


Fio.  13. — Gould 
work  is  but  si 


plate. 


Fio.  IS. — Manchester  positive. 


„_../  corroded.     This  makes  a  very  rugged  plate.     It  will  not 

ahow  as  good  a  life  in  possible  number  of  cycles  of  charge  and  discharge  as 
the  pure-lead  Plant*  plates,  but  this  is  largely  counterbalanced  by  its  rigidity. 
The  plate  is,  however,  much  more  sensitive  to  overcharge  than  are  the  other 
Flant<  plate*. 
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TS.  Pl&nti  necatlTes.  Any  of  the  foregoing  Plants  positives  can  be  used 
as  negatives  by  reversal,  but  the  genera]  form  of  Plants  n^ative  is  that 
shown  in  Fif^s.  12  and  13,  since  these  can  most  readily  be  given  the  required 
excess  capacity. 

73.  Paat«-plato  grldi.  A  section  of  the  usual  pasted-plate  ^d  termed 
the  shelf  type  is  shown  in  Fig.  16  and  a  modification  which  is  in  consider- 
able use  in  Fig.  17.  The  gridd  are  cast  of  an  anlimony-lead  alloy,  tbe 
antimony  content  being  sufficient  to  make  the  grids  stiff.  The  presence  of 
tbe  antimonj^  also  serves,  to  a  con.<tiderabIe  degree,  to  limit  the  amount  of 
corrosion  wmch  woxild  otherwise  take  place  on  tbe  positive  grid  in  service. 


Fio.  16.— "Shelf  typo" 

grid. 


Fio.  17. — "Diamond" 
grid. 


Fio.  is. — Box  nega- 
tive. 


T4.  Box  neffativa.  A  pasted  plate  which  is  in  wide  commercial  use  in 
stationary  batteries,  is  the  boi  negative  of  the  Electric  Storage  Battery  Co. 
The  grid  is  cast  in  two  halves,  the  outside  of  each  half  grid  consisting  of  a 
very  thin  perforated  sheet  lead.  Loose  pellets  of  oxide  paste  are  dropped 
into  one-half,  the  other  half  prid  then  being  placed  on  top  and  both  are 
riveted  together.     This  plate  la  shown  in  Fig.  18. 

78.  Ironclad  poiitive.  Another  type  of  pasted  plate  which  is  consid- 
erably used  is  the  positive  of  the  "Exide  Ironclad"  battery.  This  plate. 
Fig.  19,  comprises  a  number  of  vertical  pencils  or  units 
supported  in  a  frame  of  lead-antimony  alloy.  Earh 
pencil  or  unit  has  a  central  core  of  lead-antimony 
alloy  of  somewhat  irregular  section.  A  layer  of  lead 
peroxide  surrounds  this  core  and  is  retained  by  a 
slotted  cylindrical  casing  of  hard  rubber.  The  slots 
are  so  small  that  the  particles  of  active  material  do 
not  readily  fall  out.  It  is  claimed  that  the  presence  of 
the  casing  greatly  increases  the  useful  life  of  the  plate. 
The  Ironclad  battery  is  used  principally  for  traction 
purposes. 

76.  Quality  of  paata  materlaJs.  Active  materials 
of  pasted  plates  vary  in  quality  with  the  chemical 
purity  of  the  oxides  partly,  but  it  is  of  equal  or 
greater  importance  that  the  physical  properties  meet 
rigid  spec  in  cations.  A  high  degree  of  skill  and  ac- 
curate information  is  required  to  produce  an  active 
material  having  the  requisite  capacity  and  life. 

77.  The  eiiential  diflerances  betwean  the  prac- 
tical forxni  of  Plants  and  pasted  plates  are  the 

following:  Plants  plates  are  heavier,  more  bulky  and  cost  more  for  the 
same  capacity,  l^ey  will  give  a  greater  number  of  cycles  of  charge  and 
discharge  than  can  be  obtained  from  pasted  plates.  In  many  eases,  weight 
and  space  are  the  controlling  requirements  to  be  met  and  in  this  case  pasted 
plates  are  used.  If  a  battery  is  required  for  insurance  of  power  supply,  and 
IS  used  only  in  rare  emergencies,  oasted  plates  can  be  used.  If  a  battery 
is  required  to  withstand  continued  neavy  service,  and  weight  and  space  are 
not  an  important   consideration.    Plants  plates  are  used. 

78.  Electrolyte  Tariations.  When  a  lead  battery  discharges,  the 
amount  of  sulphuric  acid  which  combines  with  the  active  materialsis  in 
Quantitative  proportion  to  the  number  of  ampere  hours  discharged.     The 


.    19. — Ironclad 
positive. 
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density  of  the  electrolyte  varieB  with  its  acid  content,  and  the  change  in 
density  may  be  used  as  a  meaeure  of  the  atate  of  charge  of  the  battery,  if 
the  initial  and  final  specific  gravities  are  known. 

79.  The  quantity  of  electrolyte  required  for  100  amp-hr.  discharge 
ie  calculated  from  the  foilowing  formula. 


^      121)0- lO.S.Id 
^' D-d'- 


(01.) 


(8) 


in  which  <7«~  number  of  ounces  of  electrolyte  per  100  amp-hr,  of  discharge; 
i>  vper  cent,  of  HsSOt  in  the  oloctrolyte  at  the  beginning  of  discharge;  and 
d » per  cent,  of  HiSOt  at  the  end  of  discharge.  For  a  capacity  O  other 
than  100  amp-hr.  multiply  O,  by  G  +  100. 

When  the  value  of  Gs  lor  100  amp-hr.  and  either  the  initial  or  final  density 
of  the  electrolyte  are  known,  then  that  density,  which  is  unknown,  can  be 
determined  from  the  following: 

_1290+d(G.- 10.53)  „. 

U- ;; ^»l 


and 


._  1290 -G.D 

10.53-0. 


(101 


U 


80.  The  change  in  ftcld  itrenffth  ii  not  Immediate;  it  lagn  behind 
the  values  determined  in  Far.  79  on  account  of  the  fact  that  time  is  required 
for  the  strone  acid  to  diffuse  into  the  plate  on 
discharge,  ana  for  the  strong  acid  to  diffuse 
out  of  the  pores  of  the  active  material  on 
charge. 

•1.  Separation.  It  is  essential  that  j>lateB 
of  oppMite  polarity  be  kept  from  coming  in 
contact  with  each  other.  This  is  insured  by 
the  use  of  ribbed  perforated  sheets  of  hard 
rubber,  glass  spacing  tubes  or,  more  fre- 
.quently,  wood  leparatOTi.  The  wood  used 
is  selected  for  a  minimum  content  of  such  con- 
stituents as  would  be  injurious  to  the  plates 
and  it  is  usually  subjet^ted  to  a  treatment  to 
reduce  such  constituents  still  further. 

81.  Lead  burning  of  Joints.     The  use  of 

solder  must  be  avoided  in  storage-battery 
I  n,  coDBtniction.  Joints  are  made  hy  lead  burn- 
.  yfl  ing,  by  which  is  meant  the  melting  together 
of  the  lead  parts  by  a  hydrosen  flame.  This 
flame  deoziaizes  the  melted  lead,  and  the  two 
parts   readily  flux  together. 


Pio.  20. 
—Hydro- 
meter. 


XLtCTKOI.TTB  AHD  WATXB 


FiQ.  21.— 
Syringe  hy- 
8S.  The  electrol^rto  used  in  lead  storage    drometer. 
batteries  is   a   solution  of  sulphuric  acid  and 
water.     The  sulphuric-acid  content  determines  the  density  of  the  solution, 
i.e.,  its  specific  gravity  (sp.  gr.)or  the  ratio  of  its  weight  to  that  of  an  equal 
volume  of  water. 

84.  l^dromotor.  The  specific  gravity  of  electrolyte  is  practically 
determined  by  the  use  of  an  nydrometer  wnich  comprises  a  weighted  glass 
bulb  with  a  graduated  stem.  In  strong  acid  the  stem  protrudes  further 
above  the  surface  of  the  solution,  and  the  point  at  whiMi  the  top  of  the 
meniseue  touches  the  scale  is  read  off  directly  in  degrees  of  specific  gravity. 

With  stationary  types  of  cells  there  is  usually  space  enough  between 
plates  or  at  the  end  of  the  tank  to  float  a  flat  bulb  hydrometer  directly  in  the 
acid  of  the  cell.     This  type  of  hydrometer  is  illustrated  in  Fig.  20. 

85.  SyrlngS  hydromoter.  With  vehicle  and  other  types  of  batteries 
with  small  separation  between  plates,  a  convenient  method  to  determine 
the  acid  density  is  to  employ  a  syringe  hydrometer  as  illustrated  in  Fig.  21: 
the  hydrometer  floats  within  the  enlarged  portion  of  the  glass  barrel  when 
acid  is  sucked  into  it  by  means  of  the  rubber  bulb. 
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M.  Table  of  Snlphurle-aold  BoluUom 

(Baaed  on  one  part  add  of  1.83S  ap.  gr.  at  60  deg.  Fahr.) 


^ 


I 


SpeciBo  gravity 
of  solution 

Parte  of  water  to  one  part  acid 

PeroenUce  of 
sulphuric  mtAd 

(70  deg.  Fahr.) 

By  volume 

By  weight 

in  solution 

1.100 

9.8 

S.4 

i4.es 

1.110 

8.8 

4.84 

16.0 

1.120 

8.0 

4.4 

17.4 

1.130 

7.28 

3.98 

18.8 

1.140 

6.68 

3.63 

20.1 

I.ISO 

6.15 

3.85 

21.4 

l.lfiO 

8.7 

3.11 

22.7 

1.170 

6.3 

2.9 

24.0 

1.180 

4.95 

2.7 

25.2 

1.190 

4.62 

2.52 

26.5 

1.200 

4.33 

2.36 

27.7 

1.210 

4.07 

2.22 

29.0 

1.220 

3.84 

2.09 

30.2 

1.230 

3.6 

1.97 

31.4 

1.240 

3.4 

1.86 

32.6 

1.2S0 

3.22 

1.76 

33.7 

1.260 

3.05 

1.66 

35.0 

1.270 

2.9  , 

1.67 

36.1 

1.280 

2.75 

1.49 

37.3 

1.290 

2.6 

1.41 

38.6 

1.300 

2.47 

1.34 

39.66 

1.320 

2.24 

1.22 

42.0 

1.340 

2.04 

1.11 

44.1 

1.360 

1.86 

1.01 

46.3 

1.380 

1.7 

0.92 

48.4 

1.400 

1.56 

0.84 

50.5 

1.500 

1.0 

0.6S 

60.16 

1.600 

0.639 

0.348 

69.12 

1.700 

0.369 

0.201 

77.6 

1.800 

0.1192 

0.0646 

87.5 

1.835 

0.0 

0.0 

93.19 

J  •:-::"- 

{•rz:=:"? 

l-\zzzz-tz 

t-\--^'^-- 

Fio. 


F»0BtB)80« 

22. — Electrolyte 
resistance. 


ST.  Klzinff  electrolytes.  If  concentrated  sulphuric  acid  and  water  are 
mixed  a  great  amount  of  heat  is  generated.  If  electrolyte  is  prepared  from 
concentrated  add,  the  acid  should  be  added  to  the  water.  Never  add 
water  to  concentrated  sulphuric  acid.  Mixins 
should  be  done  in  a  glass  or  earthenware  veaeel 
or  a  hard  rubber  jar. 

8S.  Temperature.  The  density  of  electrolyte 
decreases  with  increased  temperature  on  account 
of  expansion,  although  the  actual  strength  re- 
mains the  same.  A  temperature  of  70  deg.  Fahr. 
is  taken  as  standard  and  since  the  specific  gravity 
of  electrolyte  variee  approximately  0.001  for 
each  3  deg.  Fahr.  difference  in  temperature,  the 
specific  gravity  at  any  temperature  within  practi- 
cal limits  is  reduced  tothatatstandard  tempera- 
ture by  adding  or  subtracting  0.00033  for  each 
degree  Fahr.  above  or  below  70  deg. 

M.  The  reiUtaiie*  of  tho  oUotrolTta  Tarias 
with  Ita  spaoUle  fttnitj  and  with  temjierature. 
The  curve  shown  in  Fig.  22  indicates  that  at  the 
extremes  of  dilution  or  concentration  the  resist- 
ance is  highest  and  is  a  minimum  at  a  specific 
gravity  of  1.224,  or  when  the  proportion  of  acid  is  31  per  cent.  Its  tem- 
perature coefficient  is  negative,  the  resistance  reducing  with  increase  of  tem- 
perature. Table  (90)  gives  the  resistance  in  ohms  of  1  c.c  of  electrolyte 
of  varying  densities  and  at  different  temperatures.  It  will  be  seen  that  the 
decrease  of  reaistanoe  with  increase  in  temperature  is  very  marked. 
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to.  Tftbla  of  Saiiatanoa  of  Klaotrolyta  for  Varloiu  Temperaturai 
and  BiMoUlc  QrkTltiai 


Spec.  grav. 

attempa. 

civen 

32  F. 

47  F. 

81  F. 

76  F. 

1100 
1200 
1300 
1400 

1.43 
1.33 
1.35 
1.80 

1.122 
0.900 
1.000 
1.425 

1.00 
0.73 
0.79 
1.05 

0.91 
0.62 
0.43 
0.82 

•1.  Froaiiiv  point  ot  alaetrolyte.  The  freeiiaz  point  of  tha  electrolyte 
of  fully  ohargea  tmtteriea  ia  quite  low;  however,  the  electrolyte  of  partly 
or  fully  diacharged  batteriea  will  freeie  at  low  temperaturea.  If  batteriea 
•re  to  be  subjected  to  such  temperaturea,  it  should  fa«  Keen  to  that  they  are 
fully  ohar^ed.  The  fireeaing  point  of  sulphuric  acid  solutions  ia  given  in 
the  following  table:  * 


8p.gr. 

Temp, 
(deg.  Fahr.) 

Sp.gr. 

Temp, 
(deg.  Fahr.) 

i.oeo 

25 

1.220 

-31 

1.080 

22 

1.240 

-61 

1.100 

18 

1.200 

-75 

1.120 

14 

1.280 

-90 

1.140 

8 

1.300 

-96 

1.160 

2 

1.320 

-80 

1.180 

-6 

1.200 

-16 

9S.  Haw  aleotrolyte.  The  presence  of  impurities  in  a  cell  is  objectionable 
(Par.  tT).  In  acid  uaed  for  the  first  filling  of  cells  they  should  not  exceed 
the  limits  dted  in  Par.  M. 

tS.  Kazlmnm  •Uowkbla  Impoiitlai  In  aUetrolyta  for  lint  flillnr 
(initUl  eharca). 


{ 
{ 


Color 

Buapended  matter 

Flaunum 

Antimony  and  arsenic . 

Manganese 

Iron 

Copper 

Nitro|cen  in  any  form . . 

Chlorue 

Organic  matter 


Colorleea 

Traee 

Trace 

Trace 

0.0025  per  cent. 

O.OOS    per  cent. 

0.0025  per  cent. 

Trace 

0.001    per  cent. 

None 


M.  Kaztmum  allowabla  Impvultiai  in  water  uaed  for  replaoing 
•Taporation.  In  the  operation  of  a  battery,  the  electrolyte  loees  water  by 
evaporation,  alao  aome  water  is  eleotrol>rtically  decomposed.  Water  must 
be  added  to  the  cells,  and  any  impuritiea  it  might  contain  would  be  cumula- 
tive. The'maximum  limits  of  impurities  in  water  for  storage-battery  pur- 
poses are  given  in  the  following  table: 


Color 

Buapended  matter 

Total  aoUda 

Caleium  and  magnesium  oxides 

Iron 

Ammonia  aa  NB4. . . . .- 

Organic  matter 

Nitrateaas  N0> 

Nitratea  aa  NOi 

Chlorine 


Colorless 

Trace 

10  parts  per 
4  parts  per 
0.05  parte  per 
0.8  parte  par 
0.1  parte  per 
1.0  parte  per 
0.5  parte  per 
1 . 0    parte  per 


100,000 
100.000 
100,000 
100,000 
100,000 
100,000 
100,000 
100,000 
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Water  luppl/  and  itoraffe. 

.         ,   local  sources  of  BuppU  ,  

different  battery  makers  are  usually  glad  to  report  on  the  suitability  of  waterv 


M.    

but  frequently 


_        The  use  of  distilled  water  is  preferable; 

sources  of  supply  will  meet  the  requirements.      The 


from  different  sources  if  samples  are  submitted  by  users  of  their  bfttteriee. 
Otherwise,  an  analysis  should  be  obtained  from  a  competent  chemist,  if  any 
doubt  oxiats.  A  2-quart  sample  in  an  absolutely  clean  class  or  rubber- 
stoppered  bottle  should  bo  submitted  for  this  purpose.  Weut  water  is  Dearly 
always  to  be  rejected,  and  hot  well  water  from  condensers  usual^  eontauis 
impurities  arisins  from  cylinder  oils  or  boiler  compounds.  Rain  water  is 
suitable  if  taken  Irom  clean  roofs.  Water  should  be  stored  so  that  it  is  noC 
eontaminated  by  dust  or  foreign  matter,  and,  if  chemical  or  ice  factories  are 
in  the  neighborhood,  the  possibility  of  absorption  of  acid  or  ammonia  vapors 
must  be  guarded  against. 

M.  Be^taoement  of  alectroljte.  If  the  battery  has  been  in  senriee 
a  long  period  and  impurities  have  been  accumulated  through  the  use  of  ioi- 
pure  water  or  otherwise,  the  electrolyte  may  require  renewal.  The  table  in 
Par.  97  will  determine  if  this  is  required. 

tT.  Xazlmum  allowable  Impurltlei  in  electrolyte  for  battartos  in 
lerrioe. 


Color 

Su8f>ended  matter 

Platinum 

Antimony  and  arsenic 

Manganese 

Iron 

Copper 

Nitrogen  in  any  form. 

Chlonne 

Organic  matter 


Colorless 

None  other  than  lead  compounds 

Trace 

Trace 

0.005  per  cent. 

0.01     per  cent. 

0.005  per  cent. 

Traces 

0 .  002  per  cent. 

Trace 


9S.  Uectfl  of  Impurtttei.  Of  the  impurities  mentioned  in  Par.  M, 
those  which  are  metallic  will  be  precipitated  at  once  upon  the  negative 
plates  if  they  are  less  -electronegative  than  lead*  and  the  dectrolyte  of  a 
cell  will  not  show  anything  more  than  traces  of  such  impuriUes.  Their 
presence  is  indicated,  if,  pn  open  circuit,  the  negative  plates  of  a  cell  gas 
continuously.     Platinum  is  the  worst  of  these  metals  in  this  respect. 

The  presence  of  iron  and  manganese  compounds  in  electrolyte  is  decidedly 
injurious,  as  they  are  reduced  to  lower  states  of  oxidation  wnen  in  oontaet 
with  the  negative  plates,  and  reoxidixe  when  in  contact  with  the  poaitive 
plates — ^in  both  cases  with  the  formation  of  lead  sulphate  from  the  active 
materials  of  the  plates.  The  presence  of  nitrous  or  nitric  acid  or  its  com- 
pounds, or  any  chlorine  compounds,  is  especially  injurious,  as  these  tend  to 
corrode  the  unformed  lead  of  the  positive  plates.  Organic  acid  or  orgamo 
matter  which  may  readily  be  oxidised  to  acids,  will  act  in  the  same  manner. 
^  The  possible  injuries  resulting  from  the  presence  of  iron,  chlorine  or 
nitric  acid,  are  of  much  greater  consequence  in  giving  a  battery  its  initial 
or  developing  charge.  A  high  degree  of  purity  of  the  electrolyte  must,  there- 
fore, be  assured  before  using  it  in  new  cells,  if  obtained  from  any  other  source 
than  the  batterjr  manufacturer.  Old  cells  will  withstand  much  greater 
quantities  of  foreign  substances. 

M.  Bouffh  qnalitatlve  tests  for  the  presenee  of  Iron  or  chlorine 

which  are  the  more  frequent  impurities  may  be  carried  out  as  follows:  ¥i\l 

a  test-tube  to  approximately  one-third  of  its  capacity  with  electrolyte,  add 
one  or  two  drops  of  dilute  nitric  acid  and  heat  to  the  boiling  point.  Then 
allow  the  contents  to  cool  and  add  ammonia  solution  until  the  acid  is 
thoroughly  neutraliied.  As  soon  as  the  solution  does  become  nctural,  a 
light  brown,  loose,  flocculent  precipitate  of  iron  hjrdrate  will  indicate  the 
presence  of  an  appreciable  amount  of  iron,  in  which  ease  the  electrolyte 
should  be  carefully  examined  for  its  iron  content. 

100.  The  qualitative  test  for  chlorine  is  to  fill  a  test-tube  approximately 
on^tbird  full  of  electrolyte,  and  add  a  few  drops  of  a  very  dilute  solution  of 
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•il-ver  nitrate.  If  the  solutioD  becomes  opalescent,  the  electrolyte  should 
be  examined  carefully  for  chlorine  content,  A  great  excess  of  chlorine  will 
be  indicated  by  the  test  solution  becoming  curdy. 

TISTINQ 

101.  Pralimlnftr^.  Before  starting  a  test  on  a  lead-acid  type  of  storage 
battery,  see  that  it  is  fully  charged  and  in  ^ood  condition.  The  acid  abouTd 
be  pure  and  its  strength  adjusted  to  that  which  is  recommended  by  the  maker 
as  standard  for  the  type.  If  the  battery  ia  new,  insure  that  it  is  fully  developed 
by  taking  several  preliminary  discharges;  the  capacity  of  a  battery  increases 
very  considerably  with  the  first  few  cycles  of  charge  and  discharge.  Before 
starting  tests  for  capacity  or  efficiency,  continue  the  charge  at  the  normal 
or  &-hr.  current  rate  for  a  stationary  type  of  battery,  or  at  the  *' finish- 
ing" rate  (usually  about  one-half  of  the  normal  rate)  for  pasted  plate  bat- 
teries, until  neither  cell  voltage  nor  acid  density  show  a  further  inorease 
for  four  15-min.  intervals,  which  will  indicate  that  the  battery  is  fully 
charged. 

lOt.  Cftpaelty  tests.  iSnco  the  capacitv  depends  on  the  rate  of  discharge, 
it  will  be  advisable,  with  stationary  types  of  batteries,  to  obtain  test  dirfcharpes 
at  several  different  rates;  in  particular,  those  most  nearly  approximating 
the  desired  service  conditions.  Nearl>[  all  the  makes  of  storage  batteries 
will  perform  the  higher  discharge  rate  if  they  will  give  full  capacity  at  the 
norxual  or  8-hr.  rate.  In  conducting  the  usual  testa,  the  charges  should 
preferably  take  place  at  the  normal  rate.  When  the  discharge  is  started, 
the  current  should  be  maintained  as  steady  as  possible  and  should  continue 
ttDtil  the  cell  voltage  has  reached  its  limiting  value.  Voltage  readings  should 
be  taken  at  stated  intervals  and  the  strength  of  aoid,  temperatures  and 
poesibly  also  cadmium  readings  should  be  taken  at  the  same  time.  The 
same  readings  should  be  taken  on  the  subsequent  charge.  It  is  advisable 
to  plot  these  readings,  as  any  discrepancies  will  then  be  apparent.  The 
ampere-hour  capacity  of  the  cell  will  be  the  average  amperes  multiplied  by 
the  time  of  discharge  in  hours.  The  watt-hour  capacity  will  be  the  ampere- 
hours  multiplied  by  the  average  voltage  of  discharge,  provided  the  current 
ia  maintuned  reasonably  steady. 

lOS.  CharacterlBtic  performance.  A  complete  series  of  tests  as  out- 
lined in  Par.  lOt,  carefully  plotted,  will  give  the  battery  characteristics. 
With  a  set  of  these  curves,  the  performance  of  a  battery  can  be  quite  definitely 
determined.  It  ia  of  little  value,  from  an  enjdneering  standpoint,  to  know 
the  internal  resistance  of  a  cell,  except  for  highly  special  applications,  aa 
the  drop  in  voltage  due  to  polarisation,  usually  greatly  exceeds  the  resistance 
drop.  The  expression  of  "virtual  internal  resistance^"  which  is  an  at- 
tempt to  include  polariiation  effects  is  also  of  no  value,  as  it  contains  no  time 
factor,  and  the  time  the  discharge  is  to  last  is  of  extreme  importance. 

IM.  An  approximate  way  of  deterxninlnv  the  Internal  resistance 
ofaeellisto  proceed  as  follows:  momentarily  interrupt  the  current  and  note 
the  instantaneous  increase  in  cell  voltage,  preferably  by  the  condenser, 
ballistic  galvanometer  method.  The  difference  between  the  terminal  vol- 
tages with  and  without  the  current  flow  is  the  resistance  drop;  dividing  this 
difference  by  the  current  will  give  the  approximate  value  of  the  internal 
resistance.  Values  determined  by  the  wheatstone  bridge  method  with  alter* 
nating  current  will  be  in  error  on  account  of  the  capacity  effect  which  any 
electrode  shows  in  an  electrolyte. 

lOi.  Ifficiency  tests.  The  efficiency  of  a  storage  battery  is  the  ratio 
of  watt-hours  of  mscharge  to  watt-hours  of  charge  and  should  be  determined 
as  the  mean  of  several  charges  and  dischorgeH,  as  there  ia  no  absolutely  definite 
point  to  terminate  either  tne  charge  or  discharge.  The  condition  to  be  met 
IS  simply  that  the  battery  must  have  received  sufficient  charge  each  time,  to 
insure  full  capacity  Mt  the  succeeding  discharge.  The  efficiency  should  be 
taken  as  the  ratio  of  the  total  watt-hours  of  discharge  to  the  total  watt-hours 
of  charge,  for  all  the  charges  and  discharges.  For  efficiency  tests,  the  end 
point  of  charge  should  be  taken  as  the  point  when  both  positives  and  nega- 
uves  are  gosung  uniformly,  the  voltage  snowing  the  same  value  for  two  read- 
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ings  taken  16  min.  apart,  and  the  acid  density  havins  reached  a  Tmloe 
within  0.003  deg.  ep.  gr.  of  the  maximum  value  reached  on  the  thorough 
overcharge  before  starting  the  test.  Tho  terminating  point  of  diacfaaiye 
should  be  taken  as  that  at  which  the  battery  has  discharged  the  deared 
number  of  ampere-hours:  the  spedfio  gravity  of  the  acid,  corrected  for  tem- 
perature, if  necessary,  should  show  approximately  equal  values  at  the 
end  of  each  diacharge.  Failure  to  observe  the  above  points.  eepeciaUr 
temperature  effects,  may  cause  serious  errors  in  the  determinatioo.  The 
room  temperature  should  be  maintained  as  nearly  constant  as  practicable. 

BATTSEZU    rOB   STATIONA&T   PUBPOSM 

IM.  Batteries  for  power-plant  purpoiei  are  usually  designed  with  the 
idea  that  combined  capital  and  maintenance  oharses  shall  be  a  minim,uiii.    For 

this  reason,  if  a  battery  is  in 


constant  active 
Plant6  plates  are  used,  but 
if  the  main  consideratiom  is 
insurance  of  continuous 
power  supply,  or  *'  stand-by  " 
service,  pasted-plate  batter- 
ies will  usually  prove  to  be 
the  more  economical. 
Pasted-plate  battles  are 
I  lighter,  require  less  room, 
'  costless, andfifbutalimited 
number  of  discharges  are  re- 
<|uired,  will  be  equally  long 
h  ved  as  the  Pia  nte-plate 
batteries.  Considerable  at- 
tention is  ^ven  to  the  de- 
tails of  stationary  batteries  in  order  to  insure  reliatnlity  and  life. 

lOT.  Plate    lUei.     For   small    requirements    the     couple    types    are 

applicable,    tho    construction    details    being  apparent  from  Fig.  23.    The 
capacities  available  in  this  type  are  the  following: 


Fia.  23. — Couple  type  cells. 


Si<e  of  plate  (in.)... 

3  by  4 

4  by  4 

5  by  5 

6  by  6 

S  by  81 

71  by  71 

8-hour  capacity  (am- 

7 

10 

IS 

20 

24 

40 

For  greater  capacities  with  the  regular  cell  constructiona  the  foUowiBc 
sisee  of  plates  are  used: 

Siie  of  plate 
(in.) 

7J  by  71 

lOibylOi 

ISibylSi 

ISibylSi 

15  i  by  31 

S-hour  capac- 
ity (ampere 
hours) 

40 

80 

160 

240 

320 

108.  Choice  of  plate  sise.     As  a  general  rule  the  smallest  siae  of  plate 

should  be  chosen  which  does  not  make  the  width  of  the  cell  prohibitive. 
It  is  also  well  to  choose  either  of  the  first  two  eises  of  the  latter  table  if  pos- 
sible, as  they  may  be  mounted  in  glass  jars,  these  bein^  cheaper  and  more 
durable  than  the  lead-lined  tanks  used  with  the  larger  sisee.  Glass  jars  for 
thir teen-plate  cells  are  readily  'obtained,  but  the  larger  sises  are  imported. 

109.  The  standard  fflata  Jar  mounliiiff  is  shown  in  Fig.  24.  The 
plates  are  provided  with  support  lugs  which  rest  on  the  edges  of  the  glass 
jar  and  the  plates  of  like  polarity  are  "lead  burned"  to  a  cross  bar  wiUi 
connector  straps  for  connecting  adjacent  cells.  The  connector  straps  are 
Joined  either  by  bolt  connectors  consisting  of  a  brass  stud  with  lead-covered 
brass  nuts  or  are  "lead  burned."  The  plates  of  opposite  polarity  are  inter- 
meshed  and  are  spaced  apart  by  MparatM««  comonsing  diaphragms  of  wood 
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T«tiMr  threaded  through  slotted  wood  doweb.  both  the  veneer  and  the  dowele 
be&zu  first  treated  to  remove  injurioua  subatanoee.  The  veneerB  are  fairly 
durable  in  the  electrolyte  but  require  renewal  in  2  to  4  years.  They  pre- 
vent partiolee  of  active  material  bridaing  across  the  space  between  plates, 
whidi  otherwise  would  cause  Internal  Bnort-circuita.  Tne  separators  are  kept 
from  floating  by  pieces  of  glass  called  leparator  hold-dowzu.  The  cells 
are  eet  in  a  layer  of  sand  contained  in  a  wood  sand  tray  thoroughly  coated 
with  aaphaltum  paint,  and  the  sand  tray?  are  mountea  on  glass  insulators. 
The  use  of  porcelain  insulators  is  to  be  avoided,  as  the  glase  is  attacked  by 
acid  spray  and  the  insulating  properties  are  lost.  Glass  sand  trays  with  in- 
t«ral  insulating  feet  are  often  used  instead  of  the  wood  trays  and  insulators. 
Tney  are  not  satisfactory  with  the  larger  sises  on  account  of  liability  to 
breakage. 

110.  Leftd-lined  tank  oonitrucUon.  Plates  15|in.Xl5iio-and  larger 
are  always  mounted  in  lead-lined  tanks,  the  construction  being  shown  in 
FSg.  25.  The  wood  tanks  are  preferably  of  long-leaf  yellow  pine,  with  dove- 
tail j<unta  and  dowels  and  without  metal  fastenings.  The  tanks  should  be 
painted  both  inside  and  outside  with  three  coats  of  acid-resisting  paint,  and 
fined    with    4-lb.    sheet    lead,    the    lining    projecting    outside    the    wood 

tank  in  order  to  prevent  acid  faUing  onto 
the  tank.  Tanks  should  have  OberaJ 
mud  space  to  take  the  accumulation  of 
sediment.  The  sediment  space  should 
exceed  one-third  of  the  length  of  the  plate. 
The  tanks  should  be  supported  on  glass 
insulators,  the  oil-filled  type  with  a  pro- 
tecting cover  being  preferred.     Lead  foot- 


Fio.  24. — Cell  in  glass  jar. 


Fia.  25. — Cell  in  lead-lined  tank. 


inga  are  placed  in  the  bottom  of  the  tanks,  upon  which  rest  the  glass  sup- 
port plates.  The  support  plates  are  about  |  in.  thick,  and  have  the  upper 
edges,  which  support  tne  plate  luga,  ground  smooth.  The  plates  are  lead- 
burned  to  bus  bars  of  extruded  Teaa  and  wood  separators  with  dowela  are 
iised  to  space  the  plates,  as  with  the  glass-jar  cells.  A  few  installations  of 
large  cells  have  been  made  in  special  acid-proof  stoneware  tanks,  but  this 
construction  has  not  come  into  general  use. 

111.  Breetion.  Glass-jar  cells  are  mounted  on  wood  stringers,  or  two 
tier  racks  if  space  is  limitc»d,  these  being  thoroughly  coated  with  acid-resist- 
i  ng  paint.  The  insulators  for  lead-lined  tanks  usually  rest  upon  acid- 
resisting  tile,  the  tiles  being  brought  to  a  level  by.supportiag  them  on  pillars 
of  sulphur-sand  cement.  These  piers  are  made  by  supporting  the  tile  on  a 
VmU  or  stiff  cement  and  pouring  melted  sulphur,  into  which  sand  has  been 
stirred.  Another  method  of  insulator  support  is  to  use  heavy  earthenware 
truncated  cones  in  plaoe  of  the  sulphur  piers. 
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lis.  The  itranjrth  of  alactarolyte  at  full  charge  in  stationary  tsrpei 
of  batteries,  is  usually  limited  to  1.200  to  1.215  ap.  re.,  and  a  sufficient  volume 
of  electrolyte  is  usually  present  in  the  cells  so  that  its  strength  does  not 
fall  below  1.150  to  1.160  sp.  gr.   at  the  end  of  discharge. 

111.  Tsrpieal  eharfo  and  dla- 
chixge  ourraB  of  Plaxxti  statloii- 
ary-typa  oellB  are  shown  In  Fig.  2C. 
The  upper  charge  curve  is  for  the  nor- 
mal or  8-hr.  rate,  subseauent  to  a  com- 
plete dischaTKO  at  the  like  rate.  ^  The 
main  part  of  tne  charge  curve  is  similar 
for  ploles  of  different  standard  make  | 
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Flo.  27. — Capacity  and  voltage 
characteristics. 
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or  desisn.  but  the  latter  part  of  the  curve  will  show  wide  variations  with 
plate  design  and  age  of  pTatee.  The  factor  which  seemii  to  be  of  greateat 
importance  in  determioing  the  znaziznuzn  voltage  value  reached  on  charge, 
la  the  condition  of  the  negative  olates  with  referenoe  to  a  possible  deposit 
of  inapuritiea  on  their  surfaces.  The  maximum  value  reachea  with  continued 
charge  at  the  normal  rate,  may  be  aa  high  as  2.65  volts  with  the  cell  at  70 
des- Fahr.,  and  as  low  as  2.45  volts.  AU  commercial  lead  contains  a  small 
percentage  of  impurities  such  as  copper,  antimony,  etc.,  and  these  are  even- 
tually deposited  from  the  positives,  with  their  proceeding  corrosion,  onto 
the  negative-plate  surfaoea.  The  result^  of  these  deposita  is  generally  to 
reduoe  the  final  charge  voltage.  If  a  poeitive-plate  grid  contains  antimonv, 
the  effect  ia  quite  marked.  Antimony,  artificially  introduced  into  ^  cell, 
iHll  produce  thia  effect. 

114.  Th«  point  of  discharge  termixubtion  is  determined  arbitrarily* 
the  main  oondition  being  that  the  cell  voltage  drops  with  increasing  rapidity, 
toward  the  end.  The  capacity  decreases  with  increasing  diaoharge  ratea, 
as  shown  in  the  curvea  of  Fig.  27,  and  the  initial,  average,,  and  final  voltaeea 
are  alao  indicated.  The  decreaae  in  capacity,  aa  previously  stated,  results 
from  lack  of  time  for  acid  to  diffuse  into  the  active  matenal. 

116.  Toltage  ¥uiation8  on  intermittent  charges  and  discharges. 
Stationary  tjrpes  of  lead  batteries  are  capable  of  chargini^  and  discharging 
at  high  ratea  tor  short  intervals,  with  a  relatively  amall  variation  of  voltage. 
The  carves  of  Fig.  28  show  vottaaes  at  the  end  of  charge  and  diacharge  for 
the  times  indicated  on  the  aiff«:«Dt 
curves.  These  curves  are  of  importance 
in  determimng  the  variation  of  line  volt- 
ase  with  a  floating  battery,"  or  that 
amount  of  work  neceeaary  to  be  done  by 
a  booater  Kenerator  in  seriea  with  a  bat- 
tery, in  order  to  maintain  a  constant  line 
voltage. 

Hi.  Variation  of  capaci^  with 
temp«ratare.  The  rate  of  diffuaion  of 
aind  into  the  poree  of  the  plates  varies 
markedly  with  temperature,  and,  in  con- 
aequence,  there  ia  a  marked  decreaae  in 
capacity  with  lower  temperaturea.  Tem- 
perature coeflSoienta  for  different  rates  of 
dtacbarge  are  as  shown  in  the  carve  of 
Fig.  29. 

117.  Nominal  battery  ratings.  Frequently  a  stationary  battery  ia 
refMTedto  as  having  a  kilowatt-hour  cajpacity.  By  this  ia  meant  the  S-hr. 
<x  normal  aihpere-hour  capacity  multiplied  by  the  number  of  cells  and  by 
the  open-circuit  voltage  per  cell  which  ia  approximately  2.1  volta. 
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FiQ.  29. — Temperature  co- 
efficients. 


BLKGTUC  VEHZGLK  BATTIRIIS 

118.  Adaptable  types.  Pasted  plates  are  universally  used  in  vehicle 
batteries  at  the  present  time,  although  there  is  no  reason  why  a  battery 
with  Plants  positives  and  pasted  negatives  should  not  be  succeaaful  on  ac- 
count of  ita  greater  capability  to  withstand  "boosting"  charges.  By  a 
boosting  charge  is  meant  a  partial  charge  at  a  high  current  rate,  such  a  charge 
taking  place  at  the  noon  hour  or  other  rest  period  after  the  battery  is  partly 
discharged.  The  Plants  positive,  even  with  a  pasted  negative,  may  be 
charged  at  enorraoualy  high  ratea  without  the  injurious  heating  which 
develops  in  the  Edison  battery. 

If  in  a  particular  service,  the  capability  of  a  battery  to  withstand  boosting 
at  high  rates  is  of  importance,  thia  combination  ahould  receive  conaideration. 

The  prime  reaaon  for  the  use  of  pasted  plates  is  their  relative  lightness, 
since  a  reduction  in  weight  of  battery  reaulta  in  a  reduced  current  consump- 
tion for  the  vehicle  and  a  reduction  in  the  expense  of  tire  upkeep.  For  these 
reasons,  battery-plate  life  ia  often  dcliberatelv  sacrificed  by  using;^  thin  plates 
and  a  small  separation  between  plates.  Small  separation  makes  it  necessary 
to  emirfoy  strong  acid  and  this  reduces  the  life  of  the  separators  aa  well  as 
the  life  of  the  plates.  There  ia  already  a  strong  tendency  toward  the  use 
of  tliicker  separators  and  a  reduced  acid  strength. 
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IK.  Plata  dimaniloni.  The  siie  of  piste  in  general  uaa  for  vehide  pur- 
poses is  5i  in.  X  8|  in.  Standard  positive  plates  vary  from  0.22  in.  to  0.13 
in.  in  thickness,  negative  plates  from  0.19  in.  to  0.11  in.  Several  other 
sises  of  plates  are  in  occasional  use  than  the  one  above  stated,  but  they  an 
gradually  being  abandoned. 


Fio.  30.— 'Vehicle  plate 
grid  "shelf  type." 


Flo.    31. — Vehicle  plate 
grid  "diamond  type." 


► 


Negatives  are  usually  thinner  then  the  positives  with  which  thev  are  i 

by  several  hundredths  of  an  inch,  so  that  the  plates  of  each  polarity  will 
have  approximately  equal  life.  Each  battery  manufacturer  makes 
several  thicknesses  of  plates,  the  proper  thickness  to  use  under  any  condition 
bein^  dependent  on  the  ampere-hour  capacity 
required  and  the  s|}ace  and  weight  umita- 
tions.  In%  definite  sise  of  jar,  a  greater  capa- 
city can  be  obtained  with  a  larger  number  of 
thin  plates  at  high  discharge  rates.  The  ooat 
of  the  thin-plate  battery  in  the  same  eiae  jar 
is  somewhat  greater,  and  the  ampere-ho\ir 
life  is  slightly  less.  The  ratios  as  obtained 
from  bench  tests,  under  exaggovted  ohargizix 
conditions,  are  shown  in  Par.  US. 

ISO.  Choice  of  plate  thlcknesi.  Iq  the 
examples  cited  in  Par.  ISS,  the  prices  and, 
also,  the  "probable  life"  are  to  be  considered 
as  comparative.  The  ratios  hold  for  eeveraJ 
makes  of  battery.  Where  maximum  mileage 
radius  of  a  vehicle  is  necessary,  the  thinner 
plates  will  be  chosen.  The  best  all-round  re- 
sults will  be  obtained,  in  the  judgment  of 
many,  from  using  the  intermediate  plat-e 
thickn«8es. 

111.  Orld  types.  The  only  two  grid  de- 
signs in  ^neral  use  with  the  ordinary  plates 
are  those  illustrated  in  Figs.  30  and  31. 

Its.  Vehicle    batterr    construction    ia 
illuBtrated    in    Fig.  32.     Jars  are  universally 
of  hard  rubber.    Celluloid  is  not  suitable  for 
vehicle  batteries  on  account  of  its  inflamma- 
bihty.     It  also  oxidises  in  contact  with  positive  plates  and  becomes  worth- 
less.    The  bottoms,  of  jars  contain  supporting  nbs  or  bridges,  upon  which 

1614 


Fig. 


32. — Vehicle  cell  con- 
struction. 
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the  plates  reat;  these  bridges  provide  s  spaee  beneath  the  plates  to  talte 
the  sediment  whish  is  gradually  thrown  off  irom  the  plates  in  service. 

UM.  BaUtlve  Attributes  of  PUtet  of  Tkrioua  Thieknesses 


Sise  of  Jar  6.125  in.  wide,  4.25  in.  long,  outside                         1 

Type  of  plate 

Weight 

per  cell 

Ob.) 

Capacity  at 
6-hr.  disch. 

rate 
(amp.  hr.) 

List  price 
per  cell 

Average  life 
(amp-hr.) 

Thick        

34} 
331 

35 
37 

155 
171 
189 
204 

Sie.70 
17.75 
19.00 
20.10 

77,500 
71,800 
71,000 
61,200 

Medium 

Thin 

Extra  thin 

Sise  of  jar  6.125  in.  wide,  8  in.  long,  outside                        ] 

Type  of  plate 

Weight 

per  cell 

(lb.) 

Capacity  at 
6-hr.  duch. 

rate 
(amp.  br.) 

List  price 
per  cell 

Average  life 
(amp-hr.) 

Thick 

64 

309.0 
343.0 
378.0 
382.5 

$30.00 
32.20 
34.95 
35.10 

154,000 
144,000 
143,000 
115,000 

Thin 

Extra  thin* 

lt4.  Separatort.  The  plates  are  insulated  from  each  other  by  thin 
sheets  of  corrugated  wood  veneer,  grooved  oo  one  side,  the  wood  used  being 
either  naturally  free  from  such  organic  substances  as  would  injure  the  plates, 
or  else  treated  to  remove  such  impurities.  These  veneers  are  usually  kept 
mway  ftom  the  positive  plate  by  inserting  a  thin  sheet  of  perforated  hard 
rubber.  The  smooth  aide  of  the  venetr  is  placed  against  the  negative 
plate.  The  life  of  these  wood  separators  is  umavorably  influenced  by  very 
strong  acid  also  by  an  excessive  amount  of  overcharge.  If  batteries  are 
properly  operated, 
the  separators  will 
last  as  long  as  will 
the  plates  of  a  thin- 
plate  battery,  that 
IS,  12  to  15  months 
in  oommereial  ser- 
vica  and  18  to  24 
months  in  pleasure- 
vehicle  service. 

Thick    plates   will 

{[enerally  have  a 
onger  life  than  the 
wood  aeiiarators',  so 
that,  in  order  to  ob- 
tain the  best  possible 
life  of  the  plates,  the 
separators  will  re- 
quire renewal.    If 

tne  separators  and  the  platee  are  to  give  approximately  equal  lives,  sufficient 
apace  should  be  provioed  in  the  jars  to  take  all  the  sediment  which  will  be 
tnrown  off  in  the  life  of  the  plates,  i.e.,  high-bridKe  jars  should  be  used. 
Otherwise  the  space  should  be  ample  to  take  the  sediment  which  will  be  de- 
posited during  the  interval  of  separator  renewals.  ^ 

US.  The  straiw  to  which  the  platas  are  burned  are  of  several  types, 
as  shown  in  Fig.  33.     The  pillar-post  strap,  used  with  connector  links,  is 
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Fia.  33. — Vehicle  type  straps  and  connector. 


'  l«iigth  of  standard  jar  for  this  sise  is  7 1  in. 
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generally  oonaidered  to  be  the  best  deaisn.  Several  kiode  of  bolted  oonneo 
tioni  are  on  the  market,  but  most  of  them  are  unaatisfactory.  A  buraed 
conneotion  ie  preferable. 


Fio.  34. — Vehicle  battery  aesembly. 

IM.  Ooren.  The  oelU  are  preferably  provided  with  covers  of  hard 
rubber,  sealed  with  an  acid-resisting  compound,  to  prevent  slopping  of  th« 
electrolyte,  although  frequently  a  tight-fitting  cover  is  relied  upon  to  prevent 
this.  If  the  coven  are  sealed,  vent  c»pi  of  either  hard  or  soft  rubbu-  are 
used. 
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Flo.  36. — Capacity  voltage  and  temperature  oharacteristica. 


UT.  Degrees  of  Mpsration  of  pUtai.  As  it  is  desirable  to  reduce 
weight  and  space  required,  as  far  as  possible,  with  vehicle  batteries,  aepa- 
ratioD  between  plates  and  the  volume  of  electrolyte  are  limited;  on  this 
account  the  range  of  acid  strength  between  the  states  of  full  charge  and  fvll 
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__  _  In  extreme  cases,  acid  of  1.300  sp.  gr.  at  full  charge  is 

used,  and  on)y  sufficient  volume  employed  to  eive  a  final  acid  density  of 


discharge  kb  o-eat. 

>nly  sufficient  volume  employed  to  giv 
1.100.      A  better  life  of  plates  and  separators  will  result,  however,  if  a  wide 


enough  separation  between  plates  is  used  to  permit  a  full  charge  density  of 
1.260  to  1.280  sp.  gr. 

158.  Crat«B.  The  method  of  aaserabling  vehicle  cells  into  crates  is  shown 
in  Fig.  34.  The  crates  are  of  hard  wood,  painted  thoroughly  with  asphaltum 
acid-remsting  paint  or  else  soaked  in  hot  paraffin  oil,  then  subsequently 
dipped  into  melted  paraffin.  The  practice  of  fastening  crate  terminalfi  onto 
the  crates  is  to  be  thoroughly  condemned,  as  when  the  orates  become  acid- 
soaked,  there  is  current  leakage  between  them,  and  the  positive  terminal 
corrodes  seriously.  Crate  ends  are  charred  from  this  cause,  and  the  current 
leakage  is  of  a  magnitude  not  to  be  neglected. 

159.  Performance  of  thin-plat«  batteries.  The  variatioD  of  capacity 
x>f  a  thin-plate  Tebicle-type  battery  in  wide  commercial  use.  is  shown  in 
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Fxa.  36. — Exide  plate  characteristics. 

FIs.  35  and  the  average  and  final  voltages  are  also  given.  The  Electric 
Storage  Battery  Co.  has  devised  an  ingenious  chart  showing  the  character- 
iatics  of  their  "Exide"  batteries  which  is  reproduced  in  Fig.  36. 

TBAnr-UGHTIHO  BATTKUIS 

1(0.  capacity.  A  special  type  of  battery  has  been  developed  for  the 
lighting  of  steam  railroad  trains.  The  standard  battery  comprises  16  cells 
of  300  anip-hr.  rated  capacity,  and  this  sise  is  used  in  most  cases  for  coaches, 
parlor  ears,  and  sleeping  cars.  For  dining  cars,  32  cells  are  frequently  used. 
Batteries  of  smaller  capacity  are  often  used  for  lighting  baggage  and  postal 


131.  These  batteries  are  charged  either  from  an  outside  source  at  termi- 
nal yards,  or,  especially  where  the  cars  run  over  several  different  lines,  are 
operated  in  conjunction  with  an  automatically  controlled  axle-driven  genera- 
tor.^ The  "head  end  svstem,"  with  a  steam-driven  generator  in  the  baggage 
car  is  sometimes  used,  tnough  it  is  not  so  popular  as  formerly.  (See  Railway 
Train  Lighting,  Sec.  22.) 


in. 


DMlfii.     Batteries  for  train  lighting  have  been  standardised,  the 
—      —     Th        ■■  ■    ■  ■         ■      ■ 


eonstruetion  being  shown  in  Fig.  37.     The  cell*  are  mounted  in  pairs  in 
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FiQ.  37. — Train-lighting  battery. 


double-ooin|>artment  wood  tanks,  with  lead  linings.  The  tanks  are  prorided 
with  insulating  porcelain  rollers  or  skids  on  the  bottom;  also  with  inaulatinc 
side  and  end  buffers  of  porcelain  or  paraffined  wood.  The  covers  are  aealea 
in  with  a  suitable  asphaltuni  compound,  the  covers  being  of  lead-antimony 
or  hard  rubber.     Soit*rubber  bushings  surround  the   terminal   poata  where 

they  emerge  from  the 
covers,  in  order  to  absorb 
the  shock  incidental  to  the 
service. 

The  elements  usually 
comprise  Plants  plat«a, 
both  positive  and  nega- 
tive, although  pasted 
plates  are  sometimes  used. 
With  Plants  platee,  the 
separators  are  perforated 
hard-rubber  sheeta  with 
marginal  ribs  about  }  in. 
wide  on  either  side,  and 
also  are  provided  with 
narrow  intermediate  ribe. 
inclined  slightly  to  the 
vertical  in  opposite  direc- 
tions, on  eitner  side  of  the 
sheet. 

The  plates  are  supported 
oo  porcelain  rests  held  in 
lead  channels  burned  to 
the  bottom  of  the  tank 
lining.  The. tank  linings  are  embedded  in  an  asphaltum  compound  of  rela- 
tively low  melting  point  (about  135  deg.  Fahr.)  the  compound  completely- 
surrounding  the  lining  on  sides  and  bottom.  This  construction  prevents 
electrolysis  of  the  linings  to  a  large  degree. 

Its.  Life   of  traln-U^htlnff  batteries.      These  batteries  if  properly 
oared  for,  will    have  a    life    of   from   4  to  S  or  9  years,  dependent  some- 
what on  the   amount  of  dis- 
charge to  which  they  are  sub- 
jected.      They    are     usually 
opened    up    for   inspection    2 
years  after  first  being  plaoed 
in  service,  and  subsequently 
once  a  year.     Any  sediment 
accumulation  is  then  removed 
and  the   plates   straightened,  j 
if  this  be  required. 

ISi.  Tolt»|re    charaeter- 
iaticB    of    train-liEhting    bat-  | 
teries  are  practically  the  same 


as  for  cells  of  the  stationary 
type  (see  Par.  lit). 

BATTIEIIB   roa   MIS- 

CILLANKOU8  FUB- 

POSK8 


lU.  AutomoblU  start- 
ing, Ughtinjr  and  ignition 
batteries.  Batteries  for  this 
service  have  been  specially  de- 
signed to  meet  the  large  cur-  Fio.  38. — Motor  starting  and  lighting  battery. 
rent  demands  required  for  en- 
gine starting.  Normal  voltages  of  6  and  12  volts  are  usual,  although  there 
are  a  number  of  16-,  18- and  24-volt  systems.  The  lower  voltages  are  pref- 
erable on  account  of  the  better  durability  of  the  low  voltage  lamps,  (fciee 
"Electric  Equipment  for  Gas  Automobiles,"  Sec.  22.) 

The  battery  elements  are  made  up  of  a  large  number  of  thin  plates,  usually 
with  thin  corrugated  wood  veneer  separators,  and  without  perforated  hard- 
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rubber  sheets,  the  latter  being  omitted  to  reduce  the  vcdtage  drop  on  the 
very  hS^h  diBoharge  rates  for  starting.  The  initial  ounreat  value  is  frequently 
three  times  the  rated  ampere-hour  capacity  of  the  battery,  and,  in  order  to 
reduce  the  voltage  drop,  cell  connectors  and  terminals  have  copper  cores. 
Flate  grids  are  also  usually  provided  with  reinforcing  diagonal  memben 
for  the  same  purpose.  Fig.  38  shows  a  standard  battery  ensign  for  motor 
starting  and  lighting. 

Ut.  The  YOlta^  choracteristios  of  these  batteries,  as  furnished  by 
several  manufacturers,  is  shown  in  Fig.  39. 


ISO         MO 

Ampsrst 

Fta.  30. — Motor  starting  battery  characteristics. 

IJT.  BatUriM  for  Ignition  alone.  The  current  required  for  ignition 
ntfely  exceeds  an  average  value  of  from  i  to  I  amp.  For  this  reason,  bat- 
teries for  ignition  alone  usually  have  tmok  plate  elemeote,  the  discharge 
rates  being  so  low  that  the  full  plate  thickness  is  efficiently  used.  Standard 
batteries  for  this  service  are  4  and  0  volts,  that  is,  two  and  three  cells. 

BATTIET  EOOMB 

IM.  Qeneral  rules.  It  is  desirable  to  install  stationanr  batteries  in 
rooms  which  have  good  ventilation  and  are  well  lighted.  Direct  sunlight 
should  not,  however,  be  permitted  to  fall  on  the  oells;  it  is  well,  therefore, 
to  coat  windows  with  an  opalescent  paint,  in  order  to  avoid  this  possibility 
and  aUo  to  cause  the  illumination  of  the  entire  room  to  be  more  equally 
diffused.  Where  natural  illumination  is  not  possible  or  convenient,  a  liberal 
number  of  electric  lamps  should  be  provided.  Open  flames  and  fires  in  stoves 
must  not  be  p^mitted,  as  the  cells  give  off  hydrogen  and  oxygen  on  over- 
charge and  the  mixture  of  these  gases,  if  sufficiently  concentrated,  is 
esq^losive. 

lit.  Temperature.  A  battery  room  should  be  maintained  at  as  nearly 
70  de^.  as  possible.  Higher  temperatures  than  95  deg.  to  100  deg.  Fahr., 
excepting  during  rare  intervals,  must  be  avoided.  Low  temperatures 
temporarily  reduce  the  battery  capacity,  but  do  no  injury. 

140.  Cleanliness  of  location.  Batteries  should  not  be  installed  ad- 
jacent to  an  ice  plant,  or  to  a  stable,  as  ammonia  gas  is  absorbed  with  great 
avidity  by  the  electrol^e  and  eventually,  crystals  of  ammonium  sulphate 
collecting  on  the  oontaining  tank,  may  cause  the  electrolyte  to  syphon  off 
by  capillary  action.  The  caparity  of  negative  platca  is  reduced  by  the  pres- 
ence of  ammonia.  Corrosive  gases  or  vapors  from  other  manufacturing 
processes  should  also  be  avoided.     Iron  ore  dust  is  also  objectionable. 

141.  Tentilation.  If  large  batteries  are  to  be  installed  in  the  immediate 
vicinity  of  dwellings,  forced  ventilation  may  have  to  be  provided,  during  the 
completion  of  charge,  by  means  of  an  exhaust  fan.  The  acid  vapors  may  be 
removed  from  the  exhaust  by  sucking  it  through  several  labors  of  bronse 
screen  or  thin  perforated  sheets  of  lead.  Exhaust  ventilation  is  much  prefer- 
able to  direct,  as  air  currents  are  more  uniform  and  there  are  fewer  eddies. 
The  acid  spray  in  the  first  method  does  not  so  readily  precipitate  upon  the 
tanks  and  insulators. 

141.  Proteetion  to  iron  work  and  walls.  There  should  be  a  minimum 
of  exposed  ptpfng  and  iron  work  in  a  battery  room,  especially  near  the  floor. 
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If  radiators  or  coila  are  present,  thev  should  be  as  high  from  the  floor  bi 
possible  and  kept  painted  with  asphaJtum  paint.  At  the  floor  level  and  for 
the  first  4  or  5  ft.,  it  is  especially  desirable  that  the  iron  work  be 
protected.  On  ceilinss  and  on  walls  above  the  top  level  of  the  oells.  *  food 
white-lead,  linseed-oil  paint  should  be  used.  The  white  walls  ana  ccitiac 
will  materially  assist  in  the  illumination  of  the  room. 

14S.  The  floor  of  A  battary  room  should  receive  i>articular  consideration, 
especially  if,  as  frequently  ocoura  in  large  cities,  a  large  battery  is  erected  in 
an  upper  story  of  a  building  containing  iron  or  steelwork  in  its  floor.  A 
good  floor  specification  in  this  case  is  the  following:  A  layer  of  concrete  is 
spread  over  the  floor,  the  surface  being  "floated" — not  trowelled.  This 
surface  is  thoroughly  mopped  with  hot  *  Hydrex"  compound  (a  puro  grade 
oif  Trinidad  asphaltum)  and  a  layer  of  "Hydrex"  felt  is  then  laidj  the  edces 
being  flashed  on  the  walls  and  other  uprights  about  3  in.  Three 
layers  of  this  felt  are  laid,  the  surface  of  each  being  thoroughly  mopped  with 
hot  Hydrex  compound  and  at  the  same  time  seeing  that  the  abutting  jcnnts 
of  the  sheets  of  one  layer  do  not  match  with  those  of  the  lower  lurer. 
Two-inch  tile,  of  a  grade  which  is  not  porous  and  which  is  not  attacked  by 
acid,  are  then  laid,  a  space  of  }  in.  being  left  between  the  tile.  Hot  Hydrex 
compound  is  then  poured  in  thesespaces.  The  floorshould  be  pitched  toward 
drains,  the  pitch  oeing  at  least  f>g  in.  per  ft.  Drains  should  oompriae^  a 
sheet-lead  catch  basin,  all  joints  in  which  should  be  lead  burned,  andlead  p^ie 
should  be  used  for  the  drains.  Covers  to  drains  should  be  of  bronse.  wnieh 
withstands  sulphuric  acid  to  a  satisfactory  degree  for  this  puri>oee.  Such 
a  floor  construction  is  quite  expensive  and  is  only  warranted  for  the  condi- 
tions above  stated. 

If  a  battery  is  installed  on  a  ground  floor  and  the  room  can  be  kept  fairly 
dry,  a  concrete  floor  will  be  quite  satisfactory.  The  floor  must,  however,  be 
flushed  at  frequent  intervals  and  acid  must  not  be  slopped  on  the  floor. 
Any  leaky  cells  must  be  promptly  repaired  and  the  sjiiiled  acid  promptly 
neutralised  with  washing  soda.  A^  concrete  floor  can  be  protected  to  a  satis- 
factory den'ee  (in  the  absence  of  ironwork  in  its  construction)  by  mopping 
with  very  not  paraffin,  applied  with  a  heavy  brush  to  prevent  too  rapid 
cooling.  In  those  cases  where  an  expensive  construction  is  not  warranted 
fur  results  can  be  obtained  by  keepins  sawdust  on  the  floor  to  absorb  the 
acid  spray  from  overcharge  or  any  spuled  acud. 

14i.  Arranroxnent  of  wlfiiic.  Conductors  to  terminals  and  between 
rows  of  large  batteries  should  be  of  bare  copper,  supported  on  glass  insulaUHV 
and  horisontal  runs  should  be  at  least  4  ft.  above  the  tops  of  the  oells.  The 
copper  should  be  liberally  smeared  with  vaseline.  Lead-covered  copper  oable 
makee  a  very  good  conductor  for  running  in  a  ^  battery  room.  Rubber- 
covered  cable,  without  braid,  is  also  satisfactcvy  if  the  rubber  cowing  is 
high  grade. 

14S.  Location  of  switchboard.  Switchboards  and  end-cell  switches 
should  not  be  installed  in  a  battery  room  on  acoount  of  the  presence  of  aod- 
contsining  vapors  given  oCF  during  charge.  It  is  w^l  to  provide  a  separate 
room  for  these  parts. 

14C.  Oeneral  layout.  In  laying  out  a  battery  room,  liberal  aisle  spaces 
should  be  provided  if  possible.  There  should  be  at  least  6  in.  space  between 
walls  and  a  row  of  cells.  With  ^laas-jar  installations,  30-in.  aisles  are  satis- 
factory for  passage  ways,  andK  if  the  battery  is  installed  in  double  rows, 
there  should  be  a  clear  space  of  at  least  4  and  preferabl;^  6  in.  between 
adjacent  rows.  With  lead-lined  tank  installations,  suflicient  aisle  space 
must  be  provided  to  remove  tanks,  if  necessary,  by  up-ending, 

BKOin.ATINO  EQUIPMINT 
14T.  7oltage  regulation.  Since  the  voltage  of  a  battery  falls  on  dis- 
charge and  rises  on  charge,  it  is  necessary  to  compensate  for  these  variations 
in  some  way,  if  a  constant  line  voltage  is  to  be  maintained.  With  small 
batteries  on  steady  charge  or  discharge,  regulation  for  constant  voltage  is 
sometimes  effected  by  means  of  an  adjustable  resistance  in  series  with  the 
battery,  the  battery  either  being  split  in  two  halves  in  parallel  for  char|[e 
or  a  shunt  charging  booster  is  used  to  add  sufficiently  to  the  line  voltage  in 
order  to  charge  the  oells  in  a  single  series.  Another  method  of  voltage 
regulation  sometimes  used.  Is  to  absorb  the  excess  voltage  at  .the  beginning 
of  discharge  by  means  of  "counter  e.m.f.  cells"  (Par.  l4t).    With  larger 
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batteries,  the  loMea  of  the  preceding  methods  are  avdded  by  the  use  of  auto- 
matic regulatins  boosters  (Par.  110)  or  end  cells  with  end-cell  switches 
(Par.  lU). 

14S.  0<miiter-«.m.f .  cells.  These  are  simply  cells  with  unformed  plates> 
When  current  flows  through  such  osUb,  they  oppose  the  main  battery  volt- 
age by  approximately  2.8  volts  for  each  oounter-e.m.f.  cell  in  series.  They 
are  so  connected  in  a  circuit  that  current  always  flows  through  them  in  the 
same  directiont  as  otherwise  they  would  gradaally  attain  a  considerable 
capacity. 

14f.  Bhimt  charging  booster.  This  consists  of  a  generator,  xisually 
motor-driven,  whose  6eld  is  excited  from  the  line;  actually,  therefore,  the 
dedgnation  is  misleading.  A  variable  resistance  in  series  with  the  field 
permits  the  adjustment  of  the  booster  voltage  to  the  desired  value.  These 
Dooatfos  are  conneoted  as  shown  in  Figs.  47  and  48. 

IM.  Automatic  regulating  booster.  The  charge  and  discharge  of  a 
battery  may  be  made  responsive  to  the  variations  of  any  desired  means  by 
placing  a  motor-driven  generator  in  series  with  the  battery,  the  field  of  the 

K aerator  being  excitea  in  accordance  with  such  variations.  Automatic 
osters  usually  regulate  for  constant  current  or  for  constant  voltage. 
Current  regulstion  is  the  more  frequent  application.  Regulating  boosters 
are  usually  driven  at  practically  constant  speed.  They  are  used  when  rapid 
rariations  of  battery  eharge  and  discharge  are  required. 

161.  Snts  booster.  Mailloux  proposed  the  use  of  two  opposing  field 
ooils  on  the  bcwst^  |[enerator,  one  a  shunt  field  excited  from  the  line  volt- 
age, the  other  carrying  the  total  current.  The  Ents  modification  of  this 
•dbeme,  formerly  in  wide  use,  is  shown  in  Fig.  40,  in  which  the  coil  A  carries 
the  current  from  the  generator,  B  carries  the  external  load,  while  the  shunt 
ooil  C,  excited  at  tine  voltage,  carries  a  practicallv  constant  current  opposed 
to  A  and  B.  The  coils  are  so  determined  that  the  resultant  booster  field  is 
mero  when  both  the  outside  load  and  the  generator  load  have  a  certain 
definite  value.  Any  increase  in  the  outside  load  then  causes  a  resultant 
field,  and  consequently  ^  a  resultant 
booster  voltage,  in  the  direction  forc- 
ing the  battery  to  discharge.  Any 
portion  of  the  increased  load  falling 
on  the  ^nerator  would  tend  still  fur- 
ther to  increase  the  booster  field  and 
reeuH  in  additional  batterv  discharge. 
The  resultant  booster  voltage  would 
be  in  the  opponte  direction  if  the  out- 
side load  decreased  and  the  battery 
would  be  forced  to  charge.  Regula- 
tion tending  toward  constant  gener- 
ator current,  therefore,  results  from 
this  scheme.  A  practical  defect  of  the 
Ents  booster  is  that,  the  field  being  the 
resultant  of  two  oppos}ng  fields,  the 
field  structure  must  carrv  much  more  than  the  normal  amount  of  winding 
and  a  highly  special  machine  results. 

IH.  Separately-excited  booster.  The  modem  boosters  have  fields  of 
ncvmal  dimensions  with  a  single  winding  excited  from  a  separate  machine  for 
this  purpose.  The  excitation  schemes  in  praotical  use  are  of  two  types 
descnbea  below. 

lU.  Carbon-pile  regulator.  This  regulator  is  shovm  diagrammatically 
in  Fig.  41  in  which  two  i^les  of  carbon  discs  are  under  but  a  elight 
compression  when  the  lever  arm  is  in  the  horisontal  'position.  The 
lever  arm  is  operated  by  a  solenoid  plunger  whose  coil  carries  the  cur- 
rent to  be  reflated.  The  pull  of  the  solenoid  is  balanced  by  a  spring 
whose  tension  is  such  as  to  equal  the  solenoid  for  normal  average  current. 
The  bottoms  of  these  two  piles  are  connected,  one  to  the  positive  and  the 
other  to  the  negative  of  the  battery,  and  the  two  tops  of  the  piles  connected 
togethM*.^  One  terminal  of  the  booster  field  is  conneoted  to  the  junction  of 
the  two  piles,  the  other  to  the  middle  point  of  the  battery.  With  the  two  piles 
under  eaual  compression,  no  current  flows  through  the  booster  field.  An 
increase  of  current  from. the  main  generator  causes  the  solenoid  to  oompresi 


Fig.  40.-^£nU  booster. 
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one  of  the  earbon  pile*  and  release  the  preeaure  in  the  other;  in  oonBequaDe* 
of  the  reduction  of  resistance  of  the  carbon  piles  under  pressure,  current 
flows  from  the  middle  point  of  the  battery  throu^  the  booster  field  and  the 
jnle  under  greater  compression,  the  current  being  in  the  direction  which  will 
cause  the  battery  to  discharge.  A  reduction  of  the  main  generator  current 
causes  the  field  to  reverse  and  the  battery  to  charge.  The  reflpilator  is  ad- 
Justed  for  Tanoua  sverace 
values  of  main  eenermtor 
current  simply  by  chAOC- 
ing  the  sprins  tension. 
The  amount  of  current  tlu>t 
can  be  handled  by  the  i»r^ 
bon  pilesislimited,  ao  that, 
for  large  boosters,  the  oslt- 
bon-pile  regulator  acta  aa 
the  field  control  of  an  ex- 
citer for  the  booster  gener- 
ator. Theseregulatorsare 
supplied  by  the  Eleetiie 
Storage  Battery  Co. 
IM.  Oountar-I.H.F.  booster  regulator.  This  scheme  is  due  to  A.  S. 
Hubbard  andisfurnishedbytheGouldStorageBatteryCo.  Referrinx  to  Fie. 
42,  the  main  booster  field  is  across  the  line,  but  there  is  an  exciter  machine.^, 
included  in  the  field  circuit.  The  latter  is  usually  mounted  upon  the  same 
shaft  with  the  main  booster  set  and  its  field  is  either  the  whole  or  shunted 
portion  of  the  main  ^nerator  current.  When  the  current  in  the  field  of  the 
exciter  machine  has  its  normal  average  value,  the  exciter  machine  is  deitigned 
to  give  the  full  line  voltage  and  in  this  case  sero  voltage  is  applied  to  the  main 
booster  field.  With  a  reduction  in  value  of  the  main  generator  euirent  and 
consequently  in  the  field  of  the  exciter  machine,  the  voltage  of  the  latter  is 
reduced,  so  that  current  flows  in  the  main  booster  field  in  a  direction  causins 
the  battery  to  receive  charge.  If  the  main  generat<H'  current  inereesea  aboTe 
the  average  value,  the  voltage  of  the  exciter  machine  is  in  excess  of  the  line 
voltage  and  current  flows  in  the  booster  field  coil  in  a  direction  causiag  the 
battery  to  discharge.     Shunting  any  portion  of  the  current  from  the  field 


Flo.  41. — Carbon-pile  regulator. 


Fia.  42.— C.B.M.F.  booster. 


Fio.  43. — Constant  current  booster. 


of  the  exciter  machine  increases  the  main  generator  current;  for  example,  a 
shunt  across  the  exciter-machine  field  of  equal  carrying  capacity  and  reaiat- 
ance  means  that  the  value  of  the  main  generator  current  must  be  twioe  aa 
great  in  order  that  the  exciter-machine  voltage  may  be  equal  to  the  line 
voltage  (the  point  at  which  the  battery  will  neither  charge  or  discharge). 
Adjustment  for  any  desired  average  generator  load  is  made  by  variable 
shunts  on  the  exciter  field. 

IH.  Differential  booster.  When  boosters  are  connected  as  shown  in 
the  two  preceding  diagrams,  they  are  designated  as  differential  boosters  aa 
distinguished  from  those  of  the  succeeding  paragraph. 

116.  Constant  current  booaten.  In  many  instances,  a  portion  of  the 
plant  load,  such  as  that  of  incandescent  lamps,  requires  steady  vc^tace, 
while  the  remaining  load  is  Batiafactorily  supphea  at  a  voltage  which  may 
vary  by,  say.  plus  or  minus  10  per  cent,  from  tne  generator  voUage.  In  thia 
event,  the  booeter  capacity  can  be  reduced,  under  certain  conditions  aa 
explained  below,  by  connecting  it  in  circuit  as  shown  in  Fig.  4S  where  the 
constant  load  circuits  such  as  lamps,  for  motors,  etc. ,  have  an  electrical  posi- 
tion between  the  main  generator  and  the  boaster,  and  the  variable  load  eii^ 


1022 


dbyv^iuuyie 


BATTERIES 


Sec.  20-157 


euita,  8uoh  aa  result  from  hoists,  elevator  operation,  eto.,  are  taken  o£F  the 
opposite  side  of  the  booster  and  are  subjected  to  the  battery  voltage  varia- 
tion. If  the  average  value  of  the  variable  load  is  less  than  the  difference 
between  the  maximum  current  and  the  average  load,  it  may  be  possible 
to  reduce  greatly  the  booster  capacity  by  so  connecting  it  as  to  realise 
constant  current. 

1B7.  Xloctrical  position  of  booatar  regulator.  Where  a  portion  of 
the  station  load  is  steady  and  another  portion  variable,  the  regulating  coil 
should  in  general  be  so  placed  aa  to  be  affected  by  the  variable  load  only,  if 
thifl  is  conveniently  possible.  This  can  be  done  by  grouping  the  constant 
and  the  variable  loads  separatel^f  the  coil  then  being  pUced  between  the 
two  groups  of  circuits.  The  position  indicated  will  result  in  closer  regular- 
tion,  since  all  the  practical  regulating  schemes  provide  that  the  current  to 
be  regulated  shall  not  depart  from  its  average  value  by  more  than  a  given 
percentage.  This  rule  holds  for  both  constant  current  and  differentia] 
Doosters. 

IBS.  End-eell  airltohea.  An  end-cell  switch  is  a  device  for  cutting  in  or 
cutting  out  cells  of  a  series  and  thereby  compensating  for  battery  voltage 
variation.  The  contacts  of  the  smaller  sise  switches  are  usually  arranged 
in  the  arc  of  a  circle,  while  with  larger  sises  the  contacts  are  arranged  in  a 
straight  row  and  a  heavy  laminated  copper  brush  is  moved  over  these  con- 
tacts by  means  of  a  motor-driven  worm.  In  switching  from  one  point  to 
the  next,  the  circuit  must  not  be  opened,  and  the  blade  must  not  touch  two 
adjacent  contact  points,  as  this  would  short-circuit  a  cell  having  its  terminals 
connected  to  these  points.  End-cell  switches  are  therefore  provided  nith 
sn  auxiliary  contact,  either  on  the  moving  blade  as  shown  in  B,  Fig.  44.  or, 
in  some  instances,  fixed  adjacent  to  each  main  contact.  The  main  and 
auxiliary  contacts  are  joined  by  a  resistance 
as  shown  at  C,  but  otherwise  insulated  from 
each  other.  The  auxiliary  contact  touches  one 
of  the  switch  points,  while  the  main  contact 
touches  the  adjacent  point.  The  circuit  is. 
therefore,  not  interrupted,  being  completed 
through  the  resistance,  C,  which  has  too  low  a 
value  to  affect  the  line  voltage  appreciably. 
Its  resistance,  however,  is  sufficiently  great  to 
prevent  short-circuiting  the  cells  connected 
across  the  two  points.  The  larger  sises  of 
end-cell  switches  are  motor-driven,  and  are 
very  elaborately  designed.  The  reader  is  re- 
ferred to  the  literature  of  the  various  manufacturing  companies  for. full 
particulars  of  these  switches. 

m.  X^ad-llmlt  devieei.  It  is  sometimes  desirable  to  limit  the  load 
on  the  battery.  This  may  be  accomplished  by  providing  an  adjustable 
Htop  to  limit  the  travel  of  the  lever  arm  of  the  carbon-pile  regulator,  and  thus 
limit  the  amount  of  current  which  will  flow  through  the  booster  field.  This, 
in  turn,  will  limit  the  amount  of  battery  char^  and  discharge.  An  equiva- 
lent device  for  the  same  purpose  can  be  apphed  to  the  Hubbard  booster. 

160.  Averskge  adjuster.  It  is  often  desirable  to  limit  the  work  which 
a  battery  does,  to  taking  simply  those  heavy  variations  of  current  which 
persist  for  short  times,  and  to  allow  the  main  (generator  to  follow  the  load 
averaged  over  relatively  long  intervals.  A  device  which  accomplishes  thia 
object  is  furnished  by  the  Electric  Storage  Battery  Co.,  and  its  design  is 
dependent  upon  the  following  principle:  the  armature  of  a  smRll  motor  is 
connected  to  the  adjusting  screw  which  controls  the  tension  of  the  spring  of 
the  carbon  pile  regulator,  through  a  suitable  train  of  reducing  gears.  The 
armature  of  this  motor  carries  a  practically  constant  current,  as  it  is  con- 
nected acrosn  the  line  in  series  with  a  fixed  resistance.  The  field  of  the  motor 
is  connected  across  the  terminals  of  the  booster.  The  effect  of  this  arrange- 
ment is  to  permit  the  battery  to  absorb  momentary  fluctuations,  while  the 
main  generator  current  follows  the  load  averaged  over  a  relatively  longer 
interval. 

OPXAATINQ  BQUIPMINT 

ICl.  Pilot  cells.  The  specific  gravity  of  the  electrolyte  of  a  cell  in  which 
tba  add  level  is  kept  OMistant  by  adding  water  to  replace  evaporatiiHif  ia 


-End-cell    switch. 
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the  beat  means  of  determiniiu  the  state  of  charge  of  a  battery.  One  or  two 
cells  of  a  battery  should  be  selected  for  this  purpose;  these  will  be  knova  as 
**pilot  cells,"  and  records  should  be  kept  of  their  aeid  density.  With  station- 
ary batterioa,  an  automatic  oell  filler  should  be  provided  and  maintsdned. 
In  other  cases,  the  evaporation  should  be  replaced  daily,  preferably  before 
starting  the  charge. 

16S.  AuzUlary  operatfnc  appaimtus.  To  follow  the  operation  of  a 
batttfy  the  following  apparatus  should  be  available:  (a)  low-r0«dinff 
▼oltmeter,  with  a  scale  of  0.3-0-3.0  volts,  with  "ttabbera"  (to  make  con- 
tact with  the  cell  terminals),  fb)  Cadmium  test  electrode,  oomprisinsa 
cadmium  rod  covered  with  perforated  rubber.  This  is  suitably  combined 
with  this  previously  mentioned  "stabbers"  and  is  used  to  determine  the 
relative  condition  of  the  positives  and  negatives,  (c)  Bxazxkinatlon  l&mpB; 
these  are  bulbs  at  the  end  of  a  flat  hard-rubber  or  glass  tube  so  that  they  may 
be  inserted  between  plates  in  lead-lined  tanks.  The  lamps  are  for  low  voltage 
(2  or  3  cells),  and  enable  the  interior  at  the  cell  to  be  examined,  (d)  Com- 
pensfttins  hydrometer ;  either  an  hydrometer  which  automatically  com- 
pensates for  temperature  differences  should  be  supplied  or  a  thermometer 
should  be  kept  in  the  pilot  cell  and  the  hjrdrometer  reading  corrected  for 
temperature.  Many  consider  the  latter  course  preferable,  (e)  AmxMUre- 
hour  meter;  these  instruments  also  are  frequently  used  to  determine  the 
state  of  charge  of  a  battery,  but  they  should  be  checked  from  time  to  time 
with  the  acid  readings  of  the  pilot  cells.  An  ampere-hour  meter  will  not 
determine  the  amount  of  local  action  which  takes  place  in  a  battery.  It  is 
usually  assumed  that  a  certain  percentage  of  ovwcharge  will  be  required, 
but  the  accurate  check  is  the  pilot-cell  reading. 

STOaAai-BATTK&T  APPUCATIOKS 

IM.  Applioablllty  of  stationary  tyikes.  The  characteristics  of  batteries 
which  make  them  essentially  valuable  with  reference  to  their  practical  appli- 
cation in  power  plant  work  are,  (a)  they  do  not  contain  moving  parts  and 

are  capable  instantAneously  of  turnishing 
current;  and,  (b)  they  will  absorb  and 
give  out  current  at  high  rates  and  at  high 
efficiencies.  Because  of  their  voltage 
vu'iatlon  on  charge  and  discharge,  aux- 
iliary apparatus  (Par.  14T-lftO)  must  be 
used  if  the  line  voltage  is  to  be  main- 
tained constant, 

ISi.  Line  or  flc»atlnff  batteriea.     If 
¥^        :.r      T-      1-  AA  .-.T.         a  battery  is  connected  directly  across  a 

Fio.  46.— Lme  battery  with         ^^^  ^hose  voltage  varies   then  the  bat- 
Doostea  leeaer.  ^^jy  ,^  discharge  when  the  applied  volt^ 

age  is  reduced  below  its  open-circuit  or 
floatinc  voltase,  and  it  will  charge  when  the  applied  voltage  rises.  The 
amount  of  voltage  variation  necessary  to  make  the  battery  charge  and  dis- 
charge at  various  rates  may  be  determined  from  the  curves.  Fig.  28.  A  bat- 
tery of  the  stationary  type  will  neither  charge  at  appreciable  rates  unless  the 
voltage  exceeds  2.14  volts  i>er  cell,  nor  discharge  unless  the  voltage  is  below 
2.04  volts  per  cell  (if  the  battery  is  of  the  stationary  type).  A  battery  may 
therefore  be  practically  floated  at  any  voltage  per  cell  between  the  limits  just 
stated,  although  the  value  2.08  volts  per  cell  is  usually  ^ken  as  the  best 
point.  If  a  number  of  cells  equal  to  the  average  volta^.  divided  by  2. OS,  is 
placed  across  a  line,  therefore,  the  voltage  variations  will  be  limited  to  those 
of  the  battery  when  charjdng  and  discnarging  at  the  rates  necessary  to 
furnish  the  current  demand.  The  capacity  of  the  battery  is  determined  from 
the  condition  that  frequent  discharges  should  not  exceed  twice  the  1-hr.  rate 
and  frequent  charges  should  not  exceed  the  1-hr.  rate. 

Battery  installations  of  this  nature  may  be  installed  at  points  distant 
from  a  power  source,  in  order  to  maintain  a  more  constant  line  voltage  under 
heavy  fluctuating  loads  such  as  may  result  from  the  operation  of  cars  on 
interurban  railways  or  unloading  machines  at  docks,  etc.,  etc.  Batteries 
may  also  be  floated  directly  across  the  terminals  of  heavily  under-oom- 
pounded  generators. 
IM.  EaUwa7  Une  batteries  with  booated  feeder.    The  voltage  at  tha 
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distant  ends  of  losfc  linea  with  infrequent  Bervioe,  oan  be  satiBfactorily  i 
tained  by  conneoting  a  battery  as  ahown  in  Fig.  45.     The  feeder  oe 


Fia.  46.— rRegulating  battery. 


/main- 
_  _        .  _  oan  be 

t&pped  into  the  trolley  at  a  short  distance  from  the  battery  in  the  direction 
of  the  power-bouae.  It  ia  necessary  to  provide  a  reverse-current  circuit- 
breaker  in  airouit  with  the  generator. 

166.  Load-nffulating  batteries.  Batteries  may  be  installed  to  absorb 
momentary  fluotoations  above  or  below  the  average  load,  or  any  desired 
peroentage  of  these  fluctuations.  In  this  eonneotion  it  is  usual  practice  to 
employ  an  automatio  r^fulating  booster  (Par.  14t)  to  force  the  oattery  to 
eharge  and  diseharge  in  aocordanee  with  the  load  variations.  The  number 
of  oeUs  usually  instiUled  is  eaxial  to  the  line  voltage  divided  by  2.08,  and  the 
use  of  the  battoy  is  generally  determined  b^  the  condition  that  frequently 
reeurring  discharges  should  not  ezeeed  twice  the  1-hr.  discbarfe  rate  of 
the  lottery.  Under  these  conditions,  the  main  battery  roltage  will  not  fall 
b<dow  1.6  Tolts  per  oell  nor  exeeed  2.6  volte  per  cell  under  regular  operatinc 
conditions.  A  Umiting  voltage  of  2.65  volte  per  oell  must,  however,  be  avail- 
able to  complete  the  regular  charge  of  the  Mttery  and  to  give  it  the  neces- 
sary overcharge  which  occasionally  should  take  place.  The  booster  must, 
therefore,  have  a  voltage  raAge  equal  to  approximately  0.48  volte  times  the 
number  of  cells^  for  regulation 

service.     Provision  must  be    >       i 1  r — ■■■■".'.  inhar         1"         ij — I" 

made  either  by  increasing  the  '  -^      '* — ■  *     —.  .OC    ♦ 

speed  of  the  booster,  or  else 
by  forcing  the  booster  field 
to  reach  the  extreme  voltage 
<f  or  booster  and  generator  to- 

? [ether)  of  2.65  volte  per  cell 
n  <M^er  to  give  the  battery  ite 
periodio  overcharge.  Fig.  46 
IS  a  diagram  of  connections, 
ahowinx  how  batteries  are 
sppliea     for    this    purpose. 

Regulating  battery  plante  are  installed  in  connection  with  generators,  motor- 
generator  sete  or  rotary  oonverters,  supplying  railroad,  rolling-mill,  elevator 
and  other  widely  varying  loads. 

167.  Altematinf-euxrent  regulAtlon.  If  there  is  a  reversible  means  of 
converting  alternating  to  direct  current  on  an  alternating-current  source 
of  supply,  and  it  is  desired  to  equalise  the  load  variations  on  the  latter,  the 
battory  may  be  made  to  do  this  by  exciting  the  booster  field  in  accordance 
with  these  variations.  The  lever  of  the  carbon-pile  regulator  (Par.  IIS) 
would  then  bo  subjected  to  a  pull  in  proportion  to  tne  load  in  watts,  or  the 
power  component  of  the  load.  A  solenoid  coil  carrying  the  current  only 
will  not  effect  the  desired  result  unless  the  power-factor  remains  constant. 

Another  method  of  securing  equalisation  of  alternating-current  variations 
is  to  rectify  the  secondary  current  from  series  transformers  in  the   line  in 

such  a  way  that  the  output 
x.a  B«ik*  of  the  rectifier  is  proportional 

to  the  power  component  of 
the  load.  The  latter  may 
then  be  the  excitation  of  the 
c.o.m.f.  exciter  of  the  Hub- 
bard booster.  The  literature 
of  the  Qould  and  Electrio 
Storage  Battery  Companies 
should  be  consulted  for  de- 
t^ls  of  this  method. 

168.  Peak-loMl  batteries. 
If  a  batterv  is  to  supply  a 
discharge  of  relatively  long  duration  and  at  constant  voltage,  it  is  usual 
to  effect  the  voltage^  repi*lation  by  means  of  an  end-cell  switch.  A  diagram 
of  connections  for  a  direct-current  two-wire  system  is  shown  in  F^g.  47. 
The  charging  booster  is  employed  for  the  puriMjee  of  adding  to  the  line  volt- 
age a  Hufncirnt  amount  to  complete  the  charge  of  all  the  ccTls  of  the  battery. 
Plants  of  tliis  nature  arc  used  to  supply  hotel  and  residence  lighting  and 
motor  circuits,  but  are  infrequently  used  lor  regular  operation  with  large 
plants,  except  for  emergency  reserve. 


Fig,  47. — Peak  load  battery. 
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in.  IioUUd-pUnt  bktUrlM  In  hotala  knd  aiBM  bnlliUiio.  Bat- 
teries with  meani  for  appropriate  regulation  are  quite  frequently  inatalled  ia 
eonnection  with  the  generating  apparatua  in  such  buildings,  for  the  purposes 
of  eliminating  the  voltage  Tanations  which  would  result  from  Tanable 
elevator  loads,  and  in  order  to  reduce  the  eapaeitjr  requiremeote  of  the 
generating  equipment.  In  manjr  instaaow  the  battery  is  also  ealled  npoo 
to  furnish  energy  during  the  mght,  when  the  generator*  are  ahut  down. 
The  battery  oapacitY  wul  be  determined  by  tliat  requirement  which  pre- 
iwnderates,  whether  it  be  the  momentary-disehar^  capacity  for  regiilafai^. 
or  the  continuous-discharge  capacity  when  carrying  all  the  load  after  the 
generators  are  shut  down.  The  booster  is  usualljr  of  the  constant-eurreat 
type,  and  end  cells  are  added  to  the  battery  to  maintain  the  proper  voltags 
on  continued  discharge  without  the  generator  in  operation.  The  elevator 
circuits  may  be  taken  off  the  main  portion  of  the  battery,  inside  the  end 
cells;  the  booster,  however,  is  so  connected  that  the  end  cells  are  in  ita  eirooit, 
through  the  end-cell  switch,  until  these  end  cells  are  charged. 

170.  Batteriei  for  exciter  and  oU-iwiteh  reiarT*.  It  ia  important, 
in  large  plants,  that  current  be  always  available  for  the  operation  of  oil 
switches  and,  temporarily,  for  excitation  to  prevent  a  shut-down,  or  in  start- 
ing up.  Battwy  current  is  frequently  provided  for  oil-ewitch  operation  and 
also  lor  excitation  when  it  ia  of  advantage  to  start  quickly  after  a  shut-down. 
If  oil  switches  only  are  to  be  provided  for,  the  vehicle  types  of  battery  will 
offer  the  cheapest  and  most  convenient  means  for  the  purpose.  A  separate 
battery  room  is  not  then  necessary.  The  diagram  of  connections  for  aa 
exciter  and  oil-switch  battery  is  the  same  as  that  of  Fig.  47. 

171.  Btand-bf  batteries.  Batteries  to  insure  continuous  power  supply 
on  direct-current  three-wire  networks,  are  in  wide  use  in  the  most  important 
cities  of  the  country.  ■  In  fact,  it  may  be  said  that  one  of  the  advantages  of 
the  direct-current  three-wire  distribution  is  that  storage  batteries  may  be 
floated  on  such  a  distribution,  so  that,  in  case  of  an  interruption  of  the  power 
supply,  the  voltage  is  still  maintained  on  the  network  and  the  annoyances  and 
dangers  of  li^ht  failure  in  theatres  and  crowded  streets  are  eUminated.  The 
general  practice  of  appl^ng  such  batteries  is  illustrated  in  Fig.  48.  On  a  three- 
wire  system  with  amimmumbus  pressure  of  230  volta  midntained  between  the 

outside  wires,  it  ia  usual 
Xii&iij       -hiwiT  +BMni     .(.iMOdk  to  float  k  battery  of  ISO 

r^..a^*»ii.i      „        i.at*»»»t^S^         either  side  of  the  system. 

I  »~i»»ij- —  r|         Connection  to  the  proper 

Is?  ?s5  ^    SH  <*">  *o  insure  tliat  the 

?n      ff     ou.r>>.v      battery  neither  charges 

in       lilt  j*'**'^*      nor     discharKes,      when 

,1'      1'  I    '       ■     "floating,  and  to  regulate 

•^■afh  ai  it        7        *^t"  i-»s»^    the  voltage  on  discharge 

M.      "V  V  ^   ^  KfS.  t-^      »  effected  by  means  of 

I.T.JiS.9'*«-'>"*t  T  °*  '"•*'  Y  L  T.^SiS.     end-cell  switihea.     It  is 

"— ^— ^— '  usual  to  connect  cells  No. 

Fio.  48. — Three-wire  "stand-by"  battery.         55tofi9incluaive,onboth 

the  positive  and  negative 
sides  of  the  system,  to  the  end-cell  switches,  while  the  balanoe  of  the  cells 
are  connected,  first  in  groups  of  two  and  then  in  groups  of  three,  to  the  re- 
maining points  of  the  end-cell  switch.  The  first  single-cell  intervals  ars 
provided  so  that  the  battery  may  float  without  charge  or  discharge  under 
the  usual  range  of  bus-pressure  variation.  The  remuning  intervals  of  two 
and  three  cells  make  i  t  possible  to  reduce  the  heavy  copper  runs  which  would 
be  neceseary  with  single-cellintervals. 

A  shunt  charging  booster  is  usually  employed  for  charging  stand-by 
batteriee,  and,  during  the  charge,  the  battery,  m  standard  practice,  is  not 
immediately  available  for  emergency  discharge,  except«in  the  reverse  direc- 
tion through  the  booster.  However,  the  battery  is  always  charged  at  times 
of  relatively  light  load  when  there  is  little  danger  of  disturbance  to  the  system; 
also,  when  a  momentary  failure  would  not  be  of  vital  importance. 

It  is  usual  ijractice  to  install  two  end-cell  switches  on  either  side  of  the 
battery  and  this  permits  floating  the  battery  simultaneously  across  the  high 
and  low  bus.    The  possibility  of  doing  this  is  not  usually  takan  advantage  of 
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in  regular  operating  practice,  and  the  end-cell  switohee  are  usuallv  installed 
in  pairs  for  tne  sake  of  limiting  the  amount  of  current  to  be  carried  oy  a  rinole 
contact.  ProTinon  is  not  made  in  the  majority  of  cases  for  floating  the 
batterv  on  the  bus  during  ehargCt  for  the  reason  that  a  greater  number  of 
end-cell  points  would  be  required,  and  because  of  the  heavy  expense  of  the 
copper  runs  to  the  additional  number  of  end  cells.  The  capacity  of  a  batterjy^ 
for  stand-by  service  is  frequently  determined  by  the  requirement  that  it 
should  carry  the  maximum  station  peak  for  a  period  of  6  or  0  min.,  and 
that  the  usuid  160  cells  will  maintain  a  voltage  of  about  115  volts  per  side 
during  thia  period. 

ITS.  B&tteries  for  telephoiM  exebancM.'  Thebatteriee  of  the  larger 
offices  are  either  11-cell  or  22-0011  installations,  and  are  floated  jdireetly 
across  the  power  circuit  without  anv  special  refculating  means.  The  capacity 
of  these  batteries  is  usually  such  that  they  wul  carry  the  entire  station  load 
for  a  period  of  24  hr.  or  longer.  The  internal  resistance  of  the  batteries  is 
eictremely  low,  owing  to  the  relatively  large  size  of  the  battery.  A  low  in- 
ternal battery  resistance  is  eepecially  desirable  for  telephone  service,  in 
Mtler  to  eliminate  the  poesiblity  of  "cross  talk"  (Sec.  31).  It  is  desirable, 
with  these  batteries,  to  select  a  type  that  will  permit  completion  of  charge 
ftt  relatively  low  rates  in  order  to  avoid  excessive  voltages  and  resultant 
interference  with  rela^  o|Mration  and  lamp  signals. 

Plants  ^^P^  battenes  are  usually  used  lor  the  purpose  on  aoeount  of  their 
lon^  life.  Pure-lead  Plants  negative  plates  show  high  voltagea  on  the  oom* 
pletion  of  overcharge,  espemally  when  new,  and  this  fact  should  receive 
ooDsideration. 

The  loads  on  telephone-office  power  plants  in  business  districts  usually 
show  decided  mornina  and  afternoon 
peaks,  and  it  is  usual  to  operate  the 
charging  generator  in  parallel  with  the 
battery  during  the  periods  of  higher  load. 
The  battery  alone  usually  carries  the  load 
excepting  from,  say,  0  A.M.  to  4  P.M.  in 
tho  typical  exchange  in  business  districts. 

178.  Residvnoe  and  farm  lighting 
plants.  A  great  number  of  these  plants 
are  in  service^  and  they  vary  in  elabora- 
tion from  a  simple  battery  without  volt- 
age regulation  (the  battery  bein^^  taken 
on  the  lighting  service  when  charging)  to 


f  rrr>-* 
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Fio.  49. — Farm  lighting  plant  with- 
out voltage  regulation. 


Fio.  60. — Lighting  plant  with  volt- 
age regulation. 


the  more'oomplete  plants  previously  deaonbed.  The  usual  low-ToItage  i^nte 
are  8  and  16  eells,  i.e.,  furnishing  15  and  30  volt  lamp*.  The  smaU  plants 
frequently  use  vehicle  or  motor  starting  and  Uobting  batteries,  as  these  are 
cheaper  for  the  same  capacity  and  may  DereadilV  shippedtoaservicestation 
for  repair*  when  neoeeaary.  The  couple-types  (Par.  107)  of  stationary  bat- 
teriae  are  also  frequently  used.  The  regular  stationary  types  will  give 
longer  and  somewhat  more  reliable  service.  Diagrams  of  oonnectioa  are 
given  in  Figs.  49  and  60,  the  former  without  voltage  regulation  while,  in  the 
bttw,  voltage  repiUtion  is  effected  by  oounter-«.in.{.  oelto. 
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1T4.  U^otrlo-Tehicie    h^tUrj    ftpoUefttlons.    The    use    of    Tehielt 

bstteriea  in  electric- truck  service  ia  fully  covered  in  Sec.  17.  Additional 
appUcationa  are  covered  in  Par.  17S-1T7. 

178.  Storage-battery  street  can.  A  large  number  of  theae  are  in 
aervice  in  New  York  City  and  elsewhere.  The  field  for  the  battery  ear  is 
limited  to  those  cases  where  the  traffic  is  not  great  enough  to  justify  electri- 
fication in  the  ordinary  manner,  or  where  for  SDecial  reasons,  the  overhead 
trolley  is  not  permissible.  In  New  York  City,  oatt^ry  cars  are  in  oper»tioa 
on  such  of  the  cross-town  lines  in  the  metropolitan  distriet  as  do  not  cany  an 
extremely  heavy  traffic,  and  the  expense  of  the  prescribed  undergronad 
trolley  would  be  entirely  unwarranted.  In  a  number  of  smaller  towns  or 
cities,  storage-battery  ears  are  operated  because  the  investment  for  equip- 
ment is  much  less  than  it  would  be  for  the  regular  overhead  trolley,  and  toe 
expense  of  continuous  power-plant  operation  under  poor  load  conditions  it 
thus  avoided.  In  these  cases  the  batteries  are  charged  from  the  local  pom 
swvice  between  midnight  and  early  morning,  that  is,  at  a  time  when  the 
stations  are  willing  to  supply  the  energy  at  a  moderate  charge.  The  majority 
of  battery  cars  now  in  service,  have  l&-ft.  bodies  and  are  28  ft.  long  over-alL 
They  seat  28  passengers  and  their  weight,  fully-equipped,  is  approximately 
14,000  lb.  The  batter)^  equipment  comprises  58  cells  of  approximately 
385  amp.  hr.  rated  capacity,  and  the  current  consumption  vanes  from  3.8 
to  6  unp.  hr.  per.  oar  mile.  The  cars  are  capable  of  making  in  daily  operatiffii 
75  to  100  miles  or  more  on  a  single  charge  of  the  battery.  With  a  current 
cost  per  kw-hr.  of  about  2  cents,  the  entire  coat  of  operation  is  between 
7i  cents  and  8  cents  per  car  mile,  exclusive  of  platform  expenses,  but  includ- 
ing car  and   battery  maintenance. 

The  early  battery  cars  were  failures,  and  the  success  of  the  modern  battery 
car  is  due  to  the  use  of  ball-bearing  motors  and  axles,  high-efficiency  motors 
and  proper  design. 

176.  Storage -battery  locomotiTes.  These  are  employed  in  shops  for 
handling  heavy  castings,  moving  freight  cars  through  snort  distances,  ete.. 
and  also  in  tunnel  excavations  and  for  gathering  cars  in  coal  mines.  Such  are 
wide  and  growing  applications  for  storage  batterjes. 

177.  Freight  and  baggage-handling  trucks.  The  larger  paasen^ 
terminals  have  placed  a  great  many  of  these  trucks  in  service  for  handling 
baggage^  express  and  maU.  The  standard  truck  for  this  purpose  is  capable 
of  carrying  about  4,000  ]b.,  and  their  maximum  speed  is  limited  to  4  or 
5  miles  per  hr.  A  12-cell  battery  of  195  amp-hr.  capacity  is  the  one 
most  usually  employed  for  this  service.  A  number  of  these  trucks  are  also 
in  operation  on  steamship  piers  and  in  freight  warehouses.  Smaller  trucks 
are  widely  used  in  manufacturing  plants,  for  the  transfer  of  work  from  one 
department  to  another. 

OPERATION 

178.  Operation.  In  order  to  obtain  satisfactory  battery  life,  a  few  mmple 
instructions  should  be  carefully  followed.  It  is  frequent  praetioe  for  the 
battery  manufacturer  to  guarantee  his  battery,  and,  in  this  event,  he  will  not, 
of  course,  accept  reeponsibility  for  damage  to  the  battery  unless  his  operating 
instructions  are  followed.  The  characteristics  of  plates  as  furnished  by  the 
different  manufacturers,  vary  somewhat  and  therefore  any  special  instruc- 
tions Kiven  by  the  manufacturer  should  take  precedence.  The  foUowing 
general  rules  should  be  followed: 

179.  Batteries  should  not  be  overdiacharged,  and  after  the  comple- 
tion of  a  discharge  they  should  be  rechar^d  within  a  reasonable  time. 

180.  Determining  the  charge  of  a  battery  should  be  differentiated  ss 
follows:  (a)  the  completion  of  regular  charge;  (b)  the  completion  of  over- 
charge (Par.  181).  The  determination  of  completion  of  regular  charge  is 
that  all  cells  are  gassing  uniformly,  both  from  positives  and  negatives;  that 
with  the  current  maintained  at  a  constant  value  there  ia  no  further  increase 
of  voltage  as  determined  by  successive  15-min.  readings;  that  the  add 
density  corrected  for  temperature  is  within  0.003  sp.  gr.  of  the  maximum 
reached  on  the  last  preceding  overcharge.  It  is  good  practice  to  maintain 
one  or  two  pilot  cells  (Par.  161)  in  the  battery  and  to  note  the  acid  readings 
of  these  oells  as  determining  the  state  of  charge  of  the  whole  battery.  Bat- 
teries which  are  operated  in  this  way  will  show  a  slight  formation  of  sulphate 
m  the  plates,  and  this,  for  a  limited  time,  ia  not  i&juiioua  but  benefidaL 
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If  tbe  sulphate  formation  u  allowed  to  continue  indefinitely,  large  insoluble 
crystals  of  lead  sulphate  are  formed,  and  the  plates  will  become  injurioualy 
9ul-pluiUd. 

181.  To  reduce  fully  or  oxidise  the  sulphate,  the  battery  should 
receive  %  periodic  OTercharffe  at  intervals  of  at  least  once  a  week  if  the 
battery  ia  called  on  for  heavy  service,  or  once  every  2  weeks  if  the  service 
ia  Uaht.  The  overcharge  is  simply  a  continuation  of  the  regular  charge 
until  tbe  battery  voltage  at  constant  current  input  has  remained  constant 
and  also  until  the  acid  density,  corrected  for  temperature,  has  reached  a 
maximum  value  as  indicated  by  three  successive  aeid-density  determinations, 
at  half-hourly  intervals,  having  the  same  value. 

If  any  cell  or  cells  are  late  in  gasnnp  or  become  warm  during  charge,  or  if 
the  q>ecific  gravity  of  the  electrolyte  is  markedljr  lower  than  in  the  remain- 
ins  cells,  they  should  be  investigated  for  short-circuits.  Short-circuits  will 
also  be  made  evident  if  any  ocU  falls  materially  behind  the  others  in  voltage 
on  discharge.  An  excessive  amount  of  charge  should  be  avoided,  as  the  re- 
suttant  gassing  will  throw  off  some  of  the  active  material,  especially  from  tbe 
positive  plates. 

in.  ftamoval  of  separators.  If  for  any  reason  it  is  necessary  to  remove 
wood  separators  from  a  cell,  they  should  be  kept  covered  with  water.  If 
allowed  to  dry  out  they  will  shrink,  also  the  resulting  concentration  of  acid 
In  the  wood  will  ruin  them.  Wood  separators  which  have  been  in  acid  for 
several  months  will  have  so  little  strength  that  they  cannot  be  handled  with- 
out danger  of  breaking.  New  separators  should  be  kept  damp  to  prevent 
their  shrinkage. 

ISS.  Sraporation  of  the  electrolyte  should  be  replaced  by  adding 
pure  water.     Keep  the  level  of  the  electrolyte  well  above  the  tops  of  the 

States.  Do  not  add  acid  to  the  electrolyte  unless  it  is  clearly  established 
liat  the  removal  of  possible  short-oircuita  and  the  subsequent  overcharges 
wUl  not  restore  the  aensity  of  the  electrolyte.  Both  water  and  electrolyte 
should  be  pure.  It  ia  preferable  to  add  water  before  an  overcharge;  as  the 
gaasing  will  serve  thoroughly  to  stir  up  the  acid  and  equalise  any  differences  in 
specific  gravity  between  the  tops  ana  bottoms  of  the  cells. 

IM.  Operatlzkff  temperatures.  It  is  best  not  to  allow  the  temperature 
of  a  battwry  to  exceed  100  d^.  Fabr.;  a  temperature  above  105  deg.  should 
positively  be  avmded. 

US.  It  U  well  to  note  the  color  of  the  plates  from  time  to  time  and  to 
see  that  the  oolors  of  the  plates  in  different  cells  are  uniform. 

18€.  If  the  battery  is  low  in  capacity,  the  relative  condition  of  the 
positive  and  negative  ^tee  should  be  determined  by  takinig  voltage  readings 
between  both  the  positive  and  negative  groups  and  a  cadmium  test  electrode. 
This  should  be  done  toward  the  end  of  the  discharge  and  will  determiae 
which  of  the  groups  are  at  fault. 

187.  If  any  cell  shows  low  voltan  or  low  acid-density  b^  reason  of 
slutft^-circuits,  it  should  be  separately  charged  after  the  short-circuits  have 
been  removed.  In  large  installations  a  milker  set  is  usually  provided  for 
this  purpose.  This  comprises  a  motor-generator  suppljang  energy  at  from 
3  to  6  volts.  Another  method  is  to  cut-out  the  cell  on  discharge  and  replace 
it  in  the  series  on  charge. 

ISS.  The  strength  of  the  acid  to  be  used  in  various  types  of  cells  should 
be  that  prescribed  by  the  manufacturer.  It  will  depend  entirely  upon  the 
battery  deeign.  The  usual  practice  is  to  use  electrolyte  of  1.210  sp.  gr. 
with  stationary  types  of  cells,  while  with  vehicle  types  and  with  motor-start- 
ing and  lighting  batteries,  maximum  densities  of  1.300  sp.  gr.  are  sometimee 
esed. 

ISt.  Be  sure  that  sediment  does  not  aocunkulate  to  such  an  extent 
as  to  touch  the  bottoms  of  the  plates,  as  this  would  cause  internal  short- 
circuita  in  the  cells.  Separators  must  be  kept  in  place  and  in  good  order. 
The  entire  battery  should  be  kept  clean  and  free  from  dirt.  Condensed 
moisture  or  acid  vapors  should  be  wiped  off  from  time  to  time,  and  the  in- 
sulation kept  dry.  Raw  linseed  oil  should  be  applied  to  the  wocxl  of  lead- 
lined  tanks  ae  occasion  demands. 

ISO.  Charfinff  rates.  The  recommendations  of  the  various  manufac- 
turers differ  widely  as  to  the  proper  ehargiog  current  values.     The  following 
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ia  general  prftctiee,  ftithough  the  mftnufaoturer  of  the  battory  should  alwmyt 
be  couaulted  on  thie  point. 

With  Plants  positive  plates  having  centre  webs,  it  ia  desirable  to  start 
the  charge  of  the  battery  at  as  high  aa  the  3-hr.  rate,  and  to  finish  the 
charge  at  not  leas  than  the  8-hr.  rate.  Tudor-type  po^tdvea  may  be 
charged  at  lower  current  rates  than  these,  but  at  not  less  than  one-hiuf  the 
preceding  values.  Batteries  with  Mancheeter^type  positive  plates  should 
not  be  ulowed  to  gas  when  charged  at  a  rate  above  the  normal  8-far. 
4diarging  rate,  and  an  excessive  amount  of  gassing  should  be  pobitirelT 
avoided. 

With  pasted  plate  batteries,  best  results  will  be  obtained  by  ohargjng  at 
low  rates.  With  stationary  types,  the  charge  should  be  started  at  about  the 
8-hr  normal  rate  and  finished  at  one-half  this  value.     With  pasted  veUde- 


type  batteries,  the  charge  may  begin  at  as  high  aa  6  amp.  per  positive  plate. 
but  the  completion  of  charge  ahomd  be  carried  out  at  not  more  than  2  amp. 
per  positive  plate.     These  values  hold  for  the  standard  aiie   of  plates,  (5] 


by  8|  in.)  and  should  be  varied  in  proportion  to  the  plate  area  for  other 
aises.  As  the  cells  begin  to  gas  on  charge,  the  charging  current  should  he 
reduced  to  the  minimum  values  juat  given. 

The  cottetant  potential  method  of  charge  wherein  a  batttfyia  connected, 
without  resistance,  directly  across  a  charging  source  having  a  voltage  maia- 
tained  at  a  value  equal  to  tne  number  of  cells  multiplied  by  2.3,  is  advocated 
by  many  operators  of  vehicle  batteries.  Thia  method  insures  a  rapid  charge 
of  a  battery  without  either  gassiog  or  overheating.  For  this  method  the  Kne 
voltage,  if  too  high,  can  be  reduced  by  inserting  counter  ^.m-f .  cells  in  soms 
with  the  batto'y,  each  counter  e.m.f.  cell  reducing  the  vditage  by  api»-o0- 
matdy  3  volts.  In  appljnng  thia  method,  the  literature  of  the  battery  mano* 
facturera  should  be  consulted.  The  constant  potential  method  of  ^argeii 
particularly  adapted  for  the  "boosting"  of  batteries. 

191.  Fires,  or  fl&mea  must  not  be  permitted  in  battery  rooms, 
unless  the  rooms  are  well  ventilated;  they  must  especially  be  prohibited 
when  cells  are  gassing.     Never  bring  a  flame  near  a  sealed-type  oeU. 

IM.  The  uauftl  troubles  to  which  &  storace  bftttery  Is  sableetod, 

result  dtber  from  overoharge  or  undercharge,  or  from  allowing  short  airomti 
to  occur  in  cells.  If  the  trouble  has  not  been  of  too  long  duration,  in  practi* 
oally  all  cases  the  battery^  can  be  brought  into  good  condition  bv  proper 
charge,  presuming  that,  with  the  ahort-circuited  cells,  the  aborts  nrst  have 
been  removed  and  the  separators  put  in  sood  condition.  Flant^plate 
batteries  which  have  become  aulpbated  ehouTd  have  their  remedial  charge 
started  at  about  twice  the  8-hr.  or  normal  rate,  which  ia  to  be  reduced 
to  normal  when  vigorous  gassing  ensues.  Any  of  the  methods  of  "rejuve- 
nating" battery  plates  should  not  be  carried  out  without  having  obtained  the 
advice  of  the  battery  manufacturer  or  a  qualified  storage-battery  expert. 
The  methods  which  have  been  proposed  for  charging  the  battery  in  eiectn^ 
Ivte  containing  sodium,  potassium  or  magnesium  sulphate,  are  to  be  eon- 
aemned  aa  impracticable,  excepting  on  an  expoimcntal  scale. 

19S.  The  initial  or  developing  charge  should  be  very  carefully  carried 
out  in  accordance  with  the  directions  of  the  manufacturer  of  the  battoy. 
Practice  varies  considerably  in  this  regard,  and  the  manufacturer  will  not 
accept  responsibility  for  injury  to  the  battery  if  his  directions  have  not  been 
followed.     Points  which  should  receive  consideration  are  the  following: 

(a)  Be  sure  that  the  positive  pole  of  the  battery  is  connected  to  the  positive 
pole  of  the  charging  source. 

(b)  Always,  in  pouring  electrolyte  into  cells  containing  dry  plates,  there 
is  a  certain  amount  of  chemical  reaction  between  the  aeid  and  the  plates, 
especially  the  negatives.  If  the  electrolyte  becomes  warm,  it  ia  well  to 
allow  sufficient  time,  before  starting  the  initial  charge,  to  allow  the  odla  to 
cool  down.  A  few  hours,  also,  are  required  for  the  absorption  of  electrolyte 
in  the  pores  of  the  plate. 

(c)  With  Plant6-plate  batteriea,  the  current  at  beginning  of  charge 
should  be  well  above  the  normal  rate,  and  should  be  reduced  to  the  normal 
rate  when  vigorous  gassing  takes  place  at  the  positive.  With  pasted  platea, 
lower  rates  are  employed. 

(d)  If  the  cells  reach  a  temperature  of  from  103  to  106  deg.  Fahr.,  the 
charging  current  must  be  interrupted  and  the  cells  allowed  to  oool.     If  it  is 
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found  naoMBan  thui  to  interrupt  the  chugin(  current,  the  number  of  ampere- 
houzv  of  initial  charge  muBt  be  increased. 

(e)  The  Initial  or  developiny  charge  ia  to  be  ponaidered  complete  only 
when  both  poaitivea  and  negatirea  are  gassing  uniformly  in  all  the  cells,  and 
when  there  nas  been  no  increase  in  voltage  or  aiwcifia  gravity  of  electrolyte 
(the  latter  corrected  for  temperature)  Tor  a  period  of  5  or  6  hr.  The 
talattery  should  then  be  open  circuited  for  an  hour  or  so  and,  aubsequently, 
the  eorrent  applied  again;  in  this  charge,  the  cells  should  begin  to  gas^rom 
both  podtivea  and  negatives  within  a  minute  or  two. 

(0  The  battery  should  not  be  allowed  to  discharge  until  it  has  been  fully 
developed  aa  above.  The  color  of  the  positives  should  be  a  very  deep  brown, 
and  the  negatives  a  light  lead  color. 

It4.  naeinc  battartaa  out  of  eommlnion.  If  a  battery  is  not  to  be 
need  for  several  months  it  should  receive  a  very  thorough  charge  before 
allowing  it  to  stand  idle.  It  is  desirable,  though  not  absolutely  necessary, 
to  give  It  a  freshening  charge  of  an  hour  or  so  once  a  month.  If  glaas-jar 
batteries  are  to  be  left  over  winter  and  low  temperatures  will  be  met,  it 
ma^  be  necessary  to  remove  the  add,  see  Par,  100. 

If  a  battery  is  to  remain  out  of  service  an  indefinitely  long  time,  it  will 
be  advisable  to  remove  the  acid.  Before  doing  thin,  it  shotud  be  given  a 
thorough  overcharge.  If  the  plates  are  to  remain  in  the  cells,  syphon  off  the 
acid  and  remove  the  wood  separators.  Watch  cells  carefully  and  when  the 
negatives  become  hot  sprinkle  with  water.  If  the  pistes  are  to  be  removed 
from  the  cells,  keep  the  positives  apart  and  simply  let  them  dry  out.  Do 
not  rinse  in  water.  The  negative  plataa  must  be  carefully  kept  apart,  and 
aiirinUed  irith  water  as  soon  aa  they  become  hot. 

DBPRECIATIOir  AND  MAINTENANCE  OF  LEAD 
.     STORAGE  BATTERIES 

8TATIOVABT  BATTIBIM 

IM.  0«it«r^  eoaiidarations.  Aa  with  generating  machinery,  obso- 
leeoenee,  due  principally  to  changes  in  service  requirements,  is  the  important 
factor  of  depreciation.  A  stationary  battery  may  be  maintained  indefinitely 
by  replacing  worn  out  parts,  but  a  renewal  of  tanks  or  the  replacement  of 
k  battery  room  floor  is  a  considerable  item  of  expense.  In  these  events  it  will 
frequently  be  advisable  to  reconsider  the  entire  installation.  Many  floating 
batteriea  on  interurban  lines  have  given  ten  to  twelve  years  of  service  with 
a  single  renewal  of  positive  plates.  The  same  result  has  often  been  obtained 
with  regulating  batteiiea. 

IM.  Aetaal  maintaiMiie*  eocta.  A  case  of  five  large  railway  regulating 
batteriea  which  are  oalled  upon  daily  excepting  Sundays,  for  peak  discharges 
each  morning  and  afternoon,  the  ampere-hours  of  discharge  aggre- 
gating quite  i4>proximately  the  equivalent  of  one  8-hr.  discharge  per  oay, 
may  Se  cited.  A  blanket  contract  to  furnish  and  install  all  the  maintenance 
material  required  to  maintain  the  five  batteries  in  efficient  operating  con- 
dition for  a  second  term  of  10  years  was  entered  into,  the  contractor  under- 
taking to'  do  this  for  approximately  8  per  cent,  per  annum  of  the  initial  cost 
of  the  installation.  ^  The  foregoing  are  among  the  hardest-worked  batteries 
installed  in  the  United  States.  Stand-by  batteries  can  be  maintained  for  a 
period  of  10  to  16  years  at  within  3  per  cent,  per  annum  of  the  cost  of  in- 
(tallation. 

ItT.  Life  of  platM.  Plants  positive  plates  in  regulating  or  line  batteriea 
will  have  lives  of  from  <  to  6  or  more  years  if  thejr  are  in  hard  service,  and 
should  last  longer  in  light  service.  Plants  negative  plates  should  outlast 
two  set*  of  positives  within  a  period  of  12  to  14  vears.  Paste  posi- 
tives in  stand-by  aervice  show  every  indication  of  being  good  for  10 
years  of  service,  negatives  being  good  for  a  somewhat  longer  period.  The 
scrap  lead  of  plates,  to  be  replaced,  has  a  considerable  value  and  the  cost  of 
plate  replacements  should  be  credited  with  this  value.  Manufacturers  will 
usually  guarantee  a  minimum  life  of  plates  if  they  know  the  service  conditions. 

IM.  Life  of  tenln.  Glass  jars  are  good  untn  broken  and  a  few  Jars, 
espeoiaUy  with  the  lar^ter  sisea,  will  break  from  time  to  time  outside  of 
aoddental  oauaaa.     Thia  breakage  is  usually  a  consequence  of  imperfeot 

jQ-  18SX  Di.jiiizr,1h,V^iUUyiC 


Sec.  20-199  battbribs 

annealiliK  of  such  jars,  and  should  not  ft^greg&te  more  than  5  to  7  per  mm. 
of  the  total  number.  The  life  of  lead-^ned  tanks  will  de^nd  on  the  can 
with  which  insulation  is  maintained  and  whether  the  wood  u  kept  protected 
from  add  by  painting.  If  the  insulators  are  kept  clean,  if  the  battery  is  not 
allowed  to  gas  from  excesBive  char^,  if  tanks  are  kept  covered,  and  if  tbc 
tanks  are  occasionally  oiled  and  painted  they  will  last  from  10  to  15  yean. 
The  largest  item  in  the  depreciation  of  tanks  is  the  pitting  of  their  tesd 
linindft  through  electrolysis.  This  is  a  minimum  if  the  insiuatioo  is  mun- 
tained. 

199.  Acid  and  water.  These  are  small  items  and  properly  oooae  under 
the  head  of  operating  expense. 

SOO.  Wood  separatora.  Wood  separators  should  have  a  life  of  from 
2  to  6  years,  de[>ending  largely  on  the  amount  of  overchargje  to  whick 
the  battery  is  subjected.  They  rapidly  lose  their  strength  after  installatioB 
but  if  it  is  not  necessary  to  disturb  them  when  removing  plates  for  straight- 
ening or  for  other  causes,  they  will  act  as  efficient  diaphragms  for  the  alM>ve 
mentioned  times. 

101.  Other  parts.  Glass  covers  will  be  broken  from  time  to  time;  the 
number  will  depend  entirely  on  the  rare  of  the  attendant.  Glass  support 
plates  will  be  broken  occasionally  but  the  number  should  be  small.  Bus  ban 
and  copper  should  not  require  renewal  during  the  life  of  the  battery.  Wood 
Hand  trays  will  require  renewal  at  intervals  depending  on  the  care  with 
which  they  are  kept  dry  and  free  from  acid  when  filling  oeUs  with  wato*. 

101.  Sediment  remoral.  Modern  practice  is  to  install  tanks  with  s 
liberal  space  below  the  plates  for  sediment  accumulation.  The  cost  of 
cleaning  oetweca  intervals  of  plate  renewals  is  great  enough  to  warrent  the 
slight  extra  cost  of  a  battery  installation  when  such  apace  is  provided.  The 
injur;^  to  the  battery  insulation  and  battery-room  floor  from  slopping  of 
acid,  IS  another  i^tification  for  deep  tanks. 

TBHICLE  BATTERISS 

tOS.  General  consideratlona.  Batteries  in  pleasure  rehidce,  on  account 
of  the  limited  use  to  which  they  are  subjected,  frequently  last  2  to  3 
years.  Batteries  in  truck  service  should  lost  at  least  1  year  if  of  the  thin- 
plate  type  and  longer  with  thicker  plates. 

104.  XJie  of  plates.  Thin  plate  batteries  of  the  better  makes  in  cont- 
mercial  service  should  give  12  to  15  months  of  service.  Thick  plate 
batteries  should  have  a  plate  life  of  18  to  24  months,  the  vehicle  8upxx)Bedl7 
in  operation  each  week  day.  Plate  life  will  be  increased  by  avoiding 
overcharge  especially  at  high  rates,  also  by  employing  as  wide  a  plate  Be|>ars- 
tion  as  possible  to  avoid  the  necessity  of  strpng  acid. 

SOB.  Life  of  wood  teparaton.  If  the  add  strength  is  not  excessive 
and  overcharge  is  avoided,  wood  separators  will  last  normally  12  to  15 
months.  With  thick-plate  batteries,  it  will  usually  be  necessary  to  renew 
the  separators  once. 

106.  Life  of  jari  and  hard-rubber  theett.  The  compound  of  the 
usual  jar  and  perforated  sheet  is  not  rich  in  rubber,  and  its  constituents 
harden  with  age.  They  become  especially  brittle  if  the  battery  is  permitted 
to  overheat  on  charge.  Unless  jars  are  of  good  material  a  large  numb^  wQl 
be  broken  when  plates  are  renewed. 

107.  Life  of  Other  parts.  Battery  crates  usually  require  renewal  when 
the  plates  wear  out.  If  the  crates  are  kept  dry  however  they  will  frequently 
be  in  ^ood  enough  condition  to  warrant  thdr  use  with  a  new  set  of  plates. 
Negative  crate  terminals  will  in  most  cases  be  intact  but  the  positive  traminall 
if  not  kept  well  covered  with  vaseline  will  require  renewal  when  plates  are 
replaced.  Hard-rubber  covers  for  cells  will  usually  be  in  good  conditi<Hi. 
but  a  few  will  be  broken  in  removing  sealing  compound.  Soft-rubb«r  vent 
plugs  depreciate  considerably,  but  toesc  are  quite  inexpensive.  Cell  con- 
nectors and  straps  have  a  high  scrap  value  and  it  will  usually  be  cheaper  to 
replace  old  ones  with  new. 

TBAXM-UOHTINa  BATTERIES 

108.  Effect  of  oyer  charge.  The  maintenance  of  train-lifting  batteries 
has  varied  widdy  undw  different  operating  oondiUons.     Some  of  the  earlier 
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batteries  were  aervioeable  for  9  or  10  years  with  ne^i^ble  reitlaoemeots. 
The  best  resulta  have  been  obtained  with  batteries  which  were  not  over- 
eharged.  The  inoreased  capacity  of  axle-generator  equipments  of  recent 
yean  has  resulted  in  greatly  overcharging  batteries,  with  a  serious  shortening 
of  their  life. 

Overcharge  of  these  batteries  requirse  that  water  be  added  frequently, 
and  if  this  is  not  carefully  done  the  insulation  of  the  tanks  is  injured.  Over- 
charge also  results  in  a  greater  deposition  of  sediment  from  positive  plates 
and  a  shortening  of  their  lives. 

9W.  irnqueney  of  claaaint;.  Train-lighting  batteries  which  are 
properly  charged  can  be  kept  in  oi>eratinff  condition  for  3  years  without 
being  opened  up  for  cleaning.  After  oleamng  the  first  time  such  batteries 
should  be  cleaned  at  intervals  of  2  years.  With  many  railroads  the 
practice  is  to  make  the  first  cleaning  2  years  after  placing  m  service,  with 
subsequent  intervals  of  1  year  between  cleanings. 


ALKALINE  STORAGE  BATTERIES 

Beation.     There  are  but  two  practical  t^rpes  of  al 
mmereial  use:  one  is  the  Hubbell,  used  in  the  mi 

leotrio  Safety  Light  Co.;  the  other  is  the  Edison  St 

tU.  The  Hubbell  battery  differs  from  the  Edison  in  prinoipb 


SIO.  OlMliileation.     There  are  but  two  practical  t^rpes  of  alkaline  storage 
batteries  in  oommcveial  use:  one  is  the  Hubbell,  used  in  the  miners'  lamps  of 


» pro- 
duction of  a  practicable  battery  plate  with  this  active  material.  The  nickel 
oxide  of  the  original  Edison  battery,  contained  flake  graphite  to  increase  the 
conductivity;  the  graphite  was  seriously  affected  by  electrolyte  action,  and 
these  plates  were  snort  lived.  In  the  present  type  of  Edison  bsttery,  flake 
nickel  replaces  the  praphite  of  the  earlier  tjrpe.  In  December,  1014,  the  first 
few  of  theee  batteries  had  completed  5  years  of  service. 

SIS.  Theory  of  the  Ediion  battery.  The  active  materials  of  the 
Edison  battery  consist  of  nickel  peroxide  for  the  i>OBitive  plate  and  finely 
diivided  iron  for  the  ne^tive  plate.  The  electrolyte  is  a  21  per  cent,  solution 
of  potasttum  hydrate  in  water  to  which  is  added  a  small  amount  of  lithium 
hydrate.  To  overcome  the  passivity  of  iron  a  certain  amount  of  mercury  is 
incorporated  with  the  iron  of  the  negative  plate;  a  suitable  compound  is 
also  incorporated  with  the  nickel  hydrate  which  is  the  salt  from  which  the 
nickel  peroxide  is  electrolytically  formed.  The  nickel  oxide  is  a  rdatively 
poor  -elTCtrical  conductor  and,  for  this  reason,  layers  of  flake  nickel  are 
added  in  the  mass  to  increase  its  conductivity.  Catalysis  plays  a  large 
rAle  in  the  action  of  the  Edison  battery.  A  complete  and  correct  theory  of 
theee  reactions  has  probably  not  yet  been  given.  Essentially,  however,  it 
is  the  following: 

80H+3Fe-Fei04+4HK)  (Negative  Plate)    (11) 

8K  +  6NiOi-3Nu04  +  4K«0 (Positive  Plate)     (12) 

8KOH+6NiO.+3Fe-Fei04  +  2Nl«Q4  +  8KOH   (Both  Plates)  (13) 
or,  6NiOi+3Fe-Fei04+2Nii04  (14) 

'  Tbe  above  formula,  read  from  left  to  right,  indicates  discharge;  read  in  the 
reverse  direction,  it  indicates  charge. 

Both  the  iron  and  nickel  oxides  probably  do  not  exist  as  such,  in  the 
electrolyte,  but  are  hydrated.  In  the  charge  of  the  battery,  potassium  is  not 
deposited,  and  there  are  none  but  concentration  changes  in  the  electrolyte 
lo  the  pores  of  the  active  materials.  There  is  no  appreciable  change  in 
electrolyte  density  from  the  charged  to  discharged  state  of  the  Eaison 
battery.  At  the  latter  end  of  charge  a  higher  oxide  of  nickel  is  formed, 
which  is  unstable  on  standing.  This  oxide  decomposes  to  NiOi  with  time. 
A  freshly  charged  Edison  bsttery  shows  a  higher  voltage  on  discharge  than 
one  which  has  been  standing. 

SU.  PoiitlTe-pIate  construction.  The  positive  plate  consists  of  a 
nickel-plated  steel  frame  into  which  are  pressed  perforated  tubes  filled  with 
alternate  layers  of  nickel  hydrate  and  metallie  nickel  in  very  thin  flakes. 
The  tube  is  formed  from  a  thin  sheet  of  steel,  nickel  plated  and  perforated, 
and  has  a  spirally  lapped  joint.  The  active  material  is  tamped  into  the  tubes, 
nickel  hydrate  and  nickel  flake  bring  fed  alternately  and  tbe  tubes  when 
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filled  have  their  end*  prened  together  in  auofa  a  way  to  permit  them  to  f» 
mounted  in  the  frames.     The  tubas  have  small  steel  bands  slipped  over  tlwa 
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Fia.  SI. — Edison  positive  plate.       Fio.  52. — Edison  negative  plate. 
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Flo.  53. — Edison  cell  construction. 


to  prevent  expansion  away  from  the  active  materiat.     Such  a  plate  is  shows 
in  fig.  51. 
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SIS.   NagatlTa-pUte   eonatruction.    The 

negative  plate  comprises  a  grid  of  nickeled  steel 
with  oblong  openings  into  which  are  placed  per- 
forated steel  bozea  or  pockets  containing  findy 
dividediroD  with  mercury.  Se^Flg.  52.  These 
boxes  are  assembled  in  the  grid  andsubjeeted  to 
pressure  to  weld  the  joints  and  to'  corrugate 
their  surfaces.  The  iron  is  precipitated  as  a 
chemical  compound  and  the  mckel  nydrate  and 
this  iron  compound  are  converted  electrolytio- 
ally  to  nickel  peroxide  and  metallioironrsapeo- 
tively,in  the  forming  of  plates. 

IK.  Th*  •■Mtnbly  of  the  cell  is  shown  in 
Fig.  S3.  The  plates  are  supported  on  haid- 
rubber  spacing  and  insulating  pieces.  The  lugs 
of  the  plates  are  punched  and  are  mounted  upon 
a  steel  pin  with  a  terminal  poet.  The  ends  of 
the  pins  are  threaded  and  the  platee,  separated 
by  washers,  are  held  together  by  steel  nuts. 
The  elements  are  contained  in  a  nickd-plated 
sheet-eteel  case,  the  walls  of  which  are  corru- 
pted to  add  stiffQesa  and  also  to  assist  in  cool- 
ing the  cells  in  action.     The  cover  also  is  of 


Fig.  M. — Crate  mounting. 


sheet  ated  with  three  openings;  two  for  the 
terminal  bushings,  which  are  provided  with 
stuffing  boxea,  and  the  third  for  the  gas  vent  and 
for  the  filling  of  the  cell  with  water. 

The  cells  are  assembled  in  wood  crates  as 
shown  in  Fig.  54,  usually  with  the  bottom  left 
open  to  secure  a  oiroulation  of  air  suffident  to 
keep  the  cells  cool. 

with  the  Kdison  battery  the  discharge  rate 
which  has  been  taken  as  the  normal  or  stand- 
ard, is  that  which  would  discharge  the  battery 
in  6  hr. 

The  numerals  of  the  type  designations  indi- 
cate the  number  of  positive  plates  in  a  cell, 
and  each  positive  plate  of  the  vehide  sise  is 
capable  of  giving  7.5  amp.  for  5  hr. 

117.  Charge  and  dlacharge  euxrai.  The 
characteristic  normal  charge  and  discharge 
curves  for  an  Edison  batterv  are  given  in  Fig. 
55.  It  will  be  noted  that  tne  average  voltage 
on  discharge  is  approximately  1.2  volts;  the 
initial  open-circuit  vdtage  ia  approzimBtely  1.5 
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volts,  sod  the  final  voltage  at  the  end  of  disoharge  U  approximately  I  rolt 
The  first  part  of  charge  shows  a  oharacterUtie  voltage  rise,  and  there  is 
a  subsequent  decrease  in  voltage  -with  continued  charge,  followed  by  so- 
other rise.  There  is  no  extremely  sharp  rise  in  the  final  ventage  of  tk 
EdisoD  cell,  and  it  is  therefore  somewhat  difficult  to  determine  the  end  of 
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Hours  Oharse  or  Discharge  at  Normal  Kata 
Fio.  55. — Normal  charge  and  discharge  curves. 

charge.  If  an  Edison  cell  is  known  to  have  been  considerably  discharged, 
it  is  always  well  to  continue  the  charging  current  for  the  full  7-hr.  period,  u 
the  battery  is  not  injured  by  overcharge  unless  the  temperature  passes  > 
critical  point. 
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Fio.  56. — Temperature  influence  on  charging  voltage. 

lis.  Charginc  eurrra.  Maximum  and  average  voltages  of  charge  si 
influencetl  by  charging  rate,  are  shown  in  Fig.  56.  In  these  curves,  the  cell  u 
presumed  to  have  a  constant  temperature  of  05  deg.  Fahr.  and  the  daratios 
of  charge  is  7  hr.  The  voltage  ou  charge  decreases  considerably  witJi 
increasing  temperatures. 
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Sl>.  Oluurustarlltle  dlieharglnf  enrrai.  Charutariatio  disoharge 
curves  for  Edison  type  "A"  oelu  are  ^ven  in  Fig.  57.  It  will  be  noted 
that  the  ampere-hour  capacity  of  an  Ediaon  cell  does  not  suffer  very  greatly 
^tb  increasing  discharge  rates,  if  the  terminal  voltage  be  carried  low  enough. 
For  practical  purposes,  however,  the  last  portion  of  the  disoharge  at  high 
ratea  would  have  no  value  because  of  its  great  falling  o£F  from  the  open- 
circuit  voltage. 
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Fia.  57. — Typical  discharge  curves,  type  "A"  cells. 

tSO.  Standinff  disohArred.  No  injury  is  done  to  the  Edison  battery  if 
It  ifl  completely  discharged  and  allowed  to  stand  in  this  condition.  This  if 
oDfl  of  the  principal  distinsuishing  features  of  the  Edison  battery.  The  cell, 
however,  loses  in  capacity  by  standing  as  shown  in  Fig.  58,  and  is  most 
easily  brought  back  to  its  condition  of  full  capacity  by  giving  it  a  very  oon- 
uderable  overoharf^.  The  usual  practice  is  to  ship  the  Edison  battery  in 
a  discbarped  condition,  and  it  requires  several  cycles  of  charge  and  discharge 
to  bring  it  to  its  full  capacity. 
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Fia.  58. — Loss  of  capacity. 

HI.  Orsreharce.  The  Edison  battery  is  not  injured  by  overcharging 
unleas  ite  temperature  exceeds  105  to  110  deg.  Fahr.  High  temperatures 
seriously  affect  the  capacity  and  life  of  Edison  negative  plates,  and  the 
manufacturer's  guarantee  does  not  hold  for  overheating  from  this  cause. 
A  continuance  of  overcharge  increases  the  capacity  on  the  subsetiuent 
discharge,  but  this  increase  in  capacity  is  obtained  at  the  expense  of  efficiency. 
The  effect  of  continued  charge  is  shown  in  Fig.  SO. 

lU,  KSaot  of  tamperatuTS.  There  is  a  marked  falling  off  in  capacity 
of  the  Edison  battery  with  low  temperature,  especially  at  high  discharge 
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rates.     For  this  reuoa  the  battery  compartments  of  eleutrio  Tehiflles  nnf 

these  batteries  must  be  carefully  insulated  against  cold,  if  low  temperatum 
are  to  be  met.  If  the  battery  has  attaiaea  a  low  temperature  from  lou 
standing,  it  will  tend  to  heat  up  on  discharge,  because  of  the  high  intemu 
reeistance,  and  if  this  heat  is  retained  by  the  insulation,  a  fairly  complets 
discharge  can  bo  obtained. 
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Honn  of  Oharse 
Tia.  50. — Influence  of  overoharge. 

tU.  Detariorktlon  of  elaotrolyta.  Water  must  be  frequently  added  t« 
the  electrolyte  of  an  Edison  battery,  to  replace  that  loet  by  deoompoeitiaB 
and  evaporation.  The  amount  of  water  required  for  thia  purpose  ia  ooa- 
inderably  greater  than  with  a  lead  battery,  becauBO  of  the  poor  ampere-hour 
efficiency  and  the  higher  temperatures  reached  on  charge.  Diatilled  wat<r 
must  be  used  for  this  purpose,  but  even  with  its  use,  the  electrolyte  beeoiDcs 

Sradually  converted  to  potassium  carbonate  through  the  absorption  of  carbon 
ioiide  from  the  air.     For  this  reason  also,  it  is  perferable  to  use  water  whieli 
has  been  freshly  distilled.     As  the  electrolyte  deteriorates  from  the  abon 
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mentioned  cause,  the  capacity  of  the  battery  falls  off,  and,  after  aboat 
250  cycles  of  charge  and  discharge,  the  electrolyte  should  be  renewsd. 
After  each  electrolyte  renewal  there  is  a  temporary  increase  in  eapaeily  si 
shown  in  Fig.  60. 

114.  Testing.  Tests  on  Edison  batteries  should  be  carried  out  M 
described  in  Par.  101  to  106,  with  certain  obvious  changes.  There  ii  no 
appreciable  variation  of  electrolyte  density,  and  the  end  point  of  charft  is 
also  determined  with   greater  difficulty  than   with  the  load  battery.    A 
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doable  neutral  or  test  electrolyte  for  an  Ediaon  battery  is  a  niekel-oxide 
abe,  such  aa  those  used  in  the  standard  positive  plates. 

Application.     The  "B"  type  cells  are  used  {or  ignition  and  lighting 


r  B»oUne  motor  oars;  they  are  not  commercially  used  for  motor  starting 
a.  account  of  the  high  internal  resistance.  The  vebicle-tjrpe  cells  are  used 
>r  electric  vehicle  propulsion,  storage  battery  street  cars,  mining  locomotives 
ad  industrial  trucks;  they  are  not  used  for  load  regulation  on  account  of  the 
emvy  drop  in  voltage  at  tdfb  discharge  rates,  this  factor  also  limiting  their 
se  in  other  power  applications. 

XU.  Opwatlon.  The  life  of  the  Edison  battery  is  guaranteed  under 
ertain  restrictions  as  to  its  operation.  The  operating  instructions  of  the 
Sdison  Storage  Battery  Co.  should  be  carefully  followed  if  the  battery 
o^pany  is  to  be  held  to  its  guarantee.  A  temperature  of  115  deg.  Fahr. 
boiud  not  be  exceeded  under  any  circumstances,  as  high  temperatures  will 
eriously  injure  the  negative  plates. 


SIT.  Initial  or  lint  eharga.  Edison  batteries  are  usually  shipped  in  a 
lisoharged  condition.  Before  placing  them  in  service  they  shoula  receive 
b  continued  charge  at  the  normal  or  6-^.  rate,  for  a  period  of  12  hr.  or  more. 


Bofnlar  cfaarKa.     If  the  battery  has  received  a  complete  discharge, 

;lie  charge  should  be  started  at  the  normal  rate  and  continued  for  a  period 
>f  7  hr.,  or  until  each  cell,  under  normal  temperature  conditions,  has  reached 
a  voltage  of  at  least  1.8  volts  per  cell.  The  ampere-hours  of  charge  should 
>xeeed  the  ampere-hours  of  discharge  by  approximately  40  per  cent.,  and  the 
Mattery  should  receive  in  addition,  an  overcharge  of  several  hours  at  the  end 
>f  each  moqth  of  service. 

SSf .  Replaoing  evaporaUon.  The  electrolyte  must  be,  kept  well  above 
the  platea  by  aoding  water  whenever  necessary,  to  maintain  the  level. 
Always  use  custilled  water  for  this  purpose. 

ISO.  The  OQtalda  of  the  cells  and  the  trayi  muat  be  kept  clean  and 
dry.  Dampness  under  certain  conditions  will  cause  the  containers  to  pit 
unaer  electrolytic  action. 

Ml.  Standlnff  idle.  If  an  Edison  battery  is  to  be  placed  out  of  oom- 
miasion  it  need  not  receive  any  special  attention,  other  than  to  see  that  the 
alectrolyte  is  brought  to  the  proper  level.  The  battery  can  stand  either 
charged  or  discharged  equally  well.  To  obtain  the  full  capacity,  however, 
after  a  long  i>eriod  of  standing  it  is  necessary  to  overcharge  the  battery. 

IM.  Life  of  Idlion  batten.  A  log  of  a  life  test  as  published  by  the 
£dison  Storage  Battery  Co.  is  shown  in  Fig.  60,  the  statement  ia  made  that 
the  conditions  of  the  test  are  harder  than  would  normally  be  met  in  service. 
The  battery  ia  more  durable  than  the  vehicle  types  of  lead  battery.  It  is 
doubtful  if  it  approaches  the  durability  of  the  heavy  Plants  types  of  lead 
eeils. 
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DumriTioHs 

1.  Tha  leop*  of  thU  uetion  ia  oonfined  to  the  needa  of  electrical  enr- 
Deera  who  encounter  telephone  or  telesrapfa  problema  only  in  the  senae  of  aa 
adjunct  to  a  major  operation,  or  aubaidianr  to  the  main  work  in  hand. 
Therefore  the  aection  deala  exclusively  with  thoae  applicationa  of  telephosT 
and  telegraphy  which  may  be  termed  prlTata-Una  i^rtems,  as  found  in  coa- 
nection  with  steam  and  electric  railways,  tranamisaion  and  distribution  ayt- 
terns,   induatrial  plants,   etc. 

t.  TelepboiM  lyBtelllS  may  be  classified,  aceordins  to  their  oommercisi 
UMS.  M  foilowa: 

(  Exchange 


I  Prieatt 

t.  Public  talephon*  lyitema  are  those  operated  for  commereial  profit, 
under  some  fixed  aohedule  of  tariffa  or  rates.  Such  systems  must  serve  aD 
who  apply,  and  are  uaually  subject  to  some  form  of  regulation  as  to  rates  aai 
aervice  by  the  public  authorities.  Any  public  system  might  be  broadly 
defined  as  a  common  carrier  of  intelligence  or  communication. 

4.  Telegraph  vitama  may  be  classified,  according  to  their  uses,  as  fol- 
lows: 

Public 


Telegraph  Syeleme 


Fire  Alarm 

Police 

Pritate 


S.  Public  telegraph  irstoms  may  be  defined  in  general  the  same  ai 
puUio  telephone  ayatema,  in  Par.  S,  with  the  exception  that  the  mode  of 
communication  of  oourae  is  different. 

•.  Private  telephone  and  telegraph  gyitema  are  those  operated  as 
auxiliaries  to  some  other  form  of  business  or  enterprise  ^Par.  1) ,  but  not  di- 
rectly for  commercial  profit.     Private  systems  are  sometimes  interconnected 
with  public  systems,  and  in  other  cases  are  comi^etely  isolated.  _  Any  private 
ayatem  whicn  is  operated  under  especially  hasardous  conditions,  such  as 
long  parallel  exposure  under  a  high-tension  transmission  line  or  close  prox- 
imity to  a  aingle-phase  traction  system,  should  be  connected  to  a  public 
syatem,  if  at  all,  only  through  elaborate  protective  apparatus  designed  to 
reduce  to  an  absolute  minimum  the  probability  that  dangerous  potentials  or 
currents  will  penetrate  beyond  the  protection  to  any  part  of  the  public  system. 
T.  Private  lystenu  maj  be  clanlfled,  according  to  tbeir  usee,  as  foilowa: 
Train  Ditpatching 
Load  Dieyfotching 
Line  Patrol 
Oeneral  communtooKen 
/nisrooffimunteoMiKr 
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8.  TTkla  dlipKtahinf  Vltanu  an  thorn  employed  on  ateam  or  eleetrie 
rmilways  in  oonneotion  with  the  oonttol  of  train  movements  by  one  or  more 
train  cuapatohan. 

t.  Load  ^apatehlnx  lyitama  are  those  employed  in  largeeentral  station 
systems,  or  in  large  transmission  and  distribution  systems,  in  connection 
with  the  centralised  control  of  the  distribution  system  by  one  or  more  load 
d^patchers. 

10.  Lin*  patrol  nritania  are  used  in  connection  with  the  patrol  of  trans- 
mission lines,  to  enable  patrolmen  to  communicate  quickly  with  headquarters; 
they  are  used  also  by  the  U.  8.  Life-Saving  Service. 

11.  PriTate  lystania  for  canaral  eommunleatlon  have  numerous  and 
extensive  applications  on  steam  and  electric  railways,  and  in  connection  with 
central  stations,  transmission  and  distribution  systems,  etc. 

11.  Intareommunloatlnf  i^itama  are  desimed  for  isolated  local 
servioe,  usually  without  attendance,  in  factories,  muls,  shope,  residences,  etc. 

STAKOABD  TSUPHOHl  nrsTAumirTS 

U.  Bpasoh  la  tranamittsd  alaetrieallT  by  means  of  three  supplemen- 
tary elements,  termed  the  transmitter,  the  line,  and  the  receiver.  The 
sound  waves  of  the  voice  impinge  upon  the  diaphra|fm  of  the  transmitter 
and  cause  it  to  vibrate  in  substantial  synchronism  with  the  impressed  dis- 
turbance. The  diaphragm  forms  part  of  an  electromechamsm  which 
establishes  in  Ube  line  dreuit  an  alternating  current  of  variable  frequency, 
amplitude  and  wave  form,  but  substantially  proportional  at  any  instant  to 
the  pitch,  intensity  and  quality,  respectively,  of  the  impressed  sound.  The 
tine  current  in  its  passage  over  the  line  suffers  both  loss  of  intensity,  or 
'  attenuation,  and  change  of  wave  shape,  or  distortion.  If  not  too  greatly 
enfeebled  or  distorted  by  its  passage  over  the  line,  the  transmitted  energy 
enters  the  leoeiverandis  there  converted  again  into  sound  waves,  approacli- 
ing  in  pitch,  intensity  and  quality  the  impressed  sound  waves  at  the  trans- 
mitter. The  receiver  is  an  electromechamsm  whoae  function  is  the  reverse 
of  that  performed  by  the  transmitter. 

The  alternating  line  current,  in  certain  instances,  is  superimposed  on  a  con- 
tinuous cnrrentj  the  resultant  being  a  pulsating  current.  The  two  currents 
are  separable  either  by  means  of  a  transformer,  known  in  telephony  as  a 
repeaiang  o<ril,  or  by  a  combination  of  reactance  (choke)  coils  and  con- 
denaeiB. 

14.  TMnamittor*  of  the  variable-renatanoe,  granular-carbon  type  are 
almost  universally  employed.  This  type  consists  essentially  of  two  parallel 
csrcular  electrodes,  usualljr  of  oarbon,  one  of  which  is  attached  to  the  dia- 
phracra,  the  other  being  ngidly  mounted.  Between  the  electrodes  is  a  loose 
mass  of  finely  granulated  oarbon.  Vibration  of  the  diaphragm  causes  simul- 
taneous variations  of  pressure  on  the  granular  carbon,  inth  accompanying 
changes  in  total  resistance  from  electrode  to  electrode;  the  resistance  de- 
creases with  increase  of  pressure,  and  vice  wraa. 

1>.  High-rsslataaca  transmittan,  having  shout  30  to  60  ohms  average 
resistance,  are  ordinarily  emplo^red  for  both  common-battery  and  local- 
l»ttery  (magneto)  sets.  High  rasistance  is  particularly  desirable  in  common- 
battery  sets,  with  central  ener^  supply;  it  also  has  tne  advantage,  in  local- 
baitary  sets,  of  being  economical  in  energy  consumption. 

M.  Low-reiistaitce  tranamittsn,  having  about  10  to  15  ohms  average 
resistance,  are  used  in  special  service  (local  battery)  where  the  transmission 
re<^uirements  are  severe,  such  as  railway  train  mspatching.  Special  low- 
resistance  transmitters  intended  to  operate  from  1 10-voIt  direct-current  light- 
ing dreuits  are  used  in  connection  with  loud-spealdng  telephones  for  announc- 
ing trains,  paging  guests  in  hotels,  etc. 

IT.  Solid-back  tranamlttsr.  Fig.  1  shows  a  cross-section  of  what 
is  commonly  known  as  the  White  or  soud-back  transmitter.  In  this,  P  is  the 
bridge  mounted  securely  at  its  ends  on  the  front,  F.  The  diaphragm,  D,  is 
of  aluminium,  with  its  ed^  enclosed  in  a  soft  rubber  ring,  e,  and  is  held  in 
plaoe  b^  two  damping  spnngSiJf.  W  is  a  heavy  block  of  brass,  hollowed  out 
to  receive  the  rear  electrode,  B,  which  is  of  carbon  secured  to  the  face  of  a 
metallic  disc,  a.  E  is  the  front  electrode,  also  of  oarbon,  carried  on  the  head 
o(  a  metal  stud,  h.     This  electrode  is  damped  to  the  diaphragm  by  means  of  a 
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threaded  stud,  p,  and  the  thumb  nute.  W.  Againet  the  front  deetrodc  ii 
damped  a  mioa  washer,  m,  which  servee  to  cloee  the  front  opening  of  thi 
electrode  chamber,  and  thus  prevents  the  granxilar  carbon  from  fallinc  out.' 
The  flexibUity  of  the  mica  washer  allows  the  front  electrode  to  vibrate  viik 
respect  to  the  carbon  chamber.  The  interior  wall  of  the  chamber  is  fined 
with  a  paper  rins,  t,  for  insulation. 

Another  well-known  type  of  solid-back  transmitter  is  shown  in  Hg.  % 
The  bard-drawn  aluminum  diaphragm  contains  a  recessed  chamber  or  caf 


Fio.  1. — Cross-section  and  exploded  view  of  solid-back  transmitter. 

which  holds  the  front  electrode,  the  ^anular  carbon  and  the  mica  auxiUarr 
diaphragm.  The  rear  electrode  is  ngidly  mounted  on  the  bridge  or  sotia- 
back  support.  A  hard  aluminum  sealing  ring  is  riveted  over  the  mica 
auxiliary  diaphragm  to  render  the  carbon  chamber  both  dust  and  moistoie 
proof.  The  carbon  electrodes  are  each  copper  plated  on  one  face.  A  gaaket 
serves  to  cushion  the  diaphragm  against  the  casing  and  also  insulates  it 
electrically. 

Transmitters  are  sometimes  nuule 
with  one  of  the  electrodes  electrioally 
common  or  in  contact  with  the  metiU 
ease  of  the  instrument,  but  it  is  prefei^ 
able  to  have  both  electrodes  completely 
Jinsulated,  in  order  that  users  of  the  in- 
strument may  n6t  come  into  oontaot 
with  any  part  of  the  electrical  circuits. 

18.  Tranjunittar  batteriei  in  local- 
battery  sets  are  very  generally  com- 
posed of  two  dryoella  (Sec.  20),  connec- 
ted in  series.  Wet  cala  were  formoiy 
used,  but  are  more  expensive,  less  com- 
pact and  dean,  and  more  difficult  to 
handle.  Two  dry  cells  can  be  easily 
placed  in  the  battery  box  of  a  wall  set, 
making  the  set  sd (-contained.  Three 
dry  cells  will  give  dightly  better  trans- 
mission, usually,  than  two  cells.  Where 
the  use  is  very  severe.  Fuller  (wet)  cells 
are  used  (Sec.  20).  not  less  than  two 
nor  more  than  three  cells  being  connec- 
ted in  series,  for  low-resistance  trans- 
mitters. The  latter  type  of  cell  is  very 
well  adapted  for  heavy  local-battery  service.  At  magneto  switchboards, 
either  Fuller  or  Edison  primary  cells  are  suitable  for  supplying  the  opera- 
tors'transmitters,  when  storage  cells  are  not  available  or  economical. 

The  energy  supply  in  common-battery  systems  is  obtained  from  the  central 
battery  at  the  switchboard,  the  current  nowine  from  the  switchboard  oi^r 
the  line  circuit  to  the  tdephone  station  and  toroush  the  tranamitter.    A 


Fio.  2. — Cross-section  of  solid- 
back  transmitter  with  recessed 
diaphragm. 
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storue  battery  (Sec.  20)  of  11  cells  ia  usually  employed.  When  the  loudest 
poaaiole  transmission  is  desired,  low-resistanoe  transmitters  should  be  used, 
sopplied  from  Fuller  or  Edison  cells;  storage  cells,  if  they  can  be  oonveuiently 
cbATged,  will  also  be  satisfactory. 

IS.  Induction  coUl,  when  used,  form  a  portion  of  the  transmitting  dr- 
euit  and  i>erform  the  function  of  a  step-up  transformer,  in  order  to  transmit 
to  the  line  impulses  or  waves  of  higher  potential  than  those  produced  in  the 
transmitter  circuit.  Induction  coils  are  always  used  with  local-battery 
B«te,  but  not  with  all  makes  of^  common-battery  sets  (see  Fig.  10).  It  is 
wry  important  to  use  the  particular  type  and  construction  of  induction 
ooil  which  is  deaigned  for  the  toansmitter  with  which  it  is  associated;  a 
different  type  may  operate  with 
fair  ^  aatisfaction,  but  not  with 
Boazimttm  efficiency. 

The  general  constoiiciion  of  in- 
cluotion  ochIs  is  shown  in  Fig.  3. 
The  core  oonsists  of  a  bundle  of 
•mail  iron  wires;  some  manufac- 
tarer*  employ  annealed  Norway  piQ.  3.— Cross-section  and  end  view  of 
ux>n.      One  manufacturer  reoom-  induction  ooU. 

mends  a  ratio  of  primary  to  sec- 
ondary   turns,    for    local-battery 

Bete,  of  one  to  four.  The  secondary  is  usually  wound  over  the  primary. 
Primary  re^stanoes  vary  from  a  fraction  of  an  ohm  up  to  about  10  ohms; 
seoondwy  resistances  range  from  about  20  to  150  ohms.  Primary  windings 
range  in  sise  from  No.  18  to  26  A.W.G.  and  secondary  windings  from  No. 
36  to  30.     The  diameter  of  the  iron  core  is  xisually  0.25  in.  minimum. 

SO.  Keeelven  consist  essentially  of  three  elementaryparts,  a  permanent 
horse-shoe  magnet,  a  sheetr-iron  di^hra^  assembled  in  iront  of  we  magnet 
poles,  and  a  winding  on  the  polar  extremity  of  each  leg  of  the  magnet.     The 

normal  tendon  on  the  diaphragm  varies 
in  synchronism  with  th'ie  current  travers- 
ing the  winding;  thus  when  the  winding 
is  energised  by  voice  currents^  the  dia- 
phragm sets  up  corresponding  voice 
sounds.  Such  an  instrument  is  also  re- 
vernble  and  may  be  used  as  a  transmitter 
of  the  electromagnetic  type;  it  is  not  effi- 
cient, however,  and  is  used  for  this  pur- 
pose only  in  emergencies,  for  example 
when  the  transmitter  battery  supply  fails, 
to  communicate  with  the  switchboard 
operator.  A  modern  telephone  receiver 
is  shown  in  Fig.  4.  The  working  parts  of 
this  receiver  are  composed  of  two  bar 
magnets  clamped  togetner'by  screws  pass- 
ing through  an  Iron  tail  block,  b,  at  one 
end  and  through  a  brass  block,  c,  at  the 
end  nearest  the  ma^et  coils.  The  magnet 
unit,  in  one  type,  is  welded  to  avoid  the 
presence  of  Joints.  The  pole  pieces  are 
clamped  between  the  magnet  ends  and 
the  brass  block  and  on  their  outer  ends 
carry  the  two  ooils.  The  block  engages  a  shoulder  in  the  hard  rubber  shell 
and  is  secared  in  place  by  screws,  thus  holding  the  working  parts  securely 
within  the  idiell.  The  diaphragm  is  clamped  between  the  ear  piece  and  the 
main  body  of  Uie  shell.  The  terminals  of  tiie  coils  are  led  to  the  binding 
posts,  aa^  to  facilitate  connecting  the  receiver  in  the  external  circuit.  The 
oord  covering  is  secured  to  the  tail  block,  6,  so  as  to  relieve  the  cord  termi- 
nals from  strain.  A  type  similar  in  design  but  differing  in  that  the  diar 
phragm,  eoils  and  magnets  are  all  mounts!  on  a  separate  metallic  frame, 
independently  of  the  enclosing  shell,  has  the  advantage  that  breakage  of  the 
shelldoes  not  necessarily  destrov  the  adjustment  of  the  instrument. 

Bipolar  receivers  are  also  maae  in  the  so-called  "  watch-case*'  type.  This 
type  18  attached  to  a  head  band  and  almost  universally  employed  with  opera- 
Um'  aeta  for  switchboard  service. 


Fio.  4. — Cross-section  of  receiver 
and  side  view  of  magnets. 
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SI.  E«o«iT«r  tcrmliiftU.     Receivers  are  manufactured  with  botb  e^poaeJ 

and  oonceaJed  terminala.  The  type  with  concealed  and  insulated  terminali 
should  always  be  used,  in  order  that  the  user  cannot  come  into  contact  with 
any  portion  of  the  electrical  circuits. 

St.  Oontlttuoui-ciirrtnt  recoiTar.  A  t^rpe  of  rereiver  in  which  the  per- 
manent magnet  is  replaced  by  a  laminated  iron  core  has  been  brouftfat  oat 
reeently  for  common-battery  sets.  The  receiver  winding  is  connected  in  the 
line  directly  in  series  with  the  transmitter,  and  the  magnets  are  enernscd 
by  the  line  current.  This  eliminates  the  necessity  for  an  induction  coiTmsd 
results  in  a  less  expensive  set  for  local  or  intercommunicating  service. 

M.  K«c«lTer  reiUtance  and  Izniwdance.  Receivers  are  wound  for  var- 
ious resistances  from  30  to  100  ohms.  A  resistance  of  70  to  80  ohms  la  very 
widely  u«d  for  standard  bipolar  receivers;  the  impedance  to  voice  cuirents 
(equivalent  single  frequency,  about  800  cycles  per  sec.)  is  about  300  (^ms. 
For  train-dispatching  circuits,  where  numerous  stations  may  be  bridged 
across  the  line  simultaneously,  it  is  desirable  to  use  receivers  of  hi^ier 
impedance  in  order  to  avoid  excessive  transmission  losses  by  rciason  of 
low-impedance  bridges.  For  this  service,  one  manufacturer  winds  receivers 
for  ft  resistance  of  000  ohms,  having  an  impedance  to  voice  currents  of  about 
2,500  ohms. 

14.  Polarissd  balla  or  linc*n  are  used  to  make  audible  mnnounoementof 
incoming  calls  or  signals  at  telephone  stations.     A  typical  form  of  rincv  n 


Fio.  5. — Polarised  bell  or  ringer. 


shown  in  Fig.  5.  An  iron  armature  aa  is  pivoted  at  its  oentre  and  carries  a 
light  rod  b  with  a  clapper  at  its  outer  end  arranged  to  strike  the  gon|^  when 
set  in  vibration.  Electromagnets  cc  are  arranged  with  their  iKue  pieces  cU 
in  position  to  attract  the  ends  of  the  armature  a;  the  magnetic  circuit  is 
completed  by  the  yoke  e.  A  permanent  magnet  /  serves  to  polarise  the  ama- 
tura  a.  The  air-gap  is  made  adjustable  by  means  of  the  screw  g.  The  mag- 
net windings  are  connected  in  series. 

A  condenser  (Par.  SO)  is  frequently  connected  in  series  with  a  polarised  bell 
when  alternating  current  is  used  for  signallinji,  and  almost  invariably  has  do 
harmful  effect  on  the  efficiency  of  the  ringer  itself;  furthermore,  a  small  con- 
denser connected  in  series  with  the  ringer  increases  the  bricked  impedance  and 
thus  improves  the  efficiency  of  signalling  on  heavily  loaded  party  lines. 

SS.  The  resiBtancei  of  polarised  balls  range  from  80  ohms,  for  aeries 
ringers,  to  3,5(X)  ohms  for  bridging  seM  on  heavily  loaded  party  lines.  Serin 
riogers  (SO-ohm)  are  not  now  used  to  any  great  extent.  The  standard  ronst- 
ances  for  bridging  ringers  are  500,  I.CKX),  1,6(X),  2,000.  2,500  and  3.500  ohau; 
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1,000-ohni  ringera  are  standard  for  ordinary  lines,  while  the  higher  resistances 
are  uaed  for  party  lines. 

M.  Magneto  generkton  are  commonly  used  for  signalling  from  local- 
bftttery  (magneto)  stations  or  sets.  A  typical  3-bar  magneto,  or  hand-gen- 
•rator,  is  shown  in  Fig.  6,  unmounted.  An  armature  of  the  Siemens  or  shut- 
tle type  ia  arraoged  to  revolve  in  the  magnetic  field  produced  by  permanent 


KO 


Fia.  6. — Magneto  generator. 


maicneta,  being  driven  through  light  spur  gears  increasing  the  speed  in  ratio  of 
about  5  to  1.  Therefore  when  the  crank  is  revolved  at  200  rev.  per  min., 
the  freq^uency  will  be  about  17  cycles  pwr  sec;  probably  the  average  fre- 
quency lA  between  10  and  15  cycles. 

The  HTiet  typ«,  for  scries  sets  (Par.  IS),  must  bo  provided  with  an  auto- 
matic short-circuiting  device  to  remove  it  from  circuit  when  not  in  use.  The 
•hunt  or  bridging  ty|>e,  for  bridging  sets  (Par.  44),  must  be  provided  with 
an  automatic  circuit-openinje  device  to  disconnect  it  from  circuit  when  not  in 
use.  These  automatic  switches  are 
operated  by  the  shaft  which  carries  the 
generator  handle  and  large  spur  gear. 
Fig.  7  shows  the  circuit  of  a  oridging 
generator^  the  shaft  b  is  so  arranged 
that  it  will  advance  against  a  coiled 
spring  and  engage  the  spring  c  before 
rotating  the  spur  gear,  thus  closing  the 
circuit  Detween  the  terminals  aa.  In 
one  make  of  generator,  a  device  is  also 
provided  to  separately  short-circuit 
the  generator  armature  when  out  of 
use,  in  order  to  protect  it  from  light- 
ning or  excessive  foreign  potentials. 

ST.  Maffneto jreneratorirlndingB 
and  ratings.  The  output  of  these 
generators,  owing  to  their  small  size 
and  high  internal  impedance,  ia  very 
limitecT  The  lower  the  internal  impedance  and  the  larger  the  magnetic  flux 
through  the  armature,  the  greater  will  be  the  output  for  a  given  site  and 
speed.  The  windings  vary  in  resistance,  in  different  sisea  and  makes,  from 
aoout  100  to  500  ohms,  with  several  thousand  turns.  The  best  grade  of 
magnet  steel  (^Seo.  4),  with  maximum  retentivity  and  minimum  agipg, 
should   be  usea.     Generators  for  light  service  are  usually  equipped  with 


Fio.  7. — Diagram  of  magneto 
generator  connections. 


four  bars  are  used  for  me- 

ated  effective  e.m.f.  at 

DO  load   and    1,(X)0  r.p.m.  (armature  speed,  giving    16.7  cycles  per  sec.) 


three  magnets,  and  are  known  as  the  3-bar  type; 

dium  service  and  five  for  heavy  service.     The  generated  effective  e.m.f.  at 
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is  about  70  to  80  volts.  Tha  voltase  falls  very  rapidly  as  the  output  i>- 
creases;  the  maximum  output  is  of  toe  order  of  only  a  few  watts,  protMbly 
riiiely  ezceedinc  5  watts. 

W.  Bacaivar  hook.  The  receiver  of  a  telephone  set,  when  not  in  uae,  ii 
hunc  on  a  hook  which  is  termed  the  receiver  hook  or  switoh  hook,  and  per- 
forms a  very  i  mportant  function.  The  exposed  metal  portions  of  the  hook 
should  be  well  insulated  from  the  circuits  oi  the  switch. 

n.  Th*  hook  iwlteh,  which  is  actuated  by  the  hook,  serves  to  dose  the 
talking  circuits  when  the  receiver  is  removed  from  the  hook  for  use,  and  in 
addition  performs  several  auuUary  functions.  The  other  funotions  of  the 
hook  switch  will  be  made  clearer  by  reference  to  Figs.  S  to  13.  In  common- 
battery  sets,  the  hook  switch  in  addition  serves  as  a  means  for  signallins  the 
switchooard  throuf(h  the  anncy  of  line  relays  or  signals  which  cause  a  proper 
indication  to  be  displayed  Defore  the  operator. 

to.  Oondensara  are  described  as  a  whole  in  See.  5.  The  type  of  eoo- 
denser  usually  employed  for  telephone  purposes  is  oommonly  known  as  the 
"rolled  condenser,  made  of  tin-foil  and  paper  and  impregnated  with  pazmffin, 
the  whole  being  sealed  in  a  moisture-proof  case. 

Telephone  condensers  are  usually  subjected  to  a  test  of  500  volts,  ocuxliiui- 
OUB  e.m.f.  and  required  to  have  an  insulation  resistanoe  of  many  meg- 
ohms. Special  condensers  are  constructed  to  withstand  preHsurea  of 
1,000  volts,  alternating.  Standard  condensers  are  made  in  a  considerable 
number  of  sixes,  ranging  from  0.05  to  2  mf.  Larger  sises  can  be  made,  but 
it  is  common  practice  to  connect  a  number  of  condensers  in  parallel  when 
more  than  2  mf.  is  needed.  The  capacity  of  paraffin  condensers  is  not  suffi- 
ciently constant  to  permit  them  to  be  used  as  standards  (See.  5^.  The 
impedance  of  a  1-mf.  condenser  at  16.7  cyclee  per  sec.  (2,000  alternations  per 
min.),  which  is  the  standard  rin^g  freouency,  is  Q,540  ohms;  at  800  cyues 
per  sec.,  the  impedance  (neglecting  the  leakage  current  and  internal  leases) 
Is  100  ohms,  and  in  both  cases  this  impedance  is  wholly  capacity  reactance 
(Sec.  2).     Condensen  are  used  very  extensively  in  telephone  apparatos. 

SI.  Ther*  an  two  canaral  typei  of  local  Una  for  connecting  tele- 
phone stations  with  each  other,  or  with  a  switchboard.  The  type  Dy  far 
most  extetuively  used  is  the  bridging  line,  to  which  the  stations  or  seta  ara 
connected  in  the  familiar  shunt  or  bridging  relation,  like  incandescent  lampa 
in  a  constant-potential  distribution  sjrstem.  The  other  type,  but  little  uaed, 
is  the  ieriai  Una,  to  which  the  stations  are  connected  in  series  or  looinag 
relation,  like  arc  lamps  in  a  constant-current  series  distribution  aystem. 

Si.  Matallie  lines  are  those  composed  throughout  of  insulated  wixea  or 
conductors,  and  may  be  of  the  bridging  or  the  series  type.  A^  briclsang 
metallic  line  requires  two  wires,  often  termed  a  pair,  at  every  p<nnt.  The 
latter  type  is  the  preferable  one  for  nearly  every  kind  of  private  telephone 
system,  except  possibly  for  small  interior  intercommunicating  systems. 

n.  Qroundad  Unai  are  those  composed  in  part  of  insulated  wires  or  ooa- 
ductors,  with  earth  or  ground  return,  and  may  be  of  the  bridging  or  the  series 
type.  Grounded  lines  are  not  recommended,  because  of  the  insupeniito 
ffifficulties  from  cross-talk  and  inductive  disturbances,  so  frequently  present. 

S4.  Maptato  or  local-battary  brldsinx  Mta  (Fig.  8)  have  been 
described  in  Par.  M. 

M.  Maffnato  or  local-battary  tarlas  gat*  are  typified  by  the  sat 
depicted  in  Fig.  9  and  described  in  Par.  >7,     They  are  not  extensively  uaeiL 

S6.  Bridginc  seta  (^g.  8)  are  thoae  adapted  for  use  on  brid^ng  lines 
(Par.  SI).  The  receiver  and  the  secondary  of  the  induction  coil  are  in 
series  relation  with  each  other,  and  bridged  across  the  line  through  the  ooo- 
tacts  of  the  hook  switch,  the  latter  being  closed  only  when  the  receiver  is  off 
the  hook,  as  shown  in  Fig.  8.  The  ringer  is  separately  bridged  across  the 
line,  and  likewise  the  ^nerator,  although  the  circuit  of  the  latter  is  dosed 
only  when  it  is  in  action.  The  local  battery  circuit  of  the  transmitter  is 
doeed  by  the  hook  switch,  only  when  the  receiver  is  off  the  hook.  The  set 
shown  in  Fig.  8  is  the  magneto  or  local-battery  type;  oommon-battery  bridg- 
ing sets  are  shown  in  Figs.  10  to  13. 

ST.  Barlai  aata  (Fig.  9)  are  those  adapted  for  use  on  aeiies  lines  (Par.  SI). 
The  raceiyer  and  the  secondary  of  the  induction  coil  are  in  aeriea  relation  with 
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keh  other,  and  connected  to  the  inatrument  terminals  through  the  contaot* 
!  the  hook  Bwitoh,  the  latter  being  oloaed  only  when  the  receiver  is  off  the 
nok,  ai  shown  in  Fig.  9.  The  ringer  and  the  generator  are  connected,  in 
iries  with  each  other,  and  stand  normally  connected  to  the  instrument 
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"la.  8. — CirOuit  diagram  of  typ- 
ical bridging  telephone  set. 
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SaltatT 
Pio.  9. — Circuit  diagram  of  typ- 
ical series  telephone  set  (Strombeig- 
Carlson). 

srminals  when  the  receiver  is  on  the  hook,  but  are  disconnected  when  the 
Boeiver  is  in  use.  The  generator  is  short-circuited  except  when  in  action. 
18.  Oonunon-battery  brld^inc  Mti  are  illustrated  in  Figs.  10  to  13. 
Iw  eimplest  type  of  circuit  appears  in  Fig.  10.  The  transmitter  current  is 
btained  over  tne  line  circuit  from  the  central  battery  at  the  switchboard. 


i 


Fio.  10. — Circuit  diagram  of  typical 
lommon-battery  bridging  set  without 
nduction  coil. 


Fio.  II. — Circuit  diagram  of 
typical  common-battery  bridging 
set  with  induction  coil. 


deceivers  of  the  permanent-magnet  or  polarised  type  must  be  properly 

,  will  strengthen  their  magnets  instead 


Toled,  so  that  the  transmitter  current 

)t  weakening  them.     Continuous-current 

ames  used  in  this  type  of  set. 


reoavers   (Par.   tl>  are  aom^ 
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A  •imilw  type  of  let,  modified  to  the  extent  of  emp]oyinsan  indaetige 
ooil  and  plaeinc  the  reoeiver  in  a  local  circuit,  \t  shown  in  Fig.  11.  Tk 
Kellotc  Switchboard  and  Supply  Company's  set  is  shown  in  Fig.  12.  In  <ke 
latter  type  the  transmitter  circuit  is  completed  through  a  25-ohm  retards- 
tion  ooil  which  is  shunted  by  a  circuit  composed  of  the  reoeiver  and  aeon- 
denser  in  series.  The  Western  Electric  Company's  set  is  shown  in  Fig.  U 
These  types  are  representative  of  modern  practice;  other  methods  of  wiriif 
can  be  obtained  from  manufacturers*  bulletins. 


1 — cx> 


Fio.  12. — Circuit  diagram  of  Kel- 
logg common-bsttery  set. 


FlO.  13. — Circuit  diagram  of  Western 
Eleottio  oommon-battery  bridging  set 


LOCAL-BATTKKT  MAHUAIi  BWITCBBOABOB 
M.  TiM  auentlal  eUmenti  of  a  maanal  fwlUdiboanl  are  the  line 
terminals  or  jacks,  the  line  signals  and  the  awitohing  mechanisms  \  ths 
last  are  comprised  of  pairs  of  corda  and  plugs,  with  their  associated 
talking  and  ringing  keys,  supervisoiy  signals,  and  the  operaton,  talkini 
sets.  In  very  small  manual  boards  the  pairs  of  cords  and  plugs  are  aoine- 
times  replaced  by  keys,  so  arranged  and  wired  as  to  perform  the  desirsd 
switching  operations  at  will. 

40.  Non-muItlple  iwitohboarda  are  those  in  which  there  is  but  oni 
terminal  or  jack  for  each  local  line.  Therefore  this  type  of  board  ia  limited 
in  sise  by  the  fact  that  each  operator  at  the  board  must  be  able  to  reach 
every  line  terminal,  unless  local  or  transfer  trunks  are  provided  from  cos 
operator's  position  to  another.  It  is  not  the  practice  to  handle  any  con- 
siderable amount  of  traflic  by  means  of  transfer  trunks,  but  instead  to 
resort  to  multiple  boards  (Far.  41).  The  limit  of  sise  of  a  non-multiple 
board  is  usual!}'  about  400  Unes,  with  two  operator's  positions;  60(>-line  boards 
with  three  positions  and  transfer  trunks  from  the  first  to  the  third  poMtioii, 
are  employed,  however. 

41.  Multiple  iwitchbeardt  are  those  in  which  then  are  two  or  more 
terminals  or  jacks  connected  in  multiple  to  each  line,  in  such  a  manner  as  to 
provide  for  each  line  at  least  one  jack  within  the  reach  of  each  operator.  Br 
this  means  transfer  trunks  are  made  unneceaaary  and  any  operator  can  con- 
nect together  any  pair  of  lines  in  the  switchboard.  Multiple  boards  are 
made  in  many  sises,  from  a  few  hundred  lines  up  to  18,000  lines.  Local- 
battery  multiple  boards  are  not  now  employed  for  installations  of  more  than 
a  few  hundred  lines,  because  of  the  greater  economy  of  common-battery 
multiple  boards. 

4t,  Switchboard  Una  algnala  in  local-battery  or  magneto  systems  ar« 
usually  drops,  which  commonly  consist  of  an  iron-<dad  auotromasnet  with 
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an  Mrmature  uranged  to  diflen^age  a  shutter  and  display  the  number  of  tba 
ealling  line,  when  the  drop  winding  is  energised  by  an  incoming  ringing 
current.  The  drop  shutter  is  also  arranged  to  olose  a  pair  of  localcontacts 
for  sounding  an  auxiliary  calling  signal  termed  the  "night  alarm."    Drops 


Drop 
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Fio.  14. — Circuit  diagram  of  line  jack  and  drop  in  non-multiple  macneto 
Bwitohboard. 

are  made  in  aome  oaaea  with  a  leatoring  coil  which  serves  to  return  the  shutter 
to  normal  pcaition  when  the  operator  answera  the  call  by  inserting  a  plug  in 
the  answennc  jack  (Par.  4t);  in  other  eases  the  drop  and  the  answering  jack 


TbJtlBclac 
a«nntor 

Fia.  IS.— Cironit  diagram  of  cord-cirouit  in  non-multiple  magneto  switch- 
Doard;  single  clearing-out  drop. 

are  mounted  tofiether  and  so  arranged  that  the^ug  restores  the  shutter 


mechanically  when  the  plug  enters  the  jack. 

circuit  is  usually- wired  as  indicated  in  Fig.  14.  . 

resistances  from  80  ohms  to  1,000  or  1,200  ohms;  a  resistance  of  £00  to  600. 


le  terminus  of  the  line 
Drops  are  wound  of  various 


ohms  is  very  commonly  used. 

U.  Bwitohboard  1 1  n  • 
Jacks  for  non-multiple  mag- 
neto boards  are  usually  of  the 
type  illustrated  in  Fig.  14. 
The  drop  is  diaconnectea  from 
one  side  of  the  line  by  the  in- 
sertion of  the  plug  in  the  jack. 
The  night-alarm  contacts  are 
shown  just  below  the  drop 
winding. 

44.  Tba  wtainc  of  »  cord 
dreuit  with  ringing  keys,  lis- 
tening key  ana  sinple  super- 
visory drop  is  given  m  Fig.  15, 
The  wires  of  the  through  talk- 
ing circuit  are  shown  in  heavy  lines.  There  is  some  disadvantage  in  having 
but  one  supervisory  drop,  since  it  is  not  possible  for  the  operator  to  prede- 
termine wmch  line  is  signalling  for  attention.  This  difficulty  is  overcome 
in  the  cord  circuit  which  appears  in  Fig.  18  (keys  not  shown),  inasmuch  ss 


Oond. 
FiQ.  16. — Circuit  diagram  of  cord-circuit 
with  double  clearing-out  drops,  for  double 
supervision. 
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the  condensera  tend  to  shunt  the  low-frequenoy  ringins   current    throat 

the  neareat  drop  instead   of  permitting  it  to   pass  reamly  alons  the  cord 
circuit  to  the  other  drop  or  any  other  brid^Eed  apparatus. 

4S.  Bopaatlng-ooU  cord-drculti  are  employed  where  it  is  neoenary  to 
connect  metallic  lines  with  grounded  lines,  or  to  reduce  the  inductive  db- 
turbances  which  sometimes  occur  when  two  metallic  lines  are  coiuiectcd 
together  by  a  straight  cord-cirouit  (Fig.  15).  A  cord  circuit  with  a  repeating 
coa  is  shown  in  Fig.  17,  with  ringing  and  listening  keys  omitted  from  the 
diagram.  Sometimes  the  re{>eating  coil  is  conaected  to  the  cord  cimtit 
through  the  contacts  of  a  special  key,  so  that  the  coil  may  be  cut  into  circuit 
at  wiU.  The  transmission  will  be  more  efficient  with  a  straichi  cord  thai 
with  one  having  a  repeating  coil  in  circuit,  and  therefore  such  coils  should  be 
used  only  when  necessary  to  reduce  inductive  disturbances  or  line  i 


FiQ.  17. — Circuit  diagram  of  oord-drcuit  with  repeating  coll  and  doable 
supervisory  drops. 

46.  Comsnerolal   ilBet   of    non-multiple  magnsto  switehboftrds 

are  usually  limited  to  not  more  than  000  lines,  arranged  and  equipped  for 
not  more  than  three  operators'  positiona  The  following  sises  are  standsni 
with  the  Kellogg  Switcaboard  and  Supply  Co. 


Lines 

Operators' 
positions 

Pairs  of  cords 
per  position 

Lines 

Operators' 
positions 

Pairs  of  oordt 
per  pooitioD 

20 
SO 
100 
150 
200 
200 

(Wall  type) 

1 
I 

1- 
2 

S 
10 
10 
15 
15 
10  to  15 

250 
300 
350 
400 
450 
600 

2 
2 
2 
2 
3 
3 

12 
15 
IS 
15 
15 
15 

47.  Truisfer  trunks  for  the  purpose  of  transferring  or  trunking  cos- 
nections  from  one  position  to  another,  are  not  only  convenient,  but  olUa. 
necessary  in  these  small  boards,  especially  those  arranged  for  three  operators' 
portions. 

48.  Multiple  Jacks  (Far.  41)  are  sometimes  employed  in  boards  of  40&- 
line  aise  and  are  very  common  in  boards  of  600  lines.  The  purpose  of  mul- 
tiple jacka  is  to  avoid  the  necessity  of  transfer  trunks  and  the  attendant 
extra  labor  in  operation.  The  details  of  multiple  magneto  boards  are  beyond 
the  scope  of  this  section  and  the  reader  should  consult  the  authwities  men- 
tioned in  the  Bibliography,  Par.  I6S. 

49.  DUtributln^  frftmei  or  (voss-conneoting  racks  are  installed  is 
connection  with  switchboards  of  oveiy  type,  and  are  intermediate  in  posi- 
tion between  the  incoming  lines  and  the  switchboard.  This  frame  takes 
various  forms,  but  is  usually  built  up  of  light  structural  iron  shapes,  on  ods 
aide  of  which  are  arranged  the  terminals  of  the  incoming  lines  and  their 
associated  protectors,  and  on  the  other  side  are  arranged  the  terminals  of 
all  the  lines  leading  to  the  switchboard.  By  means  of  jumpers  an^  outside 
or  incoming  line  can  be  wired  to  any  switchboard  line,  Uius  providing  Uie 
necessary  flexibility  for  distributing  or  grouping  the  lines  in  the  switchboard 
in  any  manner  desired. 

There  are  two  styles  of  distributing  frames,  known  as  the  tn&ln  firmms 
and  the  Intermediate  frame.  The  K>rmer  is  the  one  desoribed  just  above; 
the  latter  is  used  only  in  oonneotion  with  multiple  boards,  being  intermediate 
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UlIB 


in  position  between  the  main  frame  and  the  board,  for  the  purpose  of  enablinf 
any  answering  jack  to  be  associated  with  any  set  of  multiple  jacks. 

SO.  Bwltohboard  wiring  is  usuallv  in  cable,  and  the  style  of  cable  is 
commonly  referred  to  as  iwitehboard  o»bl«.  This  type  of  cable  is  made 
from  vanoos  sisee  of  tinned  annealed  copper  wire  (Sec.  4),  rannng  from  No. 
18  to  24  A.W.G.  The  insulation,  where  the  cable  is  for  use  in  dry  places, 
usually  consists  of  two  wrappings  of  silk  and  one  of  cotton;  the  condttctors 
are  twisted  into  pairs  or  triples, 

then  a  wrapping  of  paper  is  Bell  or  Drop. 
applied  over  all,  next  a  wrap-  ~ 
ping  of  tliin  metal  tape  (lead, 
antimony  and  tin),  and  fi- 
nally an  outside  cotton  braid 
saturated  with  beeswax.  The 
insulation  of  the  individual 
wires  is  sometimes  varied,  using 
one  silk  wrapping  and  one  cotton 
wrapping,  or  one  silk  and  two 
cotton,  or  two  silk  and  two  cot- 
ton.   These  cables  are  laid  up                                        

in  round,  oval  or  flat  cross-seo-  flft      flB 

tions    as   desired,    in    twisted  Uu«     LbtoQin^ 

riira  or  triples,  ranging  from  ""'   Aniwiinr    "*" 

pairs  to  100  pairs;  S,  10,  15,  JkH 

20,  25,  30,  40,  60  and  lOO  paire    p,a.  i8._carouit  diagram  of  cut-in  station 
are     approximately    standard  or  looping  bridge, 

sues.     A  code  color  scheme  is 
employed  in  the  cotton  oovering 

of  individual  wires,  for  the  purpose  of  identifying  the  pairs  and  facilitating 
oplioes  and  connections;  the  manufacturers'  bulletins  give  the  codes  employed. 
Wool-lnaulated  cable  is  now  generally  employedinplace  of  pot-head  wire 
(rubber  insulated)  for  connecting  underground  or  aerial  cable  terminals  with 
the  main  frame,  and  in  places  where  there  might  be  trouble  with  ordinary 
cotton  insulation  on  account  of  moisture. 

lasad-ooTered  intarior  oable,  insulated  with  double  silk  and  single  cotton 

saturated  with  beeswax,  is  very 
useful  for  interior  wiring  in 
moist  or  damp  places.  It  is 
standard  in  sises  of  6  to  40 
pairs,  by  steps  of  6,  and  SO,  60, 
75,  100,  120, 160  and  200  pain, 
of  No.  22  A.W.O.  tinned  an- 
nealed copper. 

Twiatod  pain  should  be 
used  invariably  for  all  talMiH 
eireaitt  in  order  to  avoid  crofs- 
tidk.  The  length  of  one  com- 
plete twist  should  not  exceed 
4  or  6  in. 

(1.  Wlrlnc  of  «  through 
Una  is  shown  in  Fig.  18.  The 
middle  jack  is  so  wired  that  the 
operator  can  listen  to  determine 
whether  the  line  is  busy  before 
attempting  to  use  it.  Code 
ringing  must  be  employed  on  a 
through  line  connected  in  this 
manner.  This  style  of  jack 
wiring  is  termed  a  cut-in  sta- 
tion or  looping  bridge.  It 
can  also  be  arranged  with  keys 


Contleusr 
TrtnsfonnST 


BoliUnos 


To  BiDSlns  Kef 
tv 
Fta.     19. — Circuits     of  ■  vibrating     pole 
changer  for  supplying  ringing  current  from 
a  battery  source. 

instead  of  jacks,  and  mounted  in  a  special  cabinet  if  desired. 

U.  Binglng  energy  can  be  obtained  in  three  ways:  (a)  from  a  ringing 
dynamotor  (Sec.  9)  supplied  on  the  primary  side  from  a  lighting  or 
motor  cirauit,  or  from  a  storage  battery  (in  common-battery  installations) ; 
(b)  from  a  hand  generator  (Far,  It)  mounted  in  the  switchboard;  (c)  from  a 

,„,_  Di.jiiizr,lb,V^iUUVie 
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vibrating  pole-ohanger  arranged  to  periodioally  reverse  the  impressed  e.ni. 
of  a  battery,  usually  composed  of  dry  cells.  In  small  installations  a  pok- 
obanger  and  dry  battery  are  very  economical.  The  arrangement  of  a  trpial 
pole  ehanger  is  indicated  in  Fig.  10,  with  its  associated  apparatus.  Whea 
a  dry  battery  is  employed  for  ringing,  it  is  customary  to  employ  about  75 
cdls;  the  use  of  a  transformer  as  shown  In  Fig.  19  then  becomes  unnecessair. 
Another  type  of  vibrator  employs  but  one  vibrating  contact,  and  requires  tn 
groups  of  dry  cells,  about  75  celb  per  group,  connected  in  series  and  grouiKied 
at  the  oentre;  the  vibrator  makes  alternate  connections  with  the  free  termiiul 
of  each  group. 

OOKHOH-BATTBBT  XAHITAI.  SWITOHBOAUMI 

IS.  Th*  central  bAttny  supplies  the  energy  for  both  t.alktng  and 
dnudling,  at  the  stations  as  well  ss  the  switchboard.  The  method  of  sig- 
DAlling  from  the  switchboard  to  the  stations  is  the  same  as  that  desciibaa 
under  "Local  Battery  Manual  Switchboards/*  Par.  St  tofl.  The  method 
of  signalliag  from  the  stations  to  the  switchboard,  however,  conmsts  of  mov- 
ing tne  receiver  hook  up  and  down  to  interrupt  the  line  circuit  and  thus  in- 
terrupt  the  flow   of   current 


Um 


gUscBMa) 


f 


3^ 


Y 


from  the  oentnl  battor 
through  tha  line  sisniJ,  otcc 
the  line  to  the  station,  and  re- 
turn. The  central  battery  i> 
customarily  grounded  on  the 
.     ■      ■  positive  side,  and  the  "tip" 

[  ■« — ■ — J**"?  side  ofthelineis  the  froawMil 
'«  side,    while    the    "nng"    at 

°  "sleeve"   side  is  the  oattetx 

side. 


^1 


OXCOlUMnUy 


•BAturr 


Fio.  20. — Circuit  diagram  of  line  jack,  re- 
lay, and  lamp  in  non-multiple  oommon-bat- 
tery  switchboard. 


M.  The  line  drcoit  form- 
ing the  terminus  of  a  local  or 
station  line  in  a  non-multiple 
common-battery  board  U 
shown  in  Fig*  20.  The  fins 
signal  consists  o(  a  lamp  asso- 
ciated with  the  line  jack;  thii 
lamp  becomes  ener^aed  when 
the  receiver  is  removed  from 


at  the  distant  staUon,  and  is  de-enernsed  again  when  a  plug  ti 

The  operation  is  evident 


the  hook 

inserted  in  the  line  jack  in  response  to  the  call, 
from  the  figure. 
W.  Commercial   siicf  of  non-znultipls   common-batterj    bovdi 

are  given  in  the  following  table,  representing  two  of  the  leading  makes. 


Lines 

Operators' 
positions 

Pain  of  cords  per 
position 

Trmnster 
trunb 

Common 
battery 

Local 
battery 

Common 

Combina- 
tion 

75 
100 
120 
190 
200 
240 
200 
280 
320 
400 
440 
480 
800 

20 

2 
2 
3 

7 
10 
10 
IS 

10       . 
15 
10 
11 
15 
15 
11 
15 
15 

3 

8 
8 
14 
14 
14 
14 
10 
28 
28 
40 
28 
28 
60 

20 

5 

20 

5 

20 

5 

4 

20 

* 

f  6.  Oord  circuits  are  arranged  in  several  ways,  according  to  the  method 
used  for  supplying  transmitter  current  to  the  local  lines.     Fig.  21  illuBtratai 
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one  type  of  cord  oireuit,  complete  with  ringing  and  liiitemng  kejrs;  this 

type  employs  a  repeating  coil,  and  is  used  by  the  Western  Electric   Co.  in 

non-multiple  boards.     Toe  lamp  signals  are  termed  supervisory  «ig"»l«i 

Opentor't  flek 


iMoa  . 

Fio.  31.— Cord  circuit  for  non-multiple  common-battery  switchboard. 

and  will  be  lighted  whenever  the  receiver  hook  at  the  line  station  is  depressed. 
llie  method  of  opc^tion  is  obvious  from  the  figure.  Combination  cord  cir- 
cuits are  those  specially  wired  for  the  purpose  of  connecting  common-battery 
lines  with  local-battery  lines. 

■7.  Bctardktton  and  repeating  oolU  are  auite  similar  in  general  con- 
struction, but  differ  in  their  windings.     The  prin- 
cipal types  of  simple  impedance  or  retardation  coils 
are  shown  in  Fin.  22  to  24.     Soft  Norway  bon 
wire  is  commonly  used  in 
core  construction;  the  tor- 
roidml  coil  in  Fig.  24  is 


[  V''./"»0"J| 


Fio.  23. — Impedance 
coil  with  closed  mag* 
netic  circuit. 


Fio.    24. — Torroidal 
type  of  impedance  ooiL 


Flo.  22. — Impedance 
edil  with  open  magnetic 
circuit. 

usually  constructed  with  very  fine  iron  wire  covered  with  a  very  thin  insular 
tion  of  cellulose  or  enamel  to  reduce  the  eddy-current  losses.  The  deeirsKi 
properties  of  the  iron  are  high  permeability,  high  resistivity  and  low  hysteresis 
loss.    Enamel  insulation  for  the  electrical  windings  is  the  most  economical 
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ci  space,  although  cotton  and  silk  are  sometimes  employed.     The  wiodiiv 
should  be  vacuum  baked  and  Impregnated. 

Commercial  repeating  coils  are  made  in  various  types,  correaponding  to  tbe 
retardation  coils  above  described.  The  torroidal  type,  properly  coostrurted, 
is  one  of  the  most  eSioient  coils  known.  A  compfeteo^  balanced  torroidal 
ooi!  is  shown  in  Fig.  25.  The  terminals  I  are  the  line  torminals  and  m  sre 
the  middle  tape.  A  torroidal  type  of  coil  for  common-battery  cord  circuits 
has  four  windings  of  21  ohms  each,  being  desii^ned  for  high  efficiency  with 
talking  currents,  but  not  eu>ecially  efficient  for  ringing  (l&-cycle,  alternatioc) 
currents.  A  larger  coil,  vitb  two  outer  windings  of  35  ohms  each  and  two 
inner  windings  of  30  ohms  each,  has  high  efficiency  for  both  ringing  and  .talk* 
ing,  thus  suiting  it  for  phantom  and  simplex  circuits.     Another  type  of 

simplex^  coil  having  high  ringing  effi- 
cienoy,  is  wound  with  two  inner  windini? 
of  45  ohms  each  and  two  outer  windinp 
of  36  ohms  each. 

When  repeating  coils  are  mounted 
cloae  to  each  other,  base  to  base,  cross- 
talk from  one  coil  to  another  will  result 
unless  they  have  closed  magnetic  cir- 
cuits and  are  enclosed  in  iron  cases  to  re- 
tluce  stray  fields. 

U.  Main  mid  inUrmedUU  dls- 
taibuting  fraaes  are  practically  the 
same  as  for  magneto  boards,  covered  is 
Par.  49.  Also  see  the  bibliographT 
Par.  I«S. 

n.  Ealay  racks  are  alao  provided  ia 
com  mon-batterjr  installations  of  larp 
nie,  for  mounting  the  line  and  cut-off 
relays.  The  cord-circuit  apparatus  shouM 
be  mountedif  possiblein  the  switchboard 

•0.  Power  pl&nta  for  eommon-bst- 
tery  switchboards  comprise  a  source  o( 
energy  for  the  talking  circuits,  relays  and 
lamps,  and  a  source  of  energy  for  signal- 
ling or  ringing  purposes.  The  former 
source  usu^y  consists  of  a  storage  bat* 
terv  (Sec.  20)  of  11  cells,  giving  nor- 
mally 22  volts;  in  some  cases  22  cells  are 
used  to  meet  especially  severe  trans- 
very  small  installations  primary  batteries  (Sec 
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Fio.  25. — Torroidal  type  of  repeat- 
ing  coil;  four  balanced  windings. 


mission  requirements.     I  _ 

20)  are  sometimes  iised,  if  no  source  of  primary  energy  is  accessible. 

f  1.  Battery-oharglng  generator!  are  different  from  standard  direct' 
current  machines  (Sec.  8)  in  two  respects.  They  have  smooth-core  armatures 
and  more  than  the  usual  number  of  commutator  segments,  in  order  to  supply 
as  nearly  as  possible  an  absolutely  continuous  current.  Otherwise  th« 
minute  but  very  rapid  pulsations  in  the  current,  caused  by  armature  core 
teeth  and  commutation,  will  give  rise  td  slieht  pulsations  of  potential  at  tbe 
battery  terminals  and  make  the  telephone  lines  noisy  during  charging. 

61.  Ringing  generaton  for  supplying  both  alternating  and  pulsating 
current  at  vanous  fixed  frequencies  from  16  to  66  cycles  per  sec  are  in 
general  covered  in  Sec.  9,  under  Dynamotors,  or  in  Sec.  7  and  8  under  Gen- 
erators, Machines  of  the  dynamotor  tyi>e  are  wound  for  operation  from  32- 
Tolt-.  115-volt  and  230-volt  direct-current  sources,  and  deliver  from  75  to  100 
volts  alternating.  Ringing  dynamotors  are  standard  in  sixes  rated  from 
about  25  watts,  suitable  for  small  offices,  up  to  about  1  h.p.  for  Imrge  ex- 
changes. Each  ringing  tap  is  fused  and  a  lamp  resistance  is  coimected  in 
series  in  order  to  prevent  excessive  currents  in  the  event  of  ringing  on  a 
Bhort-oircuited  line. 

•S.  PrOYsntlon  of  battery  noUe  in  common-battery  installatioBs, 
caoaed  by  tbe  small  but  very  rapid  pulsations  or  ripples  (Par.  €1)  in  tbe 
current  delivered  by  the  charging  machine,  requires  a  circuit  arrangement 
which  is  illustrated  m  theorv  in  Fig.  26.  The  function  of  the  condenser  is  to 
•hort^rouit  the  ripples  of  e.m.f.  from  the  generatori  which  are  of  hi^ 
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froQueney,  while  the  impedance  coils  Mnd  to  suppress  the  corresponding 
ripples  of  current  in  the  battery  circuit.  In  large  installations,  especially 
with  large  batteries  (of  very  small  internal  impedance),  the  condenser  is  not 
reqturwif 


Fxa.  26. — Method  of  suppressing  battery  noise  caused  by  generator  or  motor 

operation. 

AX7TOMATXC  SWITCBBOAKD8 

M.  Tundaxnental  fekturas.  There  are  two  general  types  of  automatio 
■yvtems,  the  full  automatie  (Par.  U  to  TS)  and  the  semi-automatic 
(Par.  TS  to  7S).  The  former  type  performs  all  switching  operations  by 
means  of  automatic  mechanisms  under  the  control  of  the  selector  dials  or 
calling  devices  at  the  telephone  stations;  the  latter  type  requires  switch- 
boara  operators,  as  in  the  manual  system,  but  the  automatio  switching 
mechanism  is  under  their  direction,  in  the  place  of  using  dials  at  the  instru- 
ments. 

W.  Mumeroug  ayitems  have  been  Invented  and  reduced  to  commercial 
practice,  including  the  Strowger,  the  Lattig-Goodnim,  the  Lorimer,  the 
Bullard-Rorty  and  the  Clark  systems. 
These  systems  are  all  complicated  when 
viewed  m  their  entirety,  and  cannot  be 
described  in  the  space  here  permitted. 
The  following  description,  Par.  M  to  71, 
covers  the  Strownr  iratam  (Automatic 
Electric  Co.)  as  developed  for  small  in- 
stallations not  exceeding  100  lines. 

M.  Telaphone  leti  for  automatio 
service  are  equipped  with  calling  d«- 
Ticei,  one  of  which  is  shown  attached 
to  a  desk  stand  in  Fig.  27.  The  circuit 
diagram  of  this  set  is  given  in  Fig.  28. 
The  calling  device  consists  of  a  dial  with 
eleven  holes,  ten  of  which  numbered  with 
the  ten  digits,  consecutively  from  1  to  0. 
In  order  to  call  line  No.  73,  for  example, 
the  person  calling  first  removes  the  re- 
ceiver from  the  hook  and  then,  placing 
his  finger  in  the  seventh  hole,  pulls  the 
dial  around  until  his  finger  engages  the 
stop,  which  causes  seven  impulses  (which 
are  really  interruptions  of  a  steady  cur- 
rent) to  pass  over  the  line  to  the  switch- 
board; he  then  places-  his  finger  in  the 
third  hole  and  repeats  the  operation, 
whereuison  the  automatic  switching 
mechanisms  connect  the  calling  line  with 
line  No.  73  and  ring  the  station.  When 
someone   answers    at  station  No.  73,  the 


i 


Fia.  27. — Desk  st>nd  equipped 
with  callinK  device  or  dud  for  auto- 
matic (Strowger)  service. 


hnging  current  ia  automatically  cut  off  nod  the  talking  circuits  are  clear. 

The  mechanism  of  the  calling  device  is  shown  in  Fig.  29.  The  dial  winds 
a  spring  which  drives  an  interrupter,  consisting  of  a  fibre  cam  engaging  the 
impulse  springs;  a  tiny  ball  governor  is  attached,  which  insures  uniform 
■peed.  The  line  circuit  is  normally  closed  (when  the  receiver  is  o9  the  hook) 
aod  w  impulw,  so-called,  is  resUy  a  brief  interruption  of  the  line  ouirent. 
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I 


•T.  Una  iwitch,  Eieh  line  terminates  at  the  central  office  in  a  Eai 
switch,  whose  function  is  automatically  to  connect  the  line  to  an  idle  connector 
as  Boon  as  the  receiver  is  removed  from  the  hook.  For  the  sake  of  am- 
plioity  the  line  switch  is  omitted  from  the  accompanying  illustrations.  Tin 
anee  are  also  multipled  to  the  connector  banks  (Par.  68).  Kaob  line  mifht, 
if  desired,  terminate  in  a  connector,  but  the  provision  of  line  switches  is 
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S>^     Worm, 


Dial  >. 
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III  I 

Fio.  28. — Circuit  diocram  of  bridging  Fio.  29. — Skeleton  diagram  of 
oommon-battery  set  for  Strowger  auto-  mechanism  of  calling  device, 

matie  system. 

more  economical  because  it  makes  possible  a  reduction  in-  the  number  of 
connectors. 

U.  Oonneeton.  The  circuits  of  a  lino  connected  to  a  connector  (omit- 
tingtheintermediatelineswitehj  areshownin  Fig.  30.  The  principal  features 
of  the  connector  mechanism  are  illustrated  in  Fig.  3 1 .  Each  switch  consists  of 
two  principal  parts:  first,  the  shaft,  carrving  brushes  or  wipers  and  equipped 
with   two   magnetically  operated   ratcnets   and   pawls,    one   of   which  is 
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CD. — Calling  device. 
L.R. — Liine  relay. 
S.R. — Series  relay. 
R.R. — ^Release  rday. 


R.M. — Release  magnet. 
O.N.8. — Off-normal  switch. 
D.D. — Double  dog  (detent). 
V.M. — Vertical  magnet. 


Fio.  30. — Theoretical  diagram  of  a  connector. 

adapted  to  impart  a  vertical  step-by-step  movement  to  the  shaft,  and  the 
other  a  rotary  step-by-step  movement;  second,  the  contacts  over  which  the 
brushes  or  wipers  are  made  to  pass  by  means  of  these  two  movements.  The 
contacts  are  arranged  in  bank^,  10  rows  high  and  10  rows  wide,  or  100  in  all. 
M.  Operation.  The  line  relay  causes  the  first  set  of  impulses  to  actuate 
the  vertical  magnet  and  step  the  wipers  up  to  the  correnwnding  row,  which 
would  be  row  No.  7  in  the  case  of  a  call  for  line  No.  73.     Meanwhile  the 
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MBries  relay  iaenergiMd  by  them  impulses,  and  in  turn  energiiea  the  private 
maKnet;  the  series  relay  is  made  slow-acting,  so  that  it  will  remain  constantly 
cloaed  while  energised  by  a  series  of  rapid  impulses.  When  the  first  set  of 
impulaea  has  ceased,  the  series  relay  is  de-energised  and  this  in  turn  de- 
enerslies  the  private  magnet;  the  latter,  on  its  back  stroke,  moves  the  side 
switch  to  the  second  position,  and  thus  opens  the  circuit  of  the  vertical  mag- 
net and  closes  the  circuit  of  the  rotary  magnet.  These  details  are  made 
cloarer  in  Fig.  32. 

The  second  set  of  impulses  actuates 
«Iie  rotary  magnet  and  rotates  the  shaft 
until  the  wipers  rest  on  the  corre- 
sponding set  of  contacts,  which  would 
be  the  t£ird  set  in  the  seventh  vertical 
row,  In  the  case  of  a  call  for  line  No, 
73.  When  the  second  set  of  impulses 
ceases,  the  private  magnet  moves  the 
nde  switch  again,  and  closes  the  ring- 
ing circuit  on  the  called  line:  ringing 
continues  at  short  periodic  intervals 
until  the  receiver  at  the  called  station 
is  removed  from  the  hook,  upon  which 
the  direct  current  through  the  back  , — p 

bridse  relay  operate*  the  same  and  in    Ttrticir 
turn  the  ringing  cutoff  relay.    The  or-     «Mnet| 
euits  are  then  dear  for  through  com- 
munication. ,         „.        i 

When  the  receiver  at  the  calling  sta- 
tion is  returned  to  the  hook,  the  slow- 
acting  release  relay  (Fig.  32)  is  de-en- 
endsed  by  the  Une  relay  and  thus  re- 
refeasea  the  double-dog  (Fig.  30)  and 
the    wiper    shaft    returns  to  normal, 

^Sl^t^h'serrto^Teep^'p^nlCcircuit  of  the  release  mapiet  unless  the 
-^ro^'t^  »ke"  ^^^^  certain  deUih.  have  ^.n  -}tted    ".ut  the 

esaential  prinoiplee  have  been  e?>Pha»>««d  "^}>Vi'[," '^^MoTa  ?*;"'£,,  ^U, 
g:^;te.t%hic5  is  not  show^  U  so  "ranged^tj-t^ 

^flH^  Tn^'r^-fS^tC deTJu  ST'^hrMerence.  below-  and  the  BibU- 
osraphy  (Par.  MS). 

lat,  Bi.acB 


Fio.  31. — Connector  switch. 


C.D. — Calling  device. 
L.R. — ^Line  rday 
R.E. — Release  relay. 
8.R. — Series  relay. 

Fro. 


BTlICk 

INT. — Interrupter  (ringing). 
Ri.M. — Magnet  for  ringing-cut-off  relay. 
Ri.C.O.R.— Ringing-cut-off  relay. 
P.M. — Private  magnet. 
-Details  of  connector  circuit. 

TO    Houoting.     Line  switches   are    usually    mounted  in  BfuPf  9^  JJP 
each.     The  neceLsry  connectors  for  a  group  of  100  bnes  are  mounted_with 
^^V^iiii^bell.wrL.    "A  Study  of  Multi-K>fficeAutomatic8witohboM^ 
''''Srpa"^l*Z''5^AMolerfAVmlic^S^horAp'^pafaL1-Vrran.. 

■'Lk\  ^B-'ai^d'^^^mP.V't^-Automatie Telephony:"  McOraw- 
Hill  Book  Co.,  Inc.,  New  York,  1914. 
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the  line  awitohes,  forminc  a  100-Uii«  unit.  Tbe  number  of  selector!  at 
oonneotors  reqjuired  for  esoh  100  lines  depende  iqwn  the  volume  of  trsfit 
during  the  buBiest  period. 

71.  Selector!.  When  there  are  more  than  100  lines,  it  becomes  neceaMiy 
to  employ  seleotorB.  The  first  selectors  are  connected  to  trunks  lesdinc  u 
the  oonnectors.  The  first  group  of  impulses  in  a  number,  say  line  No.  528^ 
controls  the  vertical  movement  of  the  shaft  of  the  first  selector;  the  rotary 
movement  of  the  shaft,  however,  is  automatic  and  continues  until  the  wipm 
rest  on  the  contacts  of  the  first  idle  trunk  to  the  connectors  in  the  700 
group.  The  second  and  third  sets  of  impulses  respectively  step  up  the  sbsft 
of  the  connector  to  the  second  row  of  contacts  and  rotate  the  shaft  to  the 
eighth  set  of  contacts,  completing  the  connection  to  line  No.  538.  In  ordo* 
to  call  a  number  containing  four  digits,  second  selectors  are  neceeaary;  fin 
digits,  third  selectora,  etc. 

TS.  Costs.  The  cost  per  line  of  the  central  office  equipment  (Stiowyer 
automatic)  completely  installed  and  including  the  station  equipment,  uma- 
stalled,  is  approximately  $35  per  line. 

TS.  Sezni-antomatto  ■yitems  of  several  tvpes  have   been  produced,   ' 
including  the  Clement  (Automanual),  Western  £Uectrio  and  Corwin  syatemi. 
The  general  features  of  semi-automatic  systems  have  been  desoribed  in  Fac. 

Ti.  dement  or  ftatomanual  STiteiik*  In  this  system  the  station 
equipment  is  the  same  as  in  manual  common-battery  practioe.  When 
the  receiver  is  removed  from  the  hook  at  the  calling  station,  the  line  is 
automatioally  connected  to  the  first  idle  primary  leleetor  (of  the  IOCHim 
type).  wUdh  automatically  steps  in  the  rotary  and  vertical  motions  untO 
its  tost  bruih  connects  with  the  calling  line  terminal.  The  teet  br^i. 
in  arresting  the  switch  in  connection  with  this  line  terminal,  also  energim 
the  cut-off  relay  of  the  calling  line  and  establishes  an  electrical  "busy'* 
ffuard  against  incoming  calls.  cKmultaneously  an  idle  key-set  swlteli  (100- 
une  type)  is  automatically  idaoedin  operation,  and  this  switch  automatioJIy 
selects  the  occupied  primary  selector  and  convey  the  call  to  the  first  idn 
opOTator.  The  last  operation  lights  a  key-set  line  lamp  and  the  operator 
answers  by  pressing  the  answering  button,  which  places  her  in  oommunioa- 
tion  with  the  calling  station. 

Upon  receiving  the  desired  number,  the  operator  sets  up  that  number  oa 
the  key  set  ( whion  is  similar  to  the  adding  machine)  and  if  a  party-line  deaignft- 
tion  is  given,  a  button  corresponding  thereto  Is  also  presseo^  and  the  call 
Is  then  completed  (so  far  as  the  operator  is  oonoemed)  by  pressing  the  starting 
button  of  tne  key  set.  The  call  is  from  this  point  taken  up  by  the  key-set 
switch,  which  controls  the  emanation  of  impulses  from  the  sencGng  macniae. 
as  indicated  by  the  depressed  buttons  of  the  key  set.  The  first  series  of  im- 
pulses b«ng  in  the  thousands,  are  directed  to  the  first  selector  which  is 
associated  with  the  j^rimary  in  use.  This  first  selector  is  propelled  rotarily 
by  the  impulses,  designated  in  the  thousand-row  buttons  in  tne  kev  set,  or 
if^the  call  is  for  another  exchange,  to  the  row  of  contacts  on  wnicfa  ths 
trunks  between  the  exchanges  are  terminated  and  automatically  teste  up  ths 
row  in  the  vertical  position  until  its  brushes  are  connected  with  an  idle  trunk. 
This  trunk  connects  with  an  idle  second  selector  which  receives  the  im- 
ptdses  as  indicated  in  the  hundred  row  of  buttons  of  the  key  set  rotarily  and 
automatically  teats  for  an  idle  connector  vertically. 

'Hie  next  series  of  impulses  controlled  by  the  key-set  ringing  buttons  sets 
up  the  party-line  ringing  selector  associated  with  the  first  idle  connoetar 
(of  the  20-point  diatributinK  switch  type)  and  the  tens  and  unit  impulses,  as 
indicated  on  the  key  set,  are  directed  respectively  to  the  rotary  and  vertical 
movement  of  the  connector  switch  (of  the  100-point  tvpe);  this  brings  into 
connection  the  test  relay,  which,  if  the  called  line  is  busy,  is  actuated  to 
connect  busy-back  tone  to  the  calling  subscriber  and  if  not  busy,  oonnects 
the  rinfpng  current  to  the  called  line  and  actuates  the  cut-off  relay  id  the 
called  line,  making  tbie  line  busy  to  sU  other  connectors.  At  this  ptunt,  the 
key-set  switch  releases  from  the  trunk  and  is  made  immediately  available  for 
connection  with  other  calling  primaries  and  the  connection  is  Uien  oontroUed 
entirely  from  the  oalUng  ana  called  stations;  by  manipulating  thereoeiver 
book  Mther  station  may  disconnect  for  immediate  reosU. 
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If.  Trankbitr  between   automatle  uid  in«nn«il  iwltohboarda  can 

be  reftdily  provided  by  means  of  appropriate  apparatus,  and  is  extensively 
employea.  For  details  of  such  trunking  in  exchange  systems  see  the  Bibli- 
oeraphy  (Par.  MS). 

nrTKBCOMMUHICATIHa  BTBTZK8 

Tt.  Intereonnnaiilektiiic  lysteini  comprise  relatively  compact  pri- 
TBte  telephone  systems,  in  most  esses  without  any  switchboard  or  operat- 
ing attendants,  for  the  purpose  of  internal  commanioation  in  faetoriea, 
industrial  plants,  stores,  offices,  hospitals,  residences,  apartment  buildings, 
etc. 

TT.  Bfulpment.  Each  station  is  equipped  with  a  telephone  set  and 
a  awitelung  device  mounted  in  a  small  box  or  cabinet.  For  each  station 
there  is  a  telephone  line  or  circuit  extending  to  all  other  stations,  and  so 
arranged  that  by  depressing  the  api>Topriate  switching  key  or  button  in  the 
■witching  cabinet  at  any  other  station,  connection  can  be  established  with 
this  particular  line;  at  tne  home  station  there  is  also  a  calling  signal  or  bell 
(or  busier),  and  an  answering  key  arranged  to  connect  the  home  telephone 
set  with  the  line.  Thus  for  a  10-line  system  there  will  be  10  keys  or  buttons  in 
each  switching  cabinet  and  10  talking  circuits  in  a  small  cable  multipled  to  ail 
10  cabinets;  in  addition  to  the  10  lin&-cirouits  there  is  another  pair  for  supply- 
ing the  talking  current  (common  batterv)  to  eaoh  station,  and  still  another 
pair  for  supplying  ringing  current  to  each  station.  Direct-current  is  usually 
employed  (or  ringing,  and  dry  batteries  are  used  tor  both  ringing  and  talking. 

The  keys  or  buttons  are  usually  so  arranged  that  when  depressed  as  far 
as  possible,  the  ringing  current  is  sent  out  on  the  line;  when  released,  the  key 
automatically  returns  to  an  intermediate  position|  where  it  is  held  b^  a 
lock  or  detent,  and  thereupon  the  ringing  connection  is  broken  and  the  talking 
eireuit  completed.  The  several  keys  in  any  individual  switching  cabinet 
•le  usually  so  arranged  or  interlocked,  that  the  depression  of  one  key  auto- 
matically releases  or  restores  all  the  others. 

TB.  The  operation  is  very  simple*  In  order  to  call  station  No.  7  from 
station  No.  3,  the  No.  7  button  at  station  No.  3  is  depressed  as  far  as  possible 
and  held  there  a  moment  before  releasing  it,  and  meanwhile  the  bell  connected 
to  line  No.  7,  which  is  at  station  No.  7,  responds.  At  station  No.  7,  the 
home  button  is  depressed  and  the  receiver  taken  from  the  hook,  thus  estab- 
lishing communication.  The  ringing  connection  on  the  home  button  can  be 
omitted,  since  it  is  obviously  unnecessary. 

T>.  Other  e<iaipment  eombinatloni  can  be  arranged  readily,  includ- 
ing master  stations  for  switching,  with  annunciator:  one-way  stations  for 
inward  calls  only;  non-selective  code-ringing  party  lines,  etc.  The  manu- 
facturers offer  many  varieties  of  equipment  for  such  combinations,  which 
are  readily  understood  from  their  bulletins. 

M.  The  line  capacity  of  standard  equipments  varies  somewhat 
among  the  different  manufacturers,  but  not  to  any  great  extent.  One 
manoJacturer  offers  complete  units  equipped  for  6,  12,  22  or  32  stations; 
another  offers  sets  for  11,  21  or  31  stations;  another,  6,  12,  16,  20  or  24 
Stations,  etc.  These  equipments  are  usually  made  in  several  styles,  for 
desk  mounting,  wall  mounting,  or  the  flush  wall  type, 

PaASTOM  onoifiTs 

81.  Two  types  of  phantom  circuits  are  in  use,  one  derived  by  means  of 
repeating  coils,  the  other  by  bridged  impedance  coils.  Both  types  are 
illustrated  in  theory  in  Fig.  33,  aU  circuits  being  metallic. 

■S.  The  rspeatlng-eoU  type  of  phantom  circuit  is  shown  in  theory  in 
Fig.  33,  at  the  I^t  of  the  diatp-sm,  where  RC  are  repeating  coiLi  tapped  at  the 
centres  of  the  line-side  windings  for  the  derived  Or  phantom  circuit. 

SS.  The  impedance-coil  type  of  plantom  circuit  also  appears  in 
Fig.  33,  at  the  nght,  where  IC  are  retardation  or  impedance  coils  tapped  at 
the  centres  <rf  their  windings  for  the  derived  or  phantom  circuit.  This 
type  is  especially  suitable  for  station  circuits,  where  it  is  possible  to  economise 
in  line  wire  by  connecting  the  more  distant  stations  to  a  phantom  circuit. 
In  this  case  grounded  signallinK  cannot  be  employed.  The  side  circuits 
should  be  subtantially  alike  in  all  particulars,  including  length. 
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This  type  may  abo  b«  oaed  for  switohboard  or  offioe  installsUons,  ix 
of  repeating  oous,  and  in  this  case  it  is  generally  the  practice  to  install  a 
condenser  in  aeries  with  each  side  of  the  line,  between  the  coil  and  the  imA, 
as  in  a  simplex  set  (Far.  110). 

M.  Idaotieal  (Ida  oiroaita  should  always  be  employed  in  deiiviac 
metsJlio  phantom  circuits,  for  the  best  results.  This  is  neoeasary,  for  thi 
proper  electrical  balance  of  the  phantom.  Special  transposiUons  are  alto 
required;  see  Far.  IM  and  IW. 

U.  Oroundad  phantoms,  or  half  phantoms,  can  be  obtained  bv  oce- 
necting  repeating  or  imjsedance  coils  to  a  metallic  circuit  and  empioyinc 
an  earth  return  for  one  aide  of  the  phantom.  This  arrangement  is  ofieii  to 
the  same  objections  which  apply  to  the  use  of  ground-return  circuits  in 
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Fio.  33. — Fbantom  circuit. 

general — namely,  cross-talk  and  nuse  (induction)  caused  by  lack  of 
position  and  by  earth  potentials. 

M.  Phantom  oircnits  In  cable  require  speoislly  constructed  cables  of 
the  quadded  type,  described  in  Par.  IM.  This  form  of  construction  is 
essential  in  order  to  transpose  the  phantom  and  prevent  oroes-talk. 

ST.  The  repeating  and  Impedanoe  ooils  for  phantom  circuits  should 
be  carefully  balanoea  electrically  in  order  to  prevent  croas-talk  between 
the  side  circuits  and  tlie  phantom.  The  windinsi  should  be  subdivided, 
grouped  and  balanaed  in  such  a  way  that  the  currents  of  the  phantom 
circuit  will  induce  (eleotromagnetically)  no  e.m.fs.  in  the  side  circuits  and 
vice  veraa;  see  also  Far.  ST.  The  torroidal  type  of  coil  with  two  inner 
and  two  outer  windings,  35  ohms  per  winding,  is  extensirely  used. 

BTAHDABD  HANTTAI.  TBLKOBAPH  STBTUtS 

SS.  The  manual  Morse  telegraph  system  oompriaee  a  means  of 
transmitting  combinations  of  short  and  long  impulses  or  mgnals  oversa 
electrical  circuit  JMning  two  or  more  points;  the  transmitting  mechanism 
consists  of  a  hand-operated  key  and  the  receiver  consists  essentially  of 
an  electromagnet  with  a  sound-amplifying  device  for  audibly  registering 
the  signals,  which  are  read  by  ear.  The  combinations  of  long  and  short 
signals  are  so  arranged  as  to  form  a  code  or  alphabet,  of  which  there  axe  two 
in  common  use;  the  Morse  alphabet  is  universally  employed  in  American 
practice  (except  wireless)  and  the  Continental  alphabet  in  Europe. 

89.  Mone  eharaoten.  The  basic  element  of  the  Morse  alphabet  it 
the  dot;  a  dash  is  equal  in  duration  to  three  dots;  the  space  between  the 
elements  of  a  letter  equals  one  dot;  between  complete  letters  of  a  word,  three 
dots;  between  words,  six  dote.  The  26-letter  American  Morse  alphabet  has 
77  elements,  or  an  average  of  2.96  elements  _per  letter;  the  Continental 
alphabet  of  26  letters  has  82  elements,  or  3.1S  elements  per  letter.  The 
average  five-letter  word  has  36.7  elements  or  dot-equivalents  in  Amerinia 
Morse.  A  speed  of  25  words  per  min.  in  American  Morse  cotieiponds 
to    an    average    of    370    signals  per  min.,  or  between  6  and  7  pa  no. 
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n.  Th«  oloMd-oircuIt  Hone  lyitem  (FSg.  34)  is  almost  uniTersally 
employed  in  this  country,  except  for  a  few  installations  of  automatio^printiDS 
systems,  some  of  which  employ  multiplex  or  high-^peed  transmission.  The 
<mKnary  dosed-^rcuit  Morse  system,  worked  simplex,  duplex,  or  quadruples, 
is  the  only  one  here  treated  in  any  detail. 

M.  TlM  open.eireult  Kons  lyttasil  is  employed  extenalTely  in 
England  and  on  the  Continent,  but  has  never  found  favor  in  American 

*  Apptodiz  "C"  from  MoNiool's,  "American  Telegraph  Praotioe,"  page  492. 
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praotioe.     For  the  details  of  thia  avitem  conault  the  refereuoes  on  liili  mijptj 
given  in  the  Bibliography,  Par.  MS. 

SS.  Simplex  or  aingle  working  ia  indicated  in  Fig.  34,  whioh  sbon 
the  theory  of  a  circuit  with  two  terminals  and  one  intermediate  atatioe. 
In  thia  eyatem  but  one  message  can  be  sent  at  one  time.  But  one  line  wirr 
is  required,  with  earth  return.  The  station  equipment  consists  of  a  maia- 
line  relay,  a  local  sounder  and  battery,  and  a  sending  kesr.  There  are  bat 
two  main-line  batteries, 'one  at  each  terminal;  theae  batteries  or  aourcea  ai 
e.m.f.  should  be  of  equal  voltage  for  best  results,  and  the  terminala  ahonU 
have  substantially  equal  resistanoes.  The  tercunal  rasistanoes  ahould  alss 
be  as  small  as  practicable. 


|T^fllJr-ir-cjALr-i-La^43-^ 

I  t 

B. — Main-line  batteries.  8. — local  sounders. 

K. — Keys.  L.B. — Local  batteries 

R. — Main-line  relays.  L. — Line. 

Fio.  34. — Closed-circuit  Morse  system. 
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M.  SouroM  of  tnufj  for  telegraph  working  are  usually  one  of  foor 
pes,  vis.,  gravity  batteries,  dry  batteries,  storage  batteries,  or  generaton. 
_'or  details  on  batteries,  see  Bee.  20;  generators,  Bee.  8;  dynamotora,  Sec.  V. 
Qravity  cells  are  now  employed  only  for  small  installations,  as  a  rule,  work- 
ing a  few  wires;  dry  cells  have  been  employed  to  a  limited  extent,  for  worldni 
individual  wires;  the  general  obiections  to  such  batteries  are  high  Internal 
resistance  and  high  cost  of  maintenance.  Storage  batteries  have  been 
used  in  Urge  installations  and  are  considered  fairly  satiafaotory.  Qeneraten 
or  dynamotors  are  ooming  into  quite  genera]  use  wherever  a  source  of  cheap 
primary  energy  is  available.  Any  number  of  Unea  can  be  operated  from  one 
machine  of  adequate  output. 

9S.  Tha  main-line  relay  consists  mereljr  of  a  double-pole  electromagnet 
with   a   light  armature   and  retractile  spring,  providea  with  suitable  ad- 

Justments  and  arranged  with  local  contacts  for  closing  the  circuit  of  a 
ocal  sounder.  The  standard  main-line  relay  is  wound  for  150  ohms  of 
resistance  and  should  be  operated  with  currents  of  40  to  50  milliamperet. 
Relays  for  intermediate  offices  on  way  circuits  are  generally  wound  tor  35 
ohms,  in  order  to  reduce  the  total  line-resistanee  and  improve  the  operstini 
efficiency;  the  operating  current  should  be  from  60  to  70  milliamperea  or 
more.  Pony  relays  for  short  lines  are  usually  wound  tor  20  ohma.  Spseisl 
relays  are  wound  as  high  as  300  ohms. 

M.  The  propor  ralaj;  adjuitmant  depends  upon  the  condition  of  the 
line.  In  clear  weather,  with  high  insulation,  the  air  pv  may  be  small  and 
the  spring  tension  high;  in  wet  weather,  with  low  insulation,  the  air-gap 
should  be  lengthened  and  the  spring  tension  reduced,  because  the  margin  of 
operating  current  caused  by  tAe  opening  and  dosing  of  a  distant  key,  is 
much  reduced.  An  ordinary  lS0H»m  relay,  operating  on  0.060  amp,,  will 
not  release  at  commercial  speed  on  much  more  than  75  per  cent,  of  the  nor- 
mal current,  or  at  about  0.0375  amp.  The  armature  play  should  be  as  con- 
fined as  possible,  in  order  to  shorten  the  stroke. 

9T.  Boundara  are  necessary  because  the  ordinary  line  relay  has  insuffi- 
cient power  to  make  audible  signals  for  easy  reading  of  Morse  characters. 
Sounders  are  usually  wound  for  4  ohms  or  20  ohma  resistance;  in  the  latter 
case  the  sounder  may  praotindly  serve  in  place  of  a  pony  relay  for  short 
Unes. 
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Fxo.  35. — Theory  of  dUFerential  polar  duplex. 


ML  The  op«r»ttnc  eomntl  required  in  closed-eiromt  Morse  working 
vaxy  according  to  the  system  of  woricing  and  the  sensitiveneaB  of  the  relays. 
The  usual  current  with  150-ohm  relays,  Hne-drcuit  closed,  is  about  0.040  to 
O.050  amp.;  with  3&-ohm  relays.  0.060  to  0.075  amp.;  for  20-ohm  pony 
relays,  about  0.100  amp.;  for  local  sounders,  0.100  to  0.250  amp. 

M.  The  polar  duplex  is  illustrated  in  theory  in  Fig.  35,  which  shows  but 
one  terminal  of  the  hne,  since  the  other  is  identical.  The  polar  relay,  as  its 
name  indicates,  is  polarised,  and  responds  to  currents  in  one  direction  but 
not  the  other.  In  order  that  the  armature  may  be  under  a  slight  normal 
attraction  when  no  signals 

Are  passing,  it  is  given   a  Potor       Una  Coo  Onwind) 

alight  bias,  or  so  adjusted  (       \  *•  j*y  ( 

-that  it  is  nearer  one  pole-  f^  f  f/j^ 

piece,  than  the  other.  The 
XXilar  relay,  being  differen- 
-lially  wound,  ia  neutral  to 
outgoing  currents  from  the 
liome  key,  if  the  artificial 
auid  the  real  line-circuits 
MTG  electrically  balanced. 
When  the  distant  key  is 
closed  the  line  current  in 
-the  upper  limb  of  the  polar 
relay  becomes  (theoreti- 
cally, with  a  perfectly  in- 
sulated line)  double  that  in 
-the  lower  limb  and  actuates 
tlie  local  sounder;  if  the 
home  key  is  next  closed ,  the 

r^ay  is  not  affected.  If  the  home  key  is  closed,  while  the  distant  key  is 
normal,  the  home  relay  will  also  be  unaffected,  as  can  be  seen  from  considera- 
tion  of  the  relative  s^engths  and  directions  of  the  currents  in  the  two  limbs. 

100.  The  bridge  duplei  is  shown  theoretically  In  Fig.  36,  where  RiRt 
Sire  two  equal_  resistances,  or  equal  windings  of  an  impedance  coil.  The 
relay  is  a  plain  non-polarised  type.  The  compensating  resistance  should 
be  equal  to  the  internal  resistance  of  the  battery,  in  order  not  to  upset  the 
adjustment  of  the  artificial  litM. 

101.  The  bridge  polar  duplex*  is  similar  to  Fig.  36,  except  that  the 

battenr   and   key  are  dis- 
U,„  plscea    by   the   generators 

^       ^^^  and  key  in  Fig.  35,  and  a 

*  -ti"^  I  polar  relay  is  required. 

lot.  The  bridge  quad- 
ruplex  of  the  western 
Uziion  type  developed  by 

Athearutisshownin  theory 
in  Fig.  37.  The  funcUon 
of  the  holding  coil  H  on 
the  neutral  relay  is  to  hold 
down  the  armature  of  the 
relay  during  reversals  on 
the  polar  side.  The  extra 
current  condenser  B.C.  has 
a  capacitance  of  ^  about 
0.25  mf.  and  isinseries  with 
a  20-ohm  resistor.  The 
imj>edance  coils  U  have  a 
total  resistance  of  1,000  ohms,  or  500  ohms  per  side.  The  operatinfs  cur> 
rents  are  about  0.020  amp.  for  the  polar  side  and  0.060  for  the  neutral  or 
common  side.  This  typo  of  quad  is  very  efficient  and  loss  subject  to  inter- 
ference from  inductive  disturbances  on  the  lino  than  the  differential  quad. 

*  TeUffraphand  TeUphtme  Age,  Dee.  1,  1912,  p.  802  and  Dec.  16,  1012,  p- 
835. 

t  TeUffrapk  and  T^ephon^  Afftt  Mar.  16,  1011,  p.  336:  also  see  issue  of 
Nor.  1,  1910,  p.  722. 


Flo.  36. — Theory  of  bridge  duplex. 
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The  polar  side  is  virtually  s  btidga  polar  dui>lez,  worldiig  on  eurrent  i 
Bala,  and  the  neutral  nde  is  a  Steams  duplex,  workins  on  a  current  maifin 
of  about  one  to  three.  The  Field  key  system  used  with  the  transmitter  for 
the  neutral  or  common  side  is  next  dMcribed.  The  pole-changer  and  the 
transmitter  {or  the  common  side  are  Iwth  worked  from  separata  keys  ia 
local  circuits. 


D.— Dynamos.  U. — Retardation  coiL 

P.C.— Foleohanger.  P.R.— Polar  Relay. 

Tr. — Transmitter  N.R. — Neutral  Relay 

A.R. — Added  Resistance.  H.C. — Holdins  condeuser. 

L.R. — Leak  resistance  H. — Holding  coil  on  N.R. 

B.C. — Spark  condenser.  AX. — Artificial  line. 

I/.— Resistance  lamps.  E.C. — "Extra  current"  condenser. 

Fia.  37. — Theoretical  circuita  of  Athearn  (Western  Union)  improved  qaad> 
Tuplex. 

lot.  The  Held  Iny  ijitein  is  very  useful  in  quadruplex  working 
where  generators  or  dynamotors  are  employed  as  sources  of  e.m.f.  This 
system  reutiires  but  one  source  of  e.m.f.  at  each  terminal,  giving  the  full  voltags 
required  for  the  neutral  side.  The  circuits  of  the  system  are  given  in  Fjg. 
38,  which  shows  the  transmitter  for  the  neutral  side,  with  the  pole-changing 

transmitter  omitted;  L  is 

_»aAa.. To  Belays 

I  I  and  Line 


TnoBmitter 


k  Oen. 


Fio.  38.^-CircuitB  of  the  Field  key  system. 


is  eouipped  with  a  s]3ecial  system  ^f  coodensive  shunts^, 
of    the    system,  "'*  -«..«.,.«. 


see  Skirrow,  J. 
Improved    Multiplex  Apparatus,' 
1912,  p.  781. 


the  protective  resistor^  and 
A  and  B  are  respectivdy 
the  "  added  "  reeistanoe  and 
the  **leak  resistance."  If 
the  ratio  of  long  to  short 
voltage,  for  neutral  work- 
ing, IS  n,  the  values  of  A 
and  B  are: 

A-L(n-l)aud£- 
i(^)     (ohms)     (1) 

where  alh  resistanoes  axe 
expressed  in  ohms. 

IM.  The  Poitid  Im- 
proved quadruple!  is  of 
the  differential  type,  but 
-' For  a  description 


.    "  Postal-Telemiph  Cable  Company'a 
Teltgrapk  and  Ta*pkont  Af)*,  liee.  I, 


i»ea 


y  Google 
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IM.  The  artifloiftl  Una  must  be  adjustable,  both  in  resistance  and  capsci- 
^anoe,  in  order  to  establish  readily  a  b^ance  with  the  real  line.  When  adjust- 
ing for  a  balance  the  distant  battery  or  generator  should  be  cut  out,  and 
a  connection  made  to  ground  in  its  place,  through  an  equivalent  resistance. 

IOC.  Blnffle-llne  rapeabon  designed  to  repeat  signals  from  one  Morse 
circuit  to  another,  with  single  working,  are  of  various  types,  including  the 
MUliken,  Toye,  Weiny-PhiUips,  Ghegan,  Atkinson,  Neilson,  Horton, 
d*Humy  and  others.  Only  one  of  these  types  will  be  shown;  for  descrip- 
tiona  of  others  see  the  references  in  Far.  ICS.  Every  repeater  embraces, 
for  each  line,  a  receiving  relay,  a  transmitter  and  a  nolding  device;  these 
elements,  in  duplicate,  are  common  to  every  type.  The  principal  differ- 
exLoea  among  the  various  types  relate  to  the  form  of  holding  device. 

lOT.  Th«  HUlikan  single-Une  rapeatar  is  shown  in  Fig.  30.  where 
RR'  are  the  main-tixke  relays,  TT*  are  the  tranunitters,  and  EM,  EM'  are  the 
extra  magnets  or  holding  devices.^  When  the  circuit  opens  on  the  west,  relay 
R  ifl  released,  opening  the  local  circuit  of  transmitter  T  and  in  turn  discon- 


ITestLlae 


Eart-LTne 


Fxa.  30. — Circuits  of  the  Milliken  single-line  repeater. 

neoting  the  battery  of  the  line  east;  simultaneously  the  magnet  EM*  is 
releaaed  and  its  armature  falls  back  on  the  armature  of  relay  R',  holding  it 
cloaed  and  thus  protecting  the  transmitter  T\  The  other  operations  will 
be  evident  from  this  description  and  the  circuits  in  Fig.  30. 

108.  Dnplaz  ftnd  quadruplax  rapafttari*  are  very  simple,  it  being 
necessary  only  to  place  the  pole-changer  of  the  east  line  under  control  of  the 
polar  relay  on  the  west  line,  and  the  transmitter  (common  side)  of  the  east 
tine  under  control  of  the  neutral  relay  on  the  west  Une,  with  corresponding 
connections  for  working  from  east  to  west. 

lot.  Balf-sat  rapaatars  conust  of  one  relay  and  one  transmitter  for 
eonoeotiog  a  duplexed  line  with  a  ungle  Une,  or  one  side  of  a  quad  with  * 
single  Une. 

110.  Tha  phantoi^z  is  a  system  for  superimposing  an  alternating-cur- 
rent telegraph  on  an  ordinary  single,  duplex  or  quadruplez  oircuit.f     It 

'"Western  Union  Bridge  Duplex."  TeU-Qmph  and  Telephone  Age;  Jan. 
16,  1913,  p.  54:  Feb.  1,  1013,  p.  84. 

t  McNicf^,  D.  ''American  Telegraph  Practice;"  McGraw-Hill  Book 
Co.,  Inc.,  Naw  York,  1013;  Chap.  XIX. 
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operates  at  from  60  to  120  cycles,  beina  linked  to  the  line  throu^  aeries 
tnnsformers.  The  phantoplez  can  be  duplexed,  and,  when  supenmpoesd 
on  a  polar  duplex,  provides  a  quad.  It  has  been  used  to  some  extent  by  the 
PostM  Telegraph-Cable  Co.  The  phantt^lex  should  not  be  used  on  eom- 
posited  telephone  circuits,  and  may  give  rise  to  induetive  disturbanoes  in 
parallel  telephone  circuits. 

111.  Tbe  phonoplez  is  a  system  for  superimposing  a  higb-freqnency 
alternating-current  telegraph  on  a  morse  circuit  of  the  usual  type.  * 

lit.  Telegraphing  to  moTlng  trains  has  been  successfully  accomplisbed 
by  means  of  inductively  related  circuits  situated  on  the  trains  and  parnDd 
to  the  track.  The  Edison  B>;stem  of  inductive  telegraphy  from  a  stationary 
wire  along  the  road,  to  moving  traina,  operated  by  eleetrostatio  induction; 
the  Phelps  system  operated  by  electromagnetie  induction.  The  most  aoe- 
oessful  method  of  communication  for  Buch  service,  howeTtf*  is  wireless  or 
radiotdegraphv  (Sec.  21).  which  has  been  given  extensive  trials  on  the 
D^ware,  lAckawanna  and  Western  Railroad. 
lis.  Talegraph  nrltcbboards    are  of  three  principal  types,  the  eariy 

peg    switchboard,    the 
Um  Um       spring^jaok  and  wedge 

type,  and  the  tele- 
phone-jack and  plug 
type.  The  first  type 
is  still  used  in  small 
offices;  the  second  and 
third  are  both  in  exten- 
nve  use.  The  conned 
Uons  of  looping  and 
test  jacks,  in  the  third 
type,  are  shown  in  F'ig 


L  T  T  L 

FiQ.  40. — Circuits  of  looping  and  test  jacks. 

40,  where  L  L  are  looping  jacks  for  cutting  into  the  line  with  morse  sets  and 


4u,  wbere  li  li  are  looping  jaoKs  lor  cutting  into  tne  ane  witn  morse  sees  ana 
T  T  are  test  jacks  tor  line  patching  and  testinp,  usin^  cords  and  i^uff. 
When  the  last  type  is  equipped  only  with  test  jacks,  it  is  termed  a  tost 
panel.  Composite  and  simplex  sets  are  often  mounted  near  the  switch* 
board  and  their  terminals  brought  to  cords  and  plugs,  or  to  jacks,  in  the 
board. 

114.  The  telautograph,  an  invention  of  the  late  Elisha  Gray,  is  a  sys- 
tem of  telegraphy  which  re- 
produces long-hand  writing  or 
anjr  other  figures  or  characters 
desired.  Fig  41  shows  the 
principle  of  the  writing  part  of 
tho  apparatus.  A  is  tne  send- 
ing station  and  B  the  receiving 
station;  the  operator  writes  on 
a  tablet  (not  shown  in  sketch), 
with  pencil  1,  which  ia  so  linked 
to  arms  2  of  rheostats  3,  that 
the  motions  are  split  into  two 
components  and  the  resistances 
varied  in  proportion  to  these 
components.  Each  of  the  rheo- 
stats is  situated  in  a  separate 
line-circwt,  at  thsireceiving  end 
of  which  is  connected  a  magnet 
coil,  4,  the  coil  being  located  in 
ma^neticfield  of  constant  value. 
Variations  in  the  current  value 
in  ooils  4  cause  corresponding 
variations  in  the  pull  acting  between  the  coil  and  the  constant  field;  coils  4  are 
connected  mechanically  to  arms  5,  the  pull  being  opposed  by  swings  6.  It  is 
easy  to  see  that  pen-point  7  will  follow  the  movements  of  pencil  1  and  repro- 
duce any  motions  which  the  latter  may  make.  This  system  requires  two  line 
wires,  in  order  to  transmit  two  independent  currents  of  varying  strangth. 

*  Maver.  Wm.  Jr.,  **  American  Telegraphy  and  the  Enoyclopedia  of  ths 
Telegraph,*'  N«W  York.  1909.  ^  ^^  *^     *-'^ 


FiQ.  41. — Theory  of  the  tdautograph. 
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The  tdautocraph  is  extensively  used  in  railway  terminals,  hotels,  dubs, 
factories,  etc.,  where  tbe  distances  covered  are  not  large.  It  is  not  applicable, 
as  yet.  to  lonc-dietance  transmission.  See  Dixon,  J.  "Tbe  Telautograph;" 
Tratu.  A.  I.  E.  £.,  1904,  Vol.  XXIII,  p.  645. 

SmrLIX  AJTD  C0MP08ITI  SETS 
lU.  Simaltaoaoiu  talaphony  and  talapaphy  over  the  same  wires  is 
obtained  oommeroially  by  means  of  two  dinerent  systems,  known  as  the 
simplex  and  the  composite. 

IK.  Bimplas  Mt(  operate  on  premsely  the  theory  of  a  grounded  or  half 
phantom,  emplo3ring  eitner  ,^. 

an  impedance  coil  or  a  re-  f     IS  f 

pasting  ^  coil.     The     tele-  1      -f  A 

phone  circuit  corresponds 
to  the  side  drcuit  of  tbe 
half-phantom  (Par.  M) 
and  the  telegraph  circuit 
corresponds  to  the  phantom 
eireuit.  Animpedanoe-coil 
simplex  set  is  iUustratedin 
theory  in  Fig.  42.  Bat- 
tery, relay  and  key  are  con- 
nected to  the  morse  leg  in 
the  familiar  manner.     This 


JT 


tine' 


Telephona 
Jack. 


'-      -   Oondensers  • '.  >—\ 


'  Impedance 


TK 


Morse  lag  o 
Tia.  42. — Impedanee-ooil  type  of  simplex  set. 

system  permits  only  one  telegraph  circuit  (with  earth  return)  to  be  derived 
from  a  metallie  pair  or  physical  drcuit. 

IIT.  Ooii»o«lt«  Mtl  permit  the  use  of  both  sidA  of  a  mataOie  p^r  for 
teiegnpby,  thus  deriving  two  telegraph  circuits,  or  one  drcuit  per  wire, 
with  earth  return.  A  eom^caite  set  tor  a  single-wire  grounded  telephone 
eireuit  is  indicated  in  theorv  in  Fig.  43.  The  combination  of  &-mf .  condenser 
and  60-ohm  impedance  coil  is  for  the  purpose  of  retarding  the  rise  of  current 
and  e.m.f.  in  the  line  when  die  key  is  dosed.  Without  such  retardation  tha 
very  sharp  rise  of  current  and  e.m.f.  would  produce  a  marked  sound  or  oliek 
in  the  telephone  reodver  and  make  communication  impoesible  during  the 


Fio.  43. — Composite  set  for  grounded  lines. 

sending  of  tdegraph  signals.  The  effect  of  the  coil  and  condenser,  is  so  to 
round  off  tbe  morse  impulses  that  they  are  almost  entirely  inaudible  in  the 
telephone  reodver,  and  when  heard  are  usually  so  soft  as  to  constitute  prac- 
tically no  impediment  to  speech  transmission.  The  sixe  of  the  condenser  is 
usually  regulated  to  some  extent  by  the  batt«ry  voltage;  6  mf.  is  usually 
adeauate  for  any  voltage  up  to  125  volts  at  each  terminal.  The  2-mf. 
conaenser  is  obviously  for  the  purpose  of  preventing  tbe  morse  currents  from 
shunting  w  leaking  to  ground  through  the  telephone  set;  a  condenser  of  1 
mf.  is  sometimes  used.  When  the  impedance  coil  is  connected  serially  for 
mAximttm  impedance,  instead  of  differentiidly  as  shown,  the  6-mf.  condenser 
e«n  be  replaced  by  a  considerably  smaller  capadtance,  or  about  I  mf.  The 
ooU  and  condenser  combination  always  retards  the  speed  of  morse  lignalliag 
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to  some  extent,  although  the  drag  is  not  usually  serious  unless  the   ooQ 
impedance  and  the  capacitance  are  too  large. 

A  full  composite  set  for  metallic  circuits  is  indicabed  in  Fig.  44.  This 
set  is  comprised  of  two  sets  of  the  Wpe  in  Fig.  4.3,  with  the  addition  <^  tim 
coils  ee  and  condensers  dd.  The  o(M>hm  differential  ooils  atk,  the  &-int. 
condensers  bb  and  the  2-mf.  condensers  cc  perform  the  same  functions  as  in 
the  half-set  in  ¥lg.  43.  The  2-mf.  condensers  dd  and  the  serially  oonnected 
30-ohm  coils  ee  are  for  the  purpose  of  shunting  to  ground  the  Mone  im- 
pulses passing  through  the  condensers  cc^  which  otherwise  would  Bov 
through  the  telephone  circuit  and  result  in  oroos-writing  between  the  two 
morse  legs. 


IConeLeff 


Morse  Leg 1        ' 


Fio.  44. — Full  composite  set  for  metallic  circuits. 

118.  Duptoz  worki&r  tbrouch  oompoilto  Mts  requires  the  connection 
of  a  dummy  composite  set  in  the  artificial  line  at  each  terminal,  in  order  to 
establidi  a  oalanoe  with  the  sets  in  the  main  line.  It  is  also  feanble  to  con- 
nect a  grounded  shunt  condenser  and  serial  impedance  coil  between  the  pole- 
changing  transmitter  and  the  polar  relay,  in  order  to  further  subdue  the 
sharpness  of  the  impulses  when  tranamitUng  morse. 

119.  Composite  ring'ers.  It  is  not  permissible  to  signal  over  composited 
telephone  circuits  with  the  usual  16-cycle  ringing  current,  since  it  will  chatter 
the  morse  relays.  A  high-frequency  ringing  system  is  in  use  which  operates 
with  relatively  weak  currents  and  does  not  interfere  vnih  simultaneous 
morse  transmission.* 

DIBPATCamO  AND  PATROL  8T8TXM8 
ISO.  Trftin  dlspatohlnff  systemg  on  steam  railroads  were  formerly 
operated  by  Morse  telegraph  exclusively,  but  the  telephone  has  extensively 
superseded  the  telegraph  during  the  last  6  or  8  years.  Dispatching  sys- 
tems on  electric  interurban  railways  have  been  operated  oy  telephone 
almost  without  exception  since  the  earliest  days  of  such  systems.  A  train- 
dispatching  system  comprises  in  brief  a  master  sending  or  transmitting 
station,  with  means  for  selectively  signalling  all  other  stations,  a  line 
circuit,  and  a  plurality  of  way  stations  equipped  primarily  for  receiving. 
Dispatching  systems  vary  in  detail,  but  nearly  all  embrace  the  same  funda- 
mental features,  t  Dispatching  equipment  is  manufactured  by  nearly 
all  of  the  leading  makers  of  telephone  eauipment,  and  the  details  of  ea^ 
system  are  too  extensive  to  reproduce  here.  Only  the  leading  features 
will  be  described. 

111.  The  Kellogg  selectlTe  ilgnalUng  STttem  for  train  dtspatehingis 
shown  in  theory  in  Fig.  45.  Normally  the  battery  circuits  are  open.  The 
automatic  calling-key  s  operated  by  clockwork,  there  being  a  separate  key 
for  calling  each  station.  The  particular  keyshown  will  send  a  commnation  of 
impulses  to  line  represented  by  3-1-2-1.  The  objectof  the  retardation  coils 
ana  condensers  at  the  dispatcher's  station  is  to  make  the  signals  inaudible  in 

*  Kissel.  N.  C.  "The  Composite  Ringer;"  TeUgraph  and  TtUphone  Age, 
May  1.  1010,  p.  318. 

t  Brown,  G.  "Some  Recent  Developmentsin  Railway  Tdephony;**  Trana, 
Amer.  Inst,  of  Elec.  Eng.,  1911,  Vol.  XXX.  p.  1007. 

Clapp,  M.  H.  "A  ComjpariBon  of  the  Telephone  with  the  Telegraph  as  a 
Means  of  Communication  in  Steam  Railroad  Operation;"  Proc.  A.  I.  £.  £., 
Mar..  1914, 
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the  telephone  recBivera  which  may  be  connected  to  line  (Par.  IIT).     Each 
way  station  is  equipped  with  retardation  coils  to  minimise  the  shuntins 


War  Station 


Deepatcher's  StatLon 


To  IiitarcommanlMltDC 
Mxy  wh«B  oMd 


Antoiiwtle 
(klUoxbr 

Fio.  45. — Theoretical  circuit  of  Kellogs  selective  signalling  system  using 
Oill  selector,  for  train  dispatching. 

effect  on  voice  ouirenta,  and  also  has  an  adjustable  resistance  designed  to 
equalise  the  line  currents  in  all  the  selectors  to  about  0.008  amp.  each.  A 
Grill  Mlector  is  employed  at  each  station,  which  is  so  arranged  that  a  com- 
bination of  impulses,  with  intermediate 
intervals,  will  rotate  a  wheel  and  at  a 
certain  pointinits  travel  close  a  local  bell 
circuit.  The  bell  may  bo  operated  by 
local  battery  or  from  the  mainline,  and 
the  dispatcher  receives  a  signal  in  hia  own 
receiver  which  gives  a  positive  indication 
that  the  bell  is  ringinji.  The  dispatcher 
can  also  prolong  the  ringing  as  long  as  he 
deores,  by  means  of  a  special  key. 

ISl.  Wa7-tt»tlon  dispatchlax  Mts 
are  usually  wired  in  a  special  manner 
suited  to  the  peculiar  needs  of  such  ser- 
vice. The  circuit  of  the  Kello|;g 
"booeter"  sctisshownin  Fi^.  46.  This 
is  a  bridging  set  arranged  with  a  push- 
button for  closing  the  transmitter  battery 
cirouit  and  shunting  the  receiver  when 
talking.  The  adjustable  160-ohm  re- 
tardation coil  is  for  the  purpose  of  grad- 
ing the  shunt  talking  impedance  so  that 
idl  stations  on  the  line  will  bear  equally 
well  when  several  are  listeaing  simulta- 
neously; the  highest  impedance  should  be 
at  the  station  nearest  the  dispatcher, 
and  the  lowest  impedance  at  the  last 
station.      Obviously   the   operator   can 

listen  without  closing  the  transmitter  cir-       Fio.  46.     — =— •  ~  j' 

cuit,  which  is  a  great  advantage.     When    Kellogg  booster  set  for  train  ais- 
the  push-button  or  self-restoring  key  is    patching. 

depressed,  the  local  battery   circuit  is  ... 

closed  and  the  3.5-ohm  adjustable  impedance  is  shunted  around  the  receiver 
and  the   160-ohm    coil,  so    tiiat  the  outgoing  transmission  is   matenally 


4      n»»     ° 
Circuit     diagram     of 
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Btrencthened  and  the  flddo-tone  greatly  diminished.  The  generat<R'  is  for 
emergency  use. 

Its.  Intercommqniottltf  fsaturei  can  be  provided  in  diapatchioc 

ayitema  if  desired.  One  method  is  to  install  the  complete  master  station 
equipment  at  every  station  from  which  it  is  desired  to  call  other  stations. 
Another  method  is  to  simplex  the  line  at  the  dispatcher's  office,  with  a 
srounded  battery  and  a  relay,  and  install  speoisi  grounding  keys  at  each 
station;  the  relay  can  be  used  to  oontrol  the  selective  transmitter  and  thus 
call  any  staUon  desired. 

114.  M«tMff«  tetoplMNM  eireuitt  can  also  be  equi[^>ed  with  selective 
signalling  equipment  like  that  described  above  for  telephone  dispatching 
dreuits. 

IM.  Train  order  Mmaphore  alcn&U  can  be  controlled  bv  maaas  of 
selective  signalling  systems  uke  thoae  employed  in  train  dispatching  ctreuits, 
so  that  the  dispatcher  may  set  semaphore  signals  (Sec.  16)  against  onooming 
trains  at  any  one  or  more  of  numerous  locations  along  the  permanent  way. 
There  are  several  such  systems  on  the  market,  including  the  Bla^  the 
Stromberg-Carison  and  the  Hall  Switch  and  Signal  Co.'s  systems. 

IM.  The  ratlvw  eompocit*  tTitom  is  designed  for  operation  on  ordi 
nary  morse  telegraph  circuits  and  comprises  a  grounded  oomposite  system  for 
simultaneous  telephony  and  telegraphv  (Par.  IIT).  The  telephone  seta  are 
usually  of  the  bridging  type.  High-frequency  alternating  current  is  used 
for  signalling,  with  a  howler  for  announcing  incoming  oaUs.  These  p*ounded 
circuits  are  so  noisy  that  it  is  ncoeeaary  to  connect  a  low<4'eeistanoe  inductive 
shunt  across  the  receiver  terminals. 

tST.  Iron-box  sets  of  the  weather-proof  type  are  often  emj^do^ed  for 
mounting  on  poles  or  other  outr-door  structures.  The  Hne  circwt  »  often 
arranged  to  be  under  control  of  switches  automatiosUly  dosed  by  the  opera- 
tion of  opening  the  door;  the  set  is  totally  disoonnectad  when  the  door  is 
closed.  In  some  instances  these  sets  are  protected  with  insulating  trans- 
formers or  repeating  coils  mounted  indde  of  the  case. 

Its.  Bets  Installed  in  booths  are  quite  common  practice  on  intenirban 
electric  roads.  The  booths  are  usually  constructed  of  wood  and  pad-locked, 
so  as  to  be  accessible  to  trainmen  or  employees  onl^.  These  booths  are 
generally  located  at  turnouts  or  sidings.  The  equipment  consists  of  a 
wall  set,  line  switch,  protector,  and  train  register.  The  line  switch  is  often 
arranged  so  that  it  is  automatically  operated  by  the  door  of  the  booth. 

Itt*  Fortjable  sets  are  made  for  numerous  purposes,  and  are  frequently 
▼ery  useful  in  emergencies.  Bemi-portable  sets  are  carried  extensively  on 
trains  for  emergency  use,  connection  with  the  telephone  line  being  secured 
by  the  use  of  a  fieh  pole  or  a  jack  box  and  plug.  Such  sets  weigh  from  15  to 
30  lb.  The  transmitter  and  the  receiver  are  often  mounted  on  a  combination 
handle,  so  that  both  can  be  held  in  position  for  use  by  one  hand. 

ISO.  Jack  boxes  for  connection  with  portable  train  sets  are  usually  in- 
stalled at  intervals  of  \  mile  along  the  rightr-of-way,  mounted  on  the 
poles  and  connected  (bridged)  to  the  line  circuit  through  protectors.  The 
portable  sets  are  equipped  with  suitable  extension  oords  and  plugs. 

Itl.  Una  poles  or  fish  poles  for  connecting  portable  sets  with  the  wires 
on  a  pole  line  are  made  of  hickory  or  maple,  in  sections  about  0  ft.  long,  wiUi 
telescoping  or  socket  joints.  Flexible  cords  are  also  provided,  and  suitable 
connectors  for  making  contact  with  the  wires. 

ISt.  Linemens'  test  sets  formerly  consisted  merdjr  of  a  hand  generator, 
a  polarised  busier  and  a  telephone  receiver,  with  a  switch  for  dgnalling  aiul 
talking.  The  modern  seta  are  somewhat  more  elaborately  equipped;  one 
manufacturer  produces  a  set  weighing  8  lb.,  equipped  with  2-bar  generator, 
busier,  transmitter,  receiver  and  cord,  induction  coil,  flashll^t  dry-battery 
and  switch,  the  whole  set  being  capable  of  ringing  tbrou^  a  2.600-ohm 
non-inductive  resistance.  In  another  type  of  set  a  1,000-ohm  bell  is  used  in 
place  of  the  buixer,  and  a  oondenser  in  series  with  the  talking  circuit  if 
needed. 

Its.  Load  dispatehlng  is  a  comparatively  recent  development  and  im- 
plies the  use  of  similar  means  of  communication  between  a  main  jienerating 
station  and  the  substations  in  a  oomprebensive  electrical  distribution  system 

1072 

DigHzedbyV^iUUyie 


TShBPilONY  AND  TBhSORAPHY       Sec.  21-134 


or  network,  tot  diiectiiuE  the  distribution  of  eleotrioal  energy,  thftt  hftve  be- 
come familiar  in  railroad  practice  for  directing  train  movements.  The  load 
dispatcher  ia  situated  at  the  main  generating  centre  and  directs  the  switching 
operations  on  the  whole  svstem,  including  all  the  substations  and  any  auzu- 
iary  generating  stationa;  ne  also  directs  the  starting  and  stopping  of  generat- 
ing units,  in  response  to  changes  in  the  svBtem  demand.  The  telephone 
equipment  for  such  service  is  not  as  a  whole  distinguished  by  any  unusual 
or  radical  features,  and  needs  no  further  elaboration.  It  is  quite  essential, 
in  electric  trunk  line  operation,  to  provide  ready  communication  between  the 
train  dispatchers  and  the  load  dispatcher. 

154.  Patrol  lyBteiiui  may  be  defined  as  embracing  telephone  Hnes 
extending  along  routes  covered  by  patrolm^  or  inspectors,  provided  wiUk 
means  at  intervals  of  \  mile  or  so  for  connecting  portable  sets  and  estab- 
lisbdng  temporary  communicaUon  with  headquarters.  In  the  place  of 
portable  sets,  there  may  be  booths  or  boxes  at  fixed  locations,  with  telephones 
therein.  Patrol  systems  are  in  use  along  railroad  rights  of  way  and  along  tiie 
routes  of  transmission  and  distribution  lines.  In  the  case  of  high-tension 
linee,  it  is  demrable  where  possible  to  have  the  telephone  Une  on  separate 
poles  or  supports  at  some  distance  away;  this  not  only  reduces  the  induction 
on  the  teleimone  line»  but  also  renders  it  safer  and  tends  to  make  it  more 
dependable  in  emargendes,  when  it  is  most  needed. 

FIRS  AND  FOUCK  ALARM  BTSTIHB 

155.  Tire  alarxn  lyitenui  consist  essentially  of  si^Enal  boxes  distributed 
over  the  area  to  be  protected,  a  series  line  circmt  looping  through  the  boxes. 


Flo.  47. — Elements  of  a  small  fire-alarm  system. 

and  a  central  station  at  the  on^ne  house  or  fire  headquarters  where  ugnals 
from  the  boxes  will  be  registered  as  received  and  the  alarm  given.    Thesimple 
elements  of  such  a  system  are  shown  in  fig.  47.    Lack  of  spaoe  prevents 
more  than  brief  description  of 
the  characteristic  details 'fur- 
ther   iciormation    should    ^e 
sought  in  the  references  given 
in  the  bibliography,  Par.  Stt. 

l%%.  The  line  circuit  is 
normally  closed,  as  shown  in 
Fig.  48.  If  an  alarm  ia  turned 
in  at  sii^al  box  12,  the  circuit 
will  be  interrupted  once,  then 
after  a  pause,  twice,  this  signal 
being  repeated  each  time  the  Fxo.  48. — Elementary  line  circuit. 

wbeu  revolves;  and  each  time 

the  line  relay  R  becomes  de-energiaed,  the  bell  relay  B  causes  the  bell  to  be 
•track  onoe. 

IST.  Hon-interferiag  box.     If  two  or  more  alarms  should  be  turned  in 
■tmnltaneoosly  on  the  same  line,  they  would  interfere  with  eaeh  other  and 
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the  bell  Big;nal8  would  be  confused.  In  order  to  avoid  auch  ooourrcnoee.  the 
fire-alarm  boxes  are  each  provided  with  non-interfering  equipment,  so  that 
two  simultaneous  alarms  would  be  transmitted  in  sequence,  without  inter- 
ference. 

IM.  The  central  station  equipment  comprises  the  receiving  mechanism 
for  indicating  the  particular  box  from  which  an  alarm  is  sent;  the  resLster  tar 
keepiog  record  of  tne  alarms  received,  as  to  date,  time  and  location;  tbe  visual 
and  aumble  alarms;  and  in  some  eases  there  are  included  means  for  repeatinc 
the  alarms  to  other  points.  Small  systems  having  but  one  or  two  drcmts  are 
frequently  automatic  in  their  operation;  but  largo  systems  having  many 
lines,  as  ^n  cities,  are  usually  non-automatic  and  require  attendance  in  order 
that  alarms  received  at  head(;(\iartera  may  be  transmitted  to  the  engine 
houses.  Large  systems  are  usually  provided,  however,  with  numerous 
automatic  or  semi-automatic  features,  which  may  be  switched  in  or  out  of 
service  at  will.  Many  details  are  described  in  Maver's  "American  Tele- 
graphy." 

1S9.  Thermoitat  gyvtema.  Factory  buildings  are  very  often  equipped 
wiUi  automatic  fire  alarms,  which  can  either  be  used  to  give  an  alarm  in  the 
central  office  of  the  works  or  to  communicate  it  to  the  public  fire  department. 
Such  alarms  are  actuated  hy  some  form  of  thermostat,  which  closee  a  circuit 
when  a  given  temperature  is  reached. 

140.  Police  alarm  lyitenu  are  similar  in  a  general  way  to  fire-alarm 
systems,  but  usually  employ  the  telephone  as  an  auxiliary,  for  direot  com- 
munioation.  Patrolmenonbeattumin  signals  from  the  boxes,  in  rot&taon.a8 
they  reach  them.  These  signals  are  recoraed  by  the  re^ster,  at  police  head* 
quarters  or  the  local  police  station,  showing  the  date,  time  and  box  number. 
Vot  details  see  Maver's  "American  Telegraphy." 

141«  naih-lamp  police  lyvtema  are  now  employed  to  a  considerable 
extent  for  sending  out  calls  from  headquarters  to  patrolmen  on  beat.  This 
system  employs  a  lamp  signal,  usually  red,  at  each  patrol  box;  the  rignals  are 
under  control  from  headquarters  and  code  signals  can  be  arranged  in  various 
ways  to  convey  different  orders.  Sometimes  audible  signals  or  bells  are 
employed  in  addition  to  the  visual  signals. 

TKLIPRONI  CABLES 

141*  Oonduetort  for  telephone  cables  are  almost  without  exception  made 
of  annealed  copper  wire;  this  is  always  tinned  if  it  is  to  be  insulated  with 
rubber  or  any  material  containing  ingredients  tending  to  corrode  copper. 

14S.  Iniulation  is  usually  composed  of  dry  paper  tape  wrapped  spirally 
about  each  conductor.  In  the  case  of  single  wrapping,  the  paper  is  overlapped 
so  as  to  provide  double  thickness;  when  double  wrapping  is  employed,  the 
second  layer  is  applied  in  reverse  direction  with  respect  to  the  first. 

Other  insulationa  are  employed,  such  aa  cotton,  silk  and  wool  for  interior 
cables,  and  impregnated  paper,  rubber  compounds  and  gutta  percfaa  for 
submarine  cables. 

144.  Twlited  pain  are  formed  by  twisting  together  two  paper4naulatcd 
conductors,  the  length  of  one  complete  twist  ranging  as  follows:  3  in.  Ux 
No.  22  A.  W.G.,  3  in.  to  5  in.  for  No.  19  and  No.  16,  4  in.  to  6  in.  for  No.  13 
and  0  in.  to  8  in.  for  No.  10  A.W.G.  The  pifrpose  of  twisting  the  pairs  is 
to  prevent  cross-talk  and  secure  electrical  balance  of  tiie  two  conductors 
composing  a  metallic  circuit. 

145.  Laying  up  the  CM'e*     The  twisted  pairs  are  laid  up  in  consecutive 
spiral  layers,  with  adjacent  layers  spiralled  in  reverse  directions  (concentrio 
lay).     The  numbers  of  pairs  composing  the  layers  are  as  follows,  in  progressive 
order:     1,  6,  12,  18,  24,  30,  36,  42,  etc.     This  rule  of  course  applies  only  where     . 
the  pairs  are  all  of  the  same  sise. 

146.  Cable  sheaths  have  been  made  inmost  universally  of  a  lead-tin 
alloy,  with  97  per  cent,  of  lead  and  3  per  cent,  of  tin.  The  purpose  of  the  tan 
is  to  ^ve  increiued  strength  and  hardness  to  the  lead.  A  recent  devdo|>- 
ment  is  the  use  of  a  lead-antimony  alloy  containing  about  1  per  cent,  of  anti- 
mony, which  is  said  to  be  less  susceptible  to  injury  or  cracking  from  vibra- 
tion, and  effects  a  saving  of  from  8  per  cent,  to  10  per  cent,  in  oable  cost 
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(Western  Electric  Co.) 

No.  of 

No.  22  A.W.G. 

N 

o.  19   A.W.G.               1 

Thickness 

Approx. 

weight 

per  ft. 

(lb.) 

Conven- 
ient 

Thickness 

Approx. 
weight 
per  ft. 

(lb.) 

Conven- 
ient 

p&irs 

of  sheath 

no.  of 

of  sheath 

no.  of 

(in.) 

feet  on 
reel 

(in.) 

feet  on 
reel 

5 

A 

0.530 

2500 

t 

0.640 

2600 

10 

0.640 

2600 

0.850 

2500 

15 

A 

0.74S 

2500 

■S 

0.970 

2500 

20 

^ 

0.849 

2500 

A 

1.138 

2000 

25 

^ 

0.970 

2500 

A 

1.264 

2000 

30 

1.019 

2500 

1.390 

1500 

40 

^ 

1.189 

2000 

^ 

1.643 

1500 

SO 

1.319 

2000 

1.995 

1500 

55 

^ 

1.370 

1500 

fij 

2.130 

1200 

80 

1^ 

1.449 

1500 

% 

2.220 

1200 

75 

^ 

1.645 

1500 

2.584 

1200 

90 

^ 

1.831 

1500 

■fig 

2.810 

1200 

100 

2.120 

1500 

3.738 

1000 

110 

A 

2.260 

1200 

3.940 

1000 

120 

X 

2.480 

1200 

4.221 

1000 

ISO 

^  P 

2.740 

1200 

4.865 

1000 

180 

1^ 

3.039 

1200 

5.439 

1000 

200 

4.058 

1000 

5.808 

800 

220 

4.257 

1000 

6.168 

800 

240 

4.474 

1000 

6.594 

800 

300 

5.163 

800 

7.587 

700 

330 

5.460 

800 

360 

5.853 

800 

400 

6.212 

700 

440 

6.664 

700 

480 

6.920 

700 

500 

7.360 

600 

These  cables  have  the  following  constants  per  mile; 

No.  22       No.  19 

Averace  mutual  capacity  (mt.) 0.070        0.074 

Average  grounded  capacity  (mf.) 0.105        O.lll 

Inratstion  resistance  (megohm-miles) 500  500 

Lead-antimony  alloy  (Par.  146)  is  employed  for  the  sheaths.  There  is  but 
one  application  of  paper  insulation;  this  is  so  laid  on,  however,  aa  to  provide 
two  tmcknesses  of  paper  over  each  conductor. 

14S.  Aerial  lead-covered  paper-insulated  cable,  is  made  in  sises 
from  5  to  400  pairs  of  No.  22  A.W.G.  with  either  double  or  single  wrapping 
of  paper,  and  pure  lead  sheaths.  Such  cable  has  a  mutual  capacitance  of 
0.(»  inf.  and  a  grounded  capacitance  of  0.12  mf.  per  mile,  with  a  minimum 
insulation  resistance  of  500  megohm-miles.  On  account  of  the  higher 
capacitance  it  is  somewhat  more  compact  and  lighter  than  No.  22  cable  of 
0.070  mf .  per  mile. 

149.  Oompoalta  cable  is  the  term  applied  to  cable  which  is  made  up  of 
pairs  of  more  than  one  gage  or  diameter,  as  for  example.  No.  22,  No.  19 
and  No.  14  A.W.G,  Such  ao  arrangement  is  often  economical  for  trunk 
cables  where  several  different  transmission  requireraenta  must  be  met. 

IM.  Phantom  drcnlta  in  cable  are  made  possible  by  twisting  together 
two  similar  metallic  pairs,  constituting  a  "quad,^'  and  laying  up  such  quads  in 
reversed  helical  layers,  after  the  manner  of  an  ordinary  cable.  This  method 
is  not  economical  in  the  use  of  space  within  the  sheath,  however,  and  it  is 
customary  to  add  as  many  single  pairs  as  space  will  permit. 

lU.  Xleetrolyiia  of  lead  cable  sheaths  from  stray  or  foreign  currents  is 
oovared  aa  a  whole  by  the  article  in  Beo.  16  by  Prof.  Gans. 
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Sec.  21-152         TBLBPHONY  AND  TBLBQRAPHY 

PEOTIOTOUI 

lU.  Prottction  of  telephone  and  telegraph  equipment  against  foreign 
currents  of  a  hasardous  character  ia  neoeeaary  for  two  purpoaee:  first,  the 
protection  of  the  Uvea  and  persona  of  the  lueiB  of  the  apparatus;  second,  tbft 
protection  of  the  apparatus  iteelf. 

ISS.  The  general  practice  in  protection  is  baaed  on  the  aasumption  that 
under  ordinary  conditions  of  construction  and  operation  it  ia  not  practicable 
to  use  protective  devices  which  are  adequate  to  oope  with  potentials  or  ener' 
gies  larger  than  thoee  met  in  ordinary  central  station  distribution,  or  say  ooi 
above  2,300  volts  approximately.  Such  devices  are  also  counted  upon  io 
divert  ordinary  discharges  of  induced  lightning,  or  distant  strokes  mrecily 
strildng  the  line.  Where  the  conditions  of  conatruction  and  operatioa 
unavoidably  involve  haiardoua  exposure  to  high-potenUal  drcuits  of  high 
energy,  it  becomes  necessary  to  adopt  special  types  of  construction  designed 
to  prevent  accidental  contact  of  the  two  systems,  or  to  employ  special  forms 
of  protectors  designed  to  handle  such  potentials  and  energies,  or  both.  It 
is  considered  saie  by  some  authorities,  however,  to  depend  upon  the  standard 
forms  of  protectors  for  exposures  to  circuits  operating  at  not  more  than  5,000 
volts,  constant  ^tential,  alternating:  5,000  volts,  series,  alternating  current; 
7,500  volts,  senes,  direct  current;  ana  1,000  volts,  railway  troUesra  or  feeders* 
direct  current.* 

1B4.  Standard  telephone  protectors,  so-called,  consist  of  fuses  ia 
series  with  the  lino,  and  high-potential  cut^-outs  or  lightning  arresters  bridged 

Yo  tiuirumcut 
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Fio.  40. — Standard  telephone  protector. 

from  line  to  ground.  The  customary  arrai^ment  is  shown  in  Fig,  49,  which 
illustrates  the  protection  for  a  ungle  wire.  In  the  ease  of  metallic  circuits  this 
equipment  ia  provided  for  each  wire. 

IBB.  Fuiei  are  depended  upon  for  protection  from  ezoeesive  currents  and 
are  employed  in  vanous  ratings  from  1  amp.  to  about  15  amp.  A  rating 
very  extensively  used  is  7  amp.;  ratings  of  10  and  12  amp.  are  also  used. 
Fuses  of  the  enclosed  type  are  almost  invariably  used,  vertically  mounted;  if 
the  enclosing  tubes  are  slotted  to  permit  escape  of  hot  gases,  the  slots  should 
be  turned  toward  the  wall,  and  the  latter  protected  with  on  aabestos  mat. 

1B6.  Arresters  or  ojwn-space  cut-outs  are  manufactured  in  various 
types.  Two  carbon  blocks  separated  by  a  i>erforated  or  slotted  sheet  of 
torn  mica  form  one  of  the  very  common  types;  in  some  casee  one  of  the 
carbon  blocks  is  recessed  and  nlled  with  fusible  metal,  to  melt  and  per- 
manently ground  the  line  under  heavy  discharge.  Such  an  arrester  is  usually 
adjusted  to  break  down  at  about  350  volts  continuous  current. 

A  type  of  open-space  cut-out  arranged  with  copper  or  noDrarcing  metal 
blocks  separated  by  a  thin  mica,  is  also  used  where  there  is  no  attendant  near 
to  keep  the  arresters  clean,  and  overcomes  the  objectionable  tendency  of  the 
oarbon  type  to  clog  with  carbon  dust  as  the  result  of  diacbartes  in  action. 

1B7,  Vacuum  arreitan.  A  comparatively  re<wnt  development  ia  the 
vacuum  arrester,  consistine  of  a  spark-gap  situated  in  a  rarefied  atmos- 
phere. This  type  is  claimed  to  have  a  number  of  advantages,  among  which 
are  relatively  wide  gap,  larger  electrodes,  al»enoe  of  fusing  and  grounding 
of  electrodes  and  sensitivenesa  to  high-frequency  discharges.  It  can  be  set 
to  discharge  at  400  to  425  volts. 

*  Clapp,  M.  H.  "Protection  against  Lightning  and  High  Currents  for 
Telegraph  and  Telephone  Equipment;"  Annual  Proceedings,  Assooiatiott  of 
Railway  Telegraph  Supts..  1013. 
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IM.  Oroitnd  wItm  from  arreBtera  to  earth  form  a  most  important  link  in 
the  aystem  of  protection.  The  conductor  should  be  not  smaller  than 
No.  14  A.W.G.  and  should  pass  by  the  nearest  accessible  route  to  a  sub- 
stantial ground  plate,  rod,  or  coil,  or  to  a  watw  pipe;  %%M  plpei  should  never 
be  med  for  this  i^urpose.  Too  much  care  cannot  b«  given  to  securing  pood 
eleetrical  connection  with  the  earth,  with  means  of  a  substantial  and  reliable 
oharacter. 

When  a  wrought-iron  or  steel  water  pipe  (servibs  connection)  is  not 
available,  a  fairly  efficient  earth  connection  can  oe  made  by  driving  an  iron 
or  ateel  pipe  or  rod  into  the  abound,  in  a  moist  location,  to  a  depth  of  5  or 
6  ft.  See  Hayden,  J.  L.  R.  "Notes  on  the  Resistance  of  Uas-pipe  Grounds:*' 
TVans.  A.  I.  E.  E.,  1907,  Vol.  XXVI,  p.  1209. 

IM.  Beftt  ooll*  or  sneak-current  arresters  are.  in  reality,  fuses  of  special 
eonetructioni  designed  to  overcome  the  unreliability  of  ordinary  fuses  for 
very  small  currents.  For  example,  a  heat  coil  can  be  constructed  to  operate 
on  s  current  of  0.2  amp.  in  30  sec,  or  a  variety  of  other  rating.  This 
devioe  comprises  a  smaU  winding  of  fine  wire,  which  develops  sufficient  heat 
to  melt  a  small  piece  of  fusible  metal  and  release  a  spring  which  grounds 
the  line  circuit;  the  resistance  of  the  winding  usually  amounts  to  several  ohms, 
at  least.  The  function  of  heat  coib  is  to  protect  telephone  apparatus  wound 
with  fine  wire  (relays,  drops,  etc.),  such  that  injury  might  result  from  foreign 
currents  insufficient  to  blow  the  fusee.  The  proper  location  for  the  heat 
coils  is  between  the  protectors  and  the  apparatus. 

160.  Proteetlve  or  insulatinir  transformers  are  employed  to  protect 
telephone  sets,  switchboards  or  terminals  connected  to  lines  which  are  ex- 
IKwed  in  a  haiardous  manner  to  high-tension  high-energy  transmission  lines, 
such  as  those  erected  on  the  same  polee  or  structures  with  a  transmission 
circuit.  An  insidating  transformer  of  this  charact-er*  made  by  one  of  the 
leading  manufacturers  is  built  to  withstand  a  26,000-volt  test  between  wind- 
ings for  1  min..  and  requires  a  magnetising  current  equal  to  about  half 
the  current  taken  by  a  1.000-ohm  polarised  bell.  The  transformer  is  mounted 
in  a  weatherproof  case  for  out-door  mounting;  the  casing  should  alwa^  be 
thoroughljr  grounded.  It  should  be  observed  that  such  transformers  intro- 
duce additional  loesea  in  both  transmission  and  ringing,  which  should  be  taken 
into  account  in  arranging  circuit  layouts. 

lit.  Speelal  protectors  are  usually  employed  with  these  insulating 
transformers,  located  between  the  line  and  the  transformer.  The  protector 
consists  of  extra  long  fuses  in  the  line  circuit,  with  spark-gaps  bridged  to 
KTound*  sometimes  the  fusee  are  so  mounted  as  to  be  integral  with  an  air- 
break  disconnecting  switch.     Bee  Sec.  11. 

Itt.  Inaulatlnc  stools  are  often  used  in  conjunction  with  telephones 
connected  to  hasardously  exposed  lines,  as  in  the  case  of  patrol  circuits  on 
transmission  lines,  so  that  the  attendants  may  be  thoroughly  insulated  from 
earth  while  telephoning.  An  ordinary  four-legged  hardwood  stool,  with  the 
legs  inserted  in  inverted  porcelain  line  insulators,  will  serve  very  well. 
Insnlatliii^  nutts  are  sometimes  used,  in  dry  interior  locations,  in  place  of 
stools,  but  in  general  are  not  as  efficacious. 

IfS.  Bitrft  Insulation  of  telephone  sets  used  in  connection  with 
hasardously  exposed  lines  is  very  desirable.  Exposed  terminate  or  connec- 
tions and  uninsulated  exposed  i>arts  should  be  particularly  avoided  in  nelect- 
ing  equipment  for  sucn  service.  The  hook  switch  should  also  be  very 
thoroughly  insulated. 

C&08S-TALK  AHD  INDUCTITI  DISTURBANCES 
IM.  Induetlon  between  parallel  aerial  wires  is  due  to  a  combination 
of  electrostatic  and  electromagnetic  induction.  Such  induction  ie  the 
cause  not  only  of  cross-talk  between  parallel  aerial  telephone  circuits,  but 
also  the  inductive  <Usturbanoee  in  aerial  telephone  lines  situated  in  parallel 
cxpoeure  to  aerial  distribution  circuits  (Sec.  12)  or  high-tension  transmission 
^rcuits  (Sec.  11).  The  geueral  meamt  of  eliminating  such  induction  ia  by 
interebangittg  or  transposing  the  wires  of  each  circuit  at  suitable  locations,  in 
accordance  with  a  predetermined  system.  In  severe  cases  it  is  necessary  to 
resort  to  further  measures  of  protection.     The  subject  has  been  treated  at 

*"  Insulating  Transformer  for  Telephone  Lines;"  Telephony^  June  5, 1909* 
Vol.  XVII,  p.  666. 
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Sec.  21-165         TBLBPHONY  AND  TELBORAPffY 

coDsiderable  length  in  different  papers,  a  shcn't  bibliography  of  which  Is  Ktvext 
below.* 

lU.  Crou-t&lk  between  parallel  grounded  circuits  cannot  be 
eliminated  by  transpoeition  because  it  is  physically  impoesible  to  traiBpoee  a 
circuit  consisting  of  only  one  wire,  except  by  inserting  repeating  coils  and  this 
method  has  never  developed  into  a  practical  system. 

16C.  Crou-talk  between  parallel  metalUo  circuits  can  be  eUminated 
by  a  system  of  tranapoaitionSi  as  sbown  in  Fig.  50. 
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Fia,  50. — Eight  mile  traoBpoaition  aection  for  twenty  wires. 

KT.  A  modem  transpoiitlon  lyitain  ia  ehown  in  Fig.  50,  which 
illustrates  an  S-mile  section  for  20  wires  or  10  circuits.     This  seotioa  com- 

g rises  a  unit  which  is  applied  successively,  and  the  last  section,  if  not  exactly 
miles,  is  taken  care  of  by  stretching  or  shortening  the  unit  section  to  suit 
the  case. 

168.  Phantom  circuits  impose  additional  transposition  requirements. 
Each  side  circuit  must  be  transposed,  or  the  phantom  will  be  entirely  inopera- 
tive. The  phantom  itself  must  be  transposed,  with  respect  both  to  its  side 
circuits  and  to  other  physical  and  phantom  circuits. 

•  Fowie,  F.  F.  "  Tho  Transposition  of  Electrical  Conductors;"  Trans. 
A.  I.  E.  E.,' Vol.  XXIII,  1904,  p.  659.  "The  Transposition  of  Farmer 
Lines;"  American  Telephone  Joumat  (now  Tetephonj/)^  Vol.  XVII,  May  2, 
1008,  pp.  382  to  384.  "  Making  Field  Reports  on  Inductive  Interfei> 
enoes;"  Telephonu,  Vol.  LXI,  Sept.  2,  1911,  pp.  275  to  278. 

Cohen,  L.  "Inductive  Disturbances  in  Telepnone  Lines;"  Trana.  A.  I.E.  £., 
Vol.  XXVI,  1907,  pp.  1155  to  1167. 

Taylor,  J.  B.  "Telegraph  and  Telephone  Systems  as  Affected  by  Alter- 
nating-current Lines  ;"  Troru.  A.  I.  E.  E.,VoI.  XXVIII,  1900,  pp.  1169  to 
1216. 

Howe,  P.  J.  "Inductive  Disturbances  as  Affecting  Telephone  and 
Telegraph  Lines;"  Annual  Proceedings,  Association  of  Railway  Telegraph 
Supts.,  1913. 

Report  by  the  Joint  Committee  on  Inductive  Interference;  Proc.  A.  I. 
E.  E.,  Sept.,  1914,  pp.  1311-1.157. 

Report  of  the  Engineering  Data  Sub-Committee;  Proe.  A.  I.  E.  E„  Oet» 
1914,  pp.  1447-1523. 
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TELEPHONY  AND  TBLEORAPHY        SeC.  81-169 

IM.  Vhaatom  transpoiitioiu  make  it  neoenary  to  modify  the  detail) 
in  Fig.  50  quite  materially;  changes  are  necesaary  atone-half  the  total  number 
of  tranapoeition  polee  and  only  the  "A"  poles  remain  as  they  were.  An 
S-mile  aeotion,  arranged  for  phantom  oirouita,  ia  given  in  Fig.  51.  It  is 
also  feaaible  to  transpose  pairs  5-6  and  15-16  to  make  a  fifth  phantom 
circuit. 


-8  Miles- 


^lo.   61. — Eight-mile  transposition  section  for  twenty  wires  with  phantom 

circuits. 


FiK-  53,  are  sometimes  employed  to  improve  the 
ndflimiiush  the  intensity  of  induotive  interferences 


170.  Balanofng  colls* 

balance  of  metallic  circuita  and        _ 

from  high-energy  ciroiiits.     Such  coils  interfere, 'however,  with  phantom, 
oompoeite  or  simplex  operation,  unless  installed  in  the  drop  side  or  leg. 

ITl.  Dr»ln»go  colls,  Fig.  53,  are  useful  in  preventing  eicessive  rise  of 
potential   on  telephone  lines   from 

neavy  inductive  disturbances  caused  Line---  --y         ■        ,         ,  ,1^ 

by  parallel  high-tension  high-energy 
orcuita.  The  installation  of  these 
coila  at  intervals  along  the  circuit 
establiahes    local    circuits    through 


v////; 
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Fio.  52.- 


-Balancing  coil  for  metallic 
circuit. 


Fio.  53. — Drainage  coil  for  metallic 
circuit. 


earth  for  the  flow  of  induced  currents  and  thus  prevents  the  cumulative  rise 
of  potential  which  otherwise  might  occur. 

ITS.  InductlTO  disturbance!  may  be  itilnlmlied  by  projMr  arranss- 
ment  of  pbaae  wires,  as  indicated  in  the  specifications  forming  part  of  the 
report  of  the  Committee  on  Overhead  Line  Construction,  N.  E.  L.  A.,  1911. 
The  phase  wires  constituting  any  individual  circuit  should  be  grouped  as  close 
to  each  other  as  feasible.  Series  circuits  should  be  laid  out  on  the  closed- 
loop  system  (Sec.  12)  and  the  lamps  should  be  inserted  alternately  in  each 
Bide  of  the  loop,  to  maintain  electrostatic  balance. 
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SeC.Si-173        TBLBPHONY  AND  TBLBORAPBY 

in.  SpecUl  trazupositloni  for  the  elimination  of  forolcn  indqcUoa 

are  sometimes  effective,  but  require  as  a  rule  a  rearranB^emeat  of  the  whole 
transposition  system  within  the  section  of  exposure,  if  the  latter  la  oom- 
plicated  by  the  presence  of  numerous  transformers,  street  lamps,  feeder  inter- 
sections, changes  in  series  loops,  etc.  The  general  principles  governing  the 
location  of  such  transpositions  nave  been  covered  in  the  author'sjMper, 
*'  TranspoeitioQ  of  Electrical  Conductors/'  Trana.  A.  1.  £.  £.,  V<d.  X2CIII, 
1904,  p.  659. 

171.  Transmluion  and  distribution  linos  should  bo  tronspo— d 
when  they  give  rise  to  serious  inductive  troubles.  8ee  Sec.  11  and  8ee.  13 
for  details.  The  best  location  of  the  transpositions  is  governed  by  local 
oonditions. 

179.  Sinfle-phase  traction  syttenu  give  rise  to  the  moab  Mrioue 
induotiive  disturbances  ever  encountered  in  telephone  and  telegraph  pra^ 
^ce.  Various  remedies  have  been  tried  and  found  partially  sucoeesful,  in- 
cluding the  use  of  special  compensating  transforroerA*  connected  in  the 
telephone  system,  sec tionali sing  the  trolley  ssntem,  three-wire  trolley  ejstem 
where  two  or  four  trolley  wires  are  employed,  special  track  transformers,  ete. 
For  discussion  of  these  devices  see  the  references  in  Par.  IM  and  the 
bibliography,  Par.  S63;  also  see  BUctrieal  World,  Vol.  LXIII,  1914,  p.  0S«. 

TXXJEPHOm  TBAX8MI88IOH 

17t.  Theory.     Telephone  transmission  cannot  be  treated  wIk^jt  from  the 

standpoint  of  analytical  theory,  but  must  be  handled  in  part  from  an  em- 
pirical standpoint.  One  telephone  Une  can  be  oompared  with  another, 
when  the  high-frequency  constants  are  known,  on  the  baais  of  the  mathe- 
matical theory  of  electrical  energy  transmission  over  a  linear  carcuitpoesess 
ing  distributed  resistance,  roaotance.  capacitance  and  leakance.  Tne  only 
satisfactory  method  of  comparing  one  telephone  set  with  another,  how- 
ever, is  by  means  of  comparative  tests  and  empirical  standards  of  speedi 
transmission. 

177.  Transmluion  equivalents  are  usuallv  stated  in  terms  of  the 
lengths  of  No.  19  A.W.G.  standard  cable  (88  ohms  per  mile,  metallic;  and 
0.054  mf.  per  mile,  mutual,  at  800  cycles  per  eeo>)  which  give  the  same  total 
transmission  losses  as  the  Lines  or  equipment  in  qoestion. 

178.  ■mplrioal  standards  of  transmission  are  usually  stated  in  terma 
of  the  transmission  over  a  certain  mileage  of  standard  No.  19  A.W.Q.  cable. 
with  certain  types  of  telephones  connected  to  each  terminal  and  equipped 
in  a  certain  specific  manner.  Such  a  definition  serves  to  fix  the  stanurd 
volume  of  transmission,  but  not  the  quality.  A  standard  equal  to  30  mile* 
of  cable  has  been  used  for  long-haul  transmission,  whereas  standards  equal 
to  20  miles  or  better  have  been  considered  in  local  service. 

179.  The  razige  of  frequencies  which  needs  to  be  considered  in  trie- 
phone  transmission  is  from  about  SO  to  2,000  cycles  per  sec  For  many 
purposes  the  use  of  a  single  oqulTslent  frequency  of  750  or  800  oyoles  is 

sufficient. 

180.  The  properties  of  conduetors  are  treated  as  a  whole  in  See.  4. 
In  telephone  transmission  calculations  the  constants  of  the  circuit  should  be 
those  determined  by  actual  test  with  sine-wave  currents  and  e.m.fs.  at 
750  to  800  cycles  per  sec.  The  skin  effect  IS  important  to  consider;  in  small 
copper  wires  it  ia  negligible,  while  in  copper-dad  Steel  wires  it  increases  the 
cflTective  resistance  a  few  per  cent,  over  the  ohmic  or  real  reustance,  say  3  to  B 
per  cent.,  and  in  iron  or  ateel  wires  it  increases  the  effective  resistance  from 
25  to  75  per  cent.  The  skin  effect  also  diminishes  the  effective  inductance. 
The  permeability  of  iron  wire  at  high  frequencies  and  low  current-densities 
is  about  70,  and  at  power  frequencies  it  is  about  100  to  125.  The  energy  loss 
in  the  dielectric  of  insulated  conductors  is  also  appreciable,  as  a  rule,  and 
shows  itself  as  an  increase  in  the  effective  leakage  conductance. 

181.  The  analytical  theory  of  transmission  is  given  in  Sec.  2,  It  can 
be  shown  from  the  fundamental  equations  there  given,  and  their  solution, 
that  the  rate  of  attenuation  on  a  very  long  uniform  circuit  is 

Propagation  Constant  =  .-/J-ja  (2) 
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where  «  is  the  base  of  Naperian  logarithms,  fi  ia  the  attenuation  constant  and 

■  a  is  the  wave*length  constant.     In  a  line  of  length  I,  the  total  attenuation  is 

^-fii~iai  ==«-^'(coB  al~i  sin  at)  (3) 

The  quantity  «~^  is  the  numerical  magnitude  of  the  attenuation  and  the 

quantity  vithin  the  bracket  is  the  directive  or  vector  portion;   the  latter 

has  always  a  numerical  magnitude  of  unity,  and  is  merely  a  unit  vector 

ezpreasea  in  terms  of  complex  imaginary  quantities.     It  followa  that  when 

two  dissimilar  lines  give  equal  transmission. 

fiiU  -W«  (4) 

lit.  The  ftttentufttion  constant  is  given  by  the  ezpresuon 

^-  \/i[V"(«*+w»i^H(?^+<-*C')  +  («(?-«2iX0l  (5) 

where  B  is  the  effective  resistance  in  ohms  per  mile,  L  is  the  effective  induo- 
tanoe  in  henries  per  mile,  G  is  the  effective  leakage  conductance  in  mhos  per 
mile.  C  is  the  effectivo  capacitance  in  farads  per  mile,  and  w  — 2ir/,  where/ 
is  the  frequency  in  cycles  per  sec. 

US.  The  waTa-lcn^th  constant  is  given  by  a  similar  expression,  which 
is 

a  -  V  J(  V(B*+^*I')'(C?*  +  «*C«)  -  {RG  -  i^LC)]  (6) 

where  the  symbols  have  the  same  meaning  as  in  the  preceding  paragraph. 

144.  The  wave  len^h  is  X  —  2r/a,  where  X  is  the  length  of  one  complete 
wave,  a  is  the  wave-length  constant  and*- >« 3. 1416.  If  the  line  constants 
are  taken  per  mile,  as  customary,  X  will  be  in  miles. 

1S6.  The  Telocity  of  propagation  is  V»/X,  where  F^the  veloeity,  X 
is  the  wave  length  and  /  is  toe  frequency.  If  X  is  in  mile  unite,  /  will  be 
in  mike  per  sec. 

IM.  The  KB  law,  which  is  strictly  applicable  only  to  cables,  can  beob- 
tained  by  substituting Z.-0  andO-0  in  Eq.  5.  This  will  give  0  >«  VaCw/S. 
Therefore  two  dissimilar  cables,  neglecting  the  dielectric  losses,  wilt  give 
equal  transmission  when 

^_V^  (7) 

It      ^  RiCi 

where  h  and  U  ore  the  respective  lengths,  Ri  and  Rt  the  respective  resistances 
per  mile  and  Ci  and  Ci  the  respective  capacitances  ^r  mile.  The  term  KR 
WW  comee  from  the  use  of  the  symbol  a  for  capacitance;  it  might  also  be 
called  the  CR  law. 

1ST.  The  line  Impedance  at  the  sending  end  is  given  by  the  formula 

Q+)uC 

Tbe  nagt  Impadanea  !a  equal  to  y/h/O.  For  example  the  line  impedance 
of  9  A.W.O.  open  copper  metallic  circuit  at  800  cycles  is  about  690  ohms; 
for  No.  9  copper  clad,  of  47  per  cent,  conductivity,  it  is  about  830  ohms;  and 
for  »  .ample  of  No.  9  A.W.G.  iron  it  was  1,640  ohms. 

IM.  WkT«  rafleotion,  or  reflection  loss,  occurs  at  the  junction  of  dissimi- 
lar impedances,  such  as  the  junction  of  open-wire  line  and  cable,  or  more  par- 
ticularly at  the  junction  of  a  loaded  circuit  with  a  non-loaded  circuit. 

IM.  Tranimlaifon  tasta  are  usually  made  under  talking  conditions  by 
comparing  one  instrument  with  another,  or  one  line  circuit  with  another,  and 
introducina  extra  cable  in  the  more  efficient  circuit  until  the  two  are  alilce  in 
talldnc  volume  as  nearly  as  can  be  determined.  The  amount  of  extra  cable 
measures  the  loss,  which  is  expressed  in  so-called  cable  equivalent.  For 
this  work  it  is  very  convenient  to  have  a  portable  artificial  cable. 

190.  ArtUeial  cable  for  tranamlailon  taita  can  be  made  in  very  com- 
pact portable  form.  A  32-niile  artificial  cable,  equivalent  to  32  miles  of  No, 
19  A.W.O.  metallic  capper  cable,  88  ohms  loop  resiBtance  and  O.O.Vl  mf. 
(at  800  eydes  per  sec.)  mutual  electrostatic  capacity,  is  a  convenient  siie; 
the  whole  cable  is  subdivided  into  two  1-mile,  one  2-mile,  one  4-nule,  one  8- 
mile  and  one  16-inile  sections. 
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IBS.  Inductance  loadlnc  or  Fnpin  coUt*  are  now  used  extensively  to 
improve  transnuMion,  although  in  America  the  art  of  loading  ia  atill  a  monop- 
oly under  the  fundamental  patents  which  are  held  by  the  Beu  aystem.  Loadr 
ing  ooila  are  made  in  torroidal  form  and  inaerted  in  the  line  aa  shown  in  Fig. 
54,  at  intervals  of  about  8  miles  in  open  wire  and  from  1  to  2.5  miles  in 
cable.  Such  coils  are  also  applicable,  when  properly  wound,  to  phanttun 
circuits.  The  transmission  niins  cannot  be  secured  with  very  short  lines,aay 
4  or  5  miles  of  No.  10  A.W.G.  cable,  or  roughly  75  miles  of  No.  12  N.B.S.G. 
open  copper  wire.    For  further  details  see  the  literature  in  the  biblioKraphy. 


Fig.  54. — Method  of  connecting  loading  ooila  into  a  telephone  line. 

IM.  Experimental  values  of  tranamlMion  eQuivalenta  for  variooa 
types  of  telephone  circuits  have  been  determined  by  different  inveetigators 
and  are  fairly  well  established.  Tables  of  such  values  are  given  in  X^.  191 
and  Its. 

191.  Trantmluion  equivalents  of  equipment  and  apparatus  rary 

greatly  according  to  the  type  and  construction.  The  loss  due  to  a  bridged 
relay  or  drop,  wound  to  500  ohms,  varies  from  0.2  to  0.5  mile  of  standard 
No.  10  cable;  if  an  efficient  impedance  coil  be  conn«;ted  in  series  with  ttie 
drop,  the  lose  can  be  reduced  to  practically  sero.  A  1,000-ohm  bridging 
bell  has  a  loss  of  less  than  0.1  mile.  The  loss  due  to  series  2-mf.  condensen 
Is  about  0.2  mile  each.  When  an  operator's  set  is  bridged  across  a  coed  . 
circuit  the  loss  will  vary  from  0.5  to  4  or  5  miles. 

The  loss  duo  to  a  repeating  coil  ranges  from  0.5  to  about  4  or  5  miles;  effi- 
cient phantom  coils  have  a  loss  as  low  as  0.05  to  0.15  mile  each  on  the  phan- 
tom leg  and  0.25  to  2  miles  on  the  side  drouits.  Telegraph  composite  seta 
have  a  loss  of  about  0.75  mile  per  set. 

196.  Beflectlon  loasei  between  non-loaded  open  wires  of  different  nsea, 
or  side  circuits  and  phantoms,  or  open  wires  and  cables,  are  usually  but  a 
fraction  of  a  mile  of  cable.  In  the  case  of  a  loaded  open-wire  circuit  con- 
nected to  an  open-wire  non-loaded  oirouit  the  reflection  loss  may  beoome 
equal  to  3  or  4  miles  of  standard  cable. 

19T.  Cost  balance  between  open-wire  line  and  cable.  When  a 
through  line  between  two  given  points  is  comprised  of  a  section  of  open  wire 
connected  to  a  section  of  cable,  there  is  a  certain  sise  of  open  wire  and  a  cer- 
tain sise  of  cable  conductor  which  will  provide  the  required  standard  oi 
transmission  (expressed  as  a  certain  fixed  number  of  miles  of  standard  catJe) 
for  the  lowest  annual  cost,  aqd  any  other  combination  of  wire  or  conductor 
nseSt  ipving  the  same  total  transmission,  will  cost  more. 

198.  Telephone  repeaters  of  the  Shreeve  typet  have  been  in  sucoeasful 
use  on  certain  long  tolllines  for  several  years.  This  type  of  repeater  operates 
moat  successfully  at  or  near  the  centre  of  a  line  section  of  conaiderable  length; 
if  placed  too  near  either  end  of  the  line  it  will  be  unbalanced  and  will  give 
forth  a  continuous  note  or  "howl."  The  gain  in  transmission  with  one 
repeater  at  the  centre  of  the  line  ia  the  equivalent  of  about  12  miles  of  stand- 
ard No.  19  A.W.G.  cable  (Par.  ITT).  Two  or  even  three  of  these  repeatera 
have  been  successfully  employed  on  very  long  trunk  lines. 

•  Pupin.  M.  I.  ''Propagation  of  Long  Electrical  Waves,"  Trant,  A,  I.  E. 
E.,  1890.  Vol.  XVI,  p.  03;  ^'Wave  Transmission  Over  Non-uniform  CaUea 
and  Long-distance  Air-lineSf  1000,  Vol.  XVII,  p.  445. 

Hayes,  H.  V.  "Loaded  Telephone  lanes  in  Practice;**  Trana,  Int.  Elec 
Congress,  St.  Louis.  1004,  Vol.  Ill,  Section  G,  p.  638. 

Gherardi.B.  "The  Commercial  Loading  of  Telephone  Cirmuta  in  the  Bell 
System;"   Trans.  A.  I.  E.  E.,  Vol.  XXX,  1911,  pp.  1743  to  1773. 

t  McQuarrie,  J.  L.  "Some  Observations  on  Telephone  Transmission;** 
Annual  Proceedings  of  Association  of  Railway  Telegraph  Supts.,  1911. 
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TILIOBAPH  TBAX8MI88IOH 

IM.  The  thsoiy  of  taleeraph  tranimlulon  hu  bMn  developed  from  a 
number  of  standpointa.  Herbert*  has  treated  it  empirically  for  English 
(open-oircmt)  practice,  while  Kennellyf  baa  handled  it  from  the  purely 
analjrtical  standpoint,  regarding  mone  impulses  as  nearly  the  equivalent 
of  a  low  uniform  frequency  (Par.  W).  The  author  has  applied  the  leakage 
theory  to  uniform  open-wire  lines,  for  American  practice,  with  results  given 
in  Par.  SM.  None  of  these  theories  is  perhaps  satisfactory  from  the  stand- 
point  of  every  type  or  condition  of  line  met  in  practice,  but  collectively  they 
form  a  fairly  reuable  guide. 

SOO.  The  tokkace  thaoty  as  applied  to  uniform  aerial  Oow-eapacitance) 
lines,  derived  from  the  theory  of  the  distribution  of  continuous  currents  in  the 
steady  state,  has  been  extensively  studied  by  the  author,  t  and  appears  to  be 
applicable  to  open-wire  lines  of  the  cloeed-ciTeuit  type,  if  there  are  no  consid- 
erable lengths  of  cable  in  circuit. 

Ml.  Commarelal  operatlT*  Umita  of  tranmilnlon,  with  given  Une 
rssistanoes  and  an  assumed  leakage  conduetanee  of  4  micromhos  per  mile, 
have  been  tabulated  in  Par.  Ml,  under  the  further  assumptions  next  stated: 
single  working,  ISO-ohm  main-line  relays,  300  ohms  total  resistance  at  each 
terminal,  and  a  ratio  at  releasing  to  operating  current  equal  to  0.75;  diCter- 
ential  polar  duplex,  80O«hm  polar  relajrs,  and  a  300  ohm  protective  resistor 
at  eacn  terminial;  differential  quadruplex,  400-ohm  polar  relays,  800-ohm 
neutral  relays,  an  e.m.f.  of  00  volts  on  the  short  (polar)  side,  ratio  of  long  to 
short  voltages  equal  to  3>6  and  a  600-olun  protective  resistor  at  each 
terminal. 
Ml.  Tsbla  of  eommereUl  oparatlTe  Umlta,  with  eloied-eirenit 
■Inxla,  dnplex  and  qaadrupiaz  Morse  worklnc 
(Based  on  a  leakage  conductance  of  4  micromhos  per  mile) 


Resistance 
per  mile 
(ohms) 

Maximum  permissible  length  of  Hnei  (miles)          1 

Duplex 
(two  sides) 

Simplex 
or  single 

Quadruplex 
(lour  sides) 

3 

783 

S07 

S31 

3 

6S8 

610 

441 

4 

580 

460 

388 

6 

485 

376 

313 

8 

425 

331 

268 

10 

384 

290 

236 

16 

318 

248 

186 

10 

278 

217 

166 

18 

250 

196 

136 

30 

229 

179 

120 

40 

200 

156 

98.7 

SO 

180 

140 

84.3 

SOB.  The  KB  Uw  of  truumlBiion  aa  developed  by  Herbert  (see  foot- 
note of  Par.  19t)  can  be  stated  aa  follows: 

ir-A  (9) 

where  W  is  the  maximum  commercial  speed  in  words  per  min.,  K  is  the 
total  capacitance  and  R  is  the  total  resistance  of  the  line;  A  is  a  constant 
having  a  value  of  10,000,000  for  open-wire  lines  of  iron,  12,000,000  for  open- 

•  Herbert,  T.  E.  "Telegraphy;"  Whittaker  and  Co.,  London,  1006, 
Chan.XVl/. 

t  Kennell;^,  A.  E.  'The  Application  of  Hyperbolic  Functions  to  Electri- 
cal Engineering  Problems;"  The  University  oll^ondon  Press,  1912. 

IFowIe,  F.  F.  "Telegraph  Transmission;"  rrons.  A.  I.  E.  E.,  Vol. 
XXX,  1911,  pp.  1083  to  1741:  A  8tudy  of  Telegraphic  Transmission, 
Telephone  Sntirurr,  Vol.  IV,  Oct.,  1910,  p.  171,  continued  to  Vol.  VI,  July, 
1911.  p.  49. 

I  No  intermediate  stations. 


i 
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wire  lines  of  copper,  and  18.000,000  for  oables  of  the  submarine  type  witfa 
gutta-percha^  insulation.  The  aasumed  working  conclitiona  are  8  miUt- 
amperes  of  line  current,  not  lees  than  100  volts  impreeeed  e.m.f.  from  a 
Bource  whose  internal  resistance  does  not  excecKi  3  ohms  per  volt,  and  a 
shunted  condenser  at  the  receiving  end.  For  a  speed  of  400  words  per  min. 
Herbert  gives  the  following  limits  of  distance: 


Miles 

Km. 

150-1b.  aerial  copper  line 

S»0 
490 
3«0 
290 
83 
128 

QfiO 
785 
S80 
4«5 
134 
210 

480-lb.  aerial  iron  line 

104.  Intomudlat*  itatlons  on  the  line  (in  aingle  vorkiii«)  increase  the 
total  reaiatanoe  of  the  line  and  decieaae  the  transmission  efficiency.  If  the 
atationa  are  about  uniformly  spaced,  every  few  milea,  the  effect  can  be  equated 
by  adding  the  reeistancea  of  the  intarmetuate  stations  to  the  reaistanoe  of  the 
line  wire.  It  is  good  practice  to  employ  36-ohm  main-line  retaya  for  way 
drottits,  with  a  line  current  of  at  least  60  milliamperes. 

Ml.  IBaot  of  Tanrlng  leakage  on  lingle  (limplex)  worUnc,  with  • 
Ime  maMuring  10  ohms  per  inUe 

(No  intermediate  stations) 


Insulation  resistance 
(megohm-milea) 

Leakage  conductance 
(microrahon  per  mile) 

Operative  limit 
(miles) 

1.000 
O.fiOO 
0.250 
0.126 

1.0 
2.0 
4.0 
8.0 

634 
433 

309 
204 

306.  The  uie  of  automatic  repeatars  becomes  necessary  when  the  total 
distance  between  the  line  terminals  exceeds  the  operative  mileage  limit  of  the 
line  wire  under  the  most  adverse  weather  conditions  (maximum  leakage). 
In  providing  for  through  telegraph  transmission  over  long  distances  it  is 
uneconomical  to  employ  line  wires  having  more  than  the  ueceaaary  tensile 
strength,  *  because  one  or  more  sets  of  repeaters  can  readily  be  inatalled  in 
auoh  a  manner  as  to  subdivide  the  line  electrically  into  sections  suitable  for 
the  electrical  eharacteristioa  of  the  line  wire.  Repeaters  are  installed  about 
once  in  every  460  to  500  miles  with  No.  9  A.W.O.  copper  wire,  and  at  shorter 
intervalB  with  wires  of  lower  efficiency. 

COHSTKUCTIOH 

SOT.  The  typei  of  outside  construction  are  open  wire,  aerial  cable,  and 
underground  cable.  These  types  are  briefly  deforibed  in  the  following 
paragraphs. 

SOS.  Pole  llnei  comprise  iwlee,  cross-arms,  guy  stub*,  braoea,  guys, 
anchors,  and  the  right  of  way.  The  aerial  wire  or  cable  construction  is  not 
usually  included  under  the  definition  of  pole  lines,  but  classed  by  itself. 

309.  Poles.  The  timber  used  most  extensively  is  oedar,  and  next  in  order 
come  chestnut,  oak.  pine,  and  cypress,  t  Polos  as  they  come  from  the  stump 
require  peeling,  roofing  and  gaimng  before  they  are  ready  for  use;  in  add»- 
tioa  the  poles  for  certain  classes  of  construction  require  shaving,  steppiiig 
and  painting.  The  sisas  of  poles  used  in  line  construction  are  ragulated  by 
the  loads  they  will  ultimately  be  required  to  carry.  A  number  olthe  larger 
telephone  companies  classify  their  cedar  poles  as  follows: 

*  Fowte,  F.  F.     "Economical  Spacing  of  T^egraph  Repeaters;"  TtU^um 
Enaineer,  Vol.  VI,  Sept.,  1911,  p.  147. 
t  See  reports  of  the  U.  S.  Forest  Serrioe,  Dept.  of  Agriculture. 
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Lencth 
inft. 

Circumference  (in.)                                          1 

C1a» 
A 

Clan 
B 

Class 
C 

Class 
D 

Class 
E 

Class 
F 

Class 
O 

Top 

6ff. 
from 
butt 

Top 

6  ft. 
from 
butt 

Top 

eft. 

from 
butt 

Top 

Top 

Top 

Top 

20 
22 
25 

30 
35 
40 
60 

15.5 

15.6 
16.6 

18.8 
18.8 
18.8 
18.8 

12.5 
12.5 
12.6 



15.5 
17.3 

18.8 
18.8 
18.8 
22.0 

22 

22 
22 
22 
22 

32 

36 
38 
43 
50 

18.8 

18.8 
18.8 
18.8 
18.8 

30 

33 
36 
40 
46 

18.8 

18.8 
18.8 
18.8 
22.0 

24 
24 
24 
24 

40 
43 
47 
53 

Class  A  poles  are  used  in  lines  carrying  50  to  80  wires;  Class  B  poles  for  40- 
iiire  lines;  Class  C  poles  for  20-wira  lines;  Class  E  for  10-wire  lines;  Classes  F 
and  O  for  light  farmer  lines  and  bracket  lines.  For  properties  of  timber,  see 
Bee.  4. 

UO.  Pole  Mttin(.     The  depth  of  poUi  In  the  (round  ahould  be  aa 
FoUows,  for  ordinary  soil  or  for  solid  rock. 


Length 

Depth  in  the  ground 

Length 

Depth  in  the  ground  | 

"'(ff?'" 

Earth 
(ft.) 

Rock 

(ft.) 

Earth 
(ft.) 

Rock 
(ft.) 

20 
25 
30 
35 
40 
45 

4.0 
6.0 
6.5 
6.0 
6.0 
6.5 

3.0 
3.0 
3.5 
4.0 
4.0 
4.6 

60 
55 
60 
65 
70 
76 

7.0 
7.5 
8.0 
8.5 
9.0 
9.5 

4.6 
5.0 
5.0 
6.0 
6.0 
6.0 

til.  Balnfof Md  eonoT«t«  polai  have  been  used  to  a  very  limited  extent, 
largsly  on  an  experimental  basis.  They  are  pot  in  sufficient  use  to  warrant 
uty  eonsiderable  description  here;  see  Still,  A.  "Over-head  Electric  Power 
rrmnsmission,"  New  York,  1913.  Coombs,  R.  D  and  Slocuih,  C.  L.  "Re- 
inforced Conerete  Poles;"  Universal  Portland  Cement  Co.,  1910. 

tlS.  PreurrstlTe  treatment  of  poles  to  prevent  decay,  especially  below 
the  ground  line,  is  constantly  becoming  more  cominon.  Among  the  preserva- 
tives emi^oyed  are  creosote,  oarbolineum  avenarius,  creolin,  spirittine,  ooal 


.jo^- 


PiU 


-=o-^ 


Tio.  56. — Measurement  of  "pull"  on  pole-line  curve  or  turn. 

tar,  sine  chloride  and  others.  There  are  three  methods  of  treatment,  dond- 
ttLok  process  (treating  entire  pole),  tmeD-tank  process  and  brush  treatment. 
The  open-tank  method,  for  treating  the  butts  (only)  with  coal-tar  creosote,  is 
racomznended  as  superior  to  the  brush  treatment.  See  publications  of  the 
Porest  Service,  U.  S.  Dept.  of  Agriculture,  Washington,  D.  C. 

tit.  Bpani.     On  level  straight  sections  the  spans  should  be  about  as 
EoUowa:  40-wire lines,  130  ft.;  2<>-wire  lines,  130  to  150  ft.;  10-wire  Unea,  ISO 
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to  200  {t.  A  span  of  132  ft.  eomnponda  to  40  polas  par  mile;  the  Dumbv  «f : 
poln  par  mile  u  seldom  leaa  thsn  30  and  in  some  cams,  for  heavy  lino*  or  iu 
exposed  locations,  may  be  as  hish  as  50  or  60  par  mile.  On  curree  or  turns  tfas 
Biwiia  are  regulated  by  the  "  pull,"  which  is  defined  in  Fig.  55.  The  foUowiof 
table  shows  the  lengths  of  span  for  different  pulls. 


Pull 

(ft.) 

10- wire 

line 

(span  in  ft.) 

20- wire 

Une 

(span  in  ft.) 

40-wirs 

line 

(span  in  ft.) 

1-5 

e-10 

11-15 
16-20 
21-25 

26-30 

150-175 
140-160 
130-145 
120-135 
115-125 
110-120 

130-150 
120-140 
115-130 
110-120 
105-115 
100-110 

130 
120 
110 
lOO 
00 
75 

tl4.  Pole  (aim  are  usually  24  in.  between  oentree,  with  thr  uppermost 
gain  12  in.  from  the  pole  top.     The  q^aios  for  the  ultimate  number   of  cross 
arms  are  usually  cut  before  the  pole  is  erected. 
tl(.  Approzlmkt*  ir«i(hU  and  dlmaniloiu  of  »tii<tord  W—hlnyton 

fir  orou-arma 
Bise  3i  in,  by  4}  in.,  bored  for  li-in.  pins,  f-in.  through  bolt  and  two  l-in. 
brace  bolts:  unpainted 


Length 
ft. 

Pins 

Spaeings 

Weicht 
(lb.) 

Between 

side  pins 

(in.) 

Between 

pole  pins 

(in.) 

End 
(in) 

3 

4 
5 
6 
6 
8 
8 
10 

2 

4 
4 
4 
6 
6 
8 
10 

28 
16 
18 
22 
16 
18 
16 
16 

10 
13 
17 
20 
20 
27 
27 
34 

12 

17 

21 

12 

17» 

12 

12 

Lighter  cross-arms,  2}  in.  by  3|  in.,  are  sometimee  used. 

tl(.  Approiimata  waichU  aad  dimansiona  of  yellow  plna  croas- 
arms.  The  dimensions  of  yellow  pine  oroes-arms  are  the  same  as  fir  croaa- 
arms  given  in  Par.  tli,  and  the  respective  weights  are  approximately  6.  7, 
10,  16,  21  and  25  lb.  each.  These  arms  are  usually  iwinted  (red)  to  increase 
their  bfe. 

117.  Crosa-armi  on  adjacent  poles  faoe  in  opposite  direotioss,  exeapi  on 
steep  hills  or  grades,  when  they  face  up*grade;  on  curves  they  should  faca 
toward  the  centra  of  the  curve.  In  general  they  should  be  so  faced  that  tha 
stresses  pull  them  against  the  pole.  Double  arms  are  often  used  at  lone  spans 
and  railroad  crossings. 

tlS.  Pole  and  eroia-arm  oonstruotion  is  shown  in  Fie.  M- 


braeei  (24  in.  or  26  in.  long)  should  be  attached  as  shown  in  the  figure. 

Por  further  details  on  construction  see  McMeen,  8.  G.  ad  Miller,  K.  B, 
"Telephony;"  Amer.  School  of  Correspondence,  Cnicago,  1912;  also  Thiaaa, 
J.  B.  and  Joy,  G.  A.  "Toll  Telephone  Practice;"  D.  Van  Noatrand  Co.. 
New  York,  1012. 

tit.  Pint  are  made  of  locust,  hedge,  oak,  raapio  and  elm:  tha  prafarable 
wood  is  locust.  The  standard  sise  is  li  in.  by  9  in.  For  li«ht  emaa-arms 
the  pins  are  1  \  in.  by  8  in. 

210,  Onylng  or  reinforcement  of  a  pole-Iina  is  necessary  on  curves  and  at 
corners  or  abrupt  turns.  This  is  usually  dona  bv  means  of  stad  auy  strand 
attached  near  the  top  of  the  pole  or  at  the  loaa  centre,  and  anraorad  to  a 
buried  log  or  plank,  or  some  form  of  patent  anchor.     Methods  of  guying  are 
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shown  in  Fiff.  57  uid  68;  in  aome  oaaea  it  is  deorable  also  to  guy  from  the  top 
of  pole  1  to  the  butt  of  pole  2,  and  from  the  top  of  pole  4  to  the  butt  of  iwle 
3.      Back-braoee  are  required  ou  croea^arms  on  corner  poles. 

SXl.  Ouy  itxand  consists  of  a  galvanised  seven- wire  strand  (or  concentrio- 
Isy  cable)  and  is  usually  obtainable  in  four  standard  sisea  having  an  ultimate 
toDsile  strength  of  4,000  lb.,  6,000  lb.,  10,000  lb.  and  18,000  lb.,  respectively. 


Squiri  yriiher  ^^Bttd  of  Bolt 


o    .   ,«•»■"•  W"l>"     >f.  4i„.xHln. 

S  6  6         >  *',,^*  »  ^  *     ~^ 


OarrUfe  Bolt 

g 


M  la.x  M  la.Drl>a8cr«» 


Fig.  56. — Standard  pole  top  and  cross  arm. 

SIS.  Wire  used  in  aerial  construction  ranges  in  sise  from  No.  8  B.W.G. 
(435  lb.  per  mile)  to  No.  14  S.W.G.  (102  lb.  per  mile)  in  hard-drawn  copper 
and  from  No.  6  B.W.G.  (873  lb.  por  mile)  to  No.  14  B.W.G.  (96  lb.  per 
mile)  in  galvanised  annealed  iron  and  steel.  The  independent  telephone  com- 
panies employ  No.  6  to  No.  12  A.W.G.  copper,  while  the  Bell  companies  have 


Fios.  57  and  68. — Methods  of  guying  at  a  corner. 


Btaodaidiiad  No.  8  B.W.G.  and  No.  12  and  No.  14  S.W.G.  copper.     Fpr  the 
properties  of  wire  see  Soc.  4. 

lirisulatad  open  wire  is  usually  covered  with  two  cotton  braids  saturated 
with  weather-proof  compound;  this  is  known  as  ordinary  weather-proof 
wire.  Twisted  pairs  are  insulated  with  a  covering  of  rubber  compound  and 
a  braid  over  each  conductor.  For  weights  of  insulatad  wire  laa  Sae.  12  and 
8m.  13. 
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OacM,   dluuatan  and  welcbta  of  hard-drawn  oopp«r  M-r*'^*f*-t 

WlTM 

(Also  lee  wire  tables  in  Sec.  4) 


Number 

Diam. 
(mils) 

Lb.  per 
mile 

Number 

Diam. 
(mils) 

Lb.  per 
mile 

8  B.W.Q. 

165 

436 

9  A.W.G. 

114 

208 

6  A.W.G. 

162 

419 

12  B.W.G. 

109 

100 

8  8.W.G. 

160 

409 

12  S.W.G. 

104 

173 

9  B.w.a. 

148 

350 

10  A.W.G. 

102 

166 

7  A.w.a. 

144 

331 

13  B.W.G. 

95 

144 

0  8.W.G. 

144 

331 

13  8.W.G. 

92 

135 

10  B.W.G. 

134 

287 

11  A.W.G. 

91 

132 

8  A.W.G. 

128 

262 

14  B.W.G. 

83 

110 

10  8.W.G. 

128 

262 

12  A.W.G. 

81 

105 

U  B.W.G. 

120 

230 

14  8.W.G. 

80 

102 

11  8.W.G. 

116 

215 

A.W.G.  —  American  (Brown  A.  Sharps)  wire  gage. 
B.W.G.  —  Birmingham  wire  gage. 
S.W.G.   -  Standard  (British)  mre  i 


ttt.  Una-wlra  Joint!  in  the  oaaa  of  hard-drawn  coppar  should  be  nuula 
with  connecting  sleeves,  also  known  as  Mclntire  sleeves.  Lineman's  con- 
Dectors  should  always  be  used  in  twisting  the  sleeves  to  make  a  joint.  Joints 
in  iron  line  wires  are  usually  made  with  a  Western  Union  Joint,  as  illus- 
trated in  Fig.  50;  it  is  very  eesendal  to  solder  ever^  joint  of  this  type  in 
order  to  prevent  premature  corrosion  and  preserve  satisfactory  electrical  con- 
nection. Also  see  Rashman,  C.  T.  "  Some  Tests  on  Splices  in  Galvanised 
Iron  Wire;"  BUdrieal  World,  Nov.  17.  1910,  p.  1187. 

tt4.  Tie  wlros  should  be  of  the  same  sise  and  matwrial  ss  the  line  wire, 
except  that  they  should  be  annealed  or  soft. 


=fflII^s^IIII?= 


Flo.  69. — Western  Union  style  of  joint 
for  iron  wire. 


"^G«lv.N»lU 

Fio.  60.  Fio.  61.        Fio.  62. 

Fio.  60. — Method  of  attaching  wire  terminal  to  bridle  cable. 
Flo.  61. — ^Long-distance  type  glass  insulator. 
Fio.  62. — Western  Union  standard  glass  insulator. 
Flo.  63. — Postal  telegraph  standard  glass  insulator. 

MB.*  Bridle  cables  are  rubber  insulated,  and  the  individual  condudon  are 
carried  from  the  main  cable  (up  and  down  the  pole)  to  their  respective  line 
wired  by  means  of  cleats  beneath  the  cross-arms.  Attachment  to  the  tine 
wires  may  be  made  by  means  of  a  soldered  wrap  on  one  leg  of  the  dead-end 
turn  around  the  insulator,  or  by  means  of  a  screw  clamp  on  the  line  wire  Just 
outside  of  the  dead-end.    See  Fig.  60. 
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SM.  Tett  eonneeton  are  usually  inBtalled  at  intervok  along  a  pole  line. 
In  ordar  to  provide  facilitiee  for  opening  the  linee  for  test  without  cutting  the 
wires.  A  pole  thus  eouipped  with  tent  connectors  is  termed  a  teat  pola. 
The  location  of  teat  poles  &  varied  in  different  installations  to  suit  conven- 
ience. 

SIT.  Line  insulatora  are  or<Unaril^  made  of  glass,  in  one  of  the  patterns 
shown  in  Figs.  61  to  63.  Porcelain  is  used  to  a  Umited  extent  in  place  of 
claae,  espeoially  to  secure  the  hij^h  insulation  necessary  on  loaded  circuits,  but 
la  more  expansive.  Porcelain  is  used  to  a  much  greater  extent  in  Europe 
than  in  this  country. 

m.  Sac  table  for  hard-drawn  bare  oopper  line  wire  consisting  of  No. 
13  S.W.G.  (0.104  in.  diam.)  is  as  follows.     The  sags  are  given  in  inches. 


Temp. 

(do« 

fahr.) 

Length  of  span  (ft.)                                            | 

75 

100 

115 

130 

160 

176 

200 

260 

300 

-30 

-10 

+  10 

30 

60 

80 

lOO 

1.0 
1.5 
1.5 
3.0 

2.5 
3.0 

4.5 

3.0 

2.5 
3.0 
3.5 
4.5 

5.5 
7.0 

2.5 
3.0 
3.5 
4.0 
6.5 
7.0 
9.0 

3.5 
4.0 
4.5 
5.5 

•7.0 
8.S 

11.0 

4.6 
5.0 
6.0 
7.0 
0.0 
11.5 
14.0 

6.0 
7.0 
8.0 
10.0 
12.0 
16.0 
18.0 

8.0 
9.0 
11.0 
12.0 
16.0 
19.0 
23.0 

14.0 
16.0 
19.0 
21.0 
27.0 
31.0 
36.0 

22.0 
26.0 
30.0 
33.0 
43.0 
49.0 
5S.0 

The  sags  for  No.  14  S.W.O.  (0.080  in.  diam.)  bard-drawn  bare  copper 
under  like  oonditiooa,  should  be  at  leoat  2  in.  greater  than  the  above  values 
for  No.  12. 

IM,  Tranipoiltiona  are  made  by  means  of  special  line  insulators  known 
aa  transposition  insulators.  These  insulators  are  made  sometimes  in  one  pieoe 
with  double  grooves,  and  sometimes  in  two  pieces,  with  one  groove  in  each. 


Fxo.  64. — Plan  view  of  single-pin  transposition. 

In  nK>dem  practice  the  single-pin  transpoaition  is  used  very  extensively  (Fig- 
64) ;  an  alternative  method  is  the  use  of  a  two-pin  upright  iron  braeket 
mounted  on  the  cross-arm  so  that  one  wire  passes  over  the  arm  and  one  be- 
neath. 

>M.  Phantom  tramiMMltions  are  made  by  means  of  nprisht  iron  braek- 
ota  attached  to  the  oroaa-arnui;  these  brackets  may  support  either  transpoei- 
tioD  inaulators  or  standard  insulators,  as  designed. 

SSI.  BtrailM  in  l»ol*  Unas  and  wire  ipana  are  covered  in  See.  11  and 
See.  12.  *  In  territovies  subject  to  sleet  storms,  the  maximum  stresses  occur 
with  eombined  sleet  and  wind  loads.  The  maximum  load  sometimes  as- 
■amad  in  caleulating  pole  and  wire  stresses  is  that  due  to  an  ice  coating 
fi  in.  thick  eomUned  with  a  wind  velocity  of  50  miles  per  hr. 
8ieet  frequently  accumulates  to  a  greater  thickness,  however;  as- 
■omptions  of  0.6  in.  to  0.75  in.  have  been  made  in  some  cases. 

*  Also  see  Report  of  Committee  on  Overhead  Line  Construction;  N.  E.  L. 
A.,  1911,  1012,  1913  and  1914.  ,  „  „ 

Tboma|,P.H.  "Sag  Calculations  for  Suspended  Wires;"  Tratu.  A.  I.  E.  E., 
Vol.  XXX,  1911,  p72229.  „         „..,  „    , 

Still,  A.  "Overhead  Electric  Power  Transmission;"  McGraw-Hill  Book 
Company,  Inc.,  New  York,  1913. 
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ISS.  Orerheftd  wire  el««r«iloM  rary  aeoording  to  looal  oonditions  and 

tha  statute  re<j[uirement8.  At  railroad  croaainffi  the  minimum  oleanutov  is 
usually  preeoribed  by  law,  but  this  varies  somewhat,  being  in  tiis  vicinity  ol 
34  ft.;  the  local  statute  should  always  be  looked  up  and  followed. 

tSt.  High-tension  crotsingi,  or  crossings  between  telephone  aitd  tde- 
graph  lines  and  high-teosion  (over  6,000  volts)  high-energy  lines  should  bo 
specially  constructed  to  minimise  the  hasard  of  accidentu  contact  or  siae 
trical  ooDductioD  between  the  two  systems.  The  high-tension  line  ia  usually 
tbestrongor  and  should,  for  that  reason,  cross  over  the  low-ensrn  line.  Where 
physically  practicable,  the  crossing  span  of  the  hi^h-tension  uiie  should  be 
shortened,  until  the  free  end  of  any  broken  phase  wve  in  that  span  will  awing 
clear  of  the  wires  or  structure  of  the  lower  hoe.  If  the  span  oaonot  be  ahort- 
ened,  the  construction  of  the  high-tension  line  should  be  well  rwnforoed. 
Cradles  or  baskets  suspended  beneath  the  high-tension  wires  are  not  recom- 
mended. For  further  details  see  the  references  given  in  Par.  SSI  and  in  Uw 
Bibliography,  Far.  SSS. 

SS4.  Joint  line  oonitructlon  with  electrleal  dlatrttmtlon  (em&trni 
station)  ajstenu  is  now  quite  common  in  oongeeted  districts.     Certain 

restrictions  should  be  stricdy  obeerved  in 
this  class  of  construction;  see  referenoe 
to  N.  E.  L.  A.  Proceedinfpi  in  Par.  SSI. 
The  proper  arrangement  u  with  the  dia- 
tribution  lines  on  the  upper  c 
and  the  telephone  wires  Muow. 

SSS.  Aerial  cable  oonstruotion  is 
indicated  in  a  general  way  in  Fig.  65, 
which  shows  a  single  cable  and  ineasei»- 
ger  supported  from  a  pole.  Another 
cable  can  be  supported  on  the  <^paait« 
side  of  the  pole  in  the  same  manner. 
When  several  cables  are  to  be  supported, 
an  angle-iron  cross-arm  ia  attached  to  the 
pole  and  the  mesaengers  are  suspende«l 
uierefrom. 

SSS.  Measengen  are  usuallv  made  of 
seven- wire  concentric-lay  cable,  each 
wire  being  of  galvanised  steel;  such  a 
coble  is  also  known  as  a  seven-strand 
cable.  Messenger  cables  have  been 
standardised  to  a  couBidcrable  extent. 
employing  three  different  sites  havinc 
ultimate  tensile  strengths  of  6,000  lb., 
Fio.  66. — Aerial  cable  suspension.    10.000  lb.  and  16,000  lb.,  respeotiTely. 

For  further  details  of  galvanised  s^^rand 
see  Sec.  4.  For  spans  not  exceeding  200  ft.  the  following  rulra  are  used  to  a 
considerable  extent  in  determining  the  standard  sixe  of  messenger  to  emi^oy. 

0-100  pr.  No.  22.  or  0-50  pr.  No.  19  caBle 6.000  lb. 

100-200  pr.  No.  22,  or  50-100  pr.  No.  19  cable 10.000  lb. 

Over  200  pr.  No.  22,  or  over  100  pr.  No.  19  cable, 16.000  lb. 

SS7.  Stresses  in  meiaenser  ■|>ana  are  computed  from  the  known  or 
assumed  loads  as  in  the  case  of  wire  spans  (Par.  SSI;  also  see  Sec.  11  and 
Sec.  12). 

SSS.  Table  of  Messenger  Bags 

(Bell  Telephone  Companies) 


■^3 


Banger 


Span  (ft.) 

Sag  (io1. 

flpBD  (ft.) 

Sag  (in.) 

Span  (ft.) 

Sag  (in.) 

80 
90 
100 

16 
20 
22 

110 
120 
130 

26 
30 
34 

150 
175 
200 

44 

63 
82 

For  amall  cablea, 
can 


amall  cablea,  not  largar  approximatdy  than  2S-paiT  No.  19,  the  aagt 
oe  reduced  about  ooe-third. 
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IM.  Gable  rinft  (galvaoUed)  attached  to  the  maseenffer  are  now  exten- 
sively employed  for  supporting  the  cable.  Rings  should  oe  epaced  from  15 
to  20  in.  apart. 

MO.  Continuoui  cable  lenffthf  in  aerial  constructioa  are  limited  by  the 
amouDt  of  cable  which  can  be  pulled  into  place  in  one  operation  without 
injury.  Except  with  very  small  cables,  the  continuous  lengths  do  not 
ordinarily  exceed  1,000  to  1,200  ft. 

S41.  Cable  ipllcei.  A  straight  splice  is  shown  in  Fig.  60.  The  coa- 
ductora  are  twisted  together  in  pig-tail  fashion  and  folded  back  so  that  a 


PspeE  SlecTas 


Lead  SIcere 


^Strips  of  Mailln 
Fio.  60.— Oable  splice. 

paper  tube  or  sleeve  may  be  slipped  over  the  joint  to  insulate  it.     These  indi- 
vidual joints  are  staggered  as  shown  in  Fig.  66  and  the  whole  is  covered  with  a 
IcKod  sleeve  made  water-tight  by  means  of  wiped  joints.     A  number  of  forms 
of  patented  construction  for  such  joints  are 
also  on  the  market.  ■  Burlace  of  street 

S4S.  Twisted  pain  in  rlnffif  the  latter  sup- 
ported from  a  messenger  (perhaps  carrying  a 
cable  also),  constitute  a  form  of  cooatruction 
now  extensively  used  in  reaching  drops  from  a 
cable  terminal  or  box. 

S4S.  The  meuenffer  ahould  be  bonded  to 
the  cable  and  grounded  as  a  means -of  pro- 
tection against  foreign  currents  and  lightning. 

S44.  Grounds  may  be  made  by  means  of  a 
coil  of  messenger  or  guy  strand  buried  in  coke, 
at  a  depth  of  5  to  6  ft.  in  the  ground,  or  by 
'means  of  an  iron  pipe  (about  6  to  8  ft.  long 
and  1.5  in.  diam.)  driven  into  the  grouno. 
The  first  method  is  preferable.    See  Par.  108. 

MB.  Underground  conduit  conatructlon 
oooaists  of  a  system  of  ducts  laid  from  2  to  4 
ft.  below  ground,  with  intercepting  manholes 
at  intervals  of  300  to  700  ft.  (Fig.  08). 

SM.  Ducts  are  made  of  vitrified  clay  tile, 
oreoaoted  wood,  concrete,  impregnated  fibre, 
or  iron  pipe.  The  material  most  used  is  vitri- 
fied tile;  this  is  made  in  both  single  duct  and 
multiple  duct,  the  latter  ineluding  two-duct,  three-duct,  four-duct,  six-duct, 
and  mne-duct  combinations  in  one  piece  The  length  of  a  single  piece  of  duct  is 
from  1.5  ft.  to  3  ft.,  and  the  duct  opening  about  21,  3|  or  3|  in.  in  diameter. 


Fio.  67. — Section  of  four^ 
duct  ^  underground  conduit* 
showing  cover. 
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Fio.  68. — Ssctioo  of  underground  conduit  showing  method  of  grading  for 
drainage  of  ducts. 

MT.  BtAndird  oonduit  oonxtructlon  consists  of  aomo  one  of  the  above 
mentioned  materials  laid  in  a  properly  graded  trench  on  a  bod  of  Portland 
eemant  concrete  and  covered  with  an  envelope  on  the  top  and  aidee,  of  tbe 
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Mme  material.     (See  Figa.  87  and  68.)     There  are  many  motSfieatioaa  of 
this  type  of  eonitruotion. 

S4B.  Mamholei  (Fig.  69)  may  be  constructed  of  aewer  brick,  rejected 
paving  brick  (vitrified),  or  reinforced  concrete.  There  ia  not  vary  macii 
difference  in  the  cost  of  manholes  constructed  by  these  three  metboda.  The 
top  of  the  manhole  should  have  sufficient  strength  to  support  aay  traffic  pa^ 
ing  overhead.  The  cast-iron  cover  and  supporting  framework  should  be  ac« 
in  concrete  to  prevent  corrosion.  The  sewer  connection,  if  one  is  provided, 
should  have  a  trap  to  prevent  the  rise  of  sewer  gas.  Ventilation,  by  perfotar- 
tions  in  the  cover,  is  desirable  to  release  foul  or  exploeive  gases. 


Dacti      ^S 
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Brick  manhole. 

FiQ.  89.- 

Mt,  Cable  lencUu  are  ordered  from  the  manufacturer  to  fit  tbediataa 
from  manhole  to  manhole. 

MO.  Pulling  in  the  cable  ia  effected  by  means  of  short  jointed  oondolt 
rodi  which  are  used  to  pull  in  rope  and  the  latter  in  turn  is  used  to  pull 
in  the  cable  with  a  hand  or  power  capstan,  or  winch.  About  GOO  to  700  ft. 
of  cable  is  as  much  as  can  be  drawn  m  safely  or  conveniently  in  one  length. 

SSI.  Cable  iplicai  are  made  in  each  manhole  and  the  cables  are  trained 
alone  the  sidee  of  the  manholes  on  the  racks  i>rovided  for  the  purpose. 

TK8TIHO 

m.  Two  cemaral  olanas  of  tsitinc  are  necessary  in  telephone  and  tele- 
graph practice;  the  first  comprises  those  teets  made  to  determine  whether 
nnes  or  equipment  are  in  normal  operative  condition  and,  if  not,  to  ascertain 
the  character  and  location  of  the  trouble;  the  second  comprises  those  testa 
made  to  determine  the  properties  of  circuits,  including  resistance,  inductance, 
capacitance  and  insulation. 

in.  Trouble  location  in  ordinary  maintenance  work  can  be  said  to 
include  tests  for  the  following  conditions:  (a)  electrical  continuity;  (b)  ofoa 
circuits;  (c)  crossed  circuits;  (d)  grounded  circuits;  (e)  noise  or  induettoa; 
(!)  apparatus  adjustment. 

SM.  Continuity  test!  can  be  made  with  direct  or  alternating  (rinpn^) 
current.  Where  available,  an  ordinary  morse  relay,  sounder,  key  and  neeee 
sary  battery  are  extremely  useful;  this  method  of  testing  continuity  is  almost 
universal  in  telegraph  practice.  In  telephone  work  great  use  is  made  of  a 
magneto  test,  next  described. 

tfi.  The  mafnoto  test  set,  used  very  extensively  in  continuity  testa* 
is  a  verv  simple  apparatus  consisting  merely  of  a  hand-driven  magneto  genera- 
tor and  a  busser  or  polarised  bell,  connected  in  seriee  with  each  other  and 
with  the  free  terminals  brought  out  to  a  pair  of  binding  posts.  See  Par.  M 
and  tT. 

IM.  Th«  location  of  an  "o)>«n"  is  not  usually  difficult  in  the  case  of 
cable  conductors,  and  the  capacity  test  is  a  common  method.  A  number  of 
patented  devicee  are  also  on  the  market  for  finding  the  location  of  a  break  in 
a  cable  conductor.  In  the  case  of  aerial  open  wire  it  is  not  always  easy  to 
find  the  location  by  means  of  a  test;  ex|>6rienced  wire  chiefs  are  able  to  use  the 
listening  test  to  good  advantage,  judging  the  location  by  the  noise  on  tits 
circuit. 

MT.  The  location  of  a  crois  is  usually  a  rather  simple  operation  if  a 
Wheatstone  bridge  (See.  3)  ie  at  hand,  with  whioh  to  measure  resistances.  A 
magneto  or  a  morse  set  can  be  used  to  determine,  first,  whioh  oonduetota  ars 
eroesad.  The  Varley  and  Murray  loop  teat*  can  also  be  tiaed  to  locate  < 
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tH.  Tba  looktton  ot  »  grmtni  naualijr  requires  the  um  of  the  Varley 
loop  test  or  the  Murray  loop  test,  next  described. 

tM.  Tha  Varlay  loop  tut,  Fig.  70,  ia  frequently  employed.  When  the 
bridtce  is  balanced, 

«--ffl^  <»•"»•>  "»> 

RfR,+  Rt+R.  (ohm»)  (U) 

Equation  (10)  eziireases  the  resiatanoe  of  the  grounded  conductor  from  the 
bndse  to  the  fault  and  (11)  ezpreaaea  the  loop  reeiatanoe  of  both  conductora 
Aaeuming  the  conductora  to  be  uniform,  it  ia  a  aimple  matter  to  calculate  the 
distance  to  the  fault.  If  desired,  the  resistance  R  can  be  connected  in  series 
with  the  other  conductor,  and  in  that  case  the  formula  given  above  (Eq. 


Vi^ 

Km  i  Ry 

•(dj  (g) 

Pio.  71.- 

\         ««      f«l 

«<V  Cg) 

I       ^ 

!       J 

F»a  7a— Varley  loop  tert. 

y^       Re      'Jit 

-Murray  loop  test. 

10)  no  longer  holds  true,  and  instead  becomes,  R,  •-  Ri{,R  +  Rt)/(fi\  -f  Rt). 
This  test  is  especially  useful  because  it  is  not  affected  by  the  resistance  of  the 
fault. 

MO.  Tha  Kurray  loop  teit.  Fig.  71,  is  quite  similar  to  the  Varley  test. 
The  resistance  of  the  defective  oooduetor  from  the  bridge  to  the  fault  is  given 
by  this  formula,  assuming  the  bridge  to  be  balanced. 

Ml.  Iniulation  reiUtamce  comes  under  the  class  of  high-resistance 
zoeasurements  (Sec.  3).     A  simple  method  in  extensive  use  for  measuring 
insulation  resistance  is  the  lo- 
ealled    Toltnutet     method,  /■ — \  .,  . 

Fig.  72.    The  insnlation  resist-  /  x,  V  « iJae 

anoe  in  megohm-miles  is 

JJ-Jr.(|--l)lO-«      (18) 

wbace  E  »  potential  in  volts  of       ~ 
the    battery;    Y  -  voltmeter         | 
readinc  when  connected  to  line:         I 
r*  ■■  voltmeter    resistance    in      •^=^' 
ohms;  I    —  length  of  line  in         ^ 

miles.     Bee  discussion  of  this       Fia.  72. — Voltmeter  test  for  insulation 
method,  and  a  modification  of  teaiatance. 

it,  by  the  author  in  tha  KUc- 

(rt'eaZ  World,  Feb.  6, 1904  and  Mar.  9, 1912.  The  reciprocal  of  insuUtion  re- 
sistance ia  termed  leakance,  and  is  a  conductance  expressible  in  mhos  or 
micromhos. 

MS.  QnantltatlT*  meMUramanti  of  telephone  or  telegraph  circuits 
to  detarmina  resistaDca,  inductance,  reactance,  capacitance  and  leakance, 
either  to  eontinnous  or  alternating  currents,  are  covered  as  a  whole  in 
fiao  3 
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HiaH-TBIQTrXNCT  OBCXLLATipm 
tM.  High-trequenoy  dreoits.  All  high-frequency  oireuits  consist  of 
inductance  and  capacity.  Fig.  73  shows  a  closed  circuit  consisting  of  a  spark 
gap,  inductance  and  condenser.  Fig.  74  shows  a  HertslBa  olcillBtor  in 
which  the  capacity  is  oonoentrated  in  the  two  spheres  and  the  inductance 
is  distributed  throughout  the  straight  wires.  The  power  in  watts  taken  up 
by  such  oscillatory  systems  is  equal  to 

r-»^  (U, 

where  C  is  the  capacity  in  microfarads,  V  the  maxiinum  voltage  in  vcdta  to 
which  the  condenser  is  charged,  and  S  the  number  of  times  the  spark  psases 
per  sec.     At  each  spark  the  charge  in  the  condenser  oecjllstes  back  sad 
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forth  unt9  the  anergy  ia  oooaumed  either  in  tha  form  of  hast  in  the  circuit 
at0elf.  or  through  radiation  of  eleotrical  waTee.  The  number  of  timea  the 
chflirge  aurgea  baok  and  forth  before  it  ia  disaipated  and  the  dtacharge  acroaa 
the  ap&rk  gap  ceaaea  depends  on  the  equivajent  reaiatanoe  of  the  rarioua 
•ourcea  of  energy  loaa  in  the  drooit. 


i 


Or 


6^ 


Flo.  73. — Cloaed  oacillatocy  circuit.         Fio.  74. — Hertaian  oacillator. 

SM.  D»mp«d  Mclllations.  Gradually  deoreaaing  oadllationa  of  thia 
kind  are  called  damped  oacillationa  and  obey  the  law  that  each  aucceeding 
amplttude  is  a  given  fraction  of  the  one  before  it.  The  constant  difference 
betireen  the  natural  logarithms  of  the  auoceesive  amplitudes  ia  known  aa  the 
l0^arltluiile  dacremant. 

SM.  Spark.  In  the  simplest  form  of  sendini^  set,  the  spark  is  placed 
directly  in  the  antenna  (sea  Figs.  74  and  78),  but  in  order  to  use  any  except 
ibo  amaJleat  power  (since  the  antenna  capacity  is  in  all  ordinary  casea  small), 
a  bish  voltage  must  be  applied  to  the  antenna.  This  necessitates  the  use  of  a 
lone  apark,  which  in  turn  introduces  a  high  resistance  into  the  antenna  circuit, 
thus  limiting  the  antenna  current  obtainable. 

SC7.  Couillad  drcnlta.  In  order  to  get  rid  of  this  objectionable  spark 
reaiatance,  it  is  customary  to  excite  the  antenna  circuit  by  means  of  a  step-up 
tmnaformer  either  inductively  connected  (Fift-  75)  or  directly  connected 
(Fis-  70),  the  antenna  circuit  and  the  doeed  circuit  cootaioing  the  spark-gap 


Open  or 
Seeoa^uy  SIrcalt 


''Barth 
Fio.  7S. — Inductive  eoopling. 


Fio.  76.— Direct  coupling. 


Mng  tuned  to  reaonance.  Two  cireuita  are  in  reaonance,  or  the  electric 
ebsrgea  oacillata  with  the  aame  freauency,  when  the  product  of  the  inductance 
and  capacity  in  one  circuit  is  equal  to  the  product  of  the  inductance  and  ca- 
pacity m  the  other.  A  certain  portion  of  the  energy  oscillating  in  the  antenna 
la  retnrasd  and  is  lost  in  the  spark  circuit;  that  is,  the  presence  of  the  spark 
circuit  ia  equivalent  to  a  definite  resistance  introduced  in  the  antenna.  The 
amount^  of  this  eauivalent  resistance  can  be  regulated  by  varying  the 
mutual  inductance  between  the  antenna  and  spark  circuit. 

The  faet  that  the  apark  length  and  the  capacity  in  the  spark  airouit  can 
be  varied,  provided  the  conditions  of  resonance  are  maintained,  makes  the 
donble-cireuit  sending  ayatem  far  more  flexible  and  capable  of  producing 
moob  higher  currents  in  the  antenna  than  the  simple  system  shown  in  Fig. 
78.    The  only  disadvantage  of  the  double-circuit  system  ia  that  in  general 
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the  two  cirauits  must  be  adjiuted  separately,  thus  adding  to  the  oomi^c*- 
tion  of  making  rapid  changes  in  wave  length. 

THX  AITTEHKA 

168.  The  antenna  in  radiotelegraphy  may  be  considered  to  be  a  special 
case  of  the  Hertsian  oecillator  (Fig.  74)  in  which  the  lower  bali  is  replsesd  by 
a  conducting  plane,  the  earth,  to  which  it  is  connected  (Fig.  77).  Such  aa 
oecillator,  if  the  earth  be  a  perfect  conductor,  will  have  tbs  same  electric  6eld 
distribution  aa  a  complete  osdllator  in  free  space,  the  lower  half  being  iadi- 
oatad  in  the  figure  by  the  dotted  linsa. 


: »«rtfc 


Fio.  77. — Antenna  and  image 

(earthed  oscillator). 


Fio.  78. — Simple  antenoa 
(Marconi). 


ttt.  The  intensity  of  the  aleetrio  field  due  to  the  radiation  of  such  aa 
oecillator  (Par.  188)  in  its  equatorial  plane  and  at  a  distance  of  several  wave 
lengths  from  the  oscillator  may  be  exproesed  by  the  equation.  * 

B  ~2w  (~)  3X lO"  (abvolts)  (15) 

where  1  equals  the  length  of  the  oscillator,  I,  the  current  in  the  wire  ronnect- 
ing  the  oscillator  capacity  spheres,  and  d  the  distance  from  the  oecillator  to 
the  point  in  question.  In  transforming  this  equation  to  apply  to  the  earthed 
antenna,  the  length  of  the  equivalent  oscillator  must  oe  taken  as  tiriee 
the  height  of  the  aoteona.  Bearing  this  in  mind  and  changing  to  practical 
units, 

«  -  377  J^  (volta  per  meter)  (16) 

Aa 

where  !•  is  in  ampere*  and  h,  X  and  d  are  in  meters. 

tro.  Antenna  typai.     In  practice  the  capadty  sphere  of  the  Hertiian 


Gayi 


flHJt 


Fio.  79. — Flat-top  antenna. 


Fio.  80.— Umbrella  antenna. 


oscillator  is  replaced  by  the  various  systems  of  wires  of  the  antennas  ahown  in 
Fiffi.  78,  79  and  80.  Fig.  78  shows  the  original  sin^  wire  antenna  of 
Marconi.     Fig.  79  is  the  flat-top  or  ship's  antenna  consisting  of  a  number  of 

•  J.  Zenneck.     "Uhrbucb  d.  drahtl.  Telegr.,"  1913,  p.  «6. 
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parallel  wires  separated  by  apreadera  and  Bupporied  bv  two  maats.  Fig.  80 
B  an  umbrella  antenna.  This  oonsiate  of  a  system  ox  wirea  supported  on  a 
ancle  tower  and  held  in  position  by  insulated  gu:^.  Another  type  is  the 
platform  antenna  which  is  the  one  used  in  the  high-power  Naval  station 
it  Arlin^on,  Va.  In  this,  the  antenna  is  supported  by  three  towers  and  xa&y 
tonaist  either  of  a  system  of  wires  supported  on  spreaders,  or  simply  of  a  tn- 
tngular  network  of  wires  between  the  towers.  All  of  these  forms  of  antenna 
b  iH'acticsd  use  are  subjeot  to  varioua  modifioationa  which  cannot  be  entered 
nto  here.  The  effeotive  height  of  the  antenna  ia  measured  to  the  seometrio 
lentre  of  capacity  of  the  wire  system,  if  the  ground  is  p«rfecf^  (salt  water) 
tnd  there  are  no  elevated  masses  of  metal  (steel  supportmg  towers)  dose  to 
;lie  antenna.  In  land  stations  the  actual  effective  height  m  from  60  to  00 
>er  cent,  of  the^  measiured  height.  That  the  height  may  be  made  as 
ireat  as  possible,  it  is  desirable  to  increase  the  capacity  of  the  upper  portion, 
uid  to  diminish  the  capacity  of  the  leading-down  wires,  kee|>iiig  them 
launched  toother  and  using  ouy  enough  to  supply  proper  conductivity. 

STl.  Tb*  ftmount  of  enarcr  which  oml  b«  Introduced  into  aa  ftn- 
ttnnft  (Eq.  14)  is  proportional  to  its  capacity,  the  square  of  ita  maximum 
roltage,  and  the  numbw  of  times  it  is  charged  per  sec;  i.e.,  the  spark  fre- 
loency.  The  voltage  is  limited  by  the  insulation  and  on  smpboanl  should 
lot  exceed  70,000  volts  maximum.  The  fact  that  the  energy  for  a  given 
roltage  is  proportional  to  the  spark  frequency  shows  the  great  advantage  of 
Slaking  the  latter  largo,  and  explains  why  60-Qycle  apparatus  will  not  deliver 
I  large  amount  of  energy. 

tn.  Antenna  capacity  required  per  kilowatt  of  antenna  onorcy 


Maximum  aotenna 
potential 

1,000  sparks  per  sec. 

120  sparks  per  sea 

50,000  (volta) 
71,000 
100,000 

O.OOOS(mf.  parkw.) 

0.0004 

0.0002 

0.0067  (mf.  per  kw.) 

0.0033 

0.0017 

STS. 


Zn«r(7  In  antenna  of  0.001  mlcrofarMi  eapaeitj  »t  M.OOO 
Tolta  mazlmuin  potantlal* 


Sparks  per  seooad 

Kilowatts 

Antenna  currantf 

120 

240 

600 

1,000 

0.15 
0.30 
0.625 
1.25 

5.0  amp. 

7.1  amp. 

10.2  amp. 

14.3  amp. 

R4.  OapMsity  required  per  kw.  »t  1,000  (parks  per  sec  and  various 
▼oltacas   


V<dta.  (max.) 

Mf.  per  kw.      II     Volts,  (max.) 

Mf.  per  kw. 

14.500 
17,700 
22,400 

0.010 

o.ooe 

0.004 

25,000 
31,400 

0.003 
0.002 

STf .  Ware  length.  If  no  ipductance  coil  is  introduced  into  the  antenna, 
it  oacUlates  with  a  period  corresponding  to  the  distributed  inductance  and 
MipaoHy  of  the  antenna  wires,  ana  the  wave  length  {produced  is  called  the  fun- 
damental wave  length  of  the  anterna.  If  it  is  desired  to  increase  this  wave 
length,  inductance  ooils  are  placed  in  series  between  the  antenna  and  the 
■arth,  and  if  it  is  desired  to  deoroase  it,  a  condonser  is  placed  between  the 
antenna  and  the  earth.  In  the  case  of  the  excitation  of  the  antenna  by  the 
rioeed  circuit,  it  is  of  course  necessary  to  have  a  certain  amount  of  inductance 
in  the  antenna  for  the  purpose  of  coupling. 

tT4.  Kadiation  reaistance.  The  process  of  radiation  withdraws  en- 
■rgy  from  the  antenna  and  it  is  customary  to  speak  of  radiation  resistance, 

*  Journal  of  the  Washington  Academy;   1911,  Vol.  X,  p.  5. 
t  Antenna  reaistanoe  assumed  to  be  6  ohms. 
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inesDinE  the  equivalent  roeiatanoe  whioh  would  consume  the  same  <       

that  witudrawD  from  the  antenna  by  radiation.  If  the  heisht  from  the  eerth 
to  the  oentre  of  capacity  of  the  antenna  system  is  Ji,  and  if  X  is  the  wmw 
length,  the  radiation  resistanoe  *  is  approximately 

K  -  1,600  ^  (ohms)  (17) 

377.'  Table  of  antenna  radiation  reiiitaaooat  (Ohina) 

{h  "  height  to  centre  of  capacity  of  conducting  system) 


Wave  length  (X) 
(meters) 

A-40 
ft. 

A-60 
ft. 

A«80 
ft. 

A- 100 
ft. 

A-120 
ft. 

A-I60 
ft. 

300 
300 

400 

noo 

800 
1,000 

1,200 
1,500 
2.000 
2,500 
3,000 
4.000 

6.0 

2.7 

1.5 

0.66 

0.87 

0.24 

0.17 
0.106 

13.4 
6.0 
3.4 
1.5 
0.84 
0.54 

0.37 
0.24 
0.134 

24.0 
10.6 

6.0 

2.7 

1.5 

0.95 

0.66 

0.42 

0.24 

0.15 

0.106 

0.060 

37.0 
16.5 

9.3 

4.1 

2.3 

1.5 

1.08 
0.68 
0.37 
0.24 
0.17 
0.093 

54.0 
23.8 
13.4 

6.0 

3.4 

2.1 

1.5 

0.95 

0.54 

0.34 

0.24 

0.134 

95.0 
43.4 

33.8 

10.6 

6.0 

3.8 

2.6 

1.7 

0.95 

0.61 

0.43 

0.34 

Wave  length  (X) 
(meters) 

A-200 
ft. 

k-250 
ft. 

A-300 

ft. 

A-460 
ft. 

ft-600 
ft. 

A -1.300 
ft. 

600 
800 
1,000 
1,200 
1,500 
2,000 

2,500 
3,000 
4,000 
5,000 
6,000 
7,000 

16.4 
9.2 
6.0 
4.1 
2.6 
1.6 

0.95 
0.66 
0.37 
0.24 
0.16 
0.121 

25.8 
14.5 
9.3 
6.5 
4.1 
2.3 

1.49 
1.03 
0.58 
0.37 
0.26 
0.19 

37.4 

21.0 

13.5 

9.3 

6.0 

3.4 

2.2 

1.5 

0.84 

0.53 

0.37 

0.27 

84.0 
47.0 
30.0 
21.0 
13.4 
7.6 

4.8 

3.4 

1.9 

1.20 

0.84 

0.61 

149.0 
84.0 
64.0 
37.0 
34.0 
13.4 

8.6 

6.0 

3.4 

3.2 

1.49 

1.09 

iib'.ii 

149.0 
05.0 
54.0 

34.0 

34.0 

13.4 

8.S 

«.o 

4.4 

The  abovo  table  is  calculated  on  the  assuniptioa  that  the  antenna,  repreaaata 
a  Hertiian  oscillator  (Fig.  77),  On  account  of  the  shapes  of  the  antoniMa 
actually  unod,  and  the  fact  that  the  earth  in  most  casee  is  not  an  ideal  con- 
ductor, the  radiation  reaistances  actually  observed  are  in  general  from  25  to 
90  per  cent,  of  the  values  given  in  the  table. 

S78.  Approxlinftte  cftp*eltr  of  fl»t-top  antennM  with  S-ft.  Mpar*- 
tlon  of  wfret 


Antenna  width 

Capacity 
per  100  ft. 

1    Antenna  width 

Capacity 
per  100  ft. 

10  ft. 
20  ft. 

0.0005  mf.        J             40  ft. 
0.0007  mf.        1             80  ft. 

0.0010  mf. 
0.0014  mf. 

HBTHOD  or  Excrrnia  thi  autihiia 

tTS.  The  antenna  U  uiually  ezoltad  ^^J  a  closed  elTouit  composed  of  a 
spark  gap,  inductance,  and  capacity  to  whioh  it  is  coupled  either  induotivdy 
or  directly  (Figs.  7S  and  76).     If  the  mutual  inductance  between  the  two 

•  Ruedenberg,  R.     Ann.  d.  Phys.;  Vol.  XXV.  p.  460;  1908. 
T  Journal  of  Uie  Washington  Academy;  Vol.  I,  p.  390;  1011. 
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urouits  ia  large,  they  ue  said  to  be  oloeely  ooui>Ied;  if  small,  thejr  are  loosely 
ooQpled.  The  coupling  is  defined  as  K  •■  Hf's/Ljj%.  In  the  ease  of  dose 
coapUng,  owine  to  the  mutual  reaotions  between  the  cirouits,  oscillations 
of  two  wave  Isosths  are  produced  in  each  circuit,  even  though  the  two  cir- 
cuits singly  are  tuned  to  resonance  with  each  other.  As  uie  couphng  Is 
looaenod,  the  two  wave  lengths  approach  each  other  and  eventually  mer^. 
It  was  formerly  customary  to  employ  close  coupling,  but  modern  practice 
finds  that  the  greatest  range  is  attained  with  a  couphng  loose  enough  to  causa 
the  antenna  to  radiate  waves  of  a  single  frequency. 

580.  Trpes  of  ti^ark  ffap.  For  small  sots  the  simple  ipbere  gap  such  as 
coznznonly  seen  on  induction  coils  is  sometimes  used,  but  for  larger  powers 
either  a  rotary  (ap  ox  the  so-called  Quenched  cap  is  commonly  employed. 

581.  The  rotary  pap  (Hg.  811  usually  consists  of  two  stationary  elec- 
trodes with  a  rotating  disc  provided  with  projecting  metal  spokes  or  knobs 
which  form  the  movable  electrodes.  The  disc  is  usually  attached  to  the 
shaft  of  the  alternator  and  insulated  from  it,  and  is  so  adjusted  that  the  maxi- 
mum potential  in  the  circuit  is  reached  just  before  the  movable  electrodes 
eotne  opposite  the  stationary  electrodes.  This  ensures  the  regular  passage  of 
the  spark,  and  the  rapid  motion  produces  sufHciont  cooling  to  prevent  the 
fcH-mation  of  an  arc.  When  used  with  a  500-cycle  alternator,  a  pure  musical 
xu>te  of  1.000  vibrations  per  sec.  is  produced  in  the  receiving  telephonM. 
This  high-pitched  musical  note  is  particularly  advantageous  in  telephonic 
reception,  being  easily  read  through  the  atmospheric  disturbances. 


Fio.  81. — Rotary  spark  gap.  Fio.  82. — Quenched  (park  gap. 

m.  The  quanelied  sap  (Fig.  82)  ooosuts  of  a  number  of  plates  inau- 
latfld  from  each  other  and  raparated  by  spaces  of  a  fraction  of  a  millimeter. 
It  is  in  reality  a  number  of  gaps  in  series.  On  account  of  the  spark  being 
divided  up  into  many  parte  in  close  proximity  to  large  surfaces  of  metal,  the 
cooling  is  ver^  rapid.  This,  in  addition  to  the  rapid  flow  of  energy  from  the 
olooed  circuit  into  the  antenna,  causee  the  spark  to  .go  out  after  four  or  five 
complete  oscillations,  and  before  a  sufficient  time  has  elapsed  for  any  of  the 
energy  transferred  to  the  antenna  to  return  to  the  closed  circuit.  By  adjust- 
ing toe  mutual  inductance  between  the  two  circuits  it  is  possible  to  make  this 
quenching  take  place  at  the  exact  moment  when  practically  all  the  energy  is 
in  the  antenna.  The  fact  that  no  energy  can  flow  back  into  the  closed  circuit 
doe*  away  with  the  complicated  roactions  of  ordinary  double-circuit  sending, 
and  ensuraa  that  the  radiated  oscillations  shall  be  of  only  one  wave  length. 
TliiB  gap  is  slightly  more  efficient  in  transferring  energy  to  the  antenna  than 
tlw  rotary  gap. 

ttt.  Antannft  (roond  ooDneetlanS.  The  outward  and  inward  moye- 
mant  of  the  lines  of  electric  force  during  the  osoiUations  in  the  anteniu  give 
riae  to  earth  currents.  These  earth  currents  are  most  intense  in  the  imme- 
diate neighborhood  of  the  antenna,  and  if  the  earth  is  a  poor  conductor  a 
large  waste  of  energy  ensues.  To  guard  against  this  loss,  a  radiating  net- 
work of  wire  is  placed  beneath  and  around  the  antenna.  In  the  case  of  a 
fist-top  antenna,  the  radius  of  this  wire  net  should  not  be  less  than  the  length 
of  the  horisontal  portion  of  the  antenna.     In  addition,  if  ground  water  ia 
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«uily  reached,  oopper  pUtea  eonneeted  to  the  wire  net  are  buried  so  aa  to 
reach  the  water.  Actual  contact  with  the  water  ie  of  lees  importance  howww 
than  the  proper  arran^meot  of  the  wire  net.  On  shipboard,  the  good  eoa- 
duotivity  of  salt  water  and  the  conducting  hull  of  the  ship  aiieiiro  a  coed 
ground  if  proper  connection  to  the  hull  is  made. 

BKcnvnro  cibcuits 

tM,  BacaiTinf  antenna,'  It  is  customary  to  use  the  oame  antaanft  for 
receiving  as  for  sending.  When  an  electric  field  of  intensity  S  (Par.  MV}  is 
produced  on  the  antenna,  there  is  an  electromotive  force  in  tne  antanna  bqus] 
to  Ehi,  where  ht  is  the  height  of  the  receiving  antenna  from  the  earth  to  its 
centre  of  capacity. 

IM.  BaMlved  antenna  currant.  When  tuned  to  resonance  with  tbe 
incoming  waves,  the  received  antenna  current  is  from  Bq,  16  (Par.  M), 

/jj--^'  (amp.)  as) 

where  R  is  the  high-frequency  reaistanoe  of  the  antenna  system.  This  is 
strictly  true  only  for  incoming  undamped  oscillations.  If  the  oscillations  are 
damped,  the  expression  becomes 

Ig ^=r  <amp.)  (19) 

where  ii  and  Bt  are  the  logarithmio  daoremeote  of  the  sending  and  reoeiriiic 
Bystema. 

S8tt.  Knerg7  In  the  detector.  Since  moet  detectors  used  in  radio- 
telegraphy  are  of  high  resiatanoe,  they  are  nearly  always  placed  in  separMe 
rirouits  coupled  directly  or  inductively  to  the  antenna.  The  reason  for  plac- 
ing them  in  separate  oirouita  is  practioally  the  same  as  that  for  removing  the 
•park  from  the  antenna  in  the  case  of  sending,  since  by  varying  the  coupHng 
the  amount  of  energy  consumed  by  the  detector  can  be  varied.  When  cou- 
pled BO  as  to  give  the  strongest  response  in  the  detector,  approximately-  odo- 
naif  of  the  total  received  energy  is  in  the  detector  circuit;  that  is,  the  oquiva- 
lent  resistance  added  to  the  antenna  circuit  by  coupling  the  detector  cirouit 
to  it  is  approximately  equal  to  the  total  ori^nal  resistanoe  (sum  of  radiation, 
ohmio  ana  ground)  of  the  antenna,  with  the  detector  circuit  removed. 

187.  TTpes  of  reoeiTingcircultA.  Figs.  83  to  86  show  types  of  reoeiving 
circuits  frequently  used.     The  placing  of  a  variable  condenser  in  series,  as  in 


Antenaa 


Fio.  83. 


Flo.  84.  FiQ.  85. 

Fiofl.  83  TO  86. — Receiving  circuits. 


FiQ.  86. 


Fig.  84,  shortens  the  wave  length  to  which  the  antenna  is  tuned  and  enables 
it  to  be.  used  for  wave  lengths  shorter  than  its  own  natural  period.  iHacing 
a  condenser  in  parallel  with  the  antenna  inductance,  as  in  Fig.  86,  increases 
the  period  of  the  antenna  without  adding  additional  inductance.  In  Figs. 
83  and  84  the  detectors  are  placed  in  aperiodic  cirouits,  all  of  the  tuning 
being  done  in  the  antenna.  In  Figs.  8o  and  86  the  secondary  cirouit  is 
tuned  to  the  antenna  and  to  the  incoming  sigoala.  the  detectors  being  placed 
in  shunt  around  the  tuning  condensers. 

DBTBGT0R8 
t$8.  Ttpm  of  dotoeton.     A  verv  large  varietv  of  deteot<H«,  coherer, 
magnetic,  vacuum  valve,  and  others,  nave  been  usea  in  wir^eas  telegraphy. 
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rat  kt  itraMnt,  for  d*mped-w»va  telegraphy  at  least,  the  only  detector* 
panarally  employed  in  tne  better  types  of  apparatus  are  various  kinds  of 
eetifyinc  oontaeta  and  vaouum  deteotors. 

nt.  Contact  reetlflen.  The  rectifiers  most  frequently  consist  of  a 
ontaot  between  a  fine  wire  and  some  variety  of  mineral.  Amon<  the  min- 
fsb  frequently  used  are  iron  pyrites,  galena,  silicon,  and  molybdenite.  In 
iCher  forms,  two  crystals  are  used  in  contact.such  as  sinkite  with  chalco- 
lyrite  or  bornite,  or  silicon  with  metallic  arsenic. 

The  exact  nature  of  the  action  of  the  contact  rectifiers  is  not  known, 
niey  behave  in  general  like  high  resistance  tiiermoelements  (though  it  is 
ertain  that  they  are  not  thermoelements  in  the  ordinary  sense),  the  rectified 
.nrrent  pulses  produced  by  each  wave-train  b«ng  very  approximately 
iroportional  to  the  square  of  the  oscillatory  current  passing  through  the 
leteetor. 

For  detecting  the  direet-ourrent  pulses,  bead  talephona*  of  from  1,000 
o  3,000  ohms  resistance  are  ordinarily  used.  Theee  are  placed  in  shunt  across 
Iw  stopidng  condenser  JC  (Fig.  83)  of  from  0.01  to  0.02  mf.,  which  permits  the 
«eUlatory  currents  to  pass  freely  through  it  but  stores  up  the  direct-current 
lulaea  and  disehargea  tnem  through  the  telephone.  If  the  spark  at  the  send- 
nc  station  is  regular,  the  sound  produced  in  the  telephone  is  a  pure  musical 
iota.  As  a  rou0>  method  of  measuring  the  strength  of  signal,  a  resistance 
vox  ia  frequently  placed  aoroas  the  telephones  and  the  resistance  reduced 
mtil  the  aignals  Just  remain  audible.  The  relative  strength  of  the  telephone 
^irrent  at  various  times  can  thus  be  determined  from  the  law  of  shunts. 
Tor  laboratory  purposes  a  galvanometer  is  frequently  used  in  place  of  the 
elapbonee. 

rsAmmssioii  or  watm  f»om  tbx  ssicsnia  to  thx  si- 

OBVnia  AHTXHMAS 
■M.  Day  trammlirion.— The  radiation  from  a  radiotelegraphic  antenna 
nay  be  eoneeived  to  consist  of  lines  of  electroetatic  force  witli  their  endsv 
arminating  in  positive  and  negative  electric  charges  at  the  earth's  surface 
onMwhat  as  shown  in  Fig.  87.     At  moderate  distances  the  strength  of  the 
Jaetric  fidd  is  represented  by  Eq.  16.     For  distances   of  more  than  100 
nilea,  over  sea  water,  and  for  sullshorter  distances  over  land,  an  absorption  of 
•norsy  appears  which  modifies  the  results  of  Eq.  16.     This  absorption  is_  due 
D  part,  at  least,  to  the  resistance  of  the  earth  to  the  passage  of  the  pomtive 
ioa  negative  electric  charges  at  the  base  of  the  electrical  wave.     At  great 
listancea  the  bottom  of  the  wave  is  '  ...^ 
o  muehretardedthatthewavefront                                    /       '^'s^ 
laoomea      bent    forward.        When                                     V  \ 
jroughtintothispositiontheelectrio                                       n      /^^\ 
laid  can  be  divided  into  two  com-                              .^         \f      \\ 
wpenta,   one  at  right  anglea  to  the                          f      "x^      >\        ^» 
•rtb's  surface  and  the  other  parallel                          \^     '*^.N    W        '  ' 
o  it.     The  latter  produces  oscilla- 
lOry  earth  currents  which,  while  they 
ritndraw   energy  rapidly  from  the 
moke  possible  the  reception  of 


icnala  by  means  of  long  horiiontal     A -i- 

intaaaas,  only  a  few  feot  above  th«  ^^ 


r  X,  \\  \\ 

A-      \\',;   I  I  !     '.Mil!      <'.: 


rround.     Experiments  by  the  U.  8.       Fio.  87. — Earthed  eleotiio  waves. 
Mavy  Department  extenaing  up  to  a 

listance  of  2,000  miles  have  given  results  for  flat-top  antennas  which  may  be 
■spreaented  by  the  following  empirical  formula* 

•.•0114 

/    _377         *'*'^' .  ~  ■y/'i  (amp.)       (20) 

*        xdsVn-^ 

rbare  7_  represents  the  current  in  the  receiving  antenna,  /■  the  current  In  the 

lending  antenna,  R  the  receiving  resistance,  d  the  distance,  X  the  wave 
en^th,  and  AiAi^the  height  to  the  centre  of  capacity  of  the  sending  and 

*  AnsiiB  L.  W.     Bulletin  Bureau  of  Standards,  Vol.  VII,  p.  362  (reprint 
IW).  1911.  »ad  Vol  XI,  p.  e»  (Reprint  226),  1814. 
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reealTiii^  antennaa,  raqMctrrely,  the  outrenU  bains  iJvan  in  amp.  aad  iB 
lenstha  in  km.  Tha  formola  appliea  to  day  aigTiaui  with  fiaiiaiiii— iiwi  ^ 
tireiy  over  salt  water.  A  aimilar  formula  will  probably  appl^  to  land 
miMion  ezoept  that  the  abeorption  coefficient  (0.0015)  la  much 
and  dependa  on  the  character  of  the  g;round  over  which  the  waves  pa 
alao  on  the  aeaaon  of  the  year.  It  ia  lound  for  example,  that  the  abaorptioB 
between  New  York  and  WaahiuEton  at  a  wave  length  of  1,000  metera,  ■ 
approximately  three  timea  aa  great  in  summer  aa  in  winter.  The  formiih 
inoieatea  that  for  short  distances  stronger  sixnala  may  be  obtained  by  the 
uae  of  short  wave  lengths,  while  for  great  distances  longer  wave  lengths, 
from  3,000  to  10,000  meters,  are  used.  Over  land  for  diatancea  gnata 
than  150  milea,  wave  lengtha  of  more  than  2,000  meten  are  general^ 
desirable, 

m.  OalouUted  raUtlon  batwaan  knteniw  eturant  aaddlsteneate 

two  ship*  with  aataima  hatchU  o(  IM  ft. 

X- 1000  m. 


Antenna  current 

Working  distance 

Exlrema  diatansa  of 
audibility 

(Day) 

(Day) 

1  amp. 

2 

3 

? 
10 
It 
20 
3ft 
30 
40 
50 
60 

76  milea 
135 
180 
235 
280 
845 
420 
475 
525 
565 
630 
685 
725 

200milaa 

300 

375 

475 

550 

630 

735 

790 

840 

000 

070 
1,025 
1,150 

Oood  working  diituioa  Mid  landinx  currant  tor  two  *1iatlnm 
with  flat- top  antennaa  450  It.  high 


Nautical  miles 

.X- 1,000  m. 

X- 2,500  m. 

X- 3,750  m. 

X. 6,000  m. 

1,000 
1.250 
1,500 
1,750 
2,000 
2,250 
2,500 
2.750 
3,000 

15  amp. 

38 

91 
200 
490 

13.5  amp. 

27 

49 

96 
155 
245 
470 

15  amp. 

27 

44 

77 
122 
200 
314 
500 
775 

17  amp. 

30 

4« 

74 
105 
160 
335 
335 
500 

Bulletin  of  Bureau  of  Standards;  Vol.  VII,  p.  315;  1911. 
.  Logarlthmie  deerament  (i)  of  wave  train  and  the  approziniata 
number  of  wavai  (H.)  In  the  train  before  the  amplituao  f alia 
to  one-tenth  of  the  maximum 


< 

N 

I       '• 

N 

1      < 

N 

t 

N 

1.0 
0.8 
0.6 

3.6 
4.0 
5.0 

0.4 
0,3 
0.2 

7,0 

8,5 

12.5 

0.1 

0.08 

O.Ofl 

24.0 
30.0 
39.0 

0.04 
0.03 
0.02 

58.0 
78.0 
116.0 

Oood  tuning  is  not  possible  with  less  than  fifteen  wavea  in  the  train. 
tt4.  Might  tranamtlllon.     While  day  transmission  of  radiotalegrapkie 
signals  is  comparatively  regular,  night  transmission  is  subject  to  very  great 
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fluetufttionB.  At  times  night  aignalB  between  two  stations  wiU  be  no  stronger 
than  tboae  -obaarvi-d  in  the  day  time,  while  at  other  timee  sending  sets  of  vary 
moderate  power  acd  effioioncy  have  beenknowD  to  transmit  signals  several 
thouaand  miles.  During  the  oolder  months  of  the  year,  ni|{ht  transmission 
can  be  depended  upon  to  be  oonaiderably  superior  to  day.  with  a  fair  degree 
of  resulanty.  The  cause  of  the  increased  night  range  is  not  definitely  known. 
It  has  been  thought  by  some  authorities  that  it  is  due  to  a  clearing  up  of  the 
absorption  suppoeed  to  exist  in  t^o  upper  atmosphere  caused  by  the  shortw 
li^t  mravos,  and  possibly  cathode  rays  from  the  sun.  Another  explanation  is  ~ 
tha^  4be  absorption  is  fairly  constant  and  that  the  increased  received  ener^ 
is  due  to  reflection  from  the  upper  conducting  layers  of  the  atmosphere.  This 
las^  view  is  suppfvted  by  certain  interference  phenomena  which  cannot  be 
entered  into  hare,  and  by  the  fact  that  the  abnormally  strong  tdght  signals 
appesur  to  pass  over  land  almost  as  freely  as  over  salt  water,  although  the 
abaorption  id  the  day  time  is  many  times  greater  over  land.  That  the  normal 
enerKy  is  at  times  augmented  in  long-range  night  oommumcation  is  shown  by 
the  tact  that  in  many  cases  the  received  signals  are  stronger  than  would  be 
expected  from  the  geometric  diminution  of  intensity  with  the  distance,  leav- 
ing absorption  entirely  out  of  account.  It  must  also  not  be  forgotten  in  this 
partic\ilar  that  observations  show  that  the  dav  condition  is  the  stable  ona 
while  the  longer  ranges  covered  at  night  show  toe  irregularities  which  might 
be  expected  to  come  from  irregular  conditions  of  reflection. 

UNDAMPED  08CILX.ATION8 

S98.  Advftntagei  of  undamped  oscillations.  It  hss  already  been  said 
(Par.  S64J  that  the  oscillations  produced  from  the  electric  spark  form  damped 
irave  trains  with  intervals  between  in  which  no  enor^  is  given  off.  If, 
instead  of  supplying  energy  merely  at  the  beginning  ot  the  wave  train,  a 
constant  source  of  supply  can  be  obtained,  the  oscillations  will  continue  indefi- 
nitely and  with  equal  amplitude.  The  use  of  suoh  undamped  oscillations  in 
radio  communication  has  a  number  of  advantages;  first,  if  the  energy  is 
divided  amon^  a  great  number  of  waves  of  equal  amplitude,  instead  of  being 
concentrated  in  a  few  wave  trains,  the  maximum  voftages  required  for  a  given 
amount  of  power  are  very  much  los^than  in  the  case  of  damped  waves,  and 
oonsequently  the  insulation  of  the  apparatus  is  much  less  difiocult,  ard  much 
larser  amounts  of  energy  can  be  sent  out  from  moderate  sised  antennas. 
Second,  undamped  oecillatioDs  allow  a  greater  sharpness  of  tuning  and  enable 
a  looseness  of  oou()Ung  to  be  used  at  the  receiving  station  between  the  antenna 
and  secoDdary  which  ^catly  reduces  the  danger  of  interference  and  disturb- 
ance from  atmosphenc  discharges.  Third,  and  most  important  of  all, 
observations  indicate  that  undamped  oscillations  in  passing  over  the  surface 
of  the  earth  fall  off  in  intensity  less  rapidly  at  great  distances  than  the  damped 
oscillations  from  the  spark. 

SM.  Production  of  undamped  oscillations.  The  most  obvious 
way  of  producing  undamped  oscillations  ia  by  means  of  high  frequency 
generators.  Three  types  of  such  machines  have  been  built;  the  Feesenden- 
Alexanderson,  the  Goidschmidt,  and  the  Arco.  The  first  has  been  used 
successfully  with  small  powers,  and  the  last  two  have  been  constructed  with 
a  capacity  of  more  than  100  kw.  and  are  in  successful  use  in  communication 
between  Germany  and  America.  For  descriptions  of  these  machines  the 
reader  is  referred  to  Zcnneck's  "Lehrbuoh  der  drahtlosen  Telegraphie." 

TBI  BLICTKIO  ABC  WAV!  OKMX&ATOK 
tiT.  Th«  Arc  method  of  produciniT  osclUatlonfl  was  discovered  by 
Elibu  Thomson  in  1892  and  has  been  developed  by  V.  Poulsen,  R.  A.  Fes- 
senden  and  others.  In  this  method  a  circuit  containing  suitable  inductance 
and  capacity  is  blaced  around  the  ore  as  shown  in  Fig.  88.  Choke  coils  and 
resistance  are  fuaced  in  the  main  dynamo  circuit  to  control  the  voltage  and  to 
prevent  the  oecillatioDs  from  running  back  into  the  dynamo.  When  the 
shunt  condenser  circuit  is  closed  around  the  arc  a  part  of  the  current  flows 
into  the  condenser  thus  robbin((  the  arc  of  a  portion  of  its  current.  But 
since  the  arc  has  the  characteristic  that  the  potential  across  the  arc  increases 
as  the  current  decreases,  this  decrease  in  current  increases  the  potential  differ- 
enoa  and  the  condenser  continues  to  chari^.  At  the  next  instant,  however. 
the  condenser  commences  to  discharge,  increasing  the  direct  arc  current 
until  it  is  entirely  discharged.     Then  the  process  repeats  itself.     For  the 
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best  results  it  u  neomsary  that  the  direot -current  volt^e  be  500  toHs  or 
more,  sod  that  the  positive  electrode  be  capable  of  oonducting  heat  n^iidly 
away. 

SM.  Foulsen  arc.  In  the  Poulsea  arc,  the  positive  electrode  is  copper 
and  the  negative  carbon,  aud  the  arc  is  formed  in  a  chamber  filled  with  hymo- 
gen  or  a  bjrdrocarbon  us  or  vapor.  Hydrogen  being  tin  excellent  conductor 
of  lieat  assists  materially  in  the  rapid  cooling.  A  common  method  of  produc- 
ing a  hydrocarbon  vapor  is  to  allow  alodhol  to  fall  drop  by  drop  into  the 
heated  arc  chamber.  ^  To  still  further  increase  the 
energy  of  the  oscillations  in  the  Poulsen  apparatus 
the  arc  is  formed  in  a  strong  magnetic  field  at  right 
angles  to  its  length. 

SM.  The  are  otreuit.  When  the  arc  is  used 
for  producing  oscillations  in  a  radiotelegraphic 
antenna,  it  is  customary,  when  the  antenna  is  of 
sufficient  capacitv,  to  place  the  arc  directly  in  it 
(Fig.   80)t  thus  doing  away  with  the  necessity  of 
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Ohoke  Coil 
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Ohoke  Coil    . 

Fio.  88. — Arc  circuit. 


Fia.  89. — Arc  in  antenu 


L|ji^~}=fl3 


tuiung  two  separate  oirouits,  the  inductance  and  capacity  of  the  antonna 
taking  the  place  of  the  closed-circuit  inductance  and  cajwoity  of  Fig.  Stt. 

TBX  KKCXZTIHa  OF  COKTIinrOUB  OSGXLLATIOini 
SOO.  Ticker.     Since  undamped  oscillationa  pass  through  the  detector 
continuously,  tbey  produce  little  effect  upon  the  telephones.    In  email  sets 

a  drcmt  breaker  is  sometimea  placed  in 
the  antenna  for  the  purpose  of  breaking  up 
the  oecilliations  into  separate  wave  trains 
and  thus  making  them  audible.  The  bel- 
ter practice,  however,  and  the  only  one  ap- 
plicable to  large  powers,  is  to  have  the  os- 
cillations broken  up  at  the  receiving  atation. 
For  this  purpose  the  Poulsen  Company 
originally  used  an  instrument  callecT  the 
ticker  which  consisted  essentially  of  a 
minute  circuit  breaker  actuated  by  a  mag- 
netic vibrator  kept  in  action  by  a  dry  o^ 
At  first  a  detector  was  used  in  connection 
with  the  ticker  but  it  was  soon  found  that 
the  ticktf  itself  formed  an  efficient  detector,  being  connected  as  shown  in 
Fig.  90.  During  the  time  of  contact,  the  condenser  K  becomes  charged  aed 
when  the  contact  is  broken  it  discharges  through  the  telephone. 

A  more  sensitive  detector  of  this  type  is  the  slipping  oontact  datactor 
or  rotary  ticker.*  In  this  a  wire  presses  lifihtly  on  a  rotating  diao  driven 
either  by  a  motor  or  clock  work.  The  slipping  contact  detector  while  many 
times  more  sensitive  than  the  best  crystal  detectors  both  far  continuous 
oscillations  and  high-frequency  spark  oscillations,  cannot  in  general  produce 
a  musical  note,  the  sound  being  more  of  the  nature  of  a  rustling  orniauBg. 

*AusUn,  L.  W.    Journal  of  the  Washington  Acat^my;  V<^.  I,  p.  8;  1011. 
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This  places  it  at  a  duadvaatage  in  reaeiving  through  atmoaphario  disturb- 


Ml.  The  Faanndan  iMtwodyiM. 
joKa  ^^  ordinary  receivingsetis 
used, saahowninFig. 91.  Th« 
heterodyne  proper  is  a  piece  of 
auxiliary  apparatus  conaisting' 
of  a  small  aro  circuit  coupled  loo  V. 
to  the  antenna  and  so  tuned  n.d 
to  the  incoming  waves  as  to  ' 
produce  beat  tones  in  the  de- 
tector and  its  telephone.  By 
alishtly  shifting  the  frequency 
of  the  heterodyne  any  deeired 
tone  can  be  ivoduced  in  the 
reoeivar  proper  wtiioh  makes  it 
particularly  efficient  in  work- 
inc  throu^  interference  and 
atmoaphenc  diaturbanoaa.  It 
baa  auo  the  property  of  iic 
creasing  somewhat  the  aensi- 
tirenesa  of  the  detector.     The 


In  the  heterodyne  method  of  receiT* 


to 


Fto.  91.^ — ^Heterodyne  eiranit. 


haterodyne  is  also  used  with  spark  oscillattons  bvt  in  this  case  a  mmical  note 
is  not  generally  obtained. 

Mt.  Taennin  detector*.  Hot-filament  vacuum  detectors  were  first 
Invented  bv  Prof.  Fleming.  The  modem  oscillating  types,  of  which  the 
I>eFarest  ultra  audion,  the  von  Lieben  and  the  Marconi  tubes  are  examples, 
all  operate  on  the  same  prinoi^e,  differing  only  in  arrangement  of  electrodes, 
voltage  employed,  etc.  The  jDcForest  ultra-audion  is  shown  diagrammat- 
ieally  in  Fig.  92.  It  consists  of  a  higlily  evacuated  glass  bulb  containing  a 
filament  F  heated  to  incandescence  by  a  storage  battery  of  6  volts.  A,  an 
intermediate  ^d  electrode  Q,  and  a  plate  electrode  P.  The  seconoary 
receiving  circuit  LC  is  connected  through  a  smaU  variable  stopping  con- 
denaer  C'  of  a  few  ten-thousandths  microfarad  to  P  and  Q.  The  incom- 
inK  osciUationa  produce  disturbances  in  the  electron  flow  in  the  tube  which 
are  heard  as  audible  sounds  in  the  telephone  T.  When  the  eondenser  C 
is  amall  and  the  inductance  L  large,  instability  is  automatlMlly  set  up  in 
the  electron  flow  and  continuous  oscillations  take  place  in  the  secondary 
•  circuit.     The  strength  of  these 

oscillations  is  increased  by  a 
variable  bridging  condenser 
C".  Then,  as  in  the  case  of 
the  heterodyne,  if  the  local 
osdllations  are  slightly  detuned 
from  the  incoming  continuous 
oscillations,  musical  beat  tonea 
are  produced  which  are  heard 
in  the  telephone  and  by  means 
of  which  the  incoming  lignala 
may  be  read.  The  presence 
of  the  oscillations  in  the  local 
circuit  may  be  ascertained  by 
toucliing  with  the  finger  any 
metallic  portion  of  the  circuit 
between  the  inductance  of  the 
secondary  circuit  and  the  stop- 
pingcondenser.  If  oscillations 
are  present  a  sound  is  heard  in  the  telephones.  For  receiving  spark  signals 
the  ultra-audion  may  be  used  either  oeoillating  or  ncn-oecillating.  In  both 
cases  it  is  far  more  sensitive  than  the  crystal  detectors,  especially  when  os- 
cillating.    In  this  ease  however  the  muscial  tone  of  the  spark  is  not  clear. 

The  Andlon  AmpUphone.     The  audion  ampliphone  consists  of  two  or 

three  audions  connected  in  cascade  through  small  transformers  by  which  the 

atrenftb  of  signal  in  any  detector  may  be  increased  from  20  to  160  times. 

TBI  WiaSLHS  TBLKPHOai 

tM.  Oensral  prlneliiles.    As  long  as  continuous  oscillations  either  from 

the  higli  {laqusnoy  machine  or  from  tlie  dectric  aro  are  of  the  same  intensity! 


i 


Fio. 


02. — Deforrest  ultra  audion  vacuum 
detectors. 
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they  produoa  no  souad  io  the  telephoDea  sttaehod  to  an  ordinary  ractio  re- 
oeiver.  If,  bowevw,  a  miorophoiui  transmitter  be  placed  in  the  antenna  « 
ibaaoDdin^  stationt  any  words  spoken  into  the  transmitter  are  faithfully  re- 
produced in  the  telephones  of  the  receiver. 

904.  Thft  ranffa  of  radiotalephonio  traiumluion  is  limitod  by  the 
amount  of  current  which  can  be  carried  by  the  microphone.  Very  auceeaafnl 
communication  can  easily  be  carried  on  up  to  40  or  50  miles,  and  with 
large  antennas  conversation  can  be  faintly  neard  up  to  perhaps  200  or  300 
miles. 

SOI.  Appllcationfl.  In  its  present  form  there  seems  to  bo  little  denumd 
for  the  wireless  telephone.  It  ooviously^  cannot  take  the  place  of  the  <w<linary 
local  telephone  service  and  its  limitations  regarding  power  unfit  it  for  lons^ 
distance  service.  It  would  undoubtedly  find  a  use  in  the  Navy  if  tfa«  appau-s- 
tUB  could  be  simplified  and  an  arc  produced  capable  of  giving  oscillationa  ftt  a 
direct -current  voltage  of  110  volts,  but  since  it  is  incapanle  of  taking  tba  plaea 
of  the  ordinary  radiotele^aphic  set,  and  since  it  occupies  Quite  aa  much  spaee, 
there  is  a  general  disinchnation  to  duplicate  apparatus  sufficiently  to  permit 
of  its  use. 

DIKICTnrX  AMTBlfNAS 

SOf.  The  adTantagai  of  the  ability  to  concentrate  the  radiated  em^gy 
from  an  antenna  in  one  definite  direction,  and  at  the  receiving  station  to  con- 
fine the  received  signals  to  those  from  one  direction  are  obvious,  since  such 
directive  evstems  can  evidently  work  with  groater  economy  of  power  %ttd  with 
lass  disturbanoo  from  other  stationa. 

SOT.  Marconi  dlraotiTe  antenna.  It  has  long  been  known  that  an 
inclined  receiving  antenna  receives  most  effectively  when  the  waves  come 


) 


i garth 

FiQ.  93. — Marconi  beat  aendinc 
antenna. 


SscOl 

Fio.  94. — Polar  curve  of  intensity  Fia.  05. — Earth  antenna, 

about  a  bent  antenna. 

from  a  direction  opposite  to  that  toward  which  the 'antenna  ia  inclined. 
This  fact  has  been  made  use  of  by  Marconi  in  his  high-powpr  transatlantic 
stations,  Clifden  and  Glace  Bay.  In  these  Btations  the  inclined  antenna  n* 
replaced  by  a  bent  antenna  consisting  of  a  comparatively  short  verticnJ 
section  and  a  long  horiiontal  section  pointing  away  from  the  direction  ia 
which  the  signals  are  to  be  received.  The  principle  of  the  directive  action 
depends  at  least  partly  on  the  fact  that  at  great  distances  the  wave  front  ia 
tilted  forward  so  that  there  is  a  powerful  Horizontal  component  of  i^ectric 
force  which  is  made  use  of  by  the  horizontal  portion  of  the  antenna. 

Mr.  Marconi  also  employs  a  directive  sending  antenna  similar  to  the 
receiving  antenna  except  that  the  horizontal  portion  is  usually  relatively 
shorter.  This  antenna,  shown  in  Fig.  93,  radiates  most  powerfully  in  the 
direction  of  the  arrow  and  measurements  have  shnn^  that  the  intenaitv  of 
the  field  about  the  antenna  may  ho  represented  by  the  diagram  of  ^^. 
04.  In  this  figure  the  relative  intenaltieB  are  the  diatances  from  the  ori^k 
to  the  curve. 
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SOS.  Tha  theorlM*  of  the  dir«cttTe  radiation  of  the  bent  •^«».*»^nfh 
have  b«an  much  disouMed  and  the  different  authoritiea  are  not  yet  in  entire 
asreement  on  the  aubjeot.  Low  horiioDtal  antennaa  sev«rai  hundred  feet 
Ions  '^^^  0^7  A  ^BW  feet  above  the  earth  have  been  triad  by  a  number  of 
experimenten  and  have  recently  been  brousht  into  prominenoe  by  the  work 
of  F.  Kiabiti.t  These  antennaa  usually  have  the  receiving  apparatus  in  the 
middle  while  the  endi  are  either  free  or  oonnected  to  earth  through  condensera 
(Fix.  95).  They  receive  remarkably  well  in  the  direction  of  their  lencth, 
whue  at  right^  angles  to  this  direotion  the  enerey  received  is  very  feeole. 
Dr.  Kiebiti  has  also  had  some  Buocess  in  using  tnese  antennas  for  sending, 
but  at  the  present  writing  it  seems  doubtful  whether  they  will  in  practice  be 
made  to  take  the  place  of  the  elevated  forms  already  described. 

80S.  The  directive  antennae  of  Bellini  and  Toel  differ  from  those 
afa-eady  mentioned.  They  are  based  on  the  fact  that  a  nearly  closed  oecil'- 
latinc  system  (Fig.  96)  radiates  and  receives  more  powerful^  in  its  plane 
than  at  right  angles.  Theee  inventors  have  very  In^niously  inada  use  of 
two  eooh  antennas  at  ri^t  angles  to  each  other  (Fig.  97).  Each  of  the 
antennae  contains  a  primary  of  a  dou> 
ble  transformer,  the  ooils  lying  at  ri^ht 
aoi^ee  to  each  other.  loside  the  primanea, 
a  Biogle  secondary  can  be  rotated  aoaa  to' 
receive  different  amounts  of  energy  from 
the  two  primaries.  By  noting  tbepoeitioa 
ot  the  secondary  at  which  the  signals  are 
strongest,  the  direotion  of  the  sending  sta- 
tion can  be  determined  within  two  or 
three  degrees.  The  same  system  of  an- 
tennae can  be  used  for  sending  if  the  ro- 
tating ocnl  be  connected  to  a  suitable  spark 


NflSa/- 


Fxo.  97. — Bellini  Tosi  directive 
antenna. 


Fxo.  96. — DireeUve  antenna  (nearly 

oloaed  type>. 

cap  and  condenser.  By  placing  the  moving  coil  in  the  xvoper  position  sig- 
*i*i«  can  be  sent  out  in  any  plane  desired. 

The  Bellini-Tosi  s^tem  nas  proved  itsolf  valuable  in  permitting  ships  to 
determine  the  direction  of  senwog  stations  erected  along  the  ooast  for  the 
purpose  of  aiding  navigation  in  time  of  fog.  According  to  the  international 
reculAti*^'^)  stations  used  for  this  purpose  must  operate  with  small  power  and 
rery  short  wave  lengths  so  as  not  to  interfere  with  other  radiotelegraphio 
work. 

SIO.  Telef  unken  oompasa.  Another  system  intended  to  assist  in  navi- 
^tion  has  bteen  developed  oy  the  Telofunken  Company  of  Berlin  and  is  called 
the  Telefunken  (Compass.  In  this,  the  directive  stations  are  fixed  shore  sta* 
tiona  and  the  receiving  is  done  on  an  orctinary  atup's  antenna.  The  sending 
station  has  a  set  of  thirty-two  bent  antennaa  (Fig.  98)  extending  radially 
frona  it.  The  sending  circuit  is  connected  to  each  of  these  in  turn  by  meane 
of  a  rotating  oontact.  When  contact  is  made  with  the  antenna  sending  in  a 
fiertaiD  definite  direction,  say  duo  North,  a  special  signal  differing  from  the 
others  is  produced  and  sent  out  also  from  a  non-directive  antenna.  The 
mariner  desiring  to  know  his  direction  from  the  sending  station  starts  a 

•  Fleming,  J.     "Electric  Wave  Telegraphy,"  p,  fl51. 

Zenneek.  J.     "Lehrbuch  der  drahtloeon  Telegrahpia,"  p.  427. 
t  Kielnta.  F.  "Jahrbuchder  drahtloeenTolegraphie/*  Vol.  V,  p.  360, 1913 
and  Vol.  VI.  p.  1.  1912. 
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•pedftl  atop  watch  at  this  usnal  and  atom  it  at  tb«  pmnt  wbara  tha 
fall  to  a  mioimum.     The  time  betveoo  tha  oontaots  beti 


at  ODoo  to  datarmina  the  diraotton  of  tba  Modtag  atatioo, 


DC  known,  he  ia  afala 


Fio.  98. — Tele<unkeD  ooznpaaa. 

MBAf usnra  msTmminiTB  ros  K&DioTXuoKArBT 

til.  M«aftur«iiMnt  of  eomnt.  Wbon  it  is  daeirad  to  moaaure  bi^ 
fraquaocy  curraota  quantitativnly,  ahimtad  inatrumeots  in  ganeral  ara  wA 
aatiuactory,  ainca  tne  value  of  tha  shunt  ordinaribr  chanoaa  with  tha  £n- 
guenoy,  A  form  of  hot-wire  ammeter  haa  be«ai  deviMd  bv  Hartmum  k 
Braun  in  which  the  current  ia  carried  by  a  ayatam  of  wiraa  ot  banda  i 
rioally  placed  in  aquirrel-oaga 
arrangement  ao  aa  to  enaure  a 
uniform  diatribution  of  current 
among  the  banda.  Each  of 
the  banda  ia  of  auch  dimenBiona 
that  ita  high-frequency  reaiat- 
anoe  doea  not  differ  from  that 
for  direct  current.  The  indi- 
cating meohaniam  ia  attached 
to  one  of  the  banda.  Thoae  in- 
■trumenta  have  been  made 
with  ourrent-oarrying  oapaci- 
tiea  up  to  300  amperes.  Thev 
are  aapeeially  useful  in  the  aencl- 
ing  antenna  when  it  is  deaired 
to  know  with  accuracy  the 
amount  of  energy  radiated. 
For  the  meaaurement  of  very 
amall  currenta  thermoelementa 
are  generally  used.* 

Sll.  Wava  znetan.    For  de- 
termining the   wave  length  of 
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Fio.  99. — Wave  meter  circuit. 


Fio. 


«  60  U  S 

Oondenier  Settla^  in  Pegives 

100. — Reaoiunce  curve  taken  with 
wave  meter. 


high-frequency  circuits  wave  meters  are  employed  (He.  M).     TbeM  ^ 

easentially  of  a  circuit  containing  ^  nown  i  nductanco  and  capacity,  one  or  both 
of  which  are  variable,  and  an  indicating  device  such  as  a  seoBitive  hot-wirs 

*  For  their  construction  and  calibration,  see  Bulletin  of  Standards,  Vol. 
VII,  p.  304;  1911.     Reprint,  168. 

1710       Di.iiiizr.ihvv^iuuvie 


RADIOTXLSGRAPH  Y 


Sec.  21-313 


maiiwsttmeter  whioh  indieataa  by  s  nummum  defleotion  when  the  wave 
meter  is  brought  into  raaonance  with  the  high-frequenov  circuit  under  exami- 
nation. The  variable  aapadtyin  the  wave  meter  usually  oonsiats  of  asemi- 
eircalar  plate  air  condenser  which  is  varied  until  the  point  of  resonance  is 
obtainedT  Fig.  100  shows  a  so-called  raionanc*  eurre  giving  the  relation 
between  the  hot-wire  milliwattmeter  deflection  and  the  degrees  on  the  con- 
denser. As  was  mentioned  in  Par.  M7,  when  the  wave  meter  is  in  resonance 
with  the  circuit  under  examination  the  product  of  theinductance  and  capac- 
ity in  the  wave  meter  drouit  is  equal  to  the  product  of  theinduotaoce  and 
capacity  in  the  other.  The  wave  lengths  corresponding  to  various  wave 
meter  readings  are  either  engraved  on  the  condenser  scale  or  given  in  a  table. 

SU.  Fonnnla  (or  waT«  length.  Sipoe  the  time  of  oscillation  of  the 
ebargeis 

T-tWlO  (see.)  (21) 

and  »— nXandr— 1/»,  then  the  wave  lenstb  is 

X-»2wV<tC'  or 

X- 1.885  VtClXlO*  (meters)  (22) 

where  *  is  the  velocity  of  light,  h  the  inductance  and  C  the  capacity,  all  ex- 
preeeed  in  electromagnetic  umts.  In  place  of  the  milliammeter  a  thermo- 
element and  galvanometer  or  some  other  indicating  device  is  sometimes  used 
to  indicate  the  current  strength  in  the  wave  meter. 

In  order  that  the  wave  meter  may  be  used  for  exciting  receiving  and  other 
circiiitB  at  definite  wave  lengths,  it  is  often  connected  to  a  busxer  circuit 
abown  in  Fig.  101.  When  the  current  from  the  cell  <  flowing  through  the  in- 
duotanoe  of  the  wave  meter  ia  broken  at  the  vibrator  of  the  busxer  B,  the 
induced  electromotive  force  charges  the  _ 

condenser  of  the  wave  meter.  This 
eharge  oseillates  back  and  forth  through 
the  inductance  and  eondenser  until  the 
energy  is  dissipated  in  heat  or  radiation. 
As  there  is  little  reeistance  intbe  wave 
meter  circuit  the  oecillationa  produced 
in  this  way  ate  very  feebly  damped.  If 
greater  damping  is  desired,  fins-wire  re- 
aiatanoe  is  introaucedinto  the  circuit  at 
r.  In  order  to  eliminate  the  disturbing 
eflecta  of  the  busier  spark,  a  eondenser 
K.,  of  a  few  tenths  of^s  microfarad,  is 
|4aoed  around  the  coil  of  the  busxer.  As 
the  intensity  of  the  osoillatory  current 
in  the  wave  meter  depends  on  the  mag- 
nitude of  the  direct  current  through  the  busier,  this  last  should  be  of  low  re- 
siatanoe,^  about  two  or  three  ohms.  Where  great  steadineas  of  high  frequency 
current  is  desired  for  measurement  purposes,  the  small  high-pitch  buxsers 
manufaetured  by  the  Eriksson  Telephone  Co.,  have  proved  especially 
satisfactory. 

S14.  Meantrement  ot  lorarithmio  deoramant.  This  measurement  is 
of  great  importance  since  it  makes  possible  the  determination  of  the  equiva- 
lent resistance  of  the  circuits  under  consideration,  and  also  gives  information 
eoncerning  the  lengths  of  the  wave  trains.  The  value  of  the  sum  of  the  decre- 
ments of  two  eiroiuta  may  be  obtained  from  their  resotuince  curve  (Fig.  100). 

Aooording  to  the  theory  of  coupled  circuits,* 


^~S 


FxG.  101. — Buxier-driven  wave 
meter. 


»i  +  »i-» 


C--C 


(23 


where  ^  is  the  decrement  of  the  unknown  circuit,  ff«  that  of  the  wave  meter. 
Cm  the  reading  of  the  wave  meter  condenser  for  resonance,  and  C  any  other 
condenser  setting.  /»  is  thq  corresponding  current  in  the  wave  meter  for 
resonance  and  /  for  the  setting  C.  If  great  accuracy  in  the  determination  is 
not  desired,  the  formula  becomes  much  aimplified  if  instead  of  plotting  a  oom- 

*  Fleming,  J.    "Principles  of  Electric  Wave  Telegraphy,"  p.  212. 
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plaU   monaaee   ourre,  the  Mttinc  C  of  tha  oondaoMr  ia  to  oho— u  Uat 
J>  ■■  0.6/V     The  quantity  under  the  radioal  booamaa  equal  to  unitr  and 


«i+«i-w 


C«-C 


<34) 


If  the  decrement  of  the  waTe-metar  oireuit  i<  known  or  oan  be  oaloulated  from 
the  formiUa  t  ~R/3nL,  the  deorement  of  the  other  oirouit  is  at  onae  obtaiaed. 
Experiments  show  that  sharp  tuning  is  impraotieable  when  a  sendinc  sta- 
tion emits  wave  trains  oontaimoK  leas  tlian  tliirteen  oomplate  oaoillations 
before  the  amplitude  falls  to  one-tenth.  This  oorreeponds  approximatolj 
to  a  deorement  of  0.2.  See  Par.  ttS.  This  is  the  hif  heat  sending  decrement 
that  is  permitted  by  the  United  Statea  wiraleaa  reculations. 

til.  For  tha  determination  of  (mall  •folTalent  reglatameea  in  hick- 
f requenoy  circuita,  a  method  of  aubatitution  la  generally  more  aoeurata  than 
the  deorement  method  |uat  mentioned.  For  inatanoe,  the  equiraiant  reaiat- 
anee  of  a  Leyden  jar*  la  beat  obtained  by  aubatituting  for  the  Leyden  jar 
an  air  oondenaer  theoretioally  free  from  reaistanoe  and  of  the  same  capacity 
aa  the  jar,  with  aulBoient  known  fine-wire  reaiatanoe  in  aeriea  with  it  so  that 
the  ourrent  in  the  oirouit  is  the  same  as  when  the  Leyden  jar  was  used.  Tfaa 
limiting  aiies  of  reaistanoe  wire  for  whioh  the  high-frequency  reaistanoe  is  the 
same  as  the  dirsot-current  resistance  are  jpren  in  Far.  tlC  If  the  hish- 
frequenoy  reaistanoe  of  an  induotanoe  ia  deaired,  the  only  simple  method  ia  to 
aubatitute  for  the  unknown  inductanoet  an  induotanoe  of  known  ramatanee 
and  introduce  enough  non-inductive  fine-wire  reaiatanoe  to  produce  the  aanie 
high-frequency  ourrent  in  the  circuit. 

M.  Table  of  wire  ilsa* 
For  which  tha  high-frequencr  reaiatanoe  will  ba  laai  than  1  par 
oent.  greater  than  direet-eurrent  reaiatanoe 


Ware 

length 

(m.) 

Conetantan  or 
advance  wire 

Manganin 

diameter 

(mm.) 

Platinum 

diameter 

(mm.) 

Coppnt 

diameter 

(mm.) 

Diameter 
(mm.) 

Maximum 
ourrent 
(amp.) 

100 
300 
300 
400 
000 
800 

1.000 

i.aoo 

1.S00 
3,000 
3,000 

0.30 
0.46 
0.67 
0.66 
0.83 
0.98 

1.10 
1.20 
1.30 
1.82 
1.80 

3.6 
4.5 
6.6 
7.0 
8.0 
10.0 

11.6 
12.8 
14.0 
17.0 
34.0 

0.29 
0.40 
0.60 
0.60 
0.76 
0.88 

o.eo 

1.10 
1.31 
1.38 
1.62 

0.13 
0.20 
0.27 
0.30 
0.87 
0.42 

8:t? 

0.63 
0.73 
0.80 

0.006 

0.O48 

0.0» 

0.10 

0.18 

o.ao 
o.ai 

0.S3 
0.3« 
0.30 
0.33 

Joum.  Wash.  Aoad.,  Vol.  II,  p.  112;  1013. 

IIT.  High-fraquaner  Toltaga.  If  the  root-mean-square  voltage  ia 
desired  a  static  voltmeter  is  employed.  The  voltage  which  is  ordinarily 
required  is  however  the  maximum  voltage,  since  it  is  on  thia  that  the  neoea- 
aary  inaulation  depends.  This  ia  beat  obtained  by  meaeurin||  the  sparking 
diatance  between  needle  pointa  or  apheree  plaoed  in  parallel  with  the  partof 
the  apparatus  over  which  the  voltage  is  desired.  Tha  table  in  Far.  S18  shows 
the  relation  between  aparking  diatance  and  maximum  volts  for  brass  spheres 
2  om.  in  diameter. 


*  Bulletin  of  the  Bureau  of  SUndarda,  Vol.  IX,  p.  73;  1012.     Reprint  Ida 
t  Journal  of  the  Waahington  Academy,  Vol.  Ill,  p.  94;  1913. 
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SU.  Bpark  Toltace  between  bran  ipharei  t  oentimaten  in  lUaine- 
ter,  tor  Tarioui  (park  lanftlu 


Spark  lenctb  (in  om.) 

Spark 
voltaBe 

Spark  length  (in  em.) 

Spark 
▼oltage 

0  1     

4,700 
8,100 
11,400 
14,500 
17,500 
20,400 
23,250 
26,100 
28,800 

1     

31,300 
40,300 
47,400 
63,000 
67,600 
61,100 
64,300 
67,200 
60,800 

0.2 

1.6 

0  3     

2     

0.4 

2.5 

0.5 

3     

0  e 

3.5 

0.7 

4     

0  8        

4  5     

0.9 

5     
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MISCELLANEOUS  APPLICATIONS 
OF  ELECTRICITY 


COMTCHTS 

llfumbtn  re/er  to  ParoprapAi) 


iMndtation  1 

Qactric  Heatiiv  and  Cooking  1 1 

Sfeetrio  Weldins  44 
Saotrieal  Equipment  for  Qui 

Automobiles  67 

rhmwins  Water  Pipea  98 

tfarine  Apidicatiom  102 

ilMtricity  in  the  U.  S.  Army  134 

Qeetricity  and  Plant  Orowth  156 

rindma  inectrio  Plant!  1S6 

)ione  Production  183 
ladioaetiTity  and  the  Electron 

Thmiry  a03 


Roent^n  Rave  220 

Lightmng  Roda  245 

Electroatatio  Maohinea  257 

Electric  Piano  Playera.  270 

Teiegraphone  276 

Telharmoniam  287 

Train  Lighting  Systems  292 

Statiatios  299 
Enpneetiog  Specificationa  and 

Contracta  305 
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laSCELLAITEOnS  APPLICATIONS  OF  ELBCTRICITT 

■ZJBGT&IO  SHOCK  AND  ES8U8CITATIOM 

t.  B«port  of  Oommiuion  on  Eoiuieltation  from  Xloctiio  Shock. 

The  rulM  for  resuscitation  oC  viotitnB  of  slectrio  shock,  as  B«t  forth  in  Pmr.  S, 
S  and  4,  were  reoommended  in  1912  by  the  Commission  on  Resiweitatioa 
from  Electric  Shook,  in  the  report  tendered  to  the  National  Electric  Lsckt 
Aseodation.  This  oommiation,  under  the  chairmanship  of  Dr.  W.  B. 
Cannon  of  Harvard  University,  represented  the  American  Medical  Asaocia- 
tion,  the  American  Institute  of  Electrical  Engineers  and  tiie  National 
Electric  Light  Association.  The  rules  are  here  reproduced  Terfoatim  is 
Par.  %t  S  and  4  by  permission  of  the  latter  organisation;  copies  of  tbe  rules 
can  be  had  at  a  very  nominal  cost  by  application  to  the  Secretary,  20  'Weas 
39St.,  New  York.  AlsoBee"Reportof  Committee  on  Accident  Preventi«Ht;" 
Trans.  N.  £.  L.  A..  June,  1014,  Thirty-seventh  Convention;  pp.  630-654. 

An  important  note  accompanying  the  rulee  Mtatea  that  the  proncjrresmvt 
mtlhod  of  artificial  respiration  deeeribed  {Sec.  Ill  below)  ie  equally  appItcoUs 
afUr  eUarino  the  mouth  of  froth,  to  retuaeitation  of  the  drowntd,  and  also  Is 
eossf  of  tuepended  reepiration  due  to  inhalation  of  ffaees  or  to  othtr  rawses. 

t.  Trefttmont  for  elAOtrlo  thoek.*  An  accidental  electrie  ahoek 
usuall^r  does  not  kill  at  once,  but  may  only  stun  the  victim  and  for  n  wli£k 
stop  ms  breathing. 

The  shock  is  not  likely  to  be  immediately  fatal,  because: 

(a)  The  conductors  may  make  only  a  brief  and  imperfect  contact  with  tbs 
body. 

(b)  The  skin,  unless  it  is  wet,  offers  high  resistanoe  to  the  current. 
Hope  of  restoring  the  victim  lies  in  prompt  and  continued  use  of  arUfieial 

respiration.     The  reasons  for  this  statement  are: 

(a)  The  body  continuously  depends  on  an  exchange  of  air,  as  ahown  by 
the  fact  that  we  must  breathe  in  and  out  about  fifteen  times  a  minute. 

(b)  If  the  body  is  not  thus  repeatedly  supplied  with  sir,  suffocation  ocean. 

(c)  Persons  whose  breathing  nas  been  stopped  by  electric  shock  have  been 
reported  restored  after  artificial  respiration  has  been  continued  for  approxi- 
mately 2  hr. 

The  Sehftefor  or  "prone  prosttiro"  method  of  artificial  re8piration« 
slightly  modified,  is  illustrated  and  described  in  the  following  resuacitntiiM 
rules.     The  advantages  of  this  method  are: 

(a)  Easy  performance;  little  muscular  exertion  is  required. 

(b)  lArger  ventilation  of  thk  lungs  than  by  the  supine  method. 

(c)*  Simplicity;  the  operator  makes  no  complex  motions  and  readily  lenms 
the  method  on  first  trial. 

(d)  No  trouble  from  the  tongue  falling  back  into  the  air  passage. 

(e)  No  risk  of  injury  to  the  liver  or  nbs  if  the  method  is  executed  with 
proper  care. 

Aid  can  he  rendered  beet  by  one  who  ha*  etudied  iha  tvUm  and  Aas  leamsd 
tk«m  by  practice  on  a  volunteer  9uhje€i* 

S.  Inttructtons  for  rotuteltfttion.  Follow  thoM  inctmeUoag  •▼•& 
if  victim  appoan  de«d. 

I.— BKBAK  THE  OI&CVZT  IMKBDIATBLT 

(a)  With  a  mnifle  quick  motion  separate  the  victim  from  the  live  conductor. 
In  BO  doing  avoid  receiving  a  shock  yourself.  Many  have,  by  their  care- 
lessness, received  injury  in  trying  to  aisoonnect  victims  of  shock  from  five 
conductors. 

*  Copyright  by  National  Electric  Light  Association;  reprodnoed  by 
permission  (Par.  S  to  4). 


MISCELLANEOUS  APPLICATIONS  860.28-3 

OB8SETX  THX  FOLLOWIKO  PSSOAVTIONB 

(a)  Uae  »  dry  ooat,  a  dry  rope,  a  dry  stick  or  board,  or  any  other  dry 
non-conducior  to  move  either  the  victim  or  the  wire,  so  as  to  break  the  eleo- 
trioal  contact.  _  Beware  of  usins  metal  or  any  moist  material.  The  victim's 
looee  clothing,  if  dry,  may  be  used  to  pull  him  away;  do  not  touch  the  soles 
or  heelfl  of  hij  shoes  while  he  remains  in  contact — the  nails  are  dangerous. 

(b)  If  the  body  must  be  touched  by  your  hands,  be  sure  to  cover  them 
with  rubber  gloves,  mackintosh,  rubber  sheeting  or  dry  cloth;  or  stand  on  a 
dry  board  or  on  some  other  dry  insulating  surface.  If  posoible,  use  only 
one  hand. 

If  the  victim  is  oonductin|E  the  current  to  ground,  and  is  convulsively 
clutching  the  live  conductor,  it  may  be  easier  to  shut  off  the  current  by  lift- 
ing him  than  by  laying  him  on  the  ground  and  trying  to  break  his  grasp. 

(c)  Open  the  nearest  switch,  if  that  is  the  quickest  way  to  break  the 
(arcuit. 

(d)  If  necessary  to  cut  a  live  wire,  use  an  ax  or  a  hatchet  with  a  dry  wooden 
handle,  or  properly  insulated  pliers. 

n.-8BND  rO&  TBI  NBABI8T  DOCTOft 

This  should  be  done  without  a  moment's  delay,  as  soon  as  the  accident 
occurs,  and  while  the  victim  is  being  removed  from  the  oooduotor. 

m.— ATTEND  INSTAKTLT  TO  TIGTIH'8  B&XATKINO 

(a)  As  soon  as  the  victim  is  clear  of  the  live  conductor,  quickly  feel  with 
your  finger  in  his  mouth  and  throat  and  remove  any  foreign  body  (tobacco* 
false  teeth,  etc.).     Then 

begin  artificial  respira- 
tion at  once.  Do  not 
stop  to  loosen  the  pa- 
tient's clothinf^;  every  mo^ 
ment  of  delay  tt  aerious.^ 

(b)  Lay  the  subject  on 
his  belly,  with  arms  ex- 
tended as  strsight  for- 
ward as  possible,  and  *^ 
with  face  to  one  side,  so 
that  the  nose  and  mouth  "^^ 
are  free  for  breathing  (see 
F5g.  1).    Let  an  assistant 

draw    forward  the  sub-  'i<3'  I- — Inspiration;  pressure  off. 

ject's  tongue. 

If  possible,  avoid  so  laying  the  subject  that  any  burned  places  are  pressed 
npon. 

Do  not  permit  bystanders  to  crowd  about  and  shut  off  fresh  air. 

(c)  Kneel  straddling  the  subject's  thighs  and  facing  his  head;  put  the 

palms  of  your  hands  on 
the  loins  (on  the  muscles 
of  the  small  of  the  back), 
with  thumbs  nearly 
touching  each  other,  and 
with  fingers  spread  over 
the  lowest  ribs  (see 
Fig.  1). 

(d)  With     arms    held 
straight,  swing    forward 
__     5j-'    slowly  BO  that  the  weight 
.^<^*^^^  =  of  your  body  is  gradually 
'  brought  to  bear  upon  the 
Fia,  2.— -Expiration ;  pressure  on.  subject  (see  Fig.  2).  This 

operation,  which  should 
take  from  two  to  three  seconds,  mu8t  not  be  violent — internal  organs  may 
be  injured.  The  lower  part  of  the  chest  and  also  the  abdomen  are  thus 
compressed,  and  air  is  forced  out  of  the  lungs. 

(e)  Now  immediatelv  swing  backward  so  as  to  remove  the  pressure,  but 
leave  your  hands  in  place,  thus  returning  to  the  position  shown  in  fig.   1 
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Throuch  their  elaaticity,  th«  cheat  welb  expand  and  the  Innsa  aie  thai 
■upplied  with  fresh  air. 

(0  After  2  sec.  swine  forward  actin.  Thus  repeat  delibetsieir 
twelve  to  fifteen  times  a  minute  the  double  movement  of  oompreanon  aaa 
leleaM — a  complete  respiration  in  4  or  6  aee.  If  a  watch  or  s 
clock  is  not  visible,  follow  the  natural  rate  of  your  own  deep  breathinc— 
swinsing  forward  with  each  expiration,  and  backward  with  each  inspiration. 

While  this  is  being  done,  an  assistant  should  loosen  any  tight  eiothiag 
about  the  subject's  neck,  chest,  or  waist. 

(s)  Continue  artificisl  respiration  (if  necessary,  3  hr.  or  longer). 
withovi  inltrruplxon,  until  natural  breathini^  is  restored,  or  until  a  ph^ Bcias 
arrives.  Even  after  natural  breathing  begins,  carefully  watch  that  it  ooa- 
tinuea.     If  it  stops,  start  artificial  respiration  again. 

During  the  period  of  operation,  keep  the  subject  warm  by  applying  s 
proper  covering  and  by  laying  beside  his  body  bottles  or  rubber  bags  6Ued 
with  worm  (not  hot)  water.  The  attention  to  keeping  the  subject  warm 
should  be  given  by  an  assistant  or  aaaistants. 

(h)  Do  not  gnt  oity  Itfuidi  wAatetsr  by  wMvlh  until  (As  tubj*tt  U  faSi 
contciout. 

4.  nnt  ear*  ot  bnmi.  When  natural  respiratioa  has  bean  reatond. 
bums,   if  serious,  should  be  attended  to  until  a  doctor  comes. 

A  raw  or  blistered  surfaee  should  be  protected  from  the  sir.  If  clothug 
sticks,  do  not  peel  it  off — cut  around  it.  The  adherent  cloth,  or  a  dreaaiag 
of  cotton  or  other  soft  material  applied  to  the  burned  surfaee,  ahould  fas 
saturated  witii  picrie  acid  (0.5  per  cent.).  If  this  is  not  at  hand,  use  a 
solution  of  baking  soda  (one  tesispoonful  to  a  idnt  of  water),  or  the  wound 
may  be  coated  with  a  paste  of  flour  and  water.  Or  it  may  be  jtrotected 
with  a  heavy  oil,  such  as  machine  oil,  transformer  oil,  vsaelxne,  linseed,  carroa 
or  olive  oil.  Cover  the  dressing  with  cotton,  gause,  lint,  clean  waste,  eJeaa 
handkerchiefs,  or  other  soft  cloth,  held  lightly  in  plaee  by  a  bandage. 

The  same  coverings  ahould  be  lightly  bandaged  over  a  dry,  ohacrad  bora, 
but  without  wetting  the  burned  region  or  applying  oil  to  it. 

Do  not  open  blisters. 

•.  Physiolocy.  Victims  of  severe  electric  shook  may  suffer  from  a  oeaaa- 
tion  of  natural  breathing  or  from  an  impairment  of  ihdr  heart  action.  la 
cases  where  the  latter  condition  amounts  to  a  complete  stoppage  of  the  reco- 
lar  expansion  and  contraction  of  the  heart,  ana  where  the  organ  nter^ 
fibrillates  or  quivers  there  appean  at  preaent  to  be  no  adequate  relief,  aaa 
death  follows  speedily.  It  Is,  however,  extremely  difficult  to  diseriminate 
accurately  between  the  fibrillating  heart  and  one  in  which  the  action  has  bees 
greaUy  diminished;  in  the  latter  case  some  method  of  artificial  respiratioe 
may  prove  successful,  hence  the  correct  assumption  in  all  oases  ahould  be  the 
safe  one,  and  alleviatory  measures  should  be  undertaken. 

Artificial  respiration  may  be  successful  in  casea  of  suspended  remurmtaoa, 
and  also  in  caae*  of  impaired  heart  action.  The  weakened  heart  detracts 
from  an  already  impaired  reapiration  and  may  completely  annul  it.  In 
turn,  the  abaence  of  oreathing  reaota  upon  the  heart  and  comi>letely  qnella 
ita  feeble  beating.  If,  through  any  comUnation  of  theae  two  factors,  ths 
brain  cells  are  deprived  of  oxygen  for  longer  than  10  min.,  recovcfry  k 
impoasible  in  almost  all  eases,  hence  the  necessity  for  speedy  action. 

•.  OholM  of  •ohaefer  method  of  artifleialrMpiratton.  TheSehaefar 
method  was  chosen  as  a  result  of  experiments  which  were  performed 
upon  living  subjects  and  upon  completely  curarised  animals.  To  approxi- 
mate the  toneless  condition  of  unconscious  persons,  the  test  subjects  were  put 
in  a  state  of  apnoa  following  a  period  of  enforced  breathing  which  lasted 
several  minutea.  Experimenta  to  determine  the  elasticity  of  the  toneless 
bod/  were  made  upon  cadavers.  It  was  also  found  that  the  Schaef  er  method 
is  greatiy  Improved  by  the  extension  of  the  subjects'  anna  forward. 

T.  Meehanieal  rMpintwy  devloei  now  upon  the  market,  operate  by 
oxygen  pressure,  the  inspiration  being  made  under  pressure  and  the  expira- 
tion being  accomplished  by  suction.  The  inspiratory  gas  may  be  either  pur* 
oxygen  or  a  mixture  of  oxygen  and  air. 

t.  The  polmotor*  differs  from  other  types  of  oommercial  apparatus  in 

*  Report  of  Committee  on  Resuscitation  from  Mine  Oases;  Technical 
Paper  77,  U.  8.  Bureau  of  Mines,  1914. 
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iaX  the  revenalfl  of  raopiratory  flow  are  controlled  by  the  meohanism  of  the 
■Iniineiit.  It  conaista  of  a  doBel/  fitting  face  maak,  a  source  of  oxygen 
ad  the  reversinc  mechatiiam.  It  la  ao  eonatructed  tlwt  inapiration  ceaaea 
hen  the  entexinc  gaa  encounters  sufficient  reaUtanee  to  oauae  the  mechanUni 
>  revOTse  and  expiration  to  begin.  Thia  rerersal  ia  intended  to  result  from 
le  reaiatance  due  to  eompletely  fiUed  organs  of  respiration. 

Reoords  of  cases  in  which  the  pulmotor  has  been  used  are  not  oonvincing 
liat  itla  superior  to  or  even  the  peer  of  the  Schaefer  method,  properly  applied. 
L  is  claimed  that  two  factors  interfere  with  its  successful  use.  In  toe  first 
lace,  aa  the  reveraal  of  respiratory  flow  is  controlled  automatically,  there 
I  no  assurance  that  inspiration  majr  not  be  changed  to  expiration  too  soon, 
I  the  reanlt  of  obstructions  in  the  air  passages  which  act  upon  the  reversing 
lechaniam  before  a  complete  ventilation  haa  taken  place.  It  is  possible  to 
verooma  this  clefect  by  manually  controlling  the  operating  mechanism  and 
bus  extending  the  inspiration  to  the  proper  limit.  The  second  factor 
I  obaerved  in  connection  with  expiration  by  auction.  The  finer  bronchi- 
las  are  provided  with  no  cartilaces  to  stiffen  them,  and  when  air  is 
naked  from  the  trachea  and  from  the  larger  bronchi,  these  bronchiolea  are 
Jnly  to  close  before  air  can  be  drawn  through  them  from  the  alveoli. 
^vtbermoire,  during  the  procMiss  of  suction*  the  walla  of  the  bronchioles  and 
tveoli  nuiy  collapse  and  stick  together,  rendering  the  subsequent  inspiration 
sore  difficult,  and  further  decreasing  the  ventilation.  The  escape  of  air 
■to  the  stomach  has  been  observed  to  cause  movements  of  the  thorax  which 
ItmAy  simulate  respiration,  while  actually  no  air  enters  or  leaves  the 
ironchial  tree. 

9.  Ptukryi^sal  insufflation*  is  a  method  of  meehanically  applied 
rtificial  respiration  which  has  been  recommended  by  the  Commiaaton  on 
Issoscitation  as  a  aatlsfaetorv  supplement  to  the  prone-pressure  (Schaefer) 
oethod  in  cases  of  suspended  respiration.  Inspiratory  air  enters  through  a 
nbe  inserted  in  the  pharynx,  and  so  oonstructed  as  to  conform  to  the  human 
■natomy  in  order  to  prevent  the  escape  of  air  through  the  mouth  and  nasal 
lasaagea.  An  oxygen  tank  or  a  pair  of  foot  bellows  supplies  the  necessary 
treasure,  and  reversals  of  respiration  are  controlled  by  the  operation  of  a 
•apiratorv  valve,  which  can  oe  conveniently  held  and  operated  with  one 
land.     Tnia  valve  is  essentially  a  three-way  cock  which,  when  the  valve 

■  in  one  position,  will  furnish  communication  between  the  source  of  preasurs 
nd  the  pharyngeal  tube,  and  when  in  another  position,  will  allow  a  free 
sptration  to  the  atmosphere  while  the  pressure  lead  is  shut.  In  case  a 
neciaily  constructed  pharyngeal  tube  is  not  available,  it  is  possible  to  use  a 
aoae-fitting  mask,  provided  with  a  tube  for  connection  to  the  valve.     Air 

■  prevented  from  entering  the  stomach  by  placing  a  heavy  weight  upon  the 
ibdomen;  this  may  be  reinforced  by  a  belt,  though  a  belt  alone  shoula  not  be 
Ispended  upon.  A  weight  upon  the  abdomen  may  likewise  render  good 
»rvioe  to  a  failing  circulation  oy  increase  of  blood  pressure.  In  cases  where 
t  is  found  impracticable  to  use  weights,  the  air  may  be  drained  from  the 
Momaeh  through  a  tube  which  furnishes  communication  between  the  stomach 
uid  the  outside  air.  This  stomach  tube  passes  through  the  pharyngeal 
wba,  but  interferes  in  no  way  with  the  process  of  insufflation.  This  macmne 
s  lisht  and  can  be  oonstructed  at  relatively  small  expense. 

10.  Ovrrent  toleranee  of  the  human  body.  It  waa  announced  many 
rears  SCO  by  Tesla.  Elihu  Thompson  and  D'Arsonval.  that  alternating  currents 
)f  hich  frequency  produced  little  sensation  when  passed  through  the  human 
body*  eomiMrea  with  alternating  currents  of  low  frequency  and  equal 
ftrsogth.  Tests  have  been  made  to  determine  the  "tolerance  current  of 
rarfoos  individuals  at  several  frequencies.  The  tolerance  current  waa 
irbitrajily  assumed  aa  the  limiting  current  strength  which  the  subject  could 
take  through  his  arma  and  body,  without  marked  discomfort  or  distresB. 

It  was  found  that  for  each  inoividual,  there  is  a  marked  increase  of  current 
itrmngth  which  may  be  tolerated,  as  the  frequency  ia  increased  from  11.000 
bo  100,000  cycles  per  sec.  A  man  can  tolerate  only  about  30  milliamperes 
fet  11,000  cycles  per  sec.  but  can  tolerate  nearly  half  an  ampere  at  100,000 
syeisa  per  sect     Although  the  toleranoe  ourrent  was  found  to  inoreaae 

*See  Journal  of  American  Medical  A»$oeiat%ont  1913,  Vol.  LX.  d.  1407. 

t  Kennelly,  A.  E.  and  Alexanderson,  E.  F.  W.  **  The  Physiological  Toleiw 
anee  of  Alternating-current  Strengths;"  XUctrical  Wartd,  1910.  Vol.  LVI, 
pass  IM. 
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Twy  rapidly  above  11,000  oyoles  per  seo.,  the  increaae  between  60  eyda 
and  11,000  cyolea  was  muoh  leaa  rapid,  raucog  from  about  6  miUiamp^raa 
at  60  oyclea  to  30  milliamperea  at  11,000  oycles. 

ELECTRIC  HEATING  AND  COOKING 

BT  W.  B.  BADAWAT,  JK. 

JSbetrte  Heating  Bnoint»r,  FtUoa,  Amer.  Intt.  of  Bite.  Bng. 

11.  Field  of  application.  Electric  heating  «>paratus  ia  eztram^ 
ecoQomioal  of  heat,  iiroduoinjs  it  at  the  poiat  and  rate  deaired.  There* 
fore  electric  heating  is  especially  adapted  to  application  in  tlioae  places 
where  heat  is  to  be  focaliied  for  a  certain  purpoae,  such  as  cookins,  weidinc 
industrial  work,  etc.  When  electric  energy  costs  from  $0.03  to  S0.05  per 
kw-hr.,  it  can  compete  with  ^aa  at  from  Sl.OOto  $1.50  per  1,000  oa.  ft. 

In  those  places  where  cost  is  a  relatively  unimportant  item  in  eompariaosi 
with  convenience,  such  as  on  board  ship,  in  street  caia,  sick  rooma,  etc 
electricity  can  properly  be  used  for  heating  rooms. 

11.  Heat  generation.  There  are  three  common  methods  of  converting 
electrical  energy  into  heat;  which  are  as  follows;  (a)  the  electric  are,  which 
is  used  to  obtain  extremely  high  temperaturee  such  as  are  required  in  fumaoes; 
(b)  the  passage  of  an  electric  current  through  a  resistor  which  is  used  in  the 
construction  of  medium-temperature  and  low-temperature  appUanoea  soch 
as  the  domestic  heating  devices;  (e)  the  induction  tjrpe  of  heater,  used  widely 
in  electric  welding  machines,  where  the  metal  to  be  welded  is  the  secondary, 
and  also  used  in  nigh-temperature  furnaces. 

1$.  Heat  transfer.  Heat  energy  lost  by  a  body  is  expended  by  radiatnn 
convection  and  conduction. 

14.  Radiation.  Radiated  heat  is  transmitted  or  projected  in  straight 
lines  from  the  radiator  to  any  object  at  a  lower  temperature,  iritbout  the 
intervention  of  matter.  Thus  the  heat  from  the  sun  is  radiated  to  the  earth 
through  the  ether. 

The  quantity  of  heat  radiated  from  a  body  is  dependent  upon  the  foUowiog: 
(a)  the  smoothness  of  the  heated  surface;  (6)  the  form  of  the  surf aoe,  such  as 
flat,  corrugated,  etc.;  (c)  the  location  of  the  heated  surfaoe;  (d)  the  tempera- 
ture diflerenoe  between  the  heated  surface  and  the  surrounding  air. 

1$,  Coefflolenta  of  radiation.  The  following  table  gives  the  radiatioa 
ooefBcients  K  for  various  surfaces  as  estabuahed  by  Pectet.  The 
general  formula  for  loss  of  heat  by  radiation  is: 

B.t.u.-JTATCr-ri)  (1) 

where  JC  — radiation  coef.,  AT  — number  of  sq.  ft.  radiating  surfaoe,  and 
(r—Ti)' temperature  difference  in  degreee  fahr.  This  formula  holds  only 
for  small  differences  of  temperature. 

Values  of  K 


Surface 

B.t.u.  per 

deg.  Fahr. 

per  sq.  ft. 

per   hr. 

Surface 

B.t.u.  per 

deg.    Fahr. 

per  sq.  ft 

per    hr. 

Polished  silver 

Poliahed  copper 

0.026S7 

0.03270 

0.04395 

0.04905 

0.05490 

0.08585 

0.0920 

0.1326 

Ordinary  sheet  iron 

Glass 

0.5662 
0.5948 
0.6480 
0.6868 
0.6868 
0.7368 
0.7400 
1.08.W 
1.48 

Cast  iron,  rusted « 

Sheet  iron,  rusted 

Wood 

Polished  brass 

Tinned  iron,  polished. . 
Sheet  iron,  polished. . . . 
Sheet  lead 

Water 

Oil 

16.  Radiation  between  bodies  of  widely  dlflwtng  tamperaturea. 

The  table  in  Par.  15  is  true  only  for  differeDcea  in  temperature  not  more  than 
10  deg.  Fahr.  (5.6  deg.  cent.).  For  greater  dtfferencee  in  temperature,  a 
variable  coefficient  Xi,  given  in  the  f ollowin     •  •  •     ■  ..... 


B.t.u. 


ring  table,  is  used  in  the  formnia: 
'KiK.N.(.T-Tx)  tJ) 
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Valuei  o{  K                                                 | 

TUB.  in  temp. 

Ratio 

Dilf.  in  tamp. 

Ratio 

Diff.  in   t«mp. 

Ratio 

Deg.  F»hr. 

«. 

Def .  Fahr. 

Si 

Doc.  Fahr. 

JCi 

10 

1.16 

1«0 

i.ei 

310 

2.34 

20 

1.18 

170 

l.«6 

320 

2.40 

SO 

1.30 

180 

l.«8 

380 

2.47 

40 

1.33 

190 

1.78 

340 

2.64 

60 

1.36 

200 

1.78 

360 

3.60 

60 

1.37 

210 

1.82 

360 

3.68 

70 

1.82 

230 

1.86 

370 

3.77 

80 

1.86 

230 

1.90 

380 

3.84 

90 

1.38 

240 

1.96 

390 

3.98 

100 

1.40 

250 

2.00 

400 

3.02 

110 

1.44 

260 

2.06 

410 

3.10 

130 

1.47 

270 

2.10 

420 

3.20 

130 

1.50 

280 

2.16 

430 

3.30 

140 

1.54 

290 

2.21 

440 

3.40 

ISO 

1.57 

300 

2.27 

450 

3.60 

IT.  ConTMtlon.  Heat  tranifer  from  a  body  by  oonveetion  ii  a  form 
of  oonduction  in  whioh  the  heat  is  abeorbed  and  carried  away  b^  the  nir- 
roiindinff  medium,  which  is  in  motion.  Conrected  heat  ia  mainly  influenoed 
\xy  the  foUowina  conditions:  (a)  the  velocity  of  the  paenng  air;  (b)  the  extent 
of  the  friction  between  the  body  and  the  air.  due  to  the  surfaoe  condition; 
(c)  the  temperature  difference  between  the  air  and  the  heated  lurface;  (d)  the 
location  of  the  heated  surface,  whether  at  the  top,  bottom  or  tide  of  the  body. 

IS.  OonduetlDn  of  heat  ia  simply  the  transference  of  heat  throuah 
matter  without  visible  molecnlar  motion.  Conduetion  of  heat  is  comparable 
to  the  transmission  of  electric  current  through  a  conductor,  under  the  fol- 
lowing assumptions:  (a)  that  the  temperature  difference  is  similar  to  the  dif- 
ference of  potential;  (b)  that  thermal  resistanoe  is  similar  to  eleotrio  resist- 
ance. With  these  assumptions,  the  thermal  resistanoe  may  be  expressed 
as  follows: 

L 


XiA 


13) 


Where  L  is  the  length  of  |>ath,  A  is  the  cross-eection  and  Xi  the  thermal 
conductivity.  For  a  table  of  thermal  conductivitiee  of  various  substances, 
see  See.  4.  The  flow  of  heat  which  a  given  temperature  difference  will 
establish  through  a  given  thermal  resistanoe  equals  the  difference  in  tem- 
peratxire  divided  by  tne  thermal  resistanoe. 

It.  Bailiton.  One  of  the  essential  qualifications  necessary  in  heating 
kpparatus  is  that  the  operation  of  the  electric  heater  be  as  rapid  as  possible. 
In  this  manner  the  losses  are  reduced  and  appliances  of  the  highest  efficiency 
and  lowest  operating  cost  are  obtained.  New  resistance  materials  available 
in  recent  years  have  aided  this  development  materially,  in  the  respeot  that 
the  alloys  can  be  rated  much  higher,  and  thus  answer  the  requirements  of 
Kood,  high-duty  resistors. 

These  requirement*  may  be  stated  as  follows:  (a)  no  oxidation;  (b) 
high  roeltinji  point;  (c)  high  specific  resistance;  (d)  low  temperature  coeffi- 
cient of  resistance;  (e)  no  deterioration  or  aging  due  to  repeated  heating 
and  cooling;   (0  uniformity  of  cross-section;    (g)  freedom  from  impuritiee. 

to.  The  raiiiton  most  widely  med  at  the  prMcnt  time  by  manufac- 
turera  of  heating  devices,  are  comprised  of  niekel-ehromium  alloys 
(Sec  4).  These  not  only  satisfy  the  requirements  of  withstanding  oxida- 
tion and  hi^  specific  resistance,  but  can  be  operated  safely  at  high  tempera- 
tures and  without  danger  of  burning  out  the  unit.  _  The  German  silver  reeiBt- 
ors  become  brittle  after  repeated  heating  and  cooling.  Copper-niolcel  is  still 
used  for  low-temperature  work.  The  materials  of  nickel  steel  oxidise  in  the 
open  ur,  and  are  only  used  when  protected  by  special  cements  or  enamels. 
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II.  Ilaotriiwl  iaioUtion.  The  beet  form  of  insuUtion  that  eu 
UMd  in  the  oonfltruotion  of  eleottio  heating  davioM  ia  mica  (Sec.  4).  TU^ 
is  true  beoaiua  mica  can  withstand  high  temperatnrea  better  than  asr  otlMT 
material.  The  high  eoet  of  dear  mica,  however,  has  resulted  in  some  essM 
in  the  uee  of  mioanite,  sheet  asbestos,  special  cements  and  enamels  Is 
advantage. 

Among  the  insulators  suitable  for  such  high  temperatures  aa  are  reqoinJ 
tn  furnace  work  are,  chalk,  soapstone,  lava,  fire  clay  and  quarts.  Soaprtoas 
is  one  of  the  oldest  insulators  used  in  electric  heating  devices. 

n.  OonatraoUon  of  ratUtor  unit*.  There  is  no  one  type  of  the  n- 
■Istor  unit  adaptable  to  all  forms  of  construction,  ao  that  a  number  of  good 
oonatnictioQS  are  at  present  in  use.  These  are  as  follows:  (a)  expcaid 
eoib  of  wire  or  ribbon  open  to  air  and  wound  around  inaulatiiiig  material; 
(b)  wire  or  ribbon  in  form  of  coils  or  flat  layers  embedded  in  enamel,  asbeatoiL 
cements,  soapstone,  mica  and  other  non-eonductora;  (e)  film  of  metal,  find 
oin  enamel,  glass  or  mica;  (d)  metallic  powder  mixed  with  clay  and  compressed 
in  forms,  and  crystallised  silicon  in  tubes  of  tf  ass;  (e)  inoandesoent  filamentt 
in  vacuum. 

IS.  Room  heating.     An  empirical  formula  for  energy  required  in  roemt 
heated  electrically  (black-body  radiation)  is  stated  as  foUows: 
B.t.u.    per   hr.      2.71  (T-  Ti)  N 

''•**•  ZM ZM **' 

where  T—T\  is  the  temperature  difference  in  deg.  Fahr .'.between  the  heated 
surface  and  the  room,  and  N  is  the  number  of  square  feet  of  radiating  surface. 
One  watt-hour  (3.41  B.t.u.)  will  raise  the  temperature  of  1  aq.  ft.  of 
oommon  radiator  surface  approximately  1.28  deg.  Fahr.  (0.70  deg.  Osnt.). 

14.  Car  heating  and  TsntUation.  The  modem  city  ears  with  dosed 
vestibules,  tight  window  sashes,  etc.,  so  reetrict  the  leakage  of  air  that  some 
means  of  arUfidat  ventilation  is  highly  desirable,  eapedally  in  cases  whsR 
heavy  traffic  is  combined  with  low  speed.  Cars  ninning  at  high  speed 
can  maintain  sufficient  ventilation  through  openings  of  moderate  ase. 
In  1900  the  Chicago  Board  of  Health  oarriea  out  a  series  of  experiments  with 
various  commercial  systems  of  car  ventilation  and,  as  a  result,  the  followiai 
standard  requirements  were  formulated. 

At  least  38,000  cu.  ft.  of  air  per  hr.  must  be  supplied  to  each  car.  Thii 
air  must  enter  at  or  near  the  6oor  line  from  as  many  points  as  poasible, 
primarily  to  give  a  proper  distribution,  and  slso  to  prevent  drafts.  This 
air  must  be  heated  as  it  enters  the  oar,  and  the  foul  air  must  be  removed 
at  or  near  the  ceiling  and  from  aa  many  pointa  as  possible.  The  temperatoie 
in  the  car  shall  not  be  over  52  deg.  Fbot.  A  temperature  of  41  to  46  dec. 
Fahr.  is  considered  high  enough,  as  the  passengen  have  on  heavy  elotliing 
and  overcoats.  Some  heat  is  required,  nowever,  because  if  the  air  is  not 
warmed  upon  entering,  it  will  be  more  readily  noticeable  as  a  draft,  and  u 
the  passengers  are  not  exereising,  they  wiu  require  a  somewhat  higher 
temperature  than  if  they  were  walking  in  the  outdoor  air. 

Assuming  that  a  large  pay-aa-you-enter  ear  is  heated  to  52  deg.  Fahr. 
when  the  outside  temperature  is  0  deg.  Fahr.  it  wilt  radiate  about 
18,300  B.t.u.  per  hr,  from  the  sides,  floor  and  roof.  One  hundred  passen- 
gers will  generate  38,000  B.t.u.  Subtracting  from  this  the  18,300  B.t.ii. 
radiated,  it  will  be  seen  that  the  passengers  will  not  only  make  ap 
the  heat  radiated  from  the  ear,  but  will  contribute  19,700  B.t.u.  toward 
the  heating  of  fresh  air.  If  38,000  cu.  ft.  of  air  are  taken  inat  0  deg.  Fahr. 
34,544  B.t.u.  are  required  to  raise  its  temperature  to  52  deg.  Fahr.  Sub- 
tracting the  19,700  B.t.u.  furnished  by  the  paaseogera  leaves  14  844  B.Uu. 
per  hr.,  or  about  4.3  kw-hr.,  as  the  amount  of  heat  energy  required  to  be  fur- 
nished by  resistance  coils.  Thus  the  cost  of  heating  the  oar  would  be  6.4 
cents  per  hr.  assuming  that  energy  costs  1.6  oenta  per  kw-hr.  at  the  car. 
M.  Power  Kequired  to  Beat  Can 


Car  length,  ft. . .     14  to  16      18  to  22 
Power,  kw 3. 6  to  4  4  to    6 


22  to  26 
6to6 


28  to  32 
6to    8 


30to      40 
9  to  10.5 


NoTs. — These  figures  represent  the  maximum  power  with  heater  switch 
llJlnll  on,"  and  under  average  service  in  a  latitude  about  like  New  York. 
The  Ugber  values  of  power  apply  to  high-speed  suburban  roads. 
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I*.  R««t  OlT«n  oA  by  th*  Bnmui  Bodr 


Author- 
ity 

B.t.u. 
^r! 

Author 
ity 

B.t.u 

IV. 

Infant 

Rubner 
Rubner 

Rubner 

Rubner 
Rubner 

03 
880 

470 

S50 
3S0 

Child  6  years 

Barrel 
Barrel 

Barrel 

Barrel 
Barrel 

240 
810 

440 

510 
480 

Adult  at  rert. 

Adult     at     medium 
^ard  work 

Adult      at     medium 

bard  work 

Adult  in  old  age 

Man  20  years  of  ace  in 

atmosphere    whose 
temp,  la  31  deg.  Fahr. 

Same,  temp.  68  deg. 
Fahr 

Man,  SB  years 

Woman,  32  years 

Peften  Kofer  states  that  the  mean  heat  radiated  from  an  adult  at  70  de^ 
XUir.isMO  B.t.u.  per  hr.,  and  200  B.t.u.  from  a  ohild. 

St.  AdT»ntages  of  elaetrle  heating.  The  general  adrantagea  gained 
by  dectrio  heating  are  as  follows:  (a)  the  elimination  of  exploaion  and 
fire  risk;  (b)  the  absence  of  smoke  and  fumes;  (o)  the  ease  of  variation,  exact 
dnplieation  and  control  of  temperature;  (d)  the  localisation  of  heat  where 
dosired.  These  advantages  result  in  a  reduction  of  insurance  rates,  better 
irorkiDg  conditions,  and  a  superior  product. 

M.  Ooat  of  op«ratin<  heating  devleai.  The  cost  depends  entirely 
on  two  variables  each  of  which  has  a  wide  range;  flrat,  the  unit  cost  of  energy, 
whieh  is  determined  by  local  conditions;  second,  the  efficiency  of  the  ap- 
psumtus,  which  depends  upon  its  design. 

The  following  results  are  given  as  tlie  comparative  charges  for  gas  and 
electric  cooking; 


Else,  per 
kw-hr. 


Oas  per 
1,000  cu.  ft. 


R.  Borlase  Matthews;  Oct.  0,1911;  Blte.Sn.. 

London  

W.  R.  Cooper;  Inst,  of  Else.  Eng.,  Nov.  28,  1808 
Heating  Committee;  Ass'n.  of  Edison  Ilium. 

Co.  (Sept.,  "07) 

James  I.  Ayer;  N.  E.  L.  A.  Report,  May,  1904 


to. 033 
0.03 


0.02S 
0.0227 


tl.OO 
1.00 


1.00 
1.00 


M.  A  gantral  ml*  for  cooking  is  to  allow  one-third  kw-hr.  per  person 
per  meal.  The  following  table  shows  the  result  of  comparative  experiments 
on  the  cost  of  electric  cooking  for  three  persons  extending  over  a  period  of 
three  months,  by  W.  R.  Cooper,  Institution  of  Electrical  Engineers,  September 
25,  1908. 


Period  1901 

Kw-hr. 

For  one  month 

Per  day 

March  22-April  22 

67.04 
63.55 
66.31 

2.24 
2.19 
2.21 

May  1-May  31 

June  1— June  30 

M.  Iqttlpment  of  Hotel  Motorbobon.  *  Boiler  for  soups  and  meats,  a 
potato  steamer  and  table  range.  Boiler — 3  heats,  3  kw.  capacity,  15 
gal.,  boil  water  in  30  min.  Potato  steamer — 1  kw.  capacity,  10  gal., 
water  jacket,  5  qt.  water,  boil  water  in  10  min.  Table  Range— -4  plates, 
12  in.  diam.,  each  1.5  kw.,  4  plates  8{  in.  diam.,  each  1  kw.,  total  11.2  kw. 
Largs  range— -8  plates — 2  roasting  ovens,  3  kw.  each,  total  16.2  kw. 

*  Electric  Cooking  and  Heating  in  Hotels,  Slectrtetaa,  July  10,  1907. 

1723  Digili^edbyV^iUUyie 


S«C.  22-31         UJSCEU.ANBOU8  APPLICATIONS 


II.  Meat  tfnlnkac*-  An  interacting  erparimaiit  upon  aooUnc  of  meati 
•hows  that  the  shrinkage  in  oooking  by  electrioitr  ii  mm  than  tlist  by  coal 
or  gu  ("  Electricity  tor  Everybody  by  R.  Borlaae  Matthews,  pubUehod  in 
London,  1812). 


Beef 

Wt.  joint  when 
eooked 

Wt.  to  be  ordered  from  butelier  when  eookiiig  ia  done 
by: 

Eleetrioity 

Coal 

Ga*                1 

Lb. 

Lb. 

Oi. 

Lb. 

Os. 

Lb. 

Oi. 

4 

S 

8 

10 

12 

4 

S 

B 

11 

13 

8 

13 

2 

8 

10 

5 

8 

11 

14 

17 

11 
0 
7 
6 
2 

8 
11 
14 
17 

14 
13 
13 

{} 

Mutton                                                       1 

Wt.  joint 
wlien  eooked 

Wt.  to  be  ordered  from  butcher  when  oooking  ia  done 
by: 

Electricity 

Coal 

Gas              1 

Lb. 

Lb. 

Os. 

Lb. 

Os. 

Lb. 

Os. 

4 

6 

8 

10 

12 

4 

6 

9 

11 

13 

8 

13 

2 

6 

10 

5 

8 

10 

13 

16 

7 

2 

13 

8 

4 

S 

8 

11 

13 

16 

8 

S 

2 

15 

11 

n.  Energy  Conminptioii  and  Coat  of  Operating  Donieatle  Beotrleal 
DeTieea 


Article 


Average 
watt-con- 
sumption 


Period 
of  opera- 
tion 


Cost  during 

period  at 

10  cents  per 

kw-hr. 


Luminous  air  heaters 

Convectors 

Ranges  (3  to  6  people — 3  heats) . . . 
Stoves — 3  in  disc 

8  in  disc 

Toasters 

Plate  warmer* 

Chafing  dishes 

Samovars 

Percolators 

Pint  baby  milk  warmers 

Bath  heatern 

Sterilisers 

Bar  heater»— inst 

Irons— 3i  lb 

eib 

Curling  irons 

Heating  pad 

Cigar  iigbtera 

Hair  dryers 

Foot  warmers 


250-1000 

1000 

1000-4515 

200 

800 

600 

300 

400 

300 

300 

250 

2000 

1000 

990 

250 

550 

60 

50 

76 

500-1000 

60 


Variable 
30  min. 
Ihr.. 
15  min. 

19  min. 

5  min. 
1  hr. 

20  min. 
20  min. 
20  min. 

6  min. 
15  min. 
80  min. 

1  min. 
SO  min. 
30  min. 
15  min. 
Per  hr. 

10  min. 
Ihr. 


Variable 
.05 

.10  to  .45 
.00} 
.02 
.00) 
.03 
.Olt 
.01 
.01 
.OOi 
.05 
.05 
.00} 
.Oil 
.02i 
■  OOA 
.001 

.OOl-.OU 
.006 
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M.  BkUac  date.* 

Elecirie  Cooking  and  Heating  in  Hotels,  Bltetrieian,  July  19,  1907. 


Si»  oven, 
cu.   in. 

Lb. 
bread 

lime, 
min. 

Energy  ueed 

Ou 

0400 
6137 

8 
9 

S8 
fi2 

31  ou.  ft.  gas 

0.92  Icw-hr. 

Eleetricity 

The  United  Statoa  Navy  has  adopted  electric  heating  devioea  tor  cooking 
and  baking  on  war-ohipa,  finding  that  they  are  cheaper  to  operate,  occupy 
leas  apaoe,  are  cleaner,  and  give  Better  reaulta. 

It.  Induitrlal  haatiiaf .  In  industrial  trades,  due  to  the  large  eon- 
aumption  of  electricity,  manufacturers  can  obtain  a  very  favorable  rate 
for  eleotridty.  In  many  industries  it  has  been  found  cheaper  to  operate 
an  isolated  plant,  using  a  dual  system  of  exhaust  steam  and  electric  heating. 
Tba  exhaust  steam  is  used  for  low-temperature  heating  and  electricity  for 
high  temperatures.  In  these  isolated  ^ants  the  coet  per  kw-hr.  depends 
a^n  the  load  factor  and  the  uses  of  exhaust  steam,  and  varies  from  a 
minimum  of  leas  than  1  cent  to  approximately  2)  cents. 

The  following  trades  are  using  electrically  heated  devices  on  a  large  scale 
to  advantage:  natting.  laundry,  newspaper,  printing  and  publishing,  candy, 
clothing,  buttons  and  celluloid,  paper-box,  shoes,  furniture,  handkerchiefs. 
gloTes,  tin-can  manufacturing,  branding  and  many  leather  ipods  industries, 

In  many  cases,  even  where  the  electricity  charges  are  high,  it  has  been 
nroTOn  that  the  total  cost  of  production  is  cheaper  by  using  electrically 
heated  devices  as  compared  with  gas.  The  better  working  conditions, 
absence  of  exhaust  gases,  and  control  of  temperature,  have  raised  the 
efflciencv  of  the  workman  and  the  machine,  resulting  in  fewer  producte 
■erappea,  and  also,  including  rejected  and  accepted  producte,  more  utidee 
produced  per  day. 

II.  Laundry  AppUaneei 


Watte 


Flat  irons,  6  A  7  lb 

Flat  irons,  9  lb 

Sleeve  and  yoke  ironer 

Combined  hand  ironer 

BlaaTe  ironers— 10  in 

Sleeve  ironeia— 16  in 

Wriat  band  ironer 

Band  ironer,  4^  in.  shoe 

Band  ironer,  0  in.  shoe 

Body  ironers-12  in.  roll 

Body  ironers-24  in.  roll 

Drop  board  ironef^l2  in 

Drop  board  ironer-18  in 

O-C  ironers 

Collar  A  cuff  press 

2-loop  conv.  D.R.  (88i  in.XlOO  in.X82|in.) 

ft-loop  conv.  D.R.  (122i  in.  X 100  in.X82|  in.) 

Dry  rooms  for  cu.  ft 

(From  Troy  Laundry.  Machine  Co.) 

H.  Tailoring  AppUamoes 


soo 

600 
1,300 

1.080 

1,820 

600 

520 

680 

1,140 

2,260 

2,050 

3,080 

1,650  to  3,860 

1,600 

13,000 

23,500 

40 


Narrow  iron — 15  lb. 

Wide  iron 

Machine  iron 


Watte 

700 
800 
770 


*.Oray,  Harold.     "Electric  Heating  as  applied  to  Cooking  AppUanoas,' 
Asetrieol  Retitw,  London,  Feb.  10,  1911. 
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Sec.  23-37       miscbllanbous  APPUCAvroNS 


<T.  Hat  Manufsetura 


WsUs 


Hand  Bhells— 9  lb 

Hand  shells— 15  lb 

Velouhng  stovos,  small 

Velouring  stoves,  large 

Doran  machine  iron — No.  1  h  No.  2. 

Doran  machine  iron — No.  3 

Turner  ft  Tweedy  curling  iron 

Newark  machine  iron 

Segaohneider  curling  iron 

Flangins  bags 

Hand  flats 

Ovens 

Hat  forms 

Hat  press  (according  to  sise) 

Hat  brim  ironera  (13  in.  outside).. . . 
Hat  brim  ironers  (172  in.  outside).. . 

Hand  shackle 

Tip  presses 

Embossing  heads 

Pressing  machine  (straw  hats) 


300 
500 
316 
450 
300 
275 
750 
400 
110 
440 
600 
Variable 
500 
1000  to  4000 
140 
310 
275 


tS,  Candy  Blanufactura 


Watts 


Chocolate  warmers,    4  qt 
Chocolate  warmers,  10  qt 

Side  pans 

Batch  warmers 

Bon  bon  heater 

Decorating  funnels. 


45 

94 

18 

600 

200 

100 


n.  Wood-workinff  Appllaneei 


Watts 


Glue  pots,  1  qt 

Glue  pots,  4  qt 

Box-covering  machine 

Branding  irons 

Knowlton-Beach  belt  machine 


300 
500 

165 
185 
610 


40.  Metal  Worldnc  ApplUneai 


WatU 


Soldering  irons — 1}  lb 
Soldering  irons — 10  lb 

Branding 

Annealing  furnaces . . . 
Soldering  pots-4  lb. . . 
Soldering  pot*-10  lb. . 


70 
600 
186 
200 
200 
400 


41.  OaUnloid  Manofaetor* 

Watts 

Press  head — 5in.X8in 

70 

Plate  beater — 9  in.  X9  in 

200 

Die  heater 

«n 

^^^    1       --     1 
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UiaCBLLANBOVS  APPLICATION H         Sec.  33-42 
41,  Printing  and  Bookblndlns  Appliances 


Watti 


Linotype  pota 

Monotype  Dots 

Matrix  beoa 

1-qt.  clue  pota 

4-qt.  glue  pota. 

Back  rounaen 

Preoa  heads — emboaaing 

Matrix  SGorchen 

Olue  cooken — 25  gal 

Sweating  plate — 14  in.  X 14  in 

Sweating  plate — IS  in.  X25  in 

Wax  kettle — 20  in.  dia.,  17  in.  Deep 
Wax  stripping  table — 28  in.X34  in. 

Composition  Kettle 

Flnianer'a  tool  heater 

Palette-elact.  heads— 3  in.  X 10  in. . . 

Bench  lever  stamp 

Felt  btimers 


600 
1300 
2500 
300 
500 
200 


1000 

1200, 

3200 

3710 

6100 

4000 

560 

235 

1650 

110 


a.  Shoe  Mftchinary 

{  WatU 

60 

60 

600 

200 

Relasting  irons 

Shoe  ironing  tools ...        .... 

ELECTRIC  WELDING 
BT  OTIS  ALLBH  KXHTOH 

ConsuUing  Bhctrical  Engineer,  AtaociaU,  Afn«rtcan  IntlituU  of  EUdrieal 
Engineer  a 

M.  There  are  three  distinct  proceuei  of  electrio  welding,  (a) 
the  incandescent  prooeaa;  (b)  the  carbon  arc  prooeaa;  (c)  the  metallic  are 
proceea. 

TBOMPBOH  P&OOmS 

M.  Temperature  dlitributlon.  In  making  welds  it  is  important 
that  the  temperature  distribution  over  the  face  of  the  joint  shoula  be  as 
uiuform  as  poaaible.  Alternating  current  aaaistg  in  meeting  these  require- 
ments aa,  on  account  of  akin  cflfect,  the  current  density  is  greater  near  the 
surface  than  at  the  center,  which  tends  to  maintain  an  even  temperature 
throughout  the  joint  in  spite  of  the  radiation  from  the  surface.  On  account 
of  the  neeeaaity  for  uniform  temperature  distribution,  it  ia  impracticable  to 
butt  weld  two  plecea  of  different  areas,  as  the  smaller  one  will  become  much 
hotter  than  the  large  one.  For  this  same  reason  it  is  also  impractical  to 
butt-weld  larfte  surfaces,  aa  the  current  will  not  distribute  itself  uniformly 
over  the  seetion. 

M.  The  ineandeicent  procew  (known  aa  the  Thompion  proceii) 
is  primarily  suited  for  manufacturing  process  where  more  or  less  standard 
welds  are  made.  The  principle  of  vtoB  process  consists  in  connecting  the 
joint  to  be  welded  in  a  low-potential  alternating-current  circuit  and  applying 
a  definite  mechanical  prauure  to  the  joint  while  the  metal  ia  at  the  welding 
temperature.  The  heating  energy  may  be  taken  from  any  alternating- 
current  system.  _  The  welding  machine  itself  oonsista  of  stiitable  clamps 
for  holding  the  pieces  to  be  joined,  and  a  means  of  applying  pressure.  The 
damps,  together  with  the  joint,  close  the  secondary  circuit  of^a  transformer, 
and  these  terminals  are  usually  water  cooled.     Fig.  3  gives  the  average 
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SeC.Sfi-47  MI8CSLLANBOV8  APPLICATIONS 

power  and  time  required  to  make  weldfl  of  iron  and  steel  by  the  ineaodaseeiit 
process.  It  may  be  noted  that  the  {Xiwer  in  kilowatts  and  the  time  in 
seconds  are  numerically  equal.  Herman  Lemp  states  that  the  ener^  re- 
quired to  bring  iron  to  the  welding  temperature  is  approximately  Tn.p.- 
min.  per  cu.  in.  of  metal. 
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Ar«aBg.lB. 
Fio.  3. — Power  and  time  required 
to  butt-weld  iron  rod  by  incaadeaoent 
process. 


§2 


Plate  T^ioknaii,  lachoa 

Flo.  4. — Powsr  and  time  re^uicod 

to   apot-weld  steel  plate   by 

descent  process. 


4T.  SlM>t  waldlnx.  To  overcome  the  difficulties  due  to  non-nnifoixn 
temperature  distribution,  what  is  known  as  spot  welding  has  been  developed. 
Spot  welding  usually  consists  of  punching  the  surfaces  to  be  welded  in  such 
a  way  that  a  series  of  joints  of  equal  and  definite  area  are  made  between  the 
two.  Fig.  4  gives  the  average  power  and  time  required  to  make  welds  by 
the  s|>ot-weld  process.  Fig.  5  shows  how  a  rod  may  be  welded  to  a  surface 
by  this  procesBj  also  how  two  flat  surfaces  may  be  welded  together.  The 
whole  oDJect  of  the  spot-weld  process  is  to  reduce  the  welded  ioint  to  an 
area  of  definite  and  uniform  dtmensions. 


S«e.B-S 


Sec..A-A 

Flo.  5. — Spot  welds. 


A  modification  of  the  ipot-weld  principle  is  shown  in  the  lower  left-hand 
corner  of  Fig.  6  where  instead  of  a  seriee  of  spots  we  have  a  V-ahaped  depree- 
eion  in  one  of  the  platen  which  makes  an  edge  contact  with  the  plate  to  which 
it  is  welded.  The  current  is  then  passed  through  the  plate  by  means  of  a 
wheel  which  runs  in  the  grove  and  exerts  the  neeeaaary  presaure  fbr  welding. 
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Sec.  22-50         MI8CBLLANBOVS  APPLICATIONS 


Fio.  6. — Connections  for  carbon-arc 
controller. 


•0.  The  cArbon-ftre  (Bemardoi)  procoM  has  been  in  use  abovl 
2fi  yean.  In  this  prooees  the  heat  of  the  arc  ia  utiliaed  to  brinf 
the  metala  to  be  joined  to  the  welding  temperature,  and  a  melt  bar  of  tbe 
aamo  material  as  the  parts  to  be  joined  is  introduced  in  tbe  joint  to  fill 
the  space  between  the  pieces.  (See  Fig.  6.)  In  welding  with  a  carbon  are, 
the  parts  to  be  joined  are  connected  to  the  positive  situ  of  the  circuit,  and 
the  carbon  electrode  to  tbe  negative  side.  A  direct-current  generator  of 
about  125  volts  and  capable  of  furnishing  600  or  700  amperes  is  generally 
used.  However,  a  constant-current  generator  with  arrangements  for 
varying  the  current  from  about  50  to  600  amperes  is  more  economicaL 

The  carbon  arc  is  long  and  be- 
,  ■     -/s/SA/SA/SA/s/SA        I  I  haves  very  much  like  a  flame, 

T^     V     V       1/     I  I  therefore,  it  is  necessary  to  ma- 

nipulate it  like  a  flame  by  giving 
it  a  circular  motion,  such  aa  is 
done  with  the  ozyaoetylene  flame. 
•1.  Application.  The  car- 
bon-arc process  is  suited  to  worft: 
where  large  amounts  of  energy 
are  to  be  developed  in  a  abort 
time,  such  as  mlinif  holes  in 
castings  and  melting  large 
masses  of  metal.  As  disadvan- 
tages tbe  following  may  be  men- 
tioned: the  likelihood  of  carboni- 
lation  of  the  weld;  the  large 
area  which  is  heated  l^  the  arc; 
the  necessity  for  itsmg  botii 
hands. 

U.  Streuei  due  to  temperature  changei.  On  account  of  the  large 
area  which  is  heated  by  the  arc  flame,  it  is  necessary  to  exercise  extreme 
care  in  order  to  avoid  stresses  and  distortion  due  to  temperature  changes. 
Therefore,  in  many  cases  it  is  necessary  to  preheat  the  objects  to  be  welded 
with  a  gas  flame. 

St.  Protaotion  of  operator.  The  light  and  radiated  heat  of  the  arc 
are  so  intense  that  the  sKin  and  eyes  must  be  jjrotected.  Therefore,  sinee 
both  hands  are  required  to  do  tbe  welding,  it  is  necessary  to  provide  the 
operator  with  a  helmet;  this  helmet  prevents  him  from  examining  the  work 
carefully  as  it  progresses. 

•4.  The  carbon  arc  may  b«  uaod  for  cutting  stool,  such  a«  sheet 
piling  and  structural  steel  of  buildings,  bridges,  etc.,  which  have  to  be 
cleared  away.     It  can  also  be  used  for  cutting  east  iron. 

51.  Contlnuoui-ourrent  steol-cuttlng  plant.  A  plant  und  in 
San  Francisco  consisted  of  a  2&-kw.  continuous-current  generator  diroct 
connected  to  a  sinple-cylindor  gasolene  engine,  both  mounted  on  a  truck. 
The  operation  required  about  250  amp.  at  from  90  to  100  volts.  A  IS-in. 
I-beam  was  cut  through  in  about  20  min.,  thus  saving  several  hours'  time. 

B6.  An  alternating-current  itael-cuttinff  plant,  used  in  New  York 
City  obtained  energy  from  a  central  station;  four  20-kw.  single-phase  traiia- 
f ormers  were  connected  in  multiple,  the  secondary  e.m.f._  being  60  volta. 
One  side  of  the  circuit  was  connected  to  the  work  by  a  wire  bolted  to  the 
steely  while  the  other  was  connected  directly  to  the  carbon  electrode.  The 
carbon  electrode  is  1.25  in.  in  diameter  and  0.75  in.  long  and  is  damped 
between  two  copper  plates  each  5  in.  square  by  0.5  in.  thick.  A  Dogyert 
lug  is  used  to  make  the  connection,  as  a  sweated  joint  is  out  of  the  question, 
because  of  the  intense  heat.  As  it  is,  the  copper  plates  buckle  after  15  hr., 
use  and  new  ones  must  be  provided.  The  operator  must  wear  an  asbestos 
mask  and  gloves  to  protect  nimself  from  the  heat.  The  mask  is  fitted  with 
double  black  glass  goggles  so  as  to  permit  the  operator  just  to  see  the  arc. 

Tests  on  this  plant  show  that  it  requires  650  amp.  at  50  volts.  In  an 
8-hr.  day,  10  ft.  of  steel  piling  were  cut  (the  cut  varying  in  depth  from 
0.5  in.  at  Uie  centre  of  a  pile  to  3.5  in.  at  the  ends)  the  energy  oonsumptioa 
being  256  kw-hr.  Assuming  energy  costs  SO.IQ  per  kw-hr.,  it  was  found 
that  this  device  saved  over  f  10  per  day,  to  say  nothing  of  uie  value  of  th« 
time  gained. 
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Tha  MO  oan  alao  b«  uMd  (or  flUinx  tOow  ImIm  in  cutingi.    Tht 
I  must  first  be  heated  to  a  dull  red  color  in  order  to  prevent  the  produo- 


taon  oTharmful  stresses,  then  the  arc  is  appUed  either  by  oonneoting  one 
ada  of  the  oirouit  to  the  casting,  or  by  deflecting  against  the  casting,  with  a 
magnet,  an  arc  formed  between  two  carbons,  the  metal  used  to  fill  the  holes 
being  introduced  in  the  arc. 

MXTAILIO-ABC  PROOnS 

U.  Tha  matalUo-are  (BlaTiaaoS)  procaH  was  developed  to  avoid  the 
introduction  of  carbon  into  the  weld.  In  this  process  there  is  substituted 
for  the  carbon  electrode  an  iron  or  steel  pencil,  which  is  melted  by  the  are 
and  serves  to  fill  the  space  between  the  pieces  to  be  welded.  The  composi- 
tion of  tiie  welding  pencil  is  an  important  factor  in  determining  the  success 
of  a  weld.  At  present  it  is  impossible  to  Bve  specific  information  on  this 
subject  because  thoae  who  have  investigated  it  do  not  choose  to  reveal  their 
rsaults.  However,  the  practice  of  those  most  successful,  seems  to  be  the 
employment  of  a  commercially  pure  iron  to  which  small  percentages  of  other 
metals  have  been  added,  according  to  the  character  of  the  metal  to  be 
welded. 

M.  BatMetorT-flazeoatlnc.  This  process  did  not  come  into  commercial 
use  until  the  valus  of  refractory-flux  coatings  on  the  welding  pencil  was 
diaeovered  by  Kiellberg  in  Sweden.  In  accordance  with  Ejellberg's  inven- 
tion the  electrode  or  welding  pencil  is  dipped  in  a  paste  cantaining  suitable 
fiiudns  matwiali  and  a  refractory  base,  and  this'  mixture  is  then  allowed  to 
dry  upon  the  electrode.  The  composition  of  welding  fluxes  is  even  more 
important  than  that  of  the  pencils.  Indeed  in  many  cases  it  is  possible  to 
uae  oommercially  pure  iron  pencils  and  to  insert  the  alloying  metals  in  the 
flux.  The  composition  of  fluxes,  liks  that  of  welding  pencils,  is  jealously 
guarded  by  those  who  have  investigated  the  subject. 

The  advantages  of  the  refractory  coating  are:  First,  It  applies  the  flux  to 
the  weld  at  a  rate  which  adjusts  itself  per- 
(eetly  to  that  of  the  melting  of  the  welding 
pendl.  Second,  when  welding  overhead. 
It  forms  a  tiny  crucible  which  holds  a 
email  quantity  of  molten  iron  on  the  end  of 
the  pendl  and  allows  the  "pinch  effect" 
(See.  10) '  of  the  current  to  squeese  the 
molten  iron  upward  and  into  the  weld. 

M.  Kqalpment.  The  metallio  arc  is 
short,  varying  from  less  than  0.125  in.  to 
0.187  in.  and  requires  a  pressure  between 
16  and  30  volts.  The  current  depends 
upon  the  character^  of  the  work,  varying 
from  AO  amp.  for  light  work  to  170  amp. 
for  very  heavy  work.  The  arc  beinfc  short 
and  of  low  voltage  is  very  sensitive  to 
changes  in  length;  therefore  it  is  desirable 
to  design  a  welding  circuit  for  a  constant- 
eurrent  efaaraeterutic.  In  practice  con- 
atant-potential  generators  of  from  60  to 
100  volte  or  more  are  used,  the  difference 
between  the  are  voltage  and  generator 
voltage  being  absorbed  in  rheostats.  A 
single  are  may  be  operated  from  a  constant- 
eurrent  generator  and  the  rheostats  eliminated.  However,  if  the  generator 
la  to  furnish  energy  over  a  wide  range  of  currents,  rheostats  must  be  pro- 
vided for  shunting  the  windings.  Very  recently  there  has  been  developed 
a  constant-current  machine,  equipped  with  relays,  which  permits  the  oper- 
ation of  several  ares  in  series.  This  machine,  as  at  present  designed,  meets 
the  requirements  of  metalUo-eleetrode  weldins  and  allows  the  adjustment 
of  eurrent  from  80  amp.  to  160  amp.  without  the  uae  of  heavy-current 
rheoatotf.  When  a  constant-potential  generator  is  used  for  welding  (Fig. 
7),  any  number  of  welder*  up  to  the  capacity  of  the  machine  may  draw  en- 
ergy from  it.     However,  on  account  of  the  necessity  of  maintaining  a  suitable 


Centsctor  Switch 


Flo.  7. — Metallic-are  controller 
for  constant-potential  generator. 
(The  Elec.  Weld.  Co.) 


are,  it  is  neeeasary  to  eonseot  a  ballast  realftanse  in  series  with  each  arc. 
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VartiiMl 


Horismtal 


thiu  wmstlnc  at  least  60  par  cent,  of  tha  total  anergy.   With  the  eonstakot- 
ourrent  generatora,  do  energy  ia  thua  waated. 

•1.  Method  of  i>roeadura.     In  tha  metalUo-ara  prooeaa,  the  metala  to 
be  Joined  are  clamped  in  poaitioa  and  connected  to  the  poeitive  aide  of  the 

circuit.  However,  it  ia  alao 
poaaible.  with  a  properly  de- 
aigned  pencil,  to  weld  aatu- 
faetorily  with  the  ijencil  oon- 
nectad  to  the  poBtire  aide. 
The  eilgaa  of  the  joint  are 
beveled  (Fig.  8)  either  from 
one  or  both  aidea  of  the  an- 
gle, the  bevel  being  ao  choeen 
aa  to  permit  tha  inaertion  of 
the  pancil  to  within  leas  than 
0.129  in.  of  the  aurface  to  be 
welded. 

41.  The  ooit  of  mataDle- 
•ro  welding  includea  the 
following  faotora:  welding 
pencila.  fluxes,  labor,  energy 
and  fixed  charges.  In  gen- 
eral it  may  be  said  that  the 
pencils  and  fluxea  Aould  be 
about  the  same  in  agivencaae 
as  the  corresponding  expense  for  the  carbon-arc,  and  the  oxy-acetylene 
processes.  In  all  three  cases  the  labor  ia  skilled,  and  is  paid  at  about  the 
aame  rate.     Therefore,  the  labor  cost  of  welding  depends  on  the  apeed 
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Fio. 


Downward  Overhead 

8. — ConrenUonal  aro-welding  positions. 
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Time  In  Mlnutei  to  Weld  One  Foot 

Fxa.  9. — Time  required  to  weld  seams  of  various  thickneaaes  by  metallic-arc 
process. 

(see  Fig.  9).  For  thin  plat«s,  the  oxy-acetylene  process  is  faster  than  the 
electric  arc.  However,  for  mses  above  0.125  in.  the  arc  is  faster,  therefore 
the  labor  item  is  less.  The  cost  of  energy  depends  on  local  conditions  and 
can  be  accurately  calculated  for  any  given  case  from  the  data  here  given. 
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In  eompwing  ue- welding  coati  with  oxy-aeetlyene-weldiDs  ooata,  the  coat  of 
electric  energy  ia  balanced  against  that  of  oxygen  and  acetylene. 

•S.  AdTUitacei.  The  extreme  localisation  of  beat  in  the  metallic-aro 
proceaa  is  an  enormous  advantage,  especially  where  large  masses  of  metal 
are  eonoemed,  as  it  minimises  stresses  due  to  expansion  and  contraction 
with  the  practical  reeult  that  preheating  need  not  be  resorted  to  nor  mtist 
the  joints  be  more  open  at  one  end  than  at  the  other  to  allow  for  eroansioD, 
as  is  the  case  with  hot-flame  and  carbon-arc  processee.  Another  advantage 
of  the  metallic  arc  is  that  the  operator  uses  only  one  hand  for  weldingj  leav- 
ing the  other  free  to  manipulate  a  glass  screen.  This  he  holds  before  his  face 
when  the  arc  is  on,  and  lowers  each  time  the  arc  breaks  in  order  that  he  may 
examine  the  work  and  closely  control  its  quiUity. 

M.  ■transrth  of  weld.  Experience  shows  that  with  a  metalUo  are,  welda 
can  be  made  In  which  the  strength  of  the  joint  is  the  same  as  that  of  the  metal 
itaelf  and  even  greater.  However,  on  aooount  of  inferior  work  that  has  been 
done  by  unskilled  welders,  engineers  are  inclined  to  avoid  are  welding  except 
in  oasea  where  it  can  be  subjected  to  test  before  putting  it  into  service.  If 
■ome  method  of  inspection  could  be  developed  whereby  the  quality  of  a 
finished  joint  could  be  determined  without  damaging  it,  welding  would 
ondoubtMily  displace  riveting  in  a  great  many  structures,  and  thus  a'b  enor- 
mous saving  in  labor  and  materials  be  accomplished. 

61.  Poroiity  test.  Wherever  the  character  of  a  Joint  is  suitable,  its 
porousness  may  be  tested  by  ^applying  kerosene  to  one  side.  Keroeene  will 
penetrate  a  porous  joint  that  is  so  tight  that  water  under  high  pressure  could 
not  penetrate  it.  In  this  way  the  aouxkdneas  of  welda  may  be  tested  and  a 
i*aUy  unsound  weld  will  reveal  itself  under  a  few  minutes'  application  of 
kerosene. 

M.  Literature.  The  May,  1913,  Bvlktin  of  the  New  York  Public  Library 
gives  a  list  of  works  relating  to  electric  welding,  covering  the  period  between 
1780  and  1912,  inclusive,  comprising  several  hundred  articles  and  books  in 
English  and  foreign  languages,  as  well  as  references  to  the  most  important 
patents. 

ELECTRICAL  EQXnPMENT  FOR  GAS  AUTOMOBaSS 

BT  JOBX  O.  BOOLK 

BnginMr,  UcMtm  and  Miller;  AEiociate,  Amer.  Intl.  Sl»e.  Sneinttn 

BATTEUX8 

6T.  Tnx  sdaptobia  to  requfremanta.  It  is  standard  practice  to  em- 
ploy the  paated-plate  lead  cell  for  gaa-car  aervice.  The  advanta^eona 
feacturea  of^this  type  of  cell  are;  economy  of  soace  and  reduction  of  weight, 
together  with  a  low  internal  resistance  and  the  (loaaibilitiea  of  discharge 
at  a  high  rate  for  a  short  interval.  The  last-mentioned  advantage  obtains 
in  the  case  of  battery  svstena  which  include  provisiona  for  electric  starting. 

The  battery  sbowd  be  of  ri^id  construction,  capable  of  withstanding  the 
eevere  vibration  to  which  it  will  be  subjected  in  service.  The  outer  box 
should  be  of  excellent  workmanship.  It  has  been  thought  desirable,  in  some. 
casee.  to  fill  the  space  between  the  outer  box  and  the  inner  jar  with  some 
yielding  plastic  or  compound.  Jars  are  constructed  of  hard  rubber  having 
relatively  hifrh  tensile  strength  and  some  flexibility. 

Plates  are  designed  for  least  possible  internal  resintance  and  for  maximum 
product  of  life  and  capacity.  Separators  of  wood  or  hard  rubber  are  usually 
inaerted  between  adjacent  plates;  these  should  be  perforated  or  otherwise 
so  constructed  that  they  will  interpose  no  appreciable  increaae  in  internal 
resistance, 

M.  Msthodi  employsd  in  oharfln(.  If  the  battery  system  serves 
merely  for  ignition  and  car  lighting,  it  is  usual  practice  to  charge  the  cells 
independent  of  the  car  equipment.  If  the  car  equipment  includes  electric 
atarting  devices,  the  battery  will  receive  its  charge  from '  a  direct-current 
generator  in  the  car.  CharfEing  on  removal  from  the  car  must  be  attended 
with  precautions  observed  in  connection  with  any  battery  (see  Sec.  20),  In 
addition,  however,  aeparate  precautions  ahould  be  observed  in  case  the 
battery  is  to  be  left  out  of  aervice  for  any  considerable  length  of  time.  Under 
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these  Bonditiona  it  should  receive  attention  and  charge  at  least  onoe  »  montli. 
When  the  battery  is  to  be  put  baok  into  service  it  should  first  receive  an  over- 
charge for  several  hours  at  the  normal  rate. 

W.  Fr««sln|r>  Care  should  be  taken  in  cold  weather  to  insure  that  the 
electrolyte  is  not  allowed  to  freese.  Following  is  a  table  of  freesing  tempoa- 
tures  (deg.  Fahr.^  corresiranding  to  various  specific  gravities.  For  r«ductio> 
of  battery  capacity  with  decreasing  temperatures,  see  Sec.  20. 


Specific  gravity 

Ckindition 

1,290  deg. 
1,260  deg. 
1,22S  deg. 
1,160  deg. 
1,125  deg. 

-  100  dec. 

-  60  dec. 

-  S8d^ 

Odeg. 
+   13  deg. 

charged 

charged 

Completely  disoharged.. 

70.  Location  In  ear.     The  moat  desirable  location,  in  point  of  i    

bility,  is  upon  flie  running  board;  however,  in  some  of  the  larger  ampere- 
hour  capacities,  this  location  cannot  conveniently  be  maintained,  and  the 
battery  is  either  slisfatly  underhung  or  placed  beneath  the  seat.  By  suitaUe 
arrangement  of  the  rows  of  cells  a  variety  of  groufnoips  may  be  secured,  and 
the  box  fitted  into  an  accessible  place.  Aooesaibility  is  highly  important; 
otherwise,  it  is  extremely  doubtful  whether  the  battery  will  receive  proper 
attention. 

Tl.  Oholo*  of  uupore-hour  eapadty  is  influenced  by  the  practical 
duties  which  devolve  upon  the  battery.  For  use  exclusively  for  car  lighting 
the  problem  is  relatively  simple  and  depends  strictly  upon  the  lamp  load  in 
amperes  And  the  predetermined  length  of  time  allowed  for  burning  lamps 
(Par.  88).     The  capacity  required  for  starting  is  discussed  in  Par.  TT. 

TS.  Batinffi  of  lead  batteries  for  Uf  htlnff  and  for  combined  Uchtinc 
and  itartinir  lerrice.  The  following  is  taken  from  the  report  of  the 
Standards  Committee,  Society  of  Automobile  Engineers,  January,  1914.* 
''Lighting  batteries  shall  be  rated  at  the  capacity  in  ampere-hours  of  the 
battery  when  discharged  at  a  5*«mp.  rate  to  a  final  voltage  of  1.8  per  cell, 
the  t«mperAture  at  the  boKinnin^  of  the  charse  being  80  deg.  Fahr.  Batteries 
for  combined  lighting  and  starting  service  shall  have  two  ratinfp  of  which 
the  first  shall  indicate  the  lighting  ability  and  be  the  capacity  in  ampere- 
hours  of  the  battery  when  discharged  continuously  at  a  5-amp.  rate  to  a 
final  voltage  of  1.8  per  cell,  the  temperature  of  the  battery  beginning  such 
charge  being  80  deg.  Fahr.  The  second  rating  shall  indicate  starting  ability 
and  shall  be  the  rate  in  amperes  at  which  the  battery  will  discharge  for  ») 
min.  continuously  to  a  final  voltage  of  not  less  than  1.65  per  cell.  The 
temperature  of  the  battery  beginning  such  charge  to  be  80  deg.  Fahr.*' 

XLXCTEIC  STAftTBRS 

TS.  Prooeii  of  electric  cranking.  The  starting  of  ga»-oar  engines  by 
electric  motors,  depends  for  its  success  upon  the  possibilities  of  ob- 
taining enormous  current  discharges  from  storage  batteries,  these  dir 
charges  necessarily  extending  over  as  short  a  time  as  possible.  When  the 
battery  current  is  applied,  the  electric  motor  armature  transmits  its  motion 
to  the  fly-wheel  or  crank-sbaft  of  the  engine,  rotating  it  in  order  to  ac- 
complish the  requlBitca  necessary  for  engine  starting.  These  requisites 
include  compression  of  gas  in  the  cylinders,  suction  of  fuel,  and  ignition. 

In  the  early  development  of  auto-starterSj  engine-starting  speeds  were 
as  low  as  24  rev.  per  min.  At  present,  cranking  speeds  of  100  rev.  pet  min. 
and  some  much  nigher  are  considered  good  practice.  Such  speeds  are 
not  realized  if,  under  operating  conditions,  the  battery  voltage  is  low.  Ex- 
amples of  capacities  common  with  6-volt  systems  may  be  cited;  theae 
battery  sisos  range  from  capacities  of  80  to  160  amp-hr.,  figured  on  a  10-amp. 
discharge  rate,  and  the  majority  of  installations  range  from  100  to  180 
amp-hr.  capacity.     These  figures  include  provision  for  car  Ughtinc.    . 


•  Trant.  Soc.  Auto.  Eng.,  Jan..  1914. 
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120 


T4.  B«MaT7  diwharc*  rmta  durlnt  eruildnc.  From  the  curve  of 
FIc.  10,*  it  wDl  b«  seen  that  if  a  battery  ia  diachar^ed  at  tiie  2(>-min.  rate, 
•n  amp-hr.  capadty  will  be  realiied  with  an  approzimato  value  only  30  per 
eent.  of  that  obtained  at  the  normal  S-far.  discharge  rate.  This  means  that 
s  battery  with  a  normal  rating  of  120  ami^-hr.  will  furnish  only  36  amp-hr. 
if  allowed  to  disoharge  completely  in  20  min.,  and  the  current  will  be  in  the 
neighborhood  of  110  amp.  if 
maintained  uniform  through-  ](0p 
out  this  period.  Compare 
this  figure  with  the  result  of 
a  test,  shown  in  Par.  T6. 

n.  The  ampere  «dr«w" 
durinc  the  cranMng  pe- 
riod depends  upon  the  operik 
tive  voltage,  the  engine  di-  g 
mensions,  the  degree  of  com-  o  90 
preeaion,  the  number  of  cyl-  'S 
loders,  the  friction,  and  upon 
certain  ezigenciee  such,  for 
example,  aa  obstruction  in 
any  part  of  the  starting 
mechanism.  The"draw"witE 
6-volt  systems  will  usually 
be  about  80  amp.  for  the 
lighter  cars,  ana  will  not 
(reatly  exceed  140  amp.  for 
ihe  heavieet.  Some  6-cylin- 
dar  pteaswo  oars  draw  aa 
Ugfa  currents  at  starting  as 
large  4-cyUnder  trucks.  The 
proper  value  of  ampere  draw 
omn  only  be  determined  ac- 
enrately  aa  the  result  of  ex- 
hauativs  tests,    which    take 
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Fio.  10. — Variation  of  amp-hr.  capacity  with 
different  discharge  rates. 

into  consideration  all  possible  rigors  to  which  the  equipment  may  be  sub- 
jected in  service. 

TO.  Typical  itarting-tait  data.t  Commercial  starter  turning  dead 
•ngine  of  Model  36-B,  Buick.  A  6-voit,  120-amp-hr.  (on  10-amp.  discharge 
rate)  battery  was  used.  Car  had  been  run  about  2,000  miles,  and  engine 
was  warm  at  time  of  test. 


Volts  per 

Ampere 

Rev.  per 

Specific 

cell 

draw 

min. 

gravity 

3:00  P.M. 

2.00 

96 

120 

1300 

3:08  P.M. 

1.99 

01 

116 

1295 

3:10  P.M. 

1.96 

96 

116 

1280 

3:15  P.M. 

1.93 

97 

U6 

1280 

3ao  P.M. 

1.88 

loa 

112 

1275 

3:2fi  P.M. 

1.84 

103 

112 

1270 

3:30  P.M. 

1.80 

105 

112 

1265 

3:36  P.M. 

1.72 

110 

112 

1255 

3:38  P.M. 

1.52 

110 

100 

1250 

3:39  P.M 

Stopped 

TT.  Battery  raqulrementa  for  starting  lerviee.  A  rough  rule  for 
battery  requirements  may  be  stated,  iuimel,v:  that  the  capacity  of  the  battery 
in  ampere-hours  shall  be  numerically  equal  to  the  ampere  draw  necessary  to 
torn  the  engine  after  it  has  once  been  started.  This  figure  is  suggestive 
of  the  S.  A.  E.  rating  for  batteries  (Par.  Tt). 

TB.  The  momentary  dlaeharf*  rate  at  the  instant  of  starting  is 
dependent  on  the  teaauway  torque  of  the  engine,  which  consists  chiefly  of 


•  Tlw  Automobile,  Feb.  6,  1913;  page  421. 
t  Veata  Aoenmulator  Co.,  April,  1914. 
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static  (notion  and  inertia.  This  current  surge  seldom  ezoeeds  from  three 
to  four  times  the  ampere  draw  (Par.  Ti)  except  where  sleeve-type  engines  are 
bdng  started.  In  the  latter  case  the  momentary  disrharge  will  possibly  b« 
at  a  rate  of  eight  times  the  ampere  draw.  It  is  to  be  doubted  whether  the 
momentary  discharge  rate  will  prove  the  determining  fsrtor  in  the  choice  of 
battery  capacity,  when  all  things  are  considered. 

n.  DuraUon  of  the  cranking  period.  The  specified  20-min.  period 
(Par.  TI)  is  for  purposes  of  comparison,  and,  of  course^  is  never  met  in  service. 
The  leni^h  of  time  required  for  starting  is  a  function  of  the  efficiency  of 
carburation,  the  engine  cranking  speed,  the  number  of  cylinders,  and  the 
general  good  repair  of  the  oar.  The  following  test  was  made  in  February, 
1914,  by  the  Royal  Automobile  Club,  London,  on  a  oommerdal  (tarter 
operating  at  34  volts. 

The  device  was  submitted  for  the  test  fitted  to  a  20-b.p.  Ford  ear.  The 
dimensions  of  the  engine  were  06  mm.  X  102  mm.  The  volume  swept  by  the 
piston  was  723  cu.  cm.,  and  the  cubical  contents  of  the  compression  space 
was  209  cu.  cm.  The  engine  of  the  car  was  started,  on  six  consecutive  days, 
two  hundred  and  fifty  times  per  day. 


Day 

No.  of  starts 

Total  time  taken  for  starts 

1 
8 
3 

4 
S 

s 

280 
250 
280 

280 
280 
250 

13  min.  18  see. 
11  min.  22  see. 
13  min.  32  see. 
11  min.  41  sec. 
11  min.  37  see. 
11  min.    3  see. 

The  engine  was  switched  off  and  wm  not  run  between  starts.  The  first 
start  each  day  (cold)  took  somewhat  longer  (a  maximum  of  14.4  sec.)  than 
the  others,  which  were  practically  instantaneous.  At  the  close  of  every  day 
the  car  was  run  for  halt  an  hour  to  charge  the  battery. 

80>  An  Automatic  eut-oat  is  provided  for  applying  charging  current 
to  the  battery  when  the  generator  speed  has  reached  the  charging  value,  and 
for  disconnecting  the  f^nerator  from  the  battery  when  the  speed  falls  below 
this  value.  Automatic  cut-outs  are  usually  adjusted  to  operate  at  car  speeds 
of  from  12  to  15  miles  per  hr. 

The  device  is  simply  a  reverse-ourrant  relay,  taking  severail  forms,  one 
being  illustrated  in  Fig.  11.  The  potential  ooil  of  this  relay  ia  connected 
permanently  across  the  generator  terminals,  and  when  the  generator  has 
reached  the  predetermined  voltage,  the  ooil  u  sufficiently,  energpsed  to  close 
the  relay  contacts.  Current  then  flows 'through  the  series  winding  of  the 
rday  to Dattery, strengthening  thepullduetothepotenttal  winding.  Should 
the  generator  slow  down  bdow  the  predetermined  charging  speed,  the  gen- 
erator voltage  will  fall  below  the  battery  voltage  and  tne  reversed  current 
in  the  series  winding  of  the  automatic  cut-out  will  deenergiae  the  core  and 
allow  the  armature  to  drop  away,  thereby  disoonnecting  the  generator  from 
the  battery. 

The  cut-out  is  not  for  the  purpose  of  opening  the  circuit  when  the  battery 
is  fully  charged  and  the  engine  still  continues  to  run.  Indeed,  in  the  opera- 
tion of  gas  cars  it  will  not  be  necessary  to  ];)rovide  equipment  for  performing 
this  operation,  as  it  will  be  found  almost  impossible  to  charge  tne  battmr 
continuously  at  a  high  rate,  because  the  car  will  seldom  travel  at  high  speeds 
for  intn^als  of  any  appreciable  duration. 

81.  An  orerrunning  clutch  is  provided  to  transmit  the  motion  of  the 
starting  motor  to  the  crank-shaft,  and  to  prevent  the  transmission  of  crank- 
shaft motion  to  the  starting  motor  when  toe  engine  is  running  under  its  own 
power  or  is  being  cranked  by  hand. 

81.  Charging  oonto'ol.  The  rapid  development  of  the  electric  starter 
during  the  years  1913  and  1914  has  been  due  to  a  sudden  demand  made  by 
the  public  for  this  auxiliary.  Chief  amon^  the  problems  has  been  the  appk- 
cation  of  a  simple,  efficacious  device  to  insure  satisfactory  rate  of  charge. 
It  should  be  understood  that  one  of  the  main  factors  governing  design  has 
been  the  technical  ignorance  of  the  ultimate  user.  Thus  we  have  a  storage 
battery  subjected  to  extraordinary  service  and  in  the  hands  of  an  operator 
wholly  unversed  in  proper  battery  maintenance. 
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One  of  the  fint  autonutia  oontrallen  wu  the  so-o&ned  speed  (overnor. 
This  WIS  in  reality  a  oentrifugally  operated  eluteh  oonBecting  the  generator 
element  with  the  ensine  driving  it,  and  so  arranged  that  at  the  higher  speeds 
the  fly-balls  would  relieve  the  frietional  adhesion  between  parallel  surfaces, 
and  the  slippage,  thus  automatically  adjusted,  would  maintain  a  constant 
(•nerator  speed  and  potential.  The  speed  governor  is  in  disfavor  at  the  time 
of  this  writing  (March,  1015),  due  to  its  rapid  depreciation  in  servioe. 

Another  class  of  charging  controllers  includes  those  employing  a  vibratory 
contact,  connected  as  a  recurrent  shunt  on  the  generator  field  rheostat;  in 
other  systems,  the  vibrator  has  been  need  to  shunt  the  magnetic  circuit  or  to 
oppose  to  the  main  field  flux  the  counter  magnetomotive  force  of  a  differential 
winding;  any  of  these  methods  operates  by  varying  the  effective  flux  thread- 
ins  the  armature. 

The  present  tendency  seems  to  be  toward  a  reduction  of  the  number  of 
moving  parts.  There  are  several  starters  on  the  market  which  limit  the 
chsu'cing  current  either  by  a  differential  field  oompounding  or  a  correctly 


o 


Fio.  11. — ^Typical  charging  controller  and  automatic  cut-out. 


^_ armature  reaction.     A  starter  of  this  class  is  illustrated  in  Us.  11. 

Jere  a  ballast  coil  or  series  resistance  of  iron  wire  is  inserted  in  one  of  the 
leads  from  the  generator.  The  shunt  field  is  oonnected  outside  the  ballast 
coil,  and  a  differential  field  is  shunted  across  the  ballast  coil.  The  effect  of 
the  diflerential  compounding  is  to  limit  the  field  strength  and  the  charging 
current. 
>  ta.  Cioiutuit  charflnc  currant  ts.  eonatuit  potontUl.  If  constant 
cbarKing  current  is  maintained,  the  generator  voltage  will  have  to  increase 
slowly  as  the  charge  progreesee,  in  order  to  overcome  the  rising  e.m.f.  of  the 
tmttery.  The  reeul^nt  vari.ition  of  generator  volta^  is  objectionable. 
however,  because  it  shortens  the  life  of  the  lamps;  it  is  not  considered 
practicable  to  employ  a  lamp  regulator  such  as  may  be  found  in  train- 
Ughting  systems  (Par.  Mt).  because  of  the  added  complexity. 

If  constant  generator  voltage  is  maintained,  the  battery  charge  will  be  a 
tapering  one,  since  the  battery  e.m.f.  ranges  from  1.7  volts  per  cell  at  com 
plete  discharge  to  2.2  volts  per  cell  at  full  charge.  Necessarily  the  charging 
current  willbe  exceesive  when  the  battery  is  exhausted;  the  discbarge  may  be 
ezoeasive  at  times,  also,  and  the  combined  effects  are  likely  to  shorten  the 
Hi*  of  the  oella 

S4.  Grounded  and  uncroandad  iTCtami.  The  wiring  of  electric 
apparatus  on  gas  cars  should  be  as  simple  as  possible  in  order  not  to  confuee 
tbe  operator  who  is  presumed  to  be  unversea  in  electric  circuits.  To  carry 
this  idea  further,  some  manufacturers  utilise  the  metal  framework  of  the 
ear  as  a  ground  return.  Though  the  simplicity  of  this  arrangement  presents 
an  obvious  advantage,  the  difficulty  of  maintainini^  a  multiijiicity  oi  ground 
connections  militates  against  such  practice  in  the  judgement  of  some  manu- 
facturers who  prefer  the  use  of  the  two-wire  systenr. 

M.  8infl«-anit,  two-unit,  and  three-unit  iTttemg.  As  in  all 
rapidly  developing  arts,  competition  allows  no  standardisation  of  operating 
method.  In  order  that  each  system  may  have  distinctive  design,  tbe  manu- 
facturers of  starters  approach  a  common  objective  from  widely  differing 
dicectioDs.     One  point  of  differentiation  lies  in  the  number  of  rotational 
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unit*  employed  in  the  prooeeeee  of  battery  ohufinji.  encine  etartiiic  u>d  ic- 
nition.  Borne  systems  embrace  a  motor  for  startins,  a  separate  cenerator 
for  battery  chargiQgi  and  a  high-tension  magneto  (Par.  M)  for  ignition 
purposes;  these  are  known  as  "three-unit  systems."  An  arrangement  coro- 
priaing  a  starting  motor,  a  separate  generator,  and  some  form  of  battery 
Ignition  is  termed  a  "two-unit  system     (Fig.  12). 


To  SiHTk  PloK 


Numbers  on  Wires 
Bererl<lA.ff.a. 


Oonersuir 
Flo.  12. — Grounded  two-unit  S-volt  system. 


Several  manufacturers  have  built  starting  systems  where  but  one  rotating 
unit  is  employed  for  battery  charging  and  engine  starting.  The  machines 
used  for  this  service  often  possess  somewhat  unique  windings.  In  several 
instances,  two  armature  windings  are  employed,  one  for  motor  duty  and  the 
other  for  generator  duty.     Another  more  recent  starter  provide*  a  BBgle 
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nsit  equipped  with  two  commutators;   theae  commutetora  are  coDneeted 
in    aeriee    for    chacKiDg    and    in 
parallel   when  the  machiDe  is  op- 
erating as  a  motor.  ^ 

The  wiring  connections  of  a 
typical  single-unit  system  are 
shown  in  Fis.  13. 

The  mechanical  conBtruotion 
of  the  several  units  should  be 
such  as  to  demand  little  or  no 
attention  from  the  operator. 
Easy  access  should  be  uTorded 
for  repairs. 

LIOBmO 

••.  B«ll«eton  are  of  many 
shspee,  and  perform  the  same 
function  as  the  backing  of  any 
ordinary  headlight.  It  is  essen- 
tial for  efficient  use  that  they 
focuB  properly,  and  that  the  beam 
have  proper  alignment  with  the 
direction  of  car  motion.  Some 
lamps  are  provided  with  a  mech- 
anism by  which  the  bulb  may  be 
either  advanced  or  retracted  until 
the  proper  focus  is  obtained. 
Proper  alignment  is  secured  by 
focusing  the  ray  to  a  pencil  beam 
and  then  aligning  the  lamp  by 
resetting  the  props.  A  focusing 
lamp  is  shown  in  Fig.  14. 

Id  some  cities  a  "glare  or- 
dinance" restricts  the  use  of 
blinding  rays  from  head  lamps. 
This  difficulty  has  been  over- 
come by  the  use  of  translucent 
screens,  by  an  auxiliary  lamp  of 

Fn>.  13. — Single-unit,  two-wire,  12-volc 
system. 

smaller  sise  located  in  the  same  re- 
flector, by  interposed  obstructions  to 
the  beam,  and  Dy  backing  the  bulb 
with  a  small  shroud  of  low  re6ecting 
power. 

ST.  Wiring  tor  Iichtin|(  lyatemt 
must  be  installed  with  a  view  toward 
permanence  of  insulation  and  contact. 
Oil  will  depreciate  rubber  iDsulation, 
hence  automobile  wire  is  cloth-covered. 
If  a  grounded  or  a  one-wire  system  is 
used,  care  must  be  taken  to  secure  a 
perfect  and  lasting  ground  on  the  metal 
frame  of  the  car.  It  should  be  remem- 
bered that  the  carrying  capacity  of  wire 
for  a  given  candle-power  must  be  con- 
siderably higher  than  is  found  in  stand- 
ard ll(>-volt  systems  of  distribution. 
Simplicity  in  the  arrangement  of  leads 
is  essential,  for  repairs  are  likely  to  be 
made  by  operators  absolutely  unin- 
Fio.  14.— Focusing  lamp.  formed  regarding  the  simplest  electrical 

circuits. 
Lamps  are  usually  eontroUed  from  a  multi-point  switch  located  within 
«asy  rssoh  of  the  operator.     Ordinanoes  of  sertain  cities  demand  that  the 
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teil-lamp  awitoh  be  so  UTMised  that  it  is  impouible  to  torn  it  to  the  "  off" 
position  from  the  oar  seat*  thus  foreing  the  operator  to  get  out  of  the  omr  for 
this  purpose.  A  device,  oonsistinc  of  a  relay  proi>erly  ooimected,  pflrmiis 
switohing  od  the  tail  lamp  from  the  seat,  but  neoessitates  learing  the  ear  for 
extinguishing  the  lamp. 

88.  O&ndle-power  &nd  wattage  of  automobU*  lunpft.  The  effieieaer 
of  low-voltage  tungsten  lamps,  suoh  as  are  used  in  the  lighting  of  gaa  cars, 
closely  approximates  1  watt  per  c-p.  The  following  table  will  show  the 
sises  uBufdly  adopted  for  automobile  lighting: 


Head  lamps 15  to  21  o-p. 

Tail  lamps 2to    4  c-p. 

Side  lamps 6  c-p. 


15  watts  represent  the  power  consumption  of  two  side  lamps  and  one  tail 

lamp. 
30  watts  represent  the  power  consumptioo  of  two  head  lampe  and  one  tail 

lamp. 
45  watts  represent  the  power  consumption  of  two  head  lamps,  two  side  lamps, 

and  one  tail  lamp. 
60  watts  represent  the  power  consumption  of  two  head  lamps,  two  aide  lamps, 
one  tail  lamp,  one  dome  lamp,  two  pillar  lamps,  and  one  gage  lamp. 
89.  Arraiurenient  of  lighting  units  is  suggeeted  by  the  preceding 
paragraph.     See  also  Fig.  13. 

M.  The  tonroo  of  energy  may  be  a  storage  battery  which  is  charged  upon 
removal  from  the  car,  the  storage  battery  used  in  eonneotion  with  an  elee- 
trie  starting  system,  or  the  magneto.  In  the  last  case,  the  lamps  will  be 
extinguished  when  the  engine  stops;  consequently,  this  system  may  be 
eonsidered  a  make-shift. 

IGKITION 

91.  ProoeUM  lnTolT«d  in  ignition.     Ignition  of  the  mixture  in  the 

cylinder  should  occur  in  such  manner  that  the  combustion  of  ^as  takes  p^ee 

when  the  piston  is  at  the  head  of  its  stroke.     There  is  a  perceptible  lag  of^time 

from  the  commencement  of  the  process  of  sparking  until  the  charge  is  oom- 

{>letely  &red.  This  interval  depends  upon  the  rate  of  gas  combustion,  the 
nductive  lag,  and  also  the  inertia  of  the  vibrator,  if  suoh  a  device  be  used.  .H 
low  engine  speeds  the  travel  of  the  piston  during  this  intvYsi  is  relativdy 
slight.  At  higher  speeds,  however, theefFeotofthisdelay  is  toretard  thespark 
until  the  piston  has  completed  a  considerable  portion  of  its  downward  travel, 
and  in  this  case  some  corrective  measure  is  almost  imperative.     See  Par.  M. 

Proper  starting  of  the  process  involved  in  firing  the  charge  neoessitetes 
that  an  electric  contact  oe  made  and  then  brokeo  at  the  exaot  instant 
required.  Adjustment  of  the  mechanism  driving  the  contact,  in  order  to 
secure  best  ignition  results,  is  known  as  timing. 

The  energy  source  is  eitaer  a  battery  or  a  magneto.  In  all  but  the  low^ 
tension  system  (Far.  98)^  currents  of  a  few  milUamperes  are  caused  to  cross 
an  air-i^ap  within  the  cylinder.  One  terminal  of  this  air-gap  is  grounded  on 
the  engine.  The  lead  from  the  other  terminal  passes  throu^  an  insulating  and 
gas-Ugnt  bushing,  called  a  ipark  plug,  to  the  source  of  high-tension  energy. 

The  spark  points  are  separated  0.4  or  0.5  mm.  The  voltages  aoroes  the 
gap  may  very  roughly  be  estimated  at  about  20,000  volts. 

99.  TariaUon  of  ipark.  The  time  interval  or  lag  from  the  operation  of 
the  contact  breaker  to  the  complete  firing  of  the  charge  in  the  oylindw  is 
practically  constant  at  all  speeds.  On  the  other  hand,  the  travd  of  the  pis- 
ton during  this  interval  is  proportionately  increased  as  the  speed  increases. 
The  process  of  ignition,  then,  must  be  commenced  at  a  more  advanced  iKm- 
tion  at  the  higher  speeds.  If  a  high-tension  magneto  system  is  used,  it  is 
desirable  that  the  primary  circuit  be  broken  when  the  current  is  at  its  maxi- 
mum value.  The  characteristic  e.m.f,  curve  of  a  magneto,  particularly  at  low 
speeds,  is  decidedly  pointed,  which  narrows  perceptibly  the  range  of  spark 
variation  which  may  be  profitably  accomplished.  This  difficulty,  however, 
may  be  obviated  by  rotating  the  field  magnets  to  correspond  with  the  chan^ 
in  the  point  of  break  at  the  contact  breaker.  Where  battery  ignition  is 
used  in  connection  with  the  single-spark  system,  a  somewhat  wider  range  of 
spark  variation  may  be  realized. 
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The  spark  vamtion  may  be  aocompliahed  manuaUjf.  or,  by  means  of  a 
governing  apparatua,  the  prooeas  may  be  made  automatic.  Tms  ralievee  the 
operator  of  the  care  ana  attention  bestowed  on  the  spark  lever,  and,  in 
addition,  aoourately  determines  the  proper  position  of  the  spark  for  all 
engine  speeds. 

•8.  Low-'tezuion  (make-and-brsak)  syitom.  The  spark  may  be  made 
Irithin  the  cylinder  by  the  action  of  a  sirring  which  breaks  the  contact  made 
by  a  device  driven  from  a  cam  mechanism  which  is  positively  connected  to 
the  engine.  The  circuit  lead- 
ing to  the  terminals  of  this 
ooniact  include  either  a  bat- 
Xery  or  a  low-tension  mag- 
Deto  in  series  with  a  simple 
reactance.  The  sparking  ac- 
tion is  simply  the  indnctive 
kick  of  the  reactance  coil 
when  a  steady  current  tem- 
porarily flowing  through  it 
IB  suddenly  broken.  The 
aise  of  the  spark  depends 
upon  the  value  of  current 
built  up  in  the  reactance 
during  the  time  of  contact; 
this  current  value  varies 
with  the  eni^ne  speed.  At 
high  enipne  speeds  a  reduced 
intenaity  of  spark  is  thus 
realised,  and  a  heavier  spark 
ia  obtained  at  the  lower 
Bpecds,    which    is   desirable. 


FlQ. 


15. — Low-tension  (make-and-break) 
system. 


The  timing  of  ignition  ia  secured  by  the  adjustment  of  the  cam  or  cams.  Fig. 
Ifi  shows  the  arrangement  of  a  low-tension  system  of  ignition,  offering  a 
choice  of  magneto  or  batterv  and  coil  at  the  will  of  the  operator.  In  the 
former  case,  the  magneto,  as  here  shown,  embodies  all  the  reactance  neces- 
sary. An  arrangement  of  this  nature  provides  an  auxiliary  source  of  energy, 
whereby,  if  starting  with  ignition  supplied  from  a  magneto  is  insufficient  at 
the  low  cranking  speed,  ignition  may  temporarily  be  supplied  from  the  battery. 
94.  Multiple-vibrator  lyit*!!!.  Where  more  than  one  cylinder  is  used 
it  ia  possible,  by  supplying  duplicate  ignition  unite  (a  separate  unit  for 
each  oylinderh  to  secure  firing  which  is  approximately  synchronous.  In 
Fig.  16  may  be  seen  four  seiiarate  induction  ooila,  each  supplied  with  ita 
own  vibrator.  The  primary  circuit  of  each  one  of  these  coils  is  completed  by 
a  contact  maker,  which  at  the  proper  time  (here  indicated  by  the  position  of 

a  cam),  closes  tne primary 
8*iirt>  drcuit   of  the   coil    corre- 

sponding to  the  cylinder 
which  is  to  be  fired,  and, 
by  the  action  of  a  vibrator, 
causes  a  spark  in  that  cyl- 
inder. Bynchronlied  igni- 
tion for  four  or  more  cyTic- 
ders  with  this  method,  can 
be  only  approximate  at 
best.  It  is  impossible  so  to 
attune  the  vibrators  that 
they  will  respond  equally 
to  the  action  of  the  timer. 
The  time  lag,  mentioned  in 
Par.  91,  may  vary  for  each 
of  the  several  cylinder 
equipments.  The  effect  of 
this  is  improperly  timed 
'  firing,  and  the  smoothness 
and  economy  of  the  engine 
as  a  whole  is  greatly  re- 
duced. It  IS  due  to  these  diflSoultiea  that  multiple-vibrator  ignition  is  losing 
in  favor,  and  is  being  rapidly  replaced  by  sevwal  other  systema. 
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MMtor  vibrator  with  inultlpl«-«oU  tjrstcm.    The  master  ti- 

brator  is  an  auxiliary  i»eee  of 
Mtfttcr  Tibratoi  apparatus  used  principaUy  to 
convert  a  multiple-vibrator 
system  into  one  more  neariy 
synchronous.  KasentiaUy  it 
consists  of  a  sinjEle  vibrator 
connected  in  that  primary 
lead  from  the  battery  whicL 
is  common  to  all  coils.  In 
addiUoUf  certain  features  oi 
refinement  have  been  added 
which  ordinarily  do  sot  ap- 
pear in  the  separate  vibrators 
of  the  mulUpla-vibrator  wyw 
terns.  In  Fir.  17  a'maaicr 
vibrator  is  shovn  eoDoeeted 
to  a  foux^-ooil  ignition  ar- 
rangement. A  master  vibra- 
tor can  be  instidled  in  any 
acoeflsible  place  in  tbe  car, 
and  may  be  connected,  with 
few  changes,  to  an  existing 
multiple  -  vibrator  ayatem ; 
however,  all  vibrators  on  tbe 
individual  coils  must  be 
short-circuited.  The  source 
of  energy,  as  in  the  multiple- 
vibrator  system,  may  be 
either  a  battery  or  a  low-ten- 
sion magneto. 

96.  Slnglo  eoU  with  dis- 
tributor. In  many  of  the 
modern  types  of  oar,  igni- 
Uon     is     aoeomplished     by 
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Fio.  17. — Connections  of  master  vibrattM*. 

means  of  a  sinide  coil  whose  secondary  is  connected  successively  to  the 
SS  of  ful  ay" 


spark  plugs  of  lul  cylinders  by 
means  of  a  device  which  is 
known  as  a  distributor.  The 
required  energy  may  be  sup- 
plied from  a  high-tenBion  mag- 
neto or  a  battery  and  coil. 

The  hlgh-tonslon  tuag- 
neto  may  be  of  several  designs, 
each  maker  cluming  certain 
advantages  for  his  own  method. 
In  one  type  (Fig.  18),  current 
is  first  generated  at  a  low  volt- 
age, and  then  led  out  to  the 
primary  of  a  coil.  From  the 
secondary  of  this  coil,  high-ten- 
sion current  is  brought  back 
to  the  distributor  which  is 
mounted  on  the  magneto  and 
connected  with  the  magneto 
shaft  through  suitable  gearing. 
The  primary  circuit  is  normally 
closed  through  the  armature  of 
the  magneto  and  the  coil.  This 
circuit  is  opened  by  a  contact 
breaker,  also  located  on  the 
magneto.  Leads  extend  from 
tbe  distributor  to  the  spark 
plugs  of  the  various  cylinders. 
Another  type  of  high-tension 
magneto  contains  the  induo- 


.DistribatOB 


Contact  BreftfceT 
Fig.  18. — High  tension  magneto  with  sepa- 
rate induction  coil. 


tion  coil  as  an  integral  part  of  the  armature.    The  armature  thus  carriea 
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two  eoUo,  ODe  of  few  turn*  and  ona  of  many  tunu.  The  former  or  primary 
windms  includes  in  its  oirouit  the  oontaot  breaker,  and  the  seoondary  wind- 
iss  is  lad  to  the  distributor  which  is  located  on  the  masDeto.  Hish-tension 
masnetoa  are  coupled  poeitiTely  to  the  engine  in  order  that  the  proper 
relation  may  be  preserved  between  magneto  and  engine. 

Where  a  battery  is  used  with  the  single-coil  distributor  system,  it  is  usual 
praotioe  to  employ  what  is  known  as  a  ilngle-spark  eontaet  nuUUr  and 
orMjEar.  8uoh  a  device  is  shown  diagramaticBlly  in  Fi^.  19.  It  will 
be  seen  that  in  this  system  the  circuit  is  dosed  for  a  certain  definite  per- 
eenta^  of  each  revolution  of  the  timer.  As  the  engine  speed  ineresses,  this 
dniation  of  eontaet  will  be  preeeptibly  shortened,  consequently  the  primary 
eurrent  will  build  up  to  a  smaller  value,  and  when  this  current  is  broken, 
the  reaaltant  spark  will  be  smaller,  even  though  the  speed  of  break  is  reason- 
ably constant  for  all  speeds.  A  refinement  which  has  been  added  to  this 
system,  is  an  automatic  regulator  lor  securing  the  same  length  of  break 
at  all  eseept  the  very  slowest  speeds.  It  is  argued  in  favor  of  this  kind 
of  battery  ignition,  that  a  quick  break,  properly  timed,  results  in  a  rapid 
eomboetioD  of  the  gas  and  the  greatest  pressure  upon  the  piston  at  the 
besinning  of  the  power  stroke. 
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Fia.  19. — Single-epark  system  of  battery  ignition. 


•T.  BattaiT  Terras  magneto.  Prior  to  the  advent  of  recent  improve- 
ments in  battery  starting  and  lighting  systems,  the  magneto  system  of  ig- 
nition was  decidedly  in  public  favor.  But  the  very  rapid  adoption  of  battery 
etarting  and  lighting  systems  has  resulted  in  considerable  controversy  over 
tb«  reuttive  merits  of  battery  and  magneto  ignition  systems.  The  most 
important  advantage  claimed  for  the  magneto  was  reliability;  it  also  eon- 
aaxnes  but  a  small  portion  of  the  engine  output,  never  becomes  exhausted 
nnd  never  requiree  recharging  as  batteries  do.  The  last-named  advantans 
in  large  decree  when  the  ma^eto  system  is  compared  with  the 
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battery  ignition  systems  in  which  the  batteries  are  under  charge 
almost  continuously  while  the  engine  is  in  operation.  It  is  also  claimed  that 
the  magneto  is  less  likely  to  suffer  complete  failure  than  a  battery  which 
mny  become  ^short-circuited  and  give  out  completely.  On  the  other  hand, 
battery  ignition  produces  greater  spark  intensity  at  the  lower  ennne  speeds 
tissn  the  magneto  system,  and  certain  experts  have  cininied  that  this  feature 
BOsUies  the  battery  system  decidedly  superior.  Another  advantage  which  is 
dsimed  for  battery  ignition  is  the  increased  range  of  spark  adjustment 
(Par.  tl). 

THAWING  WATER  PIPES 

BT  H.  B.  OBAK,  A.B.,  M.B. 

Bntinttr  o/  DiUributioit,  Commonwealtk  XdUon  Contpany, 

timber,  American  Intlitute  o/  SUetrical  Sntinttr* 

M.  AdTaatagei  of  aUctrlMl  mstltod.    The  thawing  of  frosea  water 

p^as  by  the  use  of  aleetrieal  energy  has  beeome  quite  common  in  the  northern 
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■UtM.  During  unusually  lonMontinued  periods  of  mather  when  tin  tem- 
pentura  is  kveraginc  10  deg.  Fahr.  and  lower,  the  frost  reaches  aaehadspth 
ID  the  earth  that  service  pipes  and  ocoarionally  the  smaller  water  mains  W 
oome  frosen.  Service  pipes  of  less  than  2  in.  in  diameter  may  be  readily 
thawed  by  passing  electric  current  through  them  in  sufficient  quantity  to 
raise  the  temperature  of  the  pipe  above  the  freesinf  point.  This  permits  the 
water  to  pass  around  the  central  core  of  ice  and  if  pipes  are  kept  open  the  flow 

of  water  ^om  the  maias 
completes  the  thawing 
process  within  a  short  time 
after  the  flow  has  begun. 
The  thawing  of  water  by 
the  uae  of  electgio  eurrent 
is  obviously  far  chesper 
than  by  other  methods,  as 
no  excavation  is  necessary 
and  as  very  little  remains 
to  be  done  after  the  flow 
of  water  has  been  estab- 
lished. 

t>.  Tha  methodi  by 
which  Ui«  Uukwinc  of 
plpw  h»T«  boen  aoeom- 
pluhed  ate  various  and 
involve  the  use  of  both 
direct  and  alternating  cur- 
rents. The  use  of  oireet 
current  is  permissible  only 
where  there  is  a  separate  generator  of  ample  capacity  available,  or  a  network 
of  capacity  sufficient  to  deliver  500  to  1,000  amp.  Where  the  supply  is  drawn 
from  a  separate  generator  the  control  of  the  flow  of  current  is  readily  accom- 
plished by  the  field  rheostat.  Where  the  supply  is  drawn  from  a  low-tension, 
direct-current  network  the  voltage  must  be  reduced  by  the  use  of  resiBtwice 
coils. .  With  alternating-current  service,  it  is  customary  to  use  a  special  pipe- 
thawing  transformer,  having  a  variable  impedance,  or  a  combination  of 
standard  transformers  so  connected  as  to  give  the  proper  voltage  and  current. 
The  most  common  pipe-thawing  problem  is  illustrated  in  Fig.  20,  where  the 
service  pipe  running  from  the  street  main  to  the  house  is  frosen.     In  order  to 


AltemstiQg  Current 
Orerbead  Lloe 


Fia.  20. — Use  of  transformers  for  thawing. 


UOV. 


Fio.  21. — Method  of  thawing  by 
inserted  wire. 


Fio. 


22. — Conoeetions  for  use  of 
standard  transformer. 


pass  current  through  the  service  main,  the  circuit  is  completed  as  shows 
in  the  illustration  from  the  transformer  through  the  street  hydrant,  water 
main  and  service  pipe  and  back  to  the  source  of  supply.  Where  a  hydrant 
is  not  readily  accessible  the  circuit  is  sometimes  completed  through  the  water 
piping  system  of  an  adjoining  building.  In  connecting  to  a  service  pipe  it 
is  desirable  to  disconnect  the  house  piping  in  order  to  prevent  stra^  current 
from  passing  across  to  gas  piping  or  grounded  electric  circuits.  Fires  have 
been  started  in  some  cases  where  this  precaution  was  not  taken  and  the  elec- 
tric-service companies  in  many  cities  require  that  the  water  piping  be  discon- 
nected from  the  service  before  the  current  is  turned  on.  In  cases  when 
the  street  main  becomes  frosen,  current  must  be  droulated  between  two 
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idjoining  hydranti.     Suob  cases,  howcTer,  are  comparatiTeljr  rare,  aa  freei- 
ng does  not  take  place  in  sufficient  amount  to  stop  the  flow  of  water. 

100.  Another  method  of  thawlnc  pipes,  using  a  gmall  amount  of  energy, 
■  shown  in  Fig.  21.  With  this  scheme  a  piece  of  rubber-covered  wire  is 
.hruat  into  the  end^of  the  pipe  and  a  current  of  about  20  amp.  slowly  melta 
.he  ice.  A  disc  of^inaulatinjg  material  centres  the  wire  and  prevent  it  from 
naldng  contact  with  the  pipe.  This  method  is  only  applicable  where  the 
npe  is  straight  and  where  the  end  is  accessible. 

101.  Power  eftp*eltj  required.  In  thawing  ordinary  house  services 
irbieh  are  not  over  li  in.  in  diameter,  it  has  been  found  that  a  tranaformer 
Ijipaaity  of  about  30  kw.  is  ample  to  start  water  flowing  in  from  16  to  30  min. 
Vbere  standard  transformers  are  used,  the  connection  shown  in  Fig.  22  baa 
leen  quite  generallv  employed;  this  affords  about  55  volts  and  from  350 
x>  500  amp.  Standard  transformers  may  be  safely  overloaded  50  imt  cent 
yr  more  for  15  min.  during  the  cold  weather  in  which  this  kind  of  work  is  done. 

The  thawing  of  a  6-in.  (16.24  cm.)  main,  1,700  ft.  (518  m.)  in  length  in  the 
Bast  River  at  New  York  required  the  use  of  760  kw.  for  36  hr.  In  this  ease 
ihe  ^pe  was  laid  in  the  bed  of  the  river  and  was  surrounded  by  salt  water 
kSTing  a  temperature  of  about  30  deg.  Fahr.  It  was  very  difficult  to  raise  the 
temperature  sufficiently  to  thaw  the  ice  inside,  as  the  heat  was  carried  away 
lo  rapidly  by  the  moving  water  around  the  pipe.  The  accompanying  table 
AwtM  data  on  the  amount  of  current  and  the  length  of  time  required  to  thaw 
rosen  water  pipes  by  electricity.  ("Proceedings  of  American  Water  Works 
Itasoeiation,"  1912.     Bng.  and  Cmfg,  Feb.  12,  1913.) 


Sise  pipe 
(iron)*,  in. 

Length, 
ft. 

VolU 

Amperes 

Time  required 

1 

40 

60 

300 

8 

1 

100 

55 

136 

10 

1 

250 

50 

400 

20 

I 

250 

50 

500 

20 
Hour* 

1 

700 

55 

175 

6 

4 

1,300 

55 

2S0 

3 

10 

800 

62 

400 

2 

'  To  thaw  out  lead  pipe,  the  current  must  be  increased  50  per  cent. 

MARINE  APPLICATIONS  OF  ELECTRICITY 
BT  B.  A.  HOBKOK,  B.A. 

yeUvw,  American  Inttitute  of  EUctrical   Enffineera,  Member,  Iliuminating 
Bngineer  Society,  Member,  American  Eledro-chemical  Society 

KBBCHAKT  MABINB  PBACTICB 

tot.  Bulai  tor  liutkUatloiu.  _  In  general  the  electrical  construction  on 
nerchant  vessels  must  comply  with  the  re<^uirements  of  the  classification 
ueiety  under  the  rulee  of  which  the  veeeel  is  constructed.  Such  societies 
ire  established  in  all  the  large  maritime  countries.  The  American  Bureau 
>f  Shipping  and  Lloyd's  Registar  of  British  and  Forei^  Shipping  are  the 
KXaeties  under  which  most  of  the  merchant  vessels  of  this  country  are  built. 
!n  addition,  the  Navigation  Laws  of  the  U.S.,  and  the  Pilot  Rules,  issued  by 
ihe  Department  of  Commerce,  must  be  carefully  followed.  For  certain 
nland  vessels,  espeeiBlIy  those  plying  to  and  from  New  York  City,  the 
Slational  Board  of  Fire  Underwriters  specify  and  inspect  the  iastallation. 
To  eover  detail  requirements  and  speeiaf  operating  featuree  the  veeeel  owner 
ilao  provides  a  general  specification  both  for  use  in  obtaining  a  price  as  well 
m  tat  an  instrument  of  guarantee.  These  rules  and  specifications  give  a  wide 
atitude  to  the  engineer,  and  in  many  cases  the  finished  installation  more  than 
oTeis  the  requirements.     This  is  due  to  rapid  advance  in  the  art. 

tot.  Ufhtinc  eireolti.  The  distribution  of  energy  is  the  same  aa  in 
i  two-wire  system  on  land.  Feeders  are  led  from  the  switchboard  to  dia- 
libution  cabiDets,  and  branch  leads  are  thence  distributed  to  group*  of 


/ 
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Umpa.  Not  lAore  thso  6flO  watta  an  MiicnMl  to  one  bntnoh  Hno.  Tb* 
umiat  allowable  voltage  drop  to  the  fartbast  outlet  is  3  per  cent. 

IM.  Bnnnlnf  Uf hta.  In  accordance  with  law,  every  veeeel  eani«a  the 
following  navigating  lighte:  (a)  masthead;  (b)  port;  (c)  etarboard:  (d) 
stem;  and  (e)  range.  A  special  feeder  is  carried  to  a  tell-tale  board  loeatod 
in  the  pilot  house,  and  from  this  board  separate  branch  lines  oommusieate 
with  each  running  light.  In  the  event  of  failure  of  the  lamp  in  any  ranniac 
lantern,  both  a  visual  and  an  audible  signal  is  indicated  by  the  teU-taie. 
There  are  several  methods  employed  to  accomplish  this  purpose,  but  ears 
in  selecting  a  system  need  only  be  exercised  as  regards  ruggednesB  of  eonatnie- 
tion  and  the  prevention  of  corrosion. 

MM.  Lightinc  ilxturei.  For  those  places  in  the  vessel  sabieeted  to  tfaa 
action  of  steam  or  to  mechanical  injury,  and  where  the  outlet  would  be 
expoeed  to  the  weather,  a  special  water-tight  or  steam-tight  fixture  ia  pro- 
riaed,  and  frequently  a  substantial  guard  is  placed  over  the  glass  globe. 
In  this  country  it  is  the  practice  to  screw  the  glass  globe  which  enshrouds 
the  lamp,  into  the  metal  base  of  the  fixture,  permitting  it  to  sMt  itself  upon 
a  soft  gasket  of  rubber  insertion.  In  other  countries  a  flange  is  cast  on  the 
bottom  of  the  glass  globe  and  a  ring  of  metal  compresses  the  globe  upon  tbe 
gasket.  Steam-tight  fixtures  are  made  in  several  models  to  adai^t  them  to 
certain  locations  and  to  facilitate  installation.  Fixtures  f or  otl-eatryinc 
vessels  differ  slightly  from  the  ordinary  steam-tight  fixture,  the  principal 
difference  being  that  in  the  former  ease  the  globe  is  cemented  to  a  metal  itnc 
which  makes  a  tight  screwed  joint  with  thebascj  practice  among  the  owneta 
of  <^  vessels  does  not  agree  as  to  their  use.  Fixtures  for  living  spaeea  ara 
generally  selected  by  the  owner,  and  are  similar  to  those  in  vogue  on  land 
except  that  they  must  be  designed  for  mounting  on  a  fist  block  and  moat 
permit  ample  room  in  tbe  base  for  connections.  Recently  china  fiztnraa 
(Beleek)  have  been  introduced  in  lieu  of  metal  for  passenger  qiikrters.  The 
advantages  are  incorrodiUlIty  and  cleanliness. 

DM.  Lamps.  At  the  present  time  carbon-filament  incandescent  lampa  are 
usually  installed,  but  the  tendency  to  use  metallic  filament  lam^  is  paaually 
increasing.  The  successful  use  of  wire-drawn  tungsten  lamps  in  rauway  eai 
lighting  is  having  its  effect  upon  the  rapid  introduction  of  this  type  of  lamp 
on  shipboard;  in  addition  to  this,  the  smaller  lamps  at  110  volts  permit  a 
wider  distribution  with  the  same  amount  of  copper. 

lOT,  KethOdg  of  lUuminatlon.  The  application  of  modem  methods  al 
illumination  does  not  progress  rapidly  in  this  class  of  work.  Ck>nservatiasB 
plays  a  large  part  in  abating  any  radical  departures  from  present  [iractiee. 
A  recently  completed  excursion  steamer  was  largely  equipped  with  indirect 
and  semi-indirect  fixtures,  but  in  making  such  applications  this  tyi>e  of  vessel 
must  not  be  confused  with  ocean-going  vessels,  which  must  so  be  fitted  that 
such  appliances  will  not  be  affected  by  the  rolling  of  the  ship. 

IM.  Motor  dreolta.  Feeders  are  led  directly  from  the  main  switch- 
board to  a  double-pole  switch  and  cut-out  placed  in  the  line  to  protect  the 
starting  box  and  motor.  The  conductors  must  be  designed  to  care  for  the 
starting  current,  especially  if  the  drouit  i»  so  fused.  The  cut-out  switda 
and  tbe  double-pole  switen  are  not  necessary  for  motors  of  0.2fi  h.p.  or  lea*. 

IM.  Motor  eentroUari.  Starting  panels,  similiar  to  those  of  land  prac- 
tice in  thor  electrical  features,  but  usually  enclosed  in  a  non-watep4iKht 
sheet  metal  box,  are  provided  for  all  motors  of  capacities  below  10  h.p.;  for 
larger  capacities,  drum-type  controllers  are  employed.  The  latter  are  pro- 
tected either  by  separately  mounted  circuit-breaaera  or  by  specially  deaignad 
contactors  likewise  enclosed  in  a  sheet-metal  box.  This  box  must  be 
made  completely  water-tight  if  mounted  on  an  exposed  deck. 

110,  Moton.  Ordinarily  land  motors  of  regular  commercial  deagn  are 
accepted  and  installed,  but  such  practice  is  not  deemed  advisable  from  the 
standpoint  of  the  en^neer.  Motors  should  be  fully  endoeed  if  located  ia 
exposed  places  or  in  the  machinery  spaces.  Careful  consideration  should 
ua  given  to  the  design  of  the  bearings,  especially  the  guards  whichprerant  oQ 
from  travelling  along  the  shaft  and  into  the  armature  windinn.  The  apaeea 
in  a  vessel  are  usualor  crowded,  and  therefore  tbe  design  should  provide  eaay 
means  for  overhauling.  Although  not  a  universal  rule,  it  would  be  eoaaerra- 
tiva  to  specify  that  all  motors  should  be  built  with  horisontally  split  framsa. 
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111.  KtWflhHrhtl  Thii  apparatiu,  beoauM  of  the  eompanttirsly  Urc* 
enrraa*  oonaomed,  ia  aonsidered  as  {urniahing  part  of  the  power  load.  The 
aesrehlight  ia  aerred  through  a  Hparate  awiteh  on  the  main  awitehboard,  and 
the  arc  voltage  ia  adjuated  by  an  external  variable  resistance.  Provision  ia 
made  on  the  switchboard  whereby  the  voltage  of  the  searchlight  feeder 
may  be  observed  by  uae  of  the  generator  voltmeter.  The  aearchlight 
may  be  managed  from  the  pilot  house  by  either  direct  band  control  or 
remote  electric  oontrol.  In  order  to  inaure  againat  the  ill  effects  of  radio- 
telecraph  induction  it  is  neoeaaary  that  expoaedleada  to  searchlighta  be  either 
encflheea  in  pipe  or  wrapped  with  wire.  In  both  caaea  the  outer  steel  covering 
must  be  well  grounded  to  the  hull  of  the  vessel.  Searchlights  are  useful  in 
picking  up  buoys  in  harbor  channels  and,  in  some  trades,  are  very  necessary 
tor  loading  and  unloading  at  night.  For  freight  veaaela  or  for  passenger  ana 
freight  veaaela  of  4,000  tons  carrying  capacity  or  over,  the  searchlight  should 
notbe  leas  than  18  in.  in  diameter. 

111.  Deetrie  ra41»ton.  For  certain  service,  such  aa  the  coaatwiaa 
traffie  of  the  Pacific  coast,  eleotiie  air  beaters  find  a  suitable  application. 
Where  the  temperature  variea  but  a  few  degrees,  aa  in  tbia  instance,  passenger 
ateamers  can  thus  be  comfortably  heated  without  exceeding  proper  tempera- 
turea.  For  attractiveneaa  some  vessels  carry  luminous  radiators  in  the  state- 
rooma  and  lounging  rooms,  and  tubular  air  heaters  in  the  passageways  and 
in  the  rooms  less  frequented.  These  appliances  must  be  designed  to  undergo 
hard  servloe,  must  be  properly  fused,  arranged  for  mounting  on  bulkheaoa. 
iknd  ahould  be  sufficiently  guarded  to  prevent  inflammable  materiids  from 
being  cast  upon  them. 

111.  IngliM  talegraph  lyitem.  For  the  maneuvering  directions  between 
the  pilot  house  and  bridge  and  the  engine  room,  mechanical  signals  are 
employed.  This  system  consists  generally  of  transmitters,  locat«i  one  in 
the  pilot  house  and  one  on  the  bridge,  connected  by  low-brass  wire  and 
triple-Uuk  chain  passing  over  br%ss  pulleys  to  a  receiver  in  the  engine  room. 
A  reply  aystem  assures  that  the  signal  has  been  properly  received.  Occa- 
sionwly  an  electrical  attachment  ia  made  from  the  engine-room  receiver  to 
the  reversing  shaft  of  the  engine  whereby  a  false  siEnaimay  be  immediately 
made  known.  The  transmitter  diala  are  electrically  illuminated.  Varioua 
models  to  suit  the  propelling  machinery  are  manufactured. 

11«.  Miaeellaneoui  meehaoleal  talafraph  and  bell  pullt.  Other 
telegraphs  for  the  purpose  of  docking  the  ship,  steering,  indicating  the  rudder 
angle,  and  for  adjusting  the  mooring  lines,  are  exactly  similar  to  the  engine 
telegraph  Inatruments  except  that  the  dial  orders  are  suitably  changed.  Aa 
an  emergency  precaution  mechanical  bell-puUs  are  installed  near  the  engine 
telegraphs,  connecting  with  a  gong  and  a  jingle  bell  in  the  engine  room. 
Aa  an  au^Uary  to  any  means  for  operating  the  main  steam-whistle  valve, 
mechanical  pulls  are  located  on  the  bridge  and  in  the  pilot  house. 

111.  Telephone  ipsaklng  tnbat  and  eall-bell  lygtem.  The  law 
requirea  that  for  vewela  in  which  the  distance  from  the  pilot  bouse  to  the 
engtoe  room  is  greater  than  150  ft.  a  telephone  must  be  installed  in  addition 
to,  or  in  place  of,  the  voice  tube.  For  snorter  distances  spealdng  tubes  are 
used  ^ving  communication  between  important  places  in  the  vsssel.  It  ia 
oompulaory  to  install  either  a  speaking  tube  or  a  telephone  between  the 
wjrefeas  room  and  the  bridge.  Other  points  of  communication  are  merely 
for  convenience  and  differ  with  the  desires  of  the  owner.  In  both  pasaenger 
and  freight  vessels,  annunciators  are  located  in  the  main  pantry  and  puah 
buttons  are  installed  in  all  staterooms,  messrooms,  saloons,  etc.     In  hving 

anartera  remote  from  the  bridge  and  not  provided  with  watchmen  on  con- 
nuona  duty,  alarm  gongs  are  installed;  these  are  actuated  by  a  push  button 
located  in  the  pilot  house.     This  is  a  requirement  of  law. 

HI.  nre-glarm  lyiteia.  All  vessels  are  not  equipped  with  such  a  ayatem, 
and  the  systems  that  have  hitherto  been  installed  have  not  proven  altogether 
satisfactory.  Snch  systems  usually  consist  of  electrical  contacts  which  are 
dosed  by  the  melting  of  a  fuse  of  soft  metal,  and  merely  indicate  the  presence 
of  fire.  Two  systems  are  on  the  market  to-day  which  more  nearly  approach 
satisfactory  service.  In  one  of  these  not  only  is  warning  of  the  exact  location 
of  the  fire  given,  but  live  steam  is  admitted  to  the  origin  of  the  fire  by  means 
of  a  direct  lead  of  pipe. 

IIT.  Inbrnarina  aignala.  Large  cast-brasL  bella,  rung  either  by  electric, 
tb  or  wave  power,  are  aubmerged  beneath  the  Itghtahips  that  beacon  the 
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eout,  or  may  be  suapanded  from  a  buoy  which  mtw  the  same  pmpqet. 
On  both  the  starboard  and  port  bow  down  in  the  forehold  of  a  aeA-goinc 
vaesel  are  placed  two  tanka  tilled  with  brine.  A  diaphragm  trauamittcr  is 
placed  inside  each  tank  and  is  connected  to  telephone  receivers  located  in 
the  pilot  house.  *  A  double  set  of  batteries  are  included  to  avert  interruption 
to  toe  service.  Submarine  signals  can  then  be  easily  detected  for  a  raiiss 
under  favorable  conditions  of  at  least  6  to  8  nuiee  by  this  electiicaJ 
perception  of  water  vibration  when  the  bell  is  struck.  ^  As  there  is  a  receivinc 
station  on  each  side  of  the  bow,  it  can  also  be  determined  whether  the  vsaed 
is  approaching  tbe  port  or  the  starboard  side  of  the  beacon.  Experimeole 
are  now  being  made  to  render  practicable  the  use  of  high-freQuency  impulses 
through  the  water,  so  that  full  communication  can  be  established  between 
vessels.  For  description  of  Fessenden  Submarine  Oscillator  see  Tran*. 
A.  I.  E.  E.,  1914. 

118.  Klectric-whlstle  operator.  This  device  consists  of  an  electro- 
magnet operating  a  sensitive  steam  valve  directly  oonnacted  to  the  main 
■team  whistle.  By  means  of  a  clock  movement  the  whistle  may  be  blown 
automatically  as  well  as  at  will.  A  tele^aph  kcr^  is  also  proviaedso  that 
code  signals  may  be  given  from  the  whistle.  ^  With  an  additional  oontaet 
disc  on  the  clock  movement  and  an  external  switcht  automatic  signsle  can  be 
given  from  a  ship  alone  in  a  fog,  as  well  as  complying  with  the  law  wbea 
towing  another  vessel. 

119.  Radio-telegraphy  and  radio-telephony.^  AU  systems  which  mn 
explained  elsewhere  (Sec.  21)  and  which  are  applicable  lor  shipboard  in- 
ptallation,  are,  of  oourBC,  subject  to  the  selection  of  the  owner.  The  pnnta 
of  care  of  installation  are  very  minor  except  the  serious  one  of  obtainiiiK 
positive  and  sufficient  ground  connections.  Tbe  effects  upon  the  rigginK  o* 
the  vessel  are  such  as  to  require  careful  grounding  of  all  stay  lines,  etc.,  and, 
as  mentioned  under  searchlights  (Par.  Ill),  all  exposed  conductors  must  be 
properly  encased.  This  property  of  r&dio-telegraph^r  must  also  be  con- 
sidered in  connection  with  the  type  of  electric  iDstallation  adopted. 

110.  Generating  plant  design.  The  generator  is  direct-connected  to  a 
special  marine-type  engine  or  to  a  turbine.  The  special  features  of  '^^^g?? 
relate  to  reductions  in  weight  and  space.  The  manufacturers  are  prepared 
to  supply  generating  sets  suitable  for  this  purpose,  built  with  non-oorroaive 
parts  and  proper  arrangement  of  steam  connections  for  ship  instaUatioo- 
Tbe  generator  frame  is  usually  split  horisontally,  and  easy  access  is  afford«l 
to  the  commutator.  For  both  reciprocating-engine  and  turbine  drive,  forced 
lubrication  is  preferred.  The  present  accepted  voltage  is  110  volts,  and 
direct-current  compound-wouna  generators  are  used.  The  prime  moTer 
must  be  able  to  exhaust  either  into  the  feed-water  heater,  the  main  ta 
auxiliary  condenser,  or  into  the  atmosphere.  Owners  do  not  agree  as  to  the 
advantages  of  the  two  types  of  prime  mover.  Some  objeot  to  the  high 
rotative  speed  of  tbe  generator  which  in  certain  small  sets  is  as  high  as  5.0CN) 
rev.  per  min.;  others  prefer  the  ease  of  operation  and  thereduction  of  upkeep 
of  the  turbine  in  comparison  with  the  reciprocating  engine. 

111.  Generating  plant  operation.  £xcej>t  in  very  large  passfingrr 
and  freight  vessels,  the  dynamos  are  located  in^  the  engine  room  and  are 
therefore  under  the  direction  of  the  engine  division.  Since  they  form  one 
of  the  many  auxiliaries  it  becomes  evident  that  they  must  be  reliable,  rugsed. 
and  able  to  operate  with  little  attention.  There  are  reciprocating  engines 
now  manufactured  which  combine  the  gravity-feed  and  forced-liibrioation 
systems  in  such  manner  that  the  apparatus  is  reasonably  "fool  proof*" 
as  far  as  the  oiling  is  concerned.  On  the  generator  end,  if  of  open  cons^^e- 
tion,  a  sheet-metal  guard  is  placed  over  the  commutator  bo  that  it  is  pro- 
tected from  mechanical  injury.  Incidentally  this  avoids  the  danger  13S 
any  one  being  thrown  against  it  in  passing.  These  sets  usually  operate. 
under  favorable  conditions,  without  undue  noise,  and  the  regulation  is 
within  2  per  cent. 

lis.  The  cost  of  marine  generatlnff  teti  is  not  much  higher  than  that 
of  ordinary  commercial  sets  oC  the  same  capacity.  The  average  price  is 
approximately  S60  to  $80  per  kw. 

lis.  Switchboards.  Regular  oommerdal  practice  is  followed  as  far 
as  general  design  and  apparatus  is  concerned.     Compactness  is 
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■o  %hm.t  the  board  may  be  mounted  as  near  a  bulkhead  aa  possible.  Ownars 
differ  as  to  the  method  of  coaoeotioos,  some  desiring  that  the  generators 
be  run  in  parallel;  others  preferrinc  that  each  feeder  be  provided  with  a 
doable-throw  awitoh  and  that  separate  bus  bars  be  provided  for  each  gen- 
er&tor,  Thia  is  more  a  question  of  operation  than  one  of  engineerine.  out 
with,  tha  oonditions  aa  described  in  Par.  ill  it  would  seem  more  desirable  to 
keep  the  generators  on  separate  bus  bara»  should  no  eleotrioian  be  carried. 

1S4.  Oozidait  and  znoaldlng.  The  special  reqiurement  for  any  marine 
iaetaUation  is  that  the  oonductors  be  so  protected  that  grounds  wiU  seldom 
oeoor  and  that  the  water-tightness  of  the  vessel  will  not  be  impaired.  All 
of  the  above  cited  rules  require  a  heavy  insulation  of  rubber  and  furthermore 
require  that  the  completed  installation  must  show  approximately  one  megohn 
of  inaulation  resistaDee.  Beyond  these  rules  the  owner  usually  specifies 
the  hichest  qualitjr  of  wire  upon  the  market.  As  it  is  customary  to  use 
ensuaael-lkwd  conduits,  double-braided  wire  is  installed  in  conduits  and  sinale- 
In'auled  wire  in  mouldings.  In  a  combined  conduit  and  moulding  insUula- 
tion*  condaits  are  run  on  ezpoaed  decks,  in  cargo  holds,  machinery  spaces, 
gcalleya*  pantrys,  crew's  quarters,  etc.  Water-tight  junction  boxes  for 
bnukch  oonnections  and  steam-tight  fixtures  are  used  on  such  lines.  In 
the  living  quarters,  moiddings  matching  the  woodwork  are  provided,  all 
eonneetions  being  carefully  made  and  laid  in  the  moulding.  When  conduct 
ore  pass  through  steel  beams  or  bulkheads  the  hole  is  bushed  with  hard 
rubber.  When  conduits  pass  through  water-tight  decks  or  bulkheads  a  brass 
etuffinc  tube  is  fitted  at  the  bulkhead;  this  tube  is  packed  with  red  lead 
And  flax,  forming  a  water-tight  joint. 

%M$.  Tlezible  oables  and  conduit.  Flexible  cables  with  or  without  a 
lesul  covering  are  sometimes  vaed  in  lieu  of  mouldings.  The  flexible  oablea 
sre  atrapped  on  the  structure,  have  the  advantage  of  being  readily  over* 
bstuledi  and,  if  the  insulation  is  properly  selected,  reduce  the  amount  of 
inflammable  material. 

IM.  8t«al  braldad  wmored  oabUi.  There  is  at  present  on  the 
American  market  a  design  of  steel-armored  cable  similar  to  that  used  for 
aonxe  time  past  in  foreign  countries.  This  material  supersedes  both  conduits 
and  mouldinn,  as  the  Lead-covered  steel-armored  cable  is  perfectly  water- 
tight and  sufficiently  protected  for  exposed  spaces;  the  armored  cable  with- 
out &  lead  sheath  is  a[>plicable  for  living  spaces  where  it  may  be  safely  run 
behind  panel  work  or  in  decorative  mouldinga.  As  mentioned  above,  this 
type  of  installation  besides  having  the  important  characteristic  of  reducing 
grounds  to  a  minimum  also  makes  a  perfectly  safe  installation  for  heavy 
'wireleaa  telegraph  outfits.  The  only  change  necessary  in  fittiniu  is  that 
BtuflSng  tubes  must  be  added  to  the  water-tight  branch  junction  Doxes. 

NATAL  PKACTICI 

IST.  Ufhtlnir  aystam.  All  governments  strive  to  obtain  for  their 
naval  ressoU  the  very  latest  and  best  developments  of  the  art.  This  deure 
precludes  standardisation  to  any  great  extent.  The  methods  of  distributing 
Ui^t,  the  type  of  lighting  fixtures,  and  the  problems  of  illumination  are  all 
lyeing  eskrefuDy  studied;  advances  in  the  art  are  rapidly  adopted.  In  general 
the  fixtures  are  heavier  than  in  ordinary  practice,  and  the  materials,  as  speci- 
fied, are  more  closely  inspected.  In  the  United  States  Navy,  the  standard 
lamp  is  rated  at  123  volts,  and  metallic-filament  lamps  are  now  in  service. 
Are  lamps  are  no  longer  used,  having  been  superseded  by  the  250-watt 
tnncaten  lamp. 

tEM»  Motor  nstom.  Motors  and  their  controlling  equipmenta  ara 
^aborately  speidlled,  tested  and  inspected  by  the  United  States  Government. 
Oof^ea  of  thMe  specifications  as  well  as  all  apparatus  and  material  furnished 
Abe  United  States  Oovemment  may  be  procured  upon  application  to  the 
TVaTy  Bureau  eoneemed.  Within  recent  years  the  motor  load  on  a  battle- 
ship has  very  greatly  increased  both  in  capacity  and  importance.  This 
sivmentation  has  caused  some  governments  to  increase  the  generator  voltage 
to  220,  still  retaining  direct  current.  Such  auxiliaries  as  the  anchor  windlass, 
requiring  300  rated  horse-power,  and  the  steering  gear  which  requires  approzi- 
xnately  a  like  amount,  illustrate  the  above  statement. 
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IM.  >ifXWlllll(  ■yitun.  Although  the  Ughtinc  and  power  ayrtaaM  an 
luge  Mid  Important,  they  are  not  mote  important  than  the  interior  eom- 
munieation  in  a  battleahip.  Every  devioe  that  human  ingenuity  ean  deriae  ia 
called  into  req  uiaition,  and  its  operation  and  efficiency  are  carefully  obaenred; 
if  it  ia  of  value  it  is  regularly  employed.  Syeteme  of  si^nala  connect  the  im- 
portaat  points  for  use  in  navigating  the  ship,  in  transmitting  general  crdoB. 
and  in  tne  firing  of  the  guna.  MeohaaiMl  signals  parallel  all  important 
alaotrioal  signals. 

IM.  Oanaratlng  plant.  The  D.  8.  Navy  has  adopted  aa  standard 
a  direct-coaneoted  horisontal  steam-turbine  ■enerator  set  operating  at  a 
atandard  dit'ect-cutrent  voltage  of  12S.*  Relianee  is  placed  on  a  strict 
interpretation  of  the  specifications  to  produce  a  perfect  machine  with  aa  small 
a  weight  and  aa  hiKh  an  efficiency  aa  the  manufacturer  ean  guarantee. 
Nations  differ  aa  to  the  proper  number  of  dvnamo  rooms  and  to  the  number 
of  machines  which  should  be  containea  in  them.  The  U.  B.  Navy 
prefers  to.day  two  rooms  with  two  dynamos  in  each  room.  Switchboard 
practice  likewise  vaiiea  in  the  different  countries.  Boms  of  the  (oiein 
powers  use  steel  for  mountiojg  the  various  switching  devices,  but  the  U. 
B.  Navy  now  specifiee  special  composition.  In  some  naval  viser  Is  tlie 
generator  control  switchboard  is  located  in  the  dynamo  room*  aad  ia  other 
vessels  it  is  combined  with  the  distribution  switchboard  located  in  sui 
adjacent  compartment. 

Itl.  Wiring.  Many  of  the  foreign  nations  have  for  several  ysara  been 
using  steel-armored,  lead-covered  cables  and  recently  the  U,  S.  Navy 
has  adopted  a  similar  system.  Previous  practice  in  the  U.  S.  Navy  waa 
generally  to  install  conduits  and  to  use  open  wires  only  in  those  places  not 
subject  to  mechanical  injury.  The  appliances  are  all  specially  standardiaed. 
spedfiedt  and  inspected,  and  are  in  every  way  more  rugged  and  of  better 
metal  than  in  the  ordinary  merchant  service. 

In  some  installations  the  material  and  apparatus  may  be  delivered  aa  tlia 
work  prooeeds,  but  precautions  are  easentisl  when  the  installation  of  atccl- 
armorad  cables  is  undertaken.  Id  such  an  installation  the  cables  are  laid, 
instead  of  pulled  into  conduits.  This  consideration  together  with  the  fact 
that  it  is  not  wise  to  expose  the  loose  end  of  the  cable  for  anv  length  of  time. 
requires  that  ajl  apparatus  and  material  be  fully  delivered  before  atarting 
the  installation.  In  ordering  wire  for  shipboard  installation  it  must  be 
remembered  that  the  length  of  wire  on  the  standard  reels  of  the  manufacturer 
may  vary  greatly,  increasing  the  cost  of  material  due  to  the  waste  in  enttuig 
off  the  proper  length.  It  has  been  found  desirable  and  economical  to  order 
wire  in  positive  lengths,  placed  upon  reels  marked  with  the  feeder  or  msda 
number  as  shown  on  the  approved  drawing. 

xiaoiLLAinoTrB 

ISI.  Ooit  of  eleotric  plant  on  typical  vesieU.  Actual  coets  o(  such 
installations  are  not  obtainable  and  would  not  be  of  material  value.  ESati- 
mated  flat  costs  for  different  types  of  vessels  are  here  given  as  a  guide. 

Tug  boat,  SO  lamps,  3  kw >I,IO0 

Ferry  boat,  300  lamps,  20  kw t3,QO0 

Freight  vessel,  150  lamps,  searchlight,  20  kw tSiOOO 

Oil  tanker,  160  lamps,  searchlight,  20  kw 17,300 

Passenger  A  freight  vessel,  1,300  lamps,  searchlight,  heating  aya- 

tom,  160  kw S27.000 

BatUeship,  3,000  lamps,  1,500  kw «l.I00,O00 

Ut.  MbUofraphr. 

KsLLOoo,  J.  W . — "Usee  of  Electricity  on  Board  Ship."  Jtfaria*  Sngimtr- 
tnff.  Vol.  VIII,  p.  342.  1903. 

WAiiUHo,  Com.  B.  T.  and  Martin,  Jouna. — "Electrical  Installationa  at 
the  United  States  Navy."     Annapolis,  U.  S.  Naval  Institute,  1907. 

BuLiiABD,  Lt.  Con.  W.  H.  O. —  Naval  Electrician's  Text-book."    Aanapo- 

%a.  8.  Naval  Institute,  1008. 
[ORWOR,   H.   A. — "Transmission    of    Intelligence  on    Steam    Veasela.'* 
JoumalofthtPranklinlnttituU  of  Pa.,  1S08. 

*  The  V.  8.  OoT.  has  recently  (1914)  adopted  230  volts  as  standard. 
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BocHAMAM,  M.  W. — ^"  ElMtricklly  Operated  AazOiaiy  Appuatua."  Iti- 
Umational  Marine  Bnonuering,  VoL  XVI,  p.  2S9,  1911. 

Atbbt,  W,  Q. — ^"Marino'Kleotrio  Oenaratinf  Plant,  Diatiibution  and 
Interior  Conununieation."  InUmational  Mannt  Sntinterine,  Vol.  XVI, 
p.  265,  1011. 

HOBHOS,  H.  A. — ^"The  Electrical  Equipment  of  the  Modern  BattlecUp." 
JlU  Jovmal  offk*  FrankKn  InttUuU  of  Fa.,  1913. 

APPLICATIONS   OF    BLECTRICITT  IN   THE    UNITED 
STATES  ARMY 

BT  KDWABD  D.  ABDBBT 

Captain,  Certs  of  Engiiuers,  UniUd  Statu  Army 

IM.  OUlural  WpUoatloiu.  Aiide  from  the  iiaual  application*  to  il- 
lanination  and  the  operation  of  machinery,  electrical  energy  ie  employed 
in  the  Army  lor  communication,  operation  of  aearchliKhta,  maneuTerinc 
•aaeoaat  fiuia,  operatins  ammunition  hoista,  blastinc,  exploding  minee  apd 
firing  guna. 

IM.  BnoTgy  mpply.  A  central  generating  plant  Tould  be  the  moit 
•eoBomieal  arrangement,  but  might  be  paralyied  by  a  nngle  well-directed  , 
•hot.  To  provide  for  such  an  emergency,  a  retirve  aupply  ia  neccaaary. 
.  Where  reaenre  energy  supply  ia  not  already  provided  for  in  other  ways  at 
•eaeoast  forts,  it  ia  current  practice  to  install  25-kw.  gasoline  generatins 
•eta  in  or  near  the  batteriea.  Commercial  supply  also  is  used  when  available. 
On  aeeonnt  of  the  derelopment  of  the  gasoUne  seta,  the  use  of  storage  bat- 
teriea in  fortifications  ia  being  discontinued;  these  batteries  were  formerly 
required  for  mmplyinc  the  telautographa,  but  are  now  employed  only  in  con- 
nection with  the  tele^one  systems. 

IM.  OoiMral  ■poelfloatlona  tor  powor  ptanti  ia  fortifleationa. 
The  National  Coaat-Defense  Board,  in  1906,  reoommended:  (a)  that  the 
dleetrieal  energy  used  for  fortification  and  defense  purposes  be  furnished  by 
mn  adequate  ateam-driven,  direct-current  central  power  plant,  all  inaehinery 
to  conform  in  type  to  approved  commercial  standardaj  (o)  that  each  battery 
or  group  of  batteries  be  equipped  with  gaa-driven  or  oU-driven  direct-current 
canarators,  inatalled  as  a  reaenre  to  the  central  plant;  (c)  that  the  energy 
•apply  of  aearohlishta  be  provided  by  self-contained  units  unless  toe 
•aaranllchtaare  in  clcae  proximity  to  the  central  plant;  (d)  that  the  torpedo 
eaaainats«  bo  supplied  with  energy  from  independent  sources  for  submarine- 
milM  puipoaea;  this  arrangement  should  constitute  an  integral  part  of  th* 
■ubmarine-mine  defense;  (e)  that  alternating  current  energy,  when  essential, 
should  be  obtained  from  the  direct-current  distribution  system,  usin^  for 
the  purpoee  a  suitable  converter;  if,  however,  it  is  found  more  economical, 
thia^energy  may  be  obtained  from  a  separate  alternator^  (0  that  the  central- 
atation  output,  when  not  needed  for  fortification  service,  may  be  used  for 
saxriaon  pu^ioaes,  ^ovided  that  the  latter  load  does  not  require  too  large 
sm  increase  in  the  sise  and  number  of  unite;  u)  that,  should  the  garrison 
service  require  an  alternating-current  distribution  system,  the  energy  should 
be  supplied  from  the  central  plant,  either  through  a  suitable  converter  or 
from  alternators  installed  for  this  special  purpose  in  the  central  station; 
(b)  that  uniformity  of  types  and  accessories  should  be  adhered  to  as  closaly 
•a  possible, 

ItT,  Protaotlon  of  distribution.  Considerations  of  economy,  elB- 
eiency,  and  protection  againat  hostile  fire  require  that  the  greater  j>art 
of  the  electrical  communications  be  either  subterranean  or  submarine. 
Conductors  are  sometimes  laid  underground  in  trenches  roofed  with  plank 
for  proteedon.  Such  eonduetora  should  be  lead-covered  and  armored,  the 
•nnor  bttng  aerved  with  a  jute  yarn  in  some  oases.  Lead-covered,  un- 
armored  eaola,  without  jute  on  the  lead  ooverins,  is  suitable  for  conduit 
eenatruetioD. 

IM.  WiriBf  fpadfloationf .  The  wiring  rulee  formulated  by  a  Board 
en  Standardisation  of  Wiring  for  Seacoast  Batteries  are  as  follows:  (a) 
eondtiita  should  not  be  employed  for  local  distribution  in  emplacements 
where  their  uae  can  be  avoided;  (b)  all  wires  leading  out  from  the  emplaee- 
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ment  awitchboud should  b«  azpoiad  in  so  far  u  possible;  (o)  armorad  esbU 
should  be  used  lor  sU  exposed  wiring,  and  lead-covered  oable  should  b«  usad 
in  ooaduits;  (d)  all  branch  lighting  circuits  in  emplacement  disttibution  will 
be  of  No.  12,  A.W.Q.;  (e)  exposed  wires  will  be  supported  on  ceiUogs  or  walls 
with  cable  haosers,  to  permit  the  application  of  preservative  ooatings;  (f) 
snap-switch  ana  plugging-in  boxes  introduce  more  points  where  grounds  may 
ooeur,  and  should  be  used  only  where  they  are  absoluteljr  esasntial;  (c) 
a  braiieh  lighting  circuit  may  carry  a  maximum  current  of  six  amperes:  (U 
all  fixtures  for  inside  or  outside  lightinc  about  emptaeemants  should  b* 
of  approved  water-tight  types.  Due  to  the  effect  of  alkalies  on  tiia  le*d 
covering  of  cable,  concrete  conduits  arc  no  longer  installed.  Condensation 
and  other  sources  of  dampness  in  the  seaooast  fortifications  rsnder  partacolmr 
oars  necessary  to  prevent  grounds. 

in.  Bpeoial  Ulnrntnation  at  nmf-fhuUnc  iBMrameata.  The 
cross  wires  and  range  scales  of  position-finding  instruments  are  illuminatad 
by  slsctric  lamps;  emergency  lamps  are  supplied  with  energy  from  dry 
cells.     Oil  and  gas  illuminants  have  been  found  unsuitable  for  this  aervioe. 

140.  Searehllghta  are  used  in  the  coast  defensee  for  signaling;  for 
discovering  and  illuminating  the  enemy's  ships;  for  bewildering  his  pilots; 
and  for  rendering  his  searchlights  ineffective  by  means  of  fixed  beams  from 
the  shore,  which  the  enemy's  beams  cannot  easily  penetrate.  la  land  opttm^ 
tions  the  searchlight  fuiutions  are  similar.  Ths  searchlights  now  standard 
are  the  so-called  60-in.  fi-S  m.)  and  the  36-in.  (00.0  cm.),  although  soma 
30-in.  (75.0  em.)  and  24-in.  (60.0  cm.)  are  still  employed.  The  mirrors  ara 
ordinarily  of  glass,  parabolical  in  shape,  and  with  silvered  backing  A 
2&-kw.  gasoline  generating  set  is  furnished  for  operating  each  60-in.  (ll6  m.) 
searchlight. 

The  rangee  at  which  targets  mry  be  satisfactorily  illuminated  by  a  60-ia. 
(1.6  m.)  saarehlight  are  as  follows:  with  very  clear  atmosphere,  10,000  yd. 
and  sometimes  farther;  with  average  atmosphere,  6,000  yd.  to  8,000  yd.; 
through  slight  base  or  rain,  3,000  yd.  to  4,000  yd.;  in  medium  hmaa  or 
gray  dawn,  1,0(X)  yd.  to  2,000  yd. 

Remote  control  of  ssarchlights  may  bs  ellseted  by  use  of  a  synehronoo^ 
motor  controller,  using  110  volts  at  the  training  motors,  and  may  ba  ae- 
oompUshed  at  a  distance  of  10,(X)0  ft.  (3.048  km.). 

141.  Charaotsrlstica  of  BaarebUght  Area 


Siss  of  light 

Current 

Volts  across 
arc 

(in.)           1      (amp.) 

(positiva) 

(negative) 

24 
30 
36 
60 

50 

80 

130 

176 

48 
60 
60 
66 

-  Iby.l2 
1.136  by  13 
1.26   by  12 
2.0      by  16 

0.76   by  7 
0.878  by  7 
1.0      by  7 
1.876  by  13 

The  life  of  a  pair  of  cored  carbons  for  use  with  a  80-in.  (1.8  m.)  seareb- 
light  is  6  hr. 

143.  Stgnalinc  by  Marehllcht  may  be  aoooniplisbed  by  day  or  ni^t 
bv  exposing  and  occulting  the  beam  with  a  abutter,  thus  sendinfi  a  aenes 
of  dots  and  dashes  that  are  visible,  in  ordinary  weather,  for  a  dutance  aa 
great  as  10  miles  (16.09  km.)  at  sea.  At  night  the  beam  may  be  traversed, 
turned  on  the  clouds,  or  reflected  from  a  water  surface.  In  elevating  for 
signaling,  care  must  be  taken  that  the  angle  is  not  such  that  hot  partieica 
of  carbon  will  fall  on  the  mirror.  If  the  searchlight  is  depressed  too  far, 
the  heat  may  damage  the  mirror.  If  used  in  cold  weather,  the  mirror  should 
be  heated  and  cooled  gradually,  because  rapid  expansion  or  contraction 
may  cause  the  silvering  to  flake. 

14S.  Tha  Ardols  syitam  is  a  vertical  display  of  four  lights,  manipu- 
lated b^  a  keyboard.  Red  and  white  lights  repreeent  dots  and  dashwi, 
respectively. 

144.  Tslaphoaa  and  talagraph.  The  telephone  is  extensively  used 
in  the  army,  particularly  in  connection  with  the  range-finding  and  fire-control 
system  of  the  coast  artillery.     In  fleld  operations  it  plays  an  important 
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part  in  the  traiumiMion  of  Information,  orders,  etc.     Tke  tdesrsph  u  of 
was  importanoQ.  and  is  uaed  In  the  wme  manner  as  in  commercial  practice. 

14i.  BttBS«r.  This  apparatus  oonsiBtB  of  an  interrupter  and  an  Induo* 
tion  ooil  supplied  with  energy  from  a  few  dry  cells.  In  operation  the  buiier 
is  oaed  as  a  transmitter  for  the  purpose  of  signaling;  the  frequency  of  the 
cnrrent  is  such  as  to  produce  a  nigh  note  in  a  telephone  receiver  at  the  far 
end  of  the  signaling  circuit.  Leaks,  bad  connections,  and  high  retfetancea, 
any  one  of  which  would  cripple  a  system  employing  Morse  instruments* 
merely  affect  the  loudness  of  the  signals  in  the  receiver.  Each  transmitting 
station  is  equipped  with  a  telegraph  key  and  a  telephone  transmitter,  and 
may  be  used  eitner  for  telegraph'  or  telephone  communication. 

14t.  Wireless  telegraphy  (radio)  is  readily  adaptable  to  military 
purposes,  and  for  ordinary  distances  can  take  the  place  of  the  telegraph, 
manng  it  particularly  useful  in  fidd  operations.  In  Alaska,  on  account  of 
the  frosen  soil,  satisfactory  grounds  are  sometimes  difficult  to  obtain.  The 
Signal  Corpe  has  developed  portable  radio  sets  that  may  be  transported  oo 
mules,  on  a  wason,  or  on  an  aeroplane.  High  frequency,  quencoed-spark 
eirouits  are  used.  Both  silicon  and  perikon  detectors  are  employed.  The 
■enerator  of  the  pack  set  is  driven  b^  hand,  but  a  storage  battery  can  be  used. 
The  wagon  set  is  larger  and  of  higher  efficiency  than  the  pack  set.  For 
aeroplanes  the  generator  is  operated  by  a  friction  drive  from  the  engine.  Id 
the  absence  of  a  ground  connection,  a  counterpoise  is  used.  Receiving  is 
rendered  diffio\Ut  on  account  of  the  noise  of  the  engine. 

14T.  Handling  of  guns.  For  enabling  seacoast  guns  to  be  traversed  bv 
power,  motors  are  attached  to  some  of  the  gun  carriages.  When,  at  drill, 
the  guns  on  disappearing  carriages  are  tripped  into  battery  without  being 
■ubeequently  fired,  the  retracting  to  the  loading  position  may  be  done  by 
motore.  Retracting  motors  can  also  be  arranged  to  elevate  or  depress  the 
mussle  of  the  guns  when  being  aimed. 

Itt.  Firing  of  seacoast  gum  may  be  accomplished  electrically  or  by 
pulling  a  lanyard.  To  guard  against  accidents  in  electrical  firing,  there  are 
usually  three  breaks  in  the  circuit.  Two  are  closed  automatically:  one 
when  the  breech-block  is  properly  locked,  and  the  second  when  the  gun 
has  moved  pro^rly  into  battery;  the  third  ia  a  contact  which  is  manually 
closed  at  the  finng  pistol  or  switch  when  all  is  in  readiness.  Energy  may  be 
supplied  from  dry  cells  or  an  electric  exploder. 

149.  Ammnnitlon  holits  are  used  for  raising  projectiles  from  the  magi^ 
sine  level  to  the  loading-olatform  level  of  some  of  the  larger  guna;  thme  hoists 
ooBsist  of  endless  sprocket  chains,  with  carrier  arms  attached,  operated  by 
electric  motors.  To  avoid  accidents,  the  motors  cannot  normally  be  reversed, 
but  the  proieotiles  can  be  lowered  by  hand.  The  powder  charges  may  be 
handled  on  similar  hoists. 

110.  Tha  Taloeity  of  a  proJeetUe  Is  meagurad  by  firing  it  through  two 
targets  I,  Fig.  23,  separated  oy  a  known  distance.  An  electrio  circuit  is  broken 
at  each  target,  and  ihe  elapsed  time  be- 
tween breaks  is  detenmned  with  a  Le 
Boiileng6  Chronograph  (6,  d.  r).  The 
velocity  of  gun  recoil  can  be  flsmilarly 
determined. 

in.  Targets.     The*face  of  the  self- 
eeoring  target  for  rifle  pracUce  is  divided 
into  segments  of  armor  plate,  which  the 
rifle     biillet    cannot    penetrate.      Held 
against  the  backs  of  these  sections  by 
springs    are    one  or  more  spindles.    A 
bullet  striking   a    segment   causes  the 
spiiulle    or    epindles    abutting    against         Fio.  23. — Velocity  recorder.* 
that  segment  to  jump  backward,  clos- 
ing an  dectrioal  eontaet;  this  causes  a  number  representing  the  value  of  the 
hit  to  api>ear  in  a  corresponding  place  on  a  miniature-target  annunciator  at 
the  firing  point.     Dry  cells  furmsh  the  energy  required  for  operation.    Each 
segment  has  a  separate  circuit,  but  with  a  common  return. 

ISS.  Electrical  caps,  or  fuses  (Fi^.  24)  contain  fulminate  of  mercury. 
with  a  platinum  bridge,  p,  imbedded  m  the  fulminate;  heating  the  bridge 
by  passage  of  an  electric  currentthroughitcausestheignition.     Caps  stored 

'Lissakt  O.  M.  ^'Ordnance  and  Gunnery;"  New  York,  Wiley  and  Sons,  1908, 
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In  a  damp  pUoa  dateriont*  nqudly.  With  laa  than  0.28  par  eant.  moiatan, 
th«  caps  will  not  explode  dyoamite,  althoiuh  thay  may  tn«maelT<a  explode. 
For  simultaneoiu  UEnitioni,  capa  are  iiauaUy  oonaeetad  in  (niai:  howarar, 
owinf  to  non-uniform  aenaitiTenMa,  one  or  more  may  eqdods  and  break  41m 
oircmt  before  the  bridcea  of  the  othera  haTa  beeome  auffioiantly  heated. 
Where  aeveral  capa  are  to  be  exploded,  and  where  aoffieient  enarpr  ia  aTail- 
able,  it  ia  beat  to  connect  them  in  parallel.  When  detonating  with  eleetrio 
fosea,  the  Laflin  and  Rand  Exploder  No.  8  ia  ordinarily  uaad.  Ita  rated 
capacity  is  12  fuaea,  but  it  ia  beat  to  attempt  not  more  (hao  6.  The  laada 
should  be  inaulated,  though  thia  ia  not  imparatiTa.  aa  fnaaa  hare  bean  firad 
with  bare  leada  in  freah  water.  The  wire  ahould  be  of  eoimer,  of  a  tlm»  nat 
smaller  than  No.  18  A.W.a.,  where  the  distanoa  ia  MO  ft.  (152.4  m.). 


Fia.  34. — Exploder.*  Fio.  26. — Buojrant  mine.* 

iU.  Mlnai  (Fi(.  25)  are  of  two  ■eneral  dassea,  land  and  aubmarinc. 
The  former  oonaiat  of  chargea  of  exploaiTe  below  the  aurface  of  the  ground. 
By  meanf  of  electric  fuaea  and  leada  theae  can  be  fired  at  the  will  of  the 
operatora.  Submarine  minea  contain  ohargaa  of  high  exploaiTe  which  it  ia  de- 
sirable to  explode  aa  near  aa  poaable  to  the  hull  of  the  enemy's  ahipa.  Bueh 
mines  may  be  anchored  on  the  ground  under  water,  or  ma^  float  Ddow  the 
water  surface.  The  inside  meehaniam  of  the  minea  ia  ao  deaigned  aa  to  allow 
of  frequent  and  safe  testing  of  the  fusee  after  the  minea  have  been  plant«Nl. 

To  prevent  deterioration  of  cable  intended  for  aubmaiine  mine  work,  tha 
cable  reels  are  stored  under  water  in  tanks,  the  ends  only  of  the  oable  re- 
maining above  the  water  surface. 

Beonlaal  flrinc  may  be  affected  as  follows:  (a)  when  the  mine  is  atraek 
1^  a  ship,  the  power  circuit  being  inside  and  rendered  operative  by  the  iar  or 
tipping;  (b)  at  will  from  the  shore,  dther  with  or  without  an  aleetneal  iicml 
from  the  mine;  (c)  automaticalljr  by  contact,  provided  a  awiteb  on  ahor«  ia 
elcaed  at  the  time,  the  circuit  being  finally  completed  by  the  striking  of  the 
floating  mine-case,  or  of  the  floating  buoy  in  the  case  of  ground  minea. 

The  subject  of  electric  blaiting  is  well  deacribed  in  a  work  entitled 
"Electric  Blasting  Apparatus  and  Explosivee,"  by  Wm.  Maurice  (The 
Electrician  Printing  tc  Pub.  Co.,  Ltd.,  London). 

114.  Bibliography.  "Report  of  the  National  Coaat-Defenae  Board;*' 
Washington,  Government  Printing  Office,  1906. 

"  Engineer  Field  Manual,  XJ.  S.  Army;"  Waahington,  Government  Printing 
Office.  1912. 

"  Report  of  Board  on  Standardisation  of  Wiring  for  Beaooaat  Battariea, 
V.  8.  Army;"  Not  yet  published. 

"  Drill  Regulations  for  Field  Companiea  of  the  Signal  Corpa,  tJ.  8.  Army  ;'* 
Waahington,  Government  Printing  Office,  1911. 

*  Liasak,  O.  M.  "Ordnance  and  Gunnery;"  New  York,  Wiley  and  Bona. 
1908. 
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ELBCTRICITT  AND  PLANT  GROWTH 

By  JOBK  X.  HIWICAH 

Q^nerai  Manaoer,  The  Agricultural  Blectrie  DUeharge  Co.f  Lid. 

XU.  0«narml.  In  the  dfhteenth  oentory  a  Scotchman  subjected  myrtlei 
to  the  diaoharge  from  a  fnotional  machine  and  reported  that  they  were 
bmieStted.  Since  hia  time  there  have  been  many  experiments,  bot  they 
may  all  be  divided  into  two  main  claseea,  aa  follows:  (a)  those  aiminc  to 
inflnenee  the  plant  by  ehanges  in  the  atmospheric  electrification;  and  (b) 
Uuiae  in  which  currenta  are  passed  through  the  soil  about  the  plants.  The 
records  of  these  experiment*  show  that,  generally  speaking,  where  artificial 
diaebatn*  of  electricity  to  the  air  over  the  plant*  take  ;daoe,  favorable 
roaulta  Dave  been  recorded;  where  the  method  has  been  that  of  passing 
enrrente  through  the  soil,  the  results  are  contradictory. 

IH.  Th*  flnt  lyitcinatlo  aiperlment*  on  any  important  scale  are 
thoee  of  the  late  Prof.  Lemstrom,  of  Helsingfora  Umvereity,  Finland,  who 
eaniad  out  axpeiinwnt*  on  a  field  scale  in  ilmand,  France,  Germany  and  in 
Bngtand  (at  Durham  University).  In  the  course  of  his  trials,  he  experi- 
mented with  almost  all  the  common  vegetables  and  cereals  as  well  as  witb 
■trawberriea  and  raspberries.  Hia  method  was  to  suspend  a  network  of 
fine  iron  wires,  spaced  about  4  ft.  apart,  16  in.  above  the  plants  to  be  ele^ 
trifled.  These  wires  were  provided  with  points  like  barbed  wire,  and  had  to 
be  raised  as  the  plants  grew.  While  the  results  showed  a  definite  increase, 
from  30  per  oent.  to  46  per  cent,  in  the  oaae  of  most  crops,  the  method  ia 
imprmeticable  for  work  on  a  large  scale.  The  close  network  of  wires  about  1 
ft.  above  the  crop  and  the  numerous  posts  necessary,  serioxisly  interfere 
with  the  ordinary  cultivation  of  the  ground  and  make  horse  or  steam  oultiva- 
Uon  impossible.  Nor  can  an  influence  machine  be  considered  praetieal 
from  an  engineering  standpoint. 

IIT.  In  the  Ivaahajn  azperlment*,  commenced  in  1906  (and  still  being 
earried  on)  by  the  writer,  in  cooperation  with  Mr.  R.  Bomford  and  Sir 
Oliver  Lodge,  the  following  arrangements  were  adopted  and  have  been  fol- 
lowed essentially  in  subsequent  installations  in  different  parts  of  the  world. 
Including  the  plant  now  being  worked  by  the  Department  of  A^culture  at 
Washington.  Over  the  area  to  be  electrified  is  erected  a  wire  network 
oonsiating  of  thin  mlvaniied  steel  or  bronse  wire  run  at  an  average  height  of 
IS  ft.  above  ground  (this  being  assumed  as  that  clearance  which  would  allow 
a  loaded  harvesting  wagon  to  pass  underneath),  the  wires  being  10  ft.  apart 
and  earried  as  span  wires  between  stout  telegraph  wire,  on  insulators  mounted 
posts  piuitad  71  yd.  apart  in  parallel  rows  102  yd.  apart.  Thus  31  poles 
r  do  for  30  acres,  or  roughly  a  pole  to  an  acre. 

IH.  Th*  potential  at  wbleh  the  network  U  charred  variee  from  60,000 
to  75,000  volts.  This  corresponds  to  the  potential  at  which  the  network 
ia  actually  charged  by  an  average  thundentorm,  and  at  this  pressure  the 
diseharge  on  a  quiet  day  is  distinctly  audible.  What  we  have  is  practically 
a  leaky  condenser,  with  the  air  as  the  dielectric;  and  this  condenser  must  be 
kept  onarged. 

IM.  Booree  of  energy.  The  current  to  oharge  the  network  is  provided 
by  an  induction  coil,  the  negative  high-tension  pole  of  which  is  earthed  and 
tbe  positiTe  high-tension  pole  connected  to  the  network  through  from  3  to 
6  Mdce  Talvei  in  series.  The  valves  wiU  allow  positive  electricity  to  pass 
through  them  in  one  direction  only,  and  negative  electricity  to  pass  through 
them  only  in  the  other  direction.  Any  value  of  direct-current  voltage  up 
to  260  may  be  employed,  or  alternating  current  may  be  used,  with  some 
decrease  in  efficiency. 

IM.  A  motor-dilTen  msrenry  gas  break,  able  to  run  about  1,000 
hr.  without  being  cleaned  out,  is  used;  it  is  equipped,  when  necessary,  with 
an  automatic  hydrogen  generator. 

Ml.  The  power  absorbed  by  the  soil  when  eharftnx  a  network  of 
25  acres  is  about  SOO  to  SCO  watts,  and  the  small  break  motor  and  ventilating 
fan  motor  absorb  another  100  watu. 

in.  The  beet  tonfth  and  time  of  application  of  the  current  is 
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still  a  matter  for  experiment  and  may  possibly  vary  with  different  cro|M 
or  in  different  climatea,  but  so  far  it  appears  as  if  an  application  of  from  4 
to  6  hr.  per  day  Eives  better  reaulta  than  a  lon^r  period. 

IftS.  Kffect  of  moiiture  In  soU.  It  Is  not  yet  possible  to  accurately 
predict  the  results  which  will  follow'  electrification,  but  it  can  be  said  that 
its  application  is  probably  useleiia  in  drv  regions,  and  that  the  most  favorable 
resulto  will  follow  where  there  is  ample  moisture  in  the  ground. 

Hi.  Batultl  of  application.  The  process  has  been  applied  thuB  far 
chiefly  to  wheat,  potatoes,  sugar  beets  and  strawberries. 

Wheat,  during  eight  successive  years  (1905-1911),  in  three  fields  on  Mr. 
Bomfords  farm  at  Evesham,  England,  has  given  an  average  increase  of  21 
per  cent,  in  weight  of  grain,  and  also  an  increase  of  straw  which  it  has  not 
Been  possible  to  measure.  The  only  year  in  which  no  increase  resulted  wafc 
1911,  which  was  a  year  of  ^at  drought  in  England,  and  the  yield  durinc 
this  period  from  both  electrified  and  control  areas  was  only  16  bu.  per  aci«. 

Potatoes  have  shown  raore  irregular  results,  affording,  at  an  installBtiozi 
at  Dumfries.  Scotland,  increases  of  20  per  cent,  to  25  per  cent,  in  two  seasons, 
and  showing  no  difference  in  a  third.  In  the  last  case,  the  control  and  elec- 
trified plots  were  arranged  in  a  chess-board  pattern,  and  were  of  roodevmte 
site,  eubnequent  tests  showed  that  one  or  other  of  the  control  plots  was 
usually  being  electrified  unintentionally.  In  the  two  years  during  which 
positive  results  were  secured,  there  was  but  one  control  and  one  electrified 
plot. 

Outdoor  strawberries  have  shown  a  small  decrease,  or  no  difference, 
which  is  contrary  to  the  results  obtained  with  forced  strawberries  in  pots 
in  greenhouses.  This  result  may  be  duo  to  the  dwarf-growing  habit  of 
the  plant,  although  it  should  be  noted  that  the  control  and  electrified  areas 
in  this  case  also  were  arrangfKl  chess-board  fashion,  and  that  the  yield  from 
the  whole  field  was  above  the  average.  The  electrified  fruit  was  markedly 
sweeter  than  the  unelectrified. 

Suffar-beeta  at  several  European  installations  have  displayed  inerAases 
of  20  per  cent,  or  more,  with  a  conoiderable  increase  in  the  sugar  content  of 
the  roots. 
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WINDMH-L  ELECTRIC  PLANTS 
BT  ntAKK  r.  rOWLX,  S.  B. 

Von»uUing  EUcirical  Engineer.  Member^  American  Institute  of  BUctrical 
Engineers 
1*8.  Wind  velocities  are  customarilv  recorded,  in  the  stations  of  the 
U.  S.  Weather  Bureau,  by  means  of  the  Robinson  anemometer  which 
iDteKrates  the  total  wind  movement.  The  records  of  the  Weather  Bureau 
should  be  consulted  for  definite  data  on  wind  movement  in  any  particular 
locality.  The  measured  or  indicated  wind  velocity,  as  rocordea  by  the 
Weather  Bureau,  is  not  the  true  velocity,  but 

log  K  -  0.609  +  0.9012  lo«  f  <5) 
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where  V  ia  the  true  wiod  velocity  and  «  ia  the  actual  velocity  of  the  cup 
centres  in  the  aaemometer.  See  BUctrical  World,  Vol.  LVI,  Uct.  27,  1010, 
pp.  005  to  lOOO.  _  Aa  a  rule,  the  meaaured  or  indicated  velocity  ia  the  one 
implied  in  diacuaaiona  of  velocity  and  preeaure. 

1#T.  Wind  movement  ia  recorded  in  milea,  and  ia  virtually  the  inte- 
sration  of  the  inatantaneoua  velocitlea  for  a  given  period  or  the  total  diatanoe 
a  given  particle  of  air  would  move  in  that  time.  Tablea  of  wind  movement 
per  day  or  per  month  have  been  prepared  and  publiahed  for  varioua  localitiea; 
many  of  theae  can  be  found  in  the  government  publications.  Such  infor- 
mation ia  very  eaaential  to  any  careful  study  or  forecaat  of  the  probable 
performance  of  a  windmill  in  any  specific  locality. 

Wind  praiBur*  and  ita  relation  to  wind  velocity  ia  a  aubjeot  which 
haa  received  much  study  by  many  inveatigatorp.  The  Weather  Bureau 
formula  ia 

f  -  0.004  (^)  V»  (lb.  per  sq.  f t.)  (6) 

where  B  ia  the  barometer  reading  in  inohea  of  mercury  and  V  ia  the  indicated 
velooity  in  milea  per  hr. 

IM.  AralUbte  work  in  ait  eunente.  The  total  aeroatatic  head  of 
a  moving  gaa,  at  any  given  point,  ia  the  sum  of  the  pressure  head  and  the 
Telocity  nead.  Since  the  aerostatic  gradient  changea  but  slightly  between 
araaa  of  hij^  and  low  presaure,  it  is  sensibly  constant  in  paasing  any  given 
locality.  Therefore  the  total  available  work  stored  in  the  moving  gaa  is 
represented  by  the  velocity  head,  or  energy  of  momentum. 

IM.  Windmill  charsotarlitloi  are  shown  in  Figs.  26  and  27,  plotted 
from  the  teat  data  on  a  Ift-ft.  aermotor  (ateel  mill)  taken  from  Par.  ITS. 
It  ia  obvioua  from  Fig.  26  that  both  the  speed  and  the  load  torque  inereaae 


5  10         15        20         26       30 

Wind  Velocity,  Mllei  per  Hour 
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Speed  curvea  of  16-ft. 
Aermotor. 
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Fio.  27.- 


-Power  curves  of  16-ft. 
Aermotor. 


with  the  wind  velocity,  for  maximum  output;  this  ia  made  even  clearer  by 
the  maximum  power  curve  in  Fig.  27.  Maximum  output  therefore  requirea 
that  the  load  on  the  mill,  under  variable  wind  velocities,  shall  have  the 
characteristic  of  increasing  torque  with  rising  speed,  in  a  certain  definite 
manner  for  any  given  mill. 

ITO.  Iffldencr.  The  12-ft.  aermotor  (Far.  ITS)  in  a  O-mile  wind,  at 
maximum  power,  had  an  efficiency  of  26  per  cent. ;  this  value  was  computed 
fron-  the  basis  of  tlie  total  wind  area  of  the  wheel  (12-ft.  circle).  In  a  14-mile 
wind  the  e6Sciency  waa  23  per  cent.  Maximum  efficiency  alwaya  oocuia 
with  maximum  power  or  output. 

ITl.  Windmill  goTamort.  Practically  all  forms  of  vertical  mills  are 
equipped  with  a  form  of  device  which  throws  them  partially  or  wholly  out 
of  the  wind,  when  the  wind  velooity  exceeds  a  certain  value.  The  effect  ia  to 
prevent  exoenive  or  dangeroua  speeds  in  high  winda  or  galea. 
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UISCSIXANBOVS  APPLICATION s      See.  SCi-173 


ITS.  OMBpartiOtt  of  dUhrtnt  tgrpM  of  wiadmllU.  Mnrphy'i  teets 
lad  him  to  tne  coDolurion  that  ateel  wneela  are  auperior  to  wooden  wheels; 
•lao  that  enrved  awls  are  auperior  to  flat  aaib.  Furthermore,  a  relatively 
•mall  number  of  larce  sails  wUl  give  higher  effidenoy  than  a  large  number  of 
Bmmli  sails,  of  equal  total  area.  Steel  mills  are  commonly  employed  ezaept 
along  the  seacoast  or  in  very  damp  climates,  where  corrosion  is  likely  to 
■)▼«  more  than  ordinary  trouble. 

1T4.  bampla  of  UMfal  work  partormed  in  a  flTan  period.  Based 
on  the  records  of  mean  wind  movement  at  Dodge,  Kansas,  from  1889  to 
1893,  Mniphy  estimated  (Water  Supply  and  Irrigation  Paper  No.  42, 
Part  IX,  page  118}  that  steel  mills  (aermotor)  would  give  the  following 
performances. 


SiaeofmiU 

Horse-power-houis  per  month 

Mean 

Maximum 
(April) 

Minimum 
(November) 

12-foot 

16-foot 

838 
488 

461 
671 

245 
851 

176.  Balfht  of  tower.  The  mill  should  always  be  placed  well  above 
■nrwMinding  objects  such  as  trees  or  buildings,  at  least  3u  ft.  On  account 
of  eompetition,  the  tower  wdghts  are  kept  as  low  as  possible  and  for  thia 
reaenn  steel  towers  sometimes  lack  stiffness;  wooden  towers  are  usually  lees 
objectionable  in  this  respect.  It  is  almost  always  economical  to  place  the 
null  at  an  elevation  of  oO  ft.  or  more  above  the  ground,  not  only  to  avoid 
obataelea  to  free  wind  movement,  but  also  because  wind  velocities  are  known 
to  inerease  somewhat  with  the  elevation. 

IT*.  Oenorktart  for  windmill  eleetiie  plants  are  ivferred  to  in  See.  8, 
Far.  IM  and  IM.  A  shunt-wound  machine,  with  variable-speed  drive,  re- 
quire* an  automatic  regulator  for  maintaining  oonatant  voltage.  The  differ- 
ential type  of  winding,  applied  to  a  machine  for  charging  storage  batteries, 
tends  inherently  to  regulate  for  constant  output  with  vanable-epeed  drive. 

ITT,  Aatomatio  battory  cwiteh.  In  order  to  connect  the  generator  to 
the  storage  battery  when  the  speed  and  the  terminal  voltage  are  sulBdentlv 
hi^,  and  to  diseonneet  the  generator  when  the  speed  and  the  voltage  fall 
too  low  for  ohar^ng,  an  automatic  switch  is  employed  whose  functions  are 
controlled  by  the  terminal  voltage  of  the  generator. 

ITS.  BtoTMO-battorr  reaorvo.  The  neeessarr  reserve  capadty  in  the 
storage  battery,  for  any  given  installation,  can  be  determined  only  by  a 
careful  study  of  the  records  of  wind  movement  at  the  place  in  question.  If 
the  j>eriods  of  calm  occur  frequently  and  last  for  any  connderable  time,  it 
will  pay  to  conmder  a  gasolene  engine  for  stand-by  instead  of  the  extra 
battery  capadty  required. 

11*.  Date  on  Ooat  and  Capaeitr  of  Windmill  Bactrtc  Flant* 
(A.^.  Abbott) 


IHam.  of 

whed 
(ft.) 

Horse-power 

in  16-mile 

wind 

Total  coet 
of  installa- 
tion 

Required 

capadty  of 

battery 

(amp-hr.) 

Watt-hours 

delivered  per 

day  from 

battery* 

12 
16 
20 
30 
40 
50 
60 

0.31 
0.41 
0.79 
2.40 
4.42 
6.88 
10.00 

8249 
415 
606 
1.344 
3,000 
3.190 
4,179 

5 
10 
32 
103 
190 
294 
427 

280 

561 

1,762 

6,640 

10,390 

16.170 

38,600 

*  Assumed  dynamo  effidency,  60  per  cent.; 
assumed  daily  charge,  8  hr. ;  wind  velodty , 
day. 


battery  effidency,  46  per  cent.; 
16  mUes  per  hr.,  for  8  hr.  per 
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ISO.  a««t  of  «Ollipl«t*  pUatl.  The  date  on  ooit  of  oomplete  mBdmin 
electric  planta  given  m  Par.  1T9  was  adapted  from  a  more  elaborate  table  of 
data  in  A.  V.  Abbott's  "The  Electrical  Transmiwion  o(  Enersy,"  third 
edition  (D.  Van  Noitrand  Co.),  New  York,  1B04,  page  64S.  Theae  fiauref 
include  the  windmill,  tower,  generator,  storage  battery  and  regulaur, 
oompletely  inatalled.  The  coet  per  h.p.  is  very  high,  ranging  from  scTml 
hundred  aoUars  upward;  however,  upon  comparing  tliase  values  of  h.p.  with 
those  l^ven  in  the  table  in  Par.  ITt,  it  will  be  seen  that  the  former  are  rather 
low.  Therefore  better  results  can  be  expected  with  steel  mills  of  the  most 
efficient  type. 

181.  OomparatlTS  •oonomy.  In  general  the  windmill  eleetrio  plant, 
in  the  present  state  of  the  art,  cannot  compete  with  energy  supplied  from 
central  stations  and  its  field  is  therefore  restricted  to  .rural  districts  and 
isolated  regions.  The  annual  operating  expense,  including  interest,  depc^ 
elation,  taxes,  repairs,  oil  and  attendance,  will  probably  range  from  10  per 
cent,  to  20  per  cent,  of  the  first  cost!  The  charees  for  tne  electric  plant  viD 
be  reduced  somewhat  if  the  mill  is  used  for  ot^ber  purposes,  such  as  sawing 
wood,  grinding  grain  and  feed,  pumping  water,  etc.  One  prominent  manu- 
facturer of  power  windmills  considers  that  a  satisfactory  electric  plant,  mill 
included,  cannot  be  installed  for  less  than  01,000  and  regards  the  gasolene 
engine  as  more  satisfactory  in  small  plants.  The  introduction  of  the  low> 
voltage  tungsten  lamp  has  improved  the  prosiieeis,  however,  for  the  wind- 
mill-ariven  plant. 

While  such  plants  have  not  been  (lenerally  adopted  as  yet  in  this  eonnby, 
where  as  a  whole  fuel  is  still  plentiful  and  cheap,  much  progress  has  bees 
made  in  Europe,  especially  in  Qermany,  where  there  are  several  notable 
windmill  installations  of  considerable  sise. 

It  is  sometimes  the  practice  with  large  mills  to  employ  two  generators, 
one  of  small  caj;>acity  for  use  in  light  winds  and  one  of  larfe  capacity  for  oss 
in  moderate  winds,  while  both  can  be  used  in  heavy  winds,  A  gasoisne 
engine  is  frequently  lees  expensive  as  a  reserve  or  stand-by  source  of  aoetgy 
than  a  storage  battery,  especially  for  long  periods  of  ealm. 

lU.  Literature  on  windmill  aUotrie  planti.  The  literatwe  ei 
the  subject  is  rather  meagre  and  is  scattered  through  many  technical  peri- 
odicals and  publications.  Ths  following  references  are  regarded  as  uadnl 
•to  anyone  desiring  further  information. 

Wolff,  A.  R.  "The  Windmill  as  a  Prime  Mover:"  John  Wiley  and  Boss, 
New  York;  2nd  edition,  18S0. 

La  Cour,  P.    "  Die  Windkraft;"  I«ipsig.  lOOS. 

Conrad,  M.  "  Die  Windkraftmasohinen;"  Lupsig,  1007. 

Chatley,  H.  "  The  Force  of  the  Wind:"  Chas,  Griffin  and  Co..  Ltd; 
London,  1909. 

Hammel,  L.    "  Die  Ausnutxung  der  Windkrift?;"  Berlin,  1011. 

Sterts,  O.    "  Moderne  Windturbinen;"  I«ipsig.  1012. 

Perry,  T.  O.  "  Experiments  with  Windmills;"  Water  Supply  and  Irriga- 
tion Paper  No.  20,  U.  8.  Oeol.  Survey,  Washington,  D.  C;  1899. 

Murphy,  E.  C.  "  The  Windmill:  Its  Efficiency  and  Economic  Use;"  Water 
Supply  aind  Irrigation  Paper  No.  43,  V.  8.  Geol.  Survey,  Washington,  D.  C: 
1901. 

Judson,  H.  0.  "  Windmill  Electric  Plants;"  ThtBUcirical  Agt,  Oct.,  ItXM; 
page  257. 

Booth,  W.  H.  "WindmUs  and  Wind  Moton;"  Tht  Uackinity  JforM 
(London),  1912;  Sept.  20,  p.  13;  Sept.  27,  p.  13;  Oct.  4,  p.  19;  Oct.  ll.p.lT: 
Oct.  18,  p.  17;  Oct.  25.  p.  15;  Nov.  1,  p.  19;  Nov.  8,  p.  17. 

Gradenwits,  A.  "  Wind-driven  Electrical  Works;  TktCanadianSmiinfr, 
Aug..  1904;  page  226.  Also  see  Bnvinirrinq  (London),  Oct.  26,  1900;  JTIw- 
tricai  Enaineer  (London),  Sept.  18,  1903;  Seitntxfic  Amsrtcan,  Dee.  20,  1890, 
Mar.  25,  1905,  Sept.  28, 1912. 

OZONE  PRODUCTION 

BT  MILTOH  W.  rftAKKUM 

Snfiineer  OMone  Department,  Oenerai  BUctrie  Company;  FeUow,  American 

Intlitute  of  BUctrie  Enffinetra 

lot.  0«neral   properties.     Osone   Is  a  colorless   gas,  in  ordinary  dr- 

cumstances,  possessing  the  odor  of  chlorine,  or  of  moist  pboephonis.    Is 

great  thicknesses  or  under  pressure  the  color  is  blue,  and  when  liquefied  il 
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beoomefl  a  duk  blue  mobile  liquid  vith  highly  macnetio  proswrtiea.  The 
ehemieal  formula  ia  0«  ami  the  moleoular  weight  48;  the  critioal  presaure 
is  125  atmoepheree  and  the  critioal  temperature,  —103  deg.  oeut.  It  is 
an  eudothermio  compound  and  the  heat  of  formation  ia  nearly  33^380 
K-caL  per  mole.  At  ordinary  temperatures  it  ia  relatively  atablo  but  it  de- 
oomposes  in  oontaot  with  organic,  or  in  general,  ozidiiable  matter,  and 
apontaDeously  at  200  deg.  cent.  It  is  practically  insoluble  in  water,  1.6  to 
10  m^.  per  liter  being  the  Umita  of  solution  at  temperatures  of  from  2  deg. 
to  28  deg.  oent.,  aeoording  to  Maufang. 

1S4.  Formation.  Oaone  may  be  formed  in  various  ways,  which  are: 
(a)  by  ohemieal  aotion;  (b)  by  electrolysis;  (o)  by  the  electrostatic  field; 
{d)  by  ultraviolet  rays;  (e)  by  the  radioactive  elements;  (f)  by  incandescent 
aotida:  (g)  and  by  the  evaporation  of  water.  Only  the  production  by  the 
eleotrofltatio  field  haa  been  developed  oommercially.  _  Tbe  theory  of  this 
mathod  is  not  fully  understood  but  >t  is  probable  that  ioniiation  by  collision 
takes  place,  with  oonaequent  disaooiation  of  the  oxygen  which  oo  reoombiaa^ 
^on  furnishes  a^pegatea  of  ions  consisting  of  molecolea  with  an  attached 
extra  atom.  Within  working  limits,  in  commercial  oaone_  generators,  the 
production  is  roughly  proportionate  to  the  electrostatic  intensity  above 
a  certain  critioal  value,  and  with  alternating  currents,  to  the  frequency 
employed. 

IM.  Ohemloal  analysll.  Treadwell  and  Anneler,  in  1905,  checked 
all  prarious  results  and  finally  established  the  correctness  of  the  method  of 
chamical  aniUyais  which  is  now  in  general  use.  This  depends  on  the  fol- 
lowing reactions; 

2KI+0«+H«0-2KOH+If+0.  (7) 

2Na^]Ot+It+2KOH+HsSO«-NatS«Oi+2NaI  +  K«SOi+2HtO      (8) 
In  practice  theae  reduce  to  the  following  volumetric  equation: 

1.000 c.c.  N/10NatS«Oa-Os/20-48/20-2.4  gm.  Oi  (9) 

The  aample  of  osonised  air  of  measured  volume  is  drawn  through  a  neutral 
solution  of  KI  and  titrated  with  NasSiOi  orit  may  be  collected  in  a  calibrated 
flaak  and  shaken  with  the  neutral  KI  solution.  The  mixture  of  KI  and  Ii 
ia  acidified  with  an  equivalent  of  HiSOi  before  the  titration.  It  is  customary 
to  denote  the  amount  of  osone  in  terms  of  gm.  per  cu.  m.  of  air  and  to  reduce 
tbe  readings  to  spt, 

186.  Oiona  generators  have  been  made  in  various  forms.  The 
eaaential  i^rinciple  in  all  cases  is  the 
iuztaposition  ol  two  or  more  discharg- 
ins  surfaces  so  as  to  form  a  condenser 
with  an  air  gap  which  may  or  may  not 
be  furnished  with  a  dielectric  element. 
The  discharging  surfaces  may  be 
smooth  or  armed  with  points,  and  if 
smooth  they  may  be  flat  or  curved. 
Osonators  without  dielectrics  gener- 
ally possess  rotating  electrodes,  so  that 
they  are  in  relative  motion  in  order  to 
avert  sparking  whitih  favors  the  forma- 
tion of  nitrogen  oxides  and  the  destruc- 
tion of  osone  already  formed.  The 
great    majority    of    suoceesful    osone 

Senerators  have  smooth  electrodes  and 
ielectrios,  and  are  divisible  into  two 
types,  the  cylindrical  and  the  plate, 

187.  A  typical  form  of  plate  ozo- 
nlsar  is  shov/n  in  Figs.  28  and  29. 
The  two  outer  plates  are  pierced  at  the 
centre,  and  the  osonized  air  is  aspirated 
through  tubes  inserted  in  the  holes. 
The  air  enters  at  the  peripheries  of 
the  plates  and  passes  through  the  field  to^  the  centre.  Cooling  is  e£Fected 
by  means  of  fiat  rectangular  water  boxes  in  contact  with  the  two  outer 
plates,  ftnd.^th  a  similar  box  in  contact  with  and  between  the  two  inner 
plates.    The  two  outer  boies  are  earthed;  the  inner  box  is  insulated  and  forms 


Flo.  28. — Plate  osonator. 
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the  hish-potentUl  alanwBt  of  the  owuutor.     Tin  bozo  are  tH  fiiiiililnil 
with  eircuUting  water,  that  in  the  inner,  hish-potential  box  banc  intradneed 

•nd  removed  by  »" " '—  '-  '-"  ^^ *■ "—  -"  -  -"'^ '=- — 

to  eneure  acwBit 


•nd  removed  by  aUowins  the  water  to  fall  throng  the  air  a  dleta  i»n«i  ■ 
to  eneure  acaiMt  waatelul  eleetrieal  leakase.  The  whole  atmetorc 
monly  contained  in  a  glaee  retainin(  oaae  Into  which  aidtabl*  dry  air  i«  ia- 


trodueed.     The  adrantate  of  thia  type  of  oeooator  la  tliat  aa  the  Bald  ii 
produeed  between  the  two  glaaa  platea,  the  labor  neeeaeary  to  keep  the  me- 

ehiae  dean  ia  nonUBBl.  TW 
diaadrantaaea  are  aa  foUowe; 
diffleulty  a<  aee«iiiililiii>  aal 
takinc  apart,  hich  poteutial 
reqnired,  eomplesity  of 


eooUn||  •yatem.  laiie  apaet 
oeeapied  and  daaser  of  ahat 
down  of  the  whola  ajaHi 


thronch  the  failora    of  oat 
unit. 
IM.  OperatlBC  Tott^M. 

Commeroal  oaonatora  an 
eommonly  operated  on  voi- 
tagae  ranainc  from  5,000  te 
10,000  and  at  tnn 
from  SO  to  600 
aae.,  and  are 
neetion  with  tiaaafoL 
Bpedal  hish-fraqneney  c 

atoia  are  ceaenulr  f ialaul 

in  all  but  the  amalleat  iiiatal- 
latioaa,  for  the  eapacity  of  an 
oaooe  cenerator  ia  al 
proportional  to  the  (raqa 
employed. 

IM.  SatrlcaratloaaCalr 
■npply.  An  leaential  to 
aueeeaafol  and  ocoaoaiieal 
oaoaiiins  ia  drr  rienia  air 
and  eonaeqaently  moat  ia- 
atallationa,  ezeeptins  rety 
small  onee,  include  a  mnani 
for  refriceratinc  the  air.     Il 

has  been  found  in  praetieo  that  air  sooled  to  about  lero  Centifrada  poaaeaaei 

the  requisite  drvnees,   and  that  further  cooling  is  uneconomical  beraaes. 

though  the  yield  of  the  osonator  ia  increased,  this  is  secured  only  at  the 

expense  of  relatively  greater  coat  for  refiigeiation. 


Flo.  20. — Plate  osonator. 


Otoae  OhsmlMr  All  Ohraber 

Pia.  30. — Tubular  osonator. 

IM.  Tabular  Monlaan.  A  representative  tubular  unit  is  ahowa  in 
Figs.  30  and  31 .  This  consists  of  a  cast-iron  frame  with  two  doeed  buikbeads 
oonneoted  together  by  the  osone  tubes  in  much  the  MBM  way  aaia  a  water 
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Fia.  31. — Tubular  oionstor. 


tuba  boiler.  WitUn  th«M  tubM,  which  ars  of  glaaa,  the  eylindrioal  high- 
potential  electrodes  are  placed  coazially.  The  outer  tube*  are  immeraed 
in  water  which  forms  the  ground  element,  while  the  inner  high-potential 
elements  are  connected  to  the  cireuit  by  means  of  suitable  contacts  on  a  bus 
bar  whichia  carried  into  the  air  header  through  insulating  bushings.  The  air 
is  introduced  into  the  rear  header  and  passes  through  the  tubes  to  the  front, 
whence  it  passes  into  the  osone  collecting  pipe.  This  machine  requires 
cleaning  from  time  to  time,  but  the  operation  is  simple  and  quickly  performed. 
The  door  of  the  osone  header  is  removed,  the  inner  electrodes  ate  dirawn  out 
and  the  tubea  ate  cleaned  with  a  swab. 

The  advantages  of  the 
tubular  oaoniser  are  com- 
pactness, relatively  low 
voltage  (about  one-half 
that  of  the  plate  machine} , 
readiness  with  which  it 
may  be  assembled  and 
taken  apart,  simplicity  of 
the  cooling  system,  and 
facility  with  which  one  or 
more  units  may  be  inserted 
or  taken  out. 

191.  Conoantratioiui 
uid  |ield*.  For  most 
industrial  purposes  the 
concentration  should  be  in 
the  neighborhood  of  from 
1  to  3  K.  per  cubic  meter  of 
air,  although  in  some 
special  oases  it  may  be  as 
high  as  Sg.  It  is  rarely 
found  expedient  to  operate 
at  greater  concentrations. 
The  average  yield  is  about  50  g.  per  kw-hr.,  and  although  much  higher 
yields  are  claimed  from  time  to  time  for  certain  types  of  generators,  these 
have  not  been  attained  in  commercial  operation. 

IM.  Oxldialiig  effect  of  oaoaa.  The  applications  of  osone  are  dependent 
upon  the  fact  that  it  is  a  powerful  oxidising  agent,  and  that  ii  oxidises  most 
snbetaneea  at  temperatures  far  below  those  at  which  tbey  an  capable  of 
combining  with  ordinary  oxygen. 

IM.  Ventilation.  Osone  is  used  in  ventilation  chiefly  on  account  of 
ita  power  of  destrosring  or^nic  odors.  It  has  been  shown  that  it  is  oai>able 
of  oxidi^ng  the  odoia  arising  from  various  animal  and  industrial  activities, 
for  instance  those  of  valeriamo  acid,  butyric  acid,  skatol,  indol,  decayed  foods, 
fish,  tanners'  scrap,  manure,  etc.  The  causes  of  distress  in  vitiated  air  are 
heat  moisture  and  crowd  odors.  It  is  not  believed  that  the  organic  excreta 
causing  the  latter  are  poisonous,  although  admittedly  objectionable.  Prof. 
Baas  recently  has  conducted  experiments  on  school  children,  which  have 
established  tne  fact  that  the  addition  of  about  one  part  of  osqne  in  a  million 
parta  of  air  determines  the  difference  between  tolerable  and  intolerable 
conditions,  when  the  air  supply  is  very  small. 

IM.  Baotnloidal  powsr.  It  was  at  one  time  supposed  that  on  ac- 
count of  the  very  great  bactericidal  power  of  osone  it  would  prove  valuable 
in  disinfecting  the  air  of  dwellings  and  factories,  but  it  has  been  shown  that 
in  breathable  concentrations  it  has  little  effect  on  the  dry  bacteria  in  the  air; 
this,  however,  is  immaterial,  as  it  is  now  generally  conceded  that  the  dried 
bacteria  in  the  air  are  not  concerned  in  its  vitiation  nor  in  disease  transmission. 
In  suitable  concentrations  osone  may  be  used  for  disinfecting  and  deodorising 
rooms  that  have  become  contaminated  or  infected. 

191.  Water  ^urifloattons.  The  purification  of  potable  water  consti- 
tutes the  most  important  application  of  ozone,  in  point  of  magnitude,  up  to 
the  present  time.  The  advantages  of  the  method  are  the  non-poisonous 
latiire  of  the  reagent;  its  insolubility  which  ensures  against  an  excess 
vmBxning  in  the  water;  and  the  fact  that  besides  rendering  the  water  sterile, 
t  removes  all  taste  and  odor  which  might  be  due  to  organic  defilement. 
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Water,  to  be  oioniiad,  otdinarily  raqoiraa  filtarinc  to  remoT«  tbe  balk 
of  the  organic  matter,  about  97  per  oent.  bains  thus  eliminated.  The  oions 
ii  relied  upon  to  destroy  the  bacteria  smell,  taste  and  oolor  which  may 
persist  after  the  fllterlBC,  which  need  be  onW  roughly  done.  The  osone  is 
introduced  into  the  water  under  pressure  and  is  caused  to  become  intimately 
mixed  with  it  by  suitable  mechanical  means,  suoh  as  saltation  or  foreiBg  it 
through  the  interstices  between  broken  rook  or  the  like,  or  thcoui^  sievea. 

The  coat  of  water  purification  by  osone  ia  Dven  by  Erlwein  a*  rmngiDs  from 
about  tS.7S  to  t7.fi0  per  million  gallons,  wUsh  includes  all  expenses  sneh  as 
interest  and  depreciation,  and  maintenance.  The  amount  of  osone  used, 
ranges  from  about  2  g.  to  16  g.  per  1,000  gal. 

IM.  The  taohnloal  applications  of  oione  are  very  numerons  and  an 
increasing  daily  in  number.  Oils,  fats,  tallows  and  waxss  may  be  bleaehed, 
deodoiisea,  rendered  tasteless  and  otherwise  purified  by  means  of  osone. 

1ST.  Kaw  Unseed  oil  may  be  eonvarted  Into  a  rood  drytnr  Tamlah 
by  havlnc  osone  blown  throufh  it.  At  ordinary  temperatures  this 
results  in  bleaching  of  the  oil  and  in  increased  viscosity.  At  elevated  tem- 
peratures the  oil  darkens  and  it  may  be  completely  dned  so  as  to  be  useful 
for  the  manufacture  of  linoleum.^  Raw  menhaden  oil  may  be  clarified,  deo- 
dorised, bleaehed  and  greatly  thickened  in  the  same  manner.  Raw  cotton- 
seed oil  is  bleached  and  deodorised  besides  being  rendered  viscous. 

IM.  Osone  la  suooenfuUr  applied  to  bleaohlnc  cotton,  linen  and  silk 
fabrics.  It  possesses  great  advantages  over  chlorine  in  that  it  is  non-poiaonoas 
and  need  not  be  mixed  in  vata  which  suffuse  the  buildings  with  fumes.  The'nse 
of  osone  averts  the  necessity  for  handling,  atoring  the  bleach,  and  miTing  the 
chlorine  bleaching  liquors. 

IM.  Oione  la  used  aaeceaif  ullr  (or  dryinc  oil  Tamiahsa,  as  in  tiia 
manufacture  of  patent  leather.  If  it  ia  mixed  with  varnish,  the  latter  dries 
quickly  and  evenly  throughout  its  thickness,  and  if  varnished  surfaces  are 
exposed  to  osone  it  causes  the  formation  of  a  protective  surface  while  the 
underlying  layers  harden  more  slowly. 

too.  Oione  la  applied  to  the  cold-storafe  Induatry.  For  m«ny 
substances  there  exists  a  critical  temperature  below  which  they  may  not  be 
stored  without  danger  of  damage,  and  above  which  bacterial  prohferation 
and  other  putrefactive  causes  reault  in  deterioration.  It  ia  difficult  to  maia- 
tfdn  these  critical  temperatures  in  rooms,  the  doors  of  which  are  bcang 
opened  and  shut  constantly,  and  it  has  been  found  that  with  the  aidof  oaoneaU 
deleteriotia  proceaaea  may  be  auppreesed  even  though  the  temperature  rieaa 
several  degrees  above  the  criUcfU  point. 

101.  In  the  brewery,  osone  ia  beeominc  widely  oaad.  It  U  naefal 
in  steriliiiog  and  drying  the  casks  and  in  providing  water  of  unaurpaaaable 
(juality  for  the  purpose  of  brewing.  Recent  reeearchea  have  shown  that  it 
increases  the  power  and  activity  of  yeast. 

IDS.  Pariflcktton  of  sewage.  It  has  been  propoeed  to  apply  oaone  to 
the  purification  of  sewage,  and  while  this  ia  a  subject  of  much  expeii- 
mentatioD,  so  far  no  instance  of  succeasful  application  has  been  reeonled. 

RADIOACTIVITT  AND  THE  ELECTRON  THEO&T 

BT  XDWIH  p.  ADAH8,  PB.D. 

Prof999or  of  PkjfnM,  Princeton  Univeraitu 
RADIOACTIVITT 

MS.  The  radloaotlve  elements  are  thoae  whose  atoms  spontaneously 
break  down,  or  diaintegrate,  with  the  expulsion  of  electrically  charged 
particles;  these  particles  are  of  two  kinda,  forming  the  a  and  fi  rays. 

104.  The  p  raya.  Theae  are  made  up  of  negatively  charged  partidee. 
carrying  the  olementary  charge:  e— LfiXlO***  expressed  in  abaorate  c.g.s. 
electromagnetic  unlta.  They  are  projected  with  velocities  within  a  wide  range 
of  limits,  some  approaching  within  1  per  cent,  of  the  velocity  of  light.  The 
moss  of  these  particles  cannot  be  determined  directly,  but  the  ratio  of  the 
charge  to  the  masa  can  be  measured.  The  reaults  show  that  the  8  partielea 
from  all  radioactive  substancea  are  identical.     Aooording  to  the  tneory  of  a 
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mOTios  eharaad  pmrtiala,  its  effaotive  mass  should  inereue  with  it*  Talodty, 
but  only  appred&bly  when  its  velocity  approaehei  that  of  light;  a  partide  mov- 
ins  with  the  velocity  of  light  would  have  so  infinite  man.  TUs  prediotion 
of  theory  ie  borne  out  by  experimental  reeulta.  The  ratio  of  charge  to  mats 
for  particles  whose  velocities  do  not  exceed  3X10*  cm.  per  sec.  is  found 
to  be  1.77X10'  in  absolute  c.g.s.  electromai^netic  units.  Thus  the  mass  of 
a  Ancle  fi  particle  is  10~ ''  grams.     The  fi  particle  is  the  smallest  known  mass. 

SM.  Ths  a  rftja.  These  are  formed  of  positively  charged  atoms  of 
hetium,  carrying  a  charge  double  that  of  the  elementary  charge  earned  by 
the  0  particles.  They  are  projected  with  definite  velocities  from  the  different 
radioastive  substances,  varying  from  1 .45  X 10*  to  2.22  X 10*  cm.  per  sec. 

SM,  Th*  y  ntm.  In  addition  to  the  a  and  P  rays,  which  are  formed 
of  eharged  partieles,  radioaetiv*  subatanoes  also  emit  another  type  of  radia- 
tion, thai'  rayt.  According  to  theory,  when  a  rapidly  moving  cnarged  par- 
tial* is  aecelerated,  either  positively  or  negatively,  an  elsotromagnetio  pulse 
spreads  out  from  it.  It  is  probable  that  the  y  rays  are  made  up  of  a  sue- 
eoaaion  of  these  pulses,  arising,  mainly,  from  the  sudden  liberation  and  sudden 
■topping  of  the  fi  partieles.  There  is  evidence  that  the  a  rasrs  lUso  pro-. 
duoe-ir  rays. 

SOT.  The  i  raTi.  When  an  a  particle  is  ejected  from  an  atom,  the  residue 
ta  negatively  charged.  It  must  move  in  a  direction  opposite  to  that  of  the 
«  partiele  so  that  its  momentum  is  equal  to  that  of  the  partiele.  The 
S  r»ya  are  formed  of  the  residues  of  the  atoms  after  expulsion  of  a  particles. 

SM.  ISMta  produead  by  the  rjm.  The  a,  fi,  and  v  rays  produce  both 
photographic  and  ionising  effects.  To  show  the  former  effect,  a  photographic 
plate  la  exposed  to  a  radioactive  substance.  It  is  found  to  be  affected  just 
as  if  it  had  been  exposed  to  light.  The  ionising  effects  are  shown  by  their 
rendering  air  a  conductor  of  electricity.  The  neutral  molecules  of  air  are 
■pbt  into  positive  and  negative  ions  through  the  action  of  the  rays.  When  a 
potential  difference  is  appUed,  these  ions  travel  in  opposita  directions,  thus 
settinc  up  an  electric  current.  The  photographio  effect  is  caused  mainly 
by  the  p  and  y  rays  and  the  ioniiins  effect  by  the  a  rays. 

The  tonislnc  affeot  if  employed  to  measure  the  "aotlTity"  of  a 
radlOMrtlve  substanoe.  Metallic  uranium  is  taken  as  a  standard,  and  by 
an  activity  of  100  times,  is  meant  that  the  substance  produces  100  times  the 
affect  of  an  equal  weight  of  metallic  uranium  in  rendering  air  a  conductor  of 
electricity  under  the  same  conditions. 

SM.  SadloaAtlv*    dlilntegratlon.     The    atoms    of    any    radioactive 

element  break  down  according  to  the  law  N~Nt  .  Nt  is  the  numlMr  of 
atoma  initially  present,  N  the  number  after  a  time  (  has  elapsed,  and  X  ia 
a  eonstant  which  has  a  definite  value  for  each  radioactive  substance.  ^  External 
conditions  are  found  to  have  no  effect  on  the  rate  of  disintegration.  For 
example,  the  same  value  of  X  is  found  whether  it  be  measured  at  the  tempera- 
ture of  Hquid  air  or  at  Uie  high  temperature  of  an  electric  furnace.  Thus 
radioactive  disintegration  is  a  phenomenon  of  an  altogether  different  kind 
from  any  known  chemical  change. 

SI*.  SadioaetiTe  element!.  Of  the  chemical  elements  that  have  long 
been  known,  only  uranium  and  thorium  have  marked  radioactive  properties. 
There  is  oonsiderable  evidence  that  rubidium,  potassium  and  sodium  are 
also  radioactive,  but  toa  much  less  degree.  In  fact  it  is  not  improbable  that 
all  the  element*  are  radioactive,  the  rate  of  disintegration  of  all  but  a  few  of 
them  being  too  slow  for  detection.  The  phenomenon  of  radioactivity  must 
be  recarded  as  evidence  of  the  instability  of  the  atoms  of  the  elements.  The 
moet  unstable  atoms  are  those  belonging  to  the  most  radioactive  elements. 
There  is  an  enormous  difference  in  the  rate  of  disintegration  of  the  different 
radioactive  products.  For  example,  uranium  decays  to  half  its  initial  amount 
in  5X10*  years,  while  actinium  A  require*  but  0.002  sec.  for  half  of  it  to 

There  are  three  known  series  of  radioactive  elements,  the  uranium  series, 
the  thorium  series,  and  the  actinium  series;  it  is  not  improbable  that  the 
last  two  series,  as  well  as  the  first,  have  uranium  as  their  parent.  In  each 
of  these  series,  any  member  arisee  from  the  previous  one  oy  a  radioactive 
disintegration,  accompanied  by  the  expulsion  of  an  a  or  a  ^  particle,  resulting 
io  the  torniation  of  an  atom  of  a  different  kind.    In  the  uranium  series  is 
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found  ndium,  the  batt  known  of  the  reoantly  diMovated  intanady  radioaotin 
element!.     There  ia  aonie  evidence  that  the  final  member  of  tbia  aariaa  ia  load. 

111.  BadloaotiTe  aquiUbrtam.  A  aerisa  of  rsdioactire  elemenU  ii 
in  equilibrium  when  juat  aa  much  of  any  one  of  the  intermediate  product! 
ia  formed  in  a  certain  time  aa  diaintegratea  in  the  aame  time.  In  the  uranian 
aeriea,  the  conatant  X  of  the  disinte^ation  of  oranium  itaelf  haa  a  value  soek 
that  5X10*  years  elapse  before  a  given  amount  of  uranium  deoaya  to  half  iti 
initial  value.  Thua  milliona  of  yeara  are  neceaaary  for  Uie  uranium  aariaa  to 
oome  to  equilibrium.  In  moat  uranium  minerala  the  equilibrium  conditiMi  ia 
satisfied,  so  tliat  there  is  a  definite  relation  between  the  amounta  of  uraniiui 
and  radium  oontained  in  them.  It  ia  found  that  Uie  amount  of  radium  mm^ 
dated  with  1  g.  uranium  ia  3.4xicr'  g. 

111.  Beattn^  eUaota.  The  continual  emiaaion  of  partiolea  proieeted 
with  high  velocitiea  from  radioactive  aubataneea  reaulta  in  heating  affaela. 
TIm  kinetio  energy  of  the  partida  ia  tranaf ormed  into  lieat.     The  a  psrtieles 

firoduoe  about  90  per  oent.  of  the  heating  effect;  while  their  vslocitiea  aic 
owar  than  thoae  of  the  /)  particlea,  their  maaa  ia  ao  much  greater  that  the 
kinetic  energy  of  an  a  particle  ia  manj;  times  greater  than  that  of  a  ^  particle. 
One  gram  ofradium  in  equilibrium  with  all  of  ita  products  seta  free  approxi- 
mately 118  oal.  of  heat  per  hr. 

IIS.  Badloaottva  minaraU.  The  prindpal  souroa  of  radium  and  the 
other  strongly  radioactive  elementa  of  the  uranium  and  actinium  seriea  ia  tht 
mineral  pitchblende,  which  ia  an  oxide  of  uranium.  From  thia  radium  may 
be  separated  by  chemical  processes,  ita  behavior  being  the  same  aa  that  of 
barium  from  which  it  ia  aeparated  by  fractional  cryatallisation.  Carnotite 
is  another  uranium  mineral,  but  of  rarer  occurrence.  The  prindpal  aource  ol 
the  elementa  of  the  thorium  aeriea  ia  monasite  aand. 

114.  UlM  of  radium.  Aaide  from  its  great  sdentifio  interest,  tlie  only 
important  uae  of  radium  la  aa  a  therapeutic  agent.  Many  curaa  of  eaaoaroiis 
growths  have  been  reported  to  result  from  ita  application, 

llB.  Maaothorium,  one  of  the  members  of  the  thorium  aeriea,  ia  eondng 
to  be  employed  widely  aa  a  therapeutic  agent.  It  haa  the  advantage  over 
radium  of  ban^  eaaier  to  obtain.  It  is  found  in  the  residues  left  in  the  manu- 
facture of  thonum  salts  used  in  making  Welsbach  gas  manties.  But  it  is 
far  lesa  permanent  than  radium.  While  2,000  years  must  elapae  for  a  gives 
amount  of  radium  to  decay  to  half  ita  amount,  a  given  amount  of  meao- 
thorium  is  reduced  one-half  in  leaa  than  6  yeara. 

lis.  Datarmlnatloii  of  ph^oal  oonstanti.  The  atud:^  of  radio- 
active phenomena  haa  resulted  in  the  moat  reliable  determination  thai  w« 
have  of  certain  important  phyncal  oonatanta.  Some  of  these  are  gives  ia 
the  following  table: 

The  elementary  electric  charge. I.SOX  10~<* 

Number  of  molecules  in  1  e.o.  of  a  gaa  at  0 

deg.  Cent,  and  760  mm.  pressure  of  mercury.  .2.7    X  IQi* 

Mass  of  the  hydrogen  atom 1.66  X  10""  g. 

Number  of  atoms  of  hydrogen  in  1  g 6.0    X  10" 

IIT.  BlbUographT. 

RrTHBarOBD. — ^"The  Radioactive  Substances  and  Their  Radiation*." 
New  York,  O.  P.  Putnam's  Sons,  1914. 

TBI  EUCTBOir  THXOBT 

lit.  The  elaetron.  The  electron  theory  is  built  upon  the  obaerred  wide 
distribution  of  electrons  or  corpuscles  and  their  capability  of  accounting  for 
many  otherwise  unexplained  phenomena.  Electrons  are  identical  with  Ilia 
beta  particles;  the  latter  term  ia  used  to  denote  them  when  they  appear 
accompanying  radioactive  disintegration.  Electrons  appear  also  under  the 
name  of  cathode  partioles,  when  they  are  proiected  from  the  negative 
electrode,  or  cathode,  by  an  electric  discharge  through  a  gaa  at  low  pieaauie. 
Ultra-violet  light  falling  upon  the  surface  of  a  metal  seta  electrona  free;  they 
are  alao  liberated  from  incandescent  aolids.  Whatever  their  origin,  all 
electrona  appear  to  be  identical  in  nature.  Their  velocity  of  projeetioa 
dependa  upon  the  drcumstances  under  which  th^  appear,  but  the  ratio  of 
their  charge  to  their  mass  is  the  aame  for  all  except  tor  the  highest  velodtiea  of 
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woleetion;  this  imtio  diminiahM  with  inoreue  of  velocity  soeording  to  tlie 
Ame  law  in  every  oase.  The  oonelunon  is  forced  upon  ue  tliat  the  electron  ie 
iab  one  oommon  conetituent  of  all  matter.  We  cannot  go  so  far  afl  to  aar 
ihat  matter  is  built  up  wholly  of  electron!,  for  aome  meana  haa  to  be  fooaa 
or  holding  the  eieotrons  to^tlier  againat  their  mutual  repulaion.  For  tUa 
yurpoae,  poaitive  eleotrioity  ia  aaaumed,  but  our  knowledge  of  thia  ia  meane 
■ompared  to  our  knowledge  of  negative  eleotridty.  The  electron  mayoa 
tegafded  either  aa  a  particle  of  matter  charged  with  negative  eleetriei^,  or 
M  a  particle  of  eleetncity  endowed  with  maaa  in  virtue  of  ita  motion. 

na.  Intarpratatlon  of  eleetrio  phenomena  in  temu  of  the  eleetren 

ib»arj.  In  a  conductor,  in  addition  to  the  electroni  contained  in  the  atoms, 
rfaioh,  in  part,^  form  the  atoms,  it  is  assumed  that  there  are  free  eleetrona 
vhieh  puraue  sigsag  patha  among  the  atoms.  When  the  conductor  is  all  at 
»lie  notential  there  is  no  more  tendency  for  these  free  electrons  to  travel  in 
Hi«  direction  than  in  any  other.     But  when  a  difference  of  potential  is  applied 

0  the  conductor  there  is  a  force  acting  on  the  electrons  driving  them  in  a 
liiectioD  opposite  the  force,  since  they  are  nepttively  oharj^.  Thus  there 
a  a  drift  of  eleetrona  in  one  direction,  and  this  drift  constitutes  the  electric 
mtrent.  An  electric  current,  therefore,  ia  to  be  regarded  aa  a  flow  of  elee- 
trona. In  a  perfect  inaulator,  there  are  no  free  eleetrona  but  only  thoae  con- 
ained  in  the  atoms.  Thoa  there  can  be  no  continuous  flow  of  electrons, 
.«.,  an  electric  current,  in  an  insulator,  under  a  constant  electric  force. 
iVhen  an  electric  field  is  applied  to  an  inaulator,  the  eleetrona  inaide  the  atoms 
nove  from  their  normal  equilibrium  positions  until  the  forces  of  the  external 
toetric  field  balanoe  the  forces  on  the  electrons  ariaing  from  the  atoms. 
rbere  is  thus  a  momentary  flow  of  electrons  inside  the  iSoms  and  this  oon- 
titutea  the  diaplaoement  or  dielectric  current.  The  displacement  of  the  ele^ 
rons  from  th«r  normal  position  inaids  the  atoma  under  the  influence  of  aa 
sternal  electric  force  eonstitatea  the  polartsation  of  the  insulator. 

no.  Tharmoetootrie  aiteeto.  The  free  electrons  inside  a  conductor 
oay  be  considered  as  moving  about  exactly  as  the  molecules  of  a  gas.  They 
luia  exert  a  i>ressure  corresponding  to  the  pressure  of  a  gas  on  ita  enclosure, 
rhaa  electronic  pressure  varies  for  different  metals  so  that  if  two  different 
OBtals  are  in  contact  there  will  be  a  greater  pressure  of  electrons  on  one  aide 
if  the  junction  than  on  the  other.  Suppose  now  that  we  have  a  dosed 
ireuit  consisting  of  two  different  metals,  mth,  therefore,  two  junctions, 
^et  the  two  junctions  be  at  different  temperatures.  As  in  the  case  of  gas 
treasure,  the  higher  the  temperature  the  greater  the  pressure.  80  there  will 
M  a  greater  presaure  driving  the  eleetrona  from.say,  metal  A  to  metal  B  at 
nnetion  1,  than  from  A  to  B  at  junction  2.  There  will  thus  be  a  steady 
low  of  electrons  around  the  dreuit,  constituting  the  thermoelectric  current. 

■ST.  Macnatte  aitaota  on  tha  elaetrle  euxrant.  An  electron  in  motion 
■onatitutea  aa  element  of  an  electric  current.  So  that  if  a  magnetic  field  is 
ipplied,  there  will  be  a  force  acting  on  the  electrons  in  a  direction  perpen- 
Hmlar  to  both  the  direction  of  motion  of  the  electron  and  the  magnetia 
Md,  and  proportional  to  the  sine  of  tha  angle  between  them.  Suppose  now 
hat  in  a  metal  plate  there  is  an  electric  ounent  from  left  to  right,  wid  there- 
ore  a  flow  of  electrons  from  right  to  left.  Let  the  plate  be  placed  in  a  uni- 
erm  magnetic  field  perpendicular  to  it,  the  electrons  will  then  be  acted  mton 
ly  forces  in  a  direction  perpendicular  to  their  motion,  and  they  will  therefore 
ravene  shorter  distancea  meaaured  in  the  direction  of  their  drift  between 
oIKaiona  with  the  atoma  of  the  metal,  and  thua  the  reaiatance  of  the  metal 
rill  apparently  be  increased.     This  effect,  which  is  observed  in  all  metals, 

1  especially  marked  in  bismuth,  and  ia  made  nae  of  in  measuring  magnetic 
Mda;  tha  inereaae  of  reaistance  of  biamuth  ia  a  measure  of  ths  strength  of 
Bagnetie  field. 

Ita.  Ball  sAaet.  If,  in  the  case  Just  considered  (Par.  Mi),  the  enda  of  a 
rire  be  Joined  to  two  pointa  at  the  enda  of  a  line  on  the  plate,  which  Une  ia 
lerpendlcular  to  the  direction  of  the  current,  a  current  will  flow  through  thia 
iraneh  circuit  when  the  magnetic  fleld  is  applied.  This  is  the  "  Hall  effect," 
ad  may  be  explained  by  the  bending  of  the  paths  of  the  electrons  by  the 
nacnetie  fleld  which  drives  them  through  the  branch  dteoit.  According 
o  tUs  view,  the  Hall  effect  should  have  the  same  sign  for  all  metals,  t.«.,  with 
be  primary  current  kept  in  the  same  direction  and  the  magnetie  field  in  the 
ama  diracHOD,  the  secondary  current  through  the  branch  dreuit  should  flow 
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in  the  lame  diraotion  irhatoTW  matal  ii  tuad.  Thi«  ia  found.  homTw,  not 
to  be  the  eaee.  It  is  probable  that  ttie  ueumptions  mads  an  of  too  aiaple 
a  nature;  that  the  more  oompUeated  structure  of  a  metal  most  be  oonsidered. 
which  is  itself  affected  by  the  macnetio  field. 

Sll.  Macnettam.  In  order  to  account  for  the  magnetic  propertiee  of 
bodies  it  has  been  found  neceoeary  to  consider  the  electrons  oontained  in  the 
atoms.  We  may  ooDsider  the  atoms  as  containing  electrons  ctroulating  in 
closed  orbits.  It  ia  a  fundamental  theorem  in  eleotTDmacnetism  that  t 
small  closed  current  is  equivalent,  aa  far  as  its  external  effects  are  oonoemed, 
to  a  magnetic  particle  perpendicular  to  the  piano  of  the  eumnt.  An  elec- 
tron circulating  in  a  closed  orbit  is  equivalent  to  a  omrent  flowing  in  a  closed 
circuit.  So  that  if  each  atom  contains  a  single  circulating  electron,  it  wiQ 
be  iteelf  a  magnet,  t.a.,  it  will  have  a  reeultant  magnetic  moment.  But  it  if 
neceesary  to  suppose  that  the  atoms  contain  many  electrons,  and  so  it  may 
happen  that  the  magnetic  moments  of  the  different  circulating  electrons  will 
neutralise  each  other,  in  which  case  the  atom  will  have  no  restutant  magsstic 
moment.  When  this  ia  the  case,  the  theory  shows  that  the  effect  of  an  ex- 
ternal magnetic  field  ia  to  modify  slightly  the  electronic  orbits  in  such  a  war 
aa  to  make  the  atoms  exhibit  a  diamagnetic  property.  On  the  other  hand, 
the  magnetic  momenta  of  the  different  electrons  may  not  neutralise  them- 
selves so  that  the  atoms  have  a  resultant  magnetic  moment.  In  thia  ease 
the  atoms  show  a  paramagnetic  property.  The  effect  of  the  external  msg- 
netio  field  is  to  orient  the  atoms  in  the  same  sense,  and  the  substance  as  a 
whole  becomes  magnetised. 

114.  Blaetroiu  in  optioal  theory.  The  electron  theory  has  had  iu 
greatest  triumphs  in  the  field  of  optics.  Let  us  consider  first  the  pait 
electrons  play  in  the  emission  of  light.  According  to  our  present  view,  fight 
waves  are  of  an  electromagnetic  nature.  There  is  no  dinerenoe  between  a 
train  of  light  waves  and  a  train  of  electromagnetic  waves  produosd  elsctrieally 
except  in  wave  length.  The  limitation  as  to  the  dimensions  of  the  apparatas 
usea  in  producing  electric  waves  leaves  a  wide  interval  between  the  long^eat 
light  or  neat  waves  and  the  ahortest  electric  waves.  An  electron  circuIaUni 
in  an  atom  in  a  circular  path  ia  a  generator  for  electromagnetic  waves. 
The  known  order  of  magnitude  of  atomic  siae,  and  the  known  value  of  the 
charge  and  the  mass  of  the  electron  enable  us  to  calculate  the  wave  length! 
of  the  ligbt  ao  generated.  The  result  ia  aomethio^  of  the  order  of  magnitude 
of  the  known  wave  lengths  of  visible  light.  Thia  in  itself  ia  an  important 
result  as  it  ia  the  only  mechaniam  known  which  leads  to  estimates  of  this 
magnitude. 

When  an  incandescent  gas  is  placed  in  a  magnetic  field  it  was  discovered 
by  Zeeman  that  some  of  the  apectral  Unea  become  split  up  into  a  number  of 
components.  One  frequent  case  is  that  of  the  spUtlittg  up  of  a  single  Kd* 
into  two  or  three  components,  depending  upon  whether  the  magnetic  field 
is  along  the  line  of  aignt  or  perpendicular  to  it.  Thia  is  aceounted  for  by 
the  change  in  the  electron  orbits  produced  by  the  magnetic  force.  Aa 
electron  in  motion  behaves  just  as  an  element  of  a  linear  current;  ao  in  a  mag- 
netic field  there  is  a  force  npon  the  electron  at  right  anises  to  the  motion  aan 
to  the  magnetic  field.  Thia  force  has  the  opponte  direction  for  an  ileotron 
moving  in  the  opposite  direction.  The  electrons  circulating  in  one  direction 
inside  the  atoms  will  thus  have  the  radii  of  their  orbits  increased,  and  these 
circulating  in  the  opposite  direction,  diminished.  The  frequency  of  the  Hfht 
emitted  depends  upon  the  radius  of  the  orbit.  Thus  a  spectrail  line,  which 
corresponds  to  a  definite  frequency  when  no  magnetio  field  ia  appliea,  apUts 
up  into  two  or  three  lines  in  a  magnetic  field.  In  addition,  it  ia  found  that 
the  two  outer  components  are  circularly  polarised  in  opposite  directions,  which 
is  what  this  thsory  demands.  The  distance  between  the  spectral  lines  mur 
be  measured,  anci  from  this  the  ratio  of  charge  to  mass  may  be  deduced. 
The  results  of  this  wholly  independent  method  of  determining  the  ratio  of 
charge  to  mass,  are  ao  close  to  the  values  obtained  for  the  cathode  partidaa 
and  the  beta  particles  from  radioactive  subatances,  that  there  is  little  doubt 
but  that  the  centres  of  light  emiaaiona  are  electrons — the  same  as  the  cathode 
and  beta  particlea. 

m.  Btt>Uo(TH>h7.  Lorents:  "The  Theory  of  Electrons;"  Leipsie, 
B.  G.  Teubner,  1904. 

Richardson:  "The  Electron  Theory  of  Matter;"  New  York,  Q.  P.  Put- 
nam's Sons,  1914. 
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ROBNTOSN  RATS 
BT  xuonn  w.  oaldw^ll,  kd. 

at*.  DiaMTOT.  In  Deoember.  1885,  'miliam  Conrad  Roentsen,  then 
Profeaaor  of  Phynoa  at  the  Univeraity  o{  WurtabuTK.  annonnoed  that  while 
nperimantin^  with  the  vaeuum  tubes  of  Lenaixl,  hie  had  diaoorerad  a  new 
torm  of  radiation  which  he  called  X-ray,  becauaa  its  exact  nature  waa 
unknown. 

9ST.  Propertiea.  These  rays  differ  from  the  cathode  rays  previously 
Bacovered  by  I.enard  in  having  greater  penetration  and  in  not  being  deflected 
by  magnets. 

Roentgen  found  that  theae  raya  would  paaa  through  materials  opaque  to 
srdinaiy  light  and  aet  up  fluoreaoenoe  in  eryatals  of  barium  platinum  cyanide. 
He  found  that  they  eouM  not  be  senaibly  refracted  or  reflected  bv  any  mate- 
tiala  arailable;  that  they  were  not  deflected  by  a  ma^etio  field;  that  they 
l>enetrated  different  materials  in  a  ratio  approximately  invenelT  proportional 
to  the  atomic  weighta,  and  that  they  acted  like  light  on  the  silTer  salta  naed 
n  photography. 

US.  Transparaney  of  Tarlooa  Bubitanoai  to  X-rayg 
(Batelli  and  Oarbaeso) 


Material 

Specific 
gravity, 

water 

-1 

Trans- 
par- 
ency, 
water 
-1 

Material 

Specific 

gravity, 

water 

-1 

Trans- 
par- 
ency, 
water 
-1 

SoUda: 

Pinewood 

Walnut 

Paraffin 

Rubber 

Wax 

0.56 

0.66 

0.874 

0.93 

0.97 

0.97 

2.21 
1.60 
1.12 
1.10 
1.10 
0.94 
0.80 
0.80 
0.76 
0.76 
0.74 
0.74 
0.70 
0.63 
0.63 
0.60 
0.56 
0.60 
0.48 
0.48 
0.47 
0.40 
0.38 
0.3S 
0.34 
0.33 
0.126 

o:ii8 

Zinc 

7.20 

7.87 

8.67 

8.70 

0.69 

8.96 

9.82 

10.5 

11.38 

11.8 

18.60 

10.86 

33.07 

0.718 
0.836 
0.793 

oliis' 

0.868 
1.0 
1.240 
1.260 

1.293 
1.420 
1.526 
1.841 

0.0116 

0.101 

0.095 

0.093 

0.090 

0.084 

0.075 

0.070 

0.055 

0.053 

0.044 

0.080 

0.030 

1.37 
1.37 
1.33 
1.30 
1.12 
1.00 
1.00 
0.86 
0.76 

0.74 
0.70 
0.60 
0.60 

Nickel 

Brass 

Cadmium 

Stearine 

Bismuth 

Silver 

Ebonite 

1.14 

Lead 

i 

Wooleloth 

Palladium 

Mercury 

Gold 

1 

Celluloid 

! 

Silk 

Platinum 

Uqoida: 

Ether 

Cotton 

Charcoal. , 

IS 

Starch 

"•VI"- 

1.61 

1.9 

1.74 

Petroleum 

Aleobol 

Bone. 

^ 

Magneaium — 
Coke 

Amylalcohoi 

Olive  oil 

Benaol 

Glue 

8«dpbur 

Lead  ointment. 

Aluminum 

Taleum 

niana. 

1.98 

i'.n" 

2.6 
2.6 
2.7 
6.7 
7.28 

Water 

Hydrochloric  acid 

Glycerine 

Bisulphate  of  car- 
bon   

^ 

Chalk 

Nitric  acid 

Chloroform 

Sulphuric  acid 

Antimony 

Tin 

tn.  S«eondat7  rays.  Roentgen  showed  that  rays  similar  in  all  respecta 
o  X-rays  but  of  comparatively  small  quantity  were  set  up  in  moat  materiala 
rhen  X-iays  passed  through  them. 

!••.  Ch»ra«t«tlgtle  rsjn.  J.  J.  Thompaon  has  shown  that  when  X-raya 
trike  metallic  plates  such  as  copper,  silver,  lead,  etc.,  new  rays  are  set  up  at 
h*  metal  surfaoes,  having  penetrating  propertiaa  peculiar  to  tl>e  metal 
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from  whioh  tliey  ariae  and  independent  of  (be  penetration  of  the  rajre  prodne- 
inc  them. 

Ml.  Theory.  The  ezaef  nature  of  the  X-ray  ia  ititl  under  disenaaoo. 
The  moet  oommonly  aooepted  hypotheaie  ii  that  it  is  a  distuibanoe  of  tlw 
luminiferotu  ether  nmilar  to  vieible  light,  but  havinc  much  ihorter  wan 
length  than  ultra-violet  light. 

in.  Oondltlona  lueeiury  for  production.  When  an  electrical  die- 
oharge  ia  paaaed  through  a  vacuum  tube  exhauated  to  a  Crookes  vaesnm 
(much  higher  degree  of  exhaustion  than  in  the  tubes  of  Hittorf,  Oeiaaler 
and  Lenard)  X-rays  are  produced  wherever  the  cathode  stream  is  arrested 
by  the  walls  of  the  tube  or  metallic  objects  therein. 

ttt.  Cathodo  Itream.  Tlie  cathode  stream  ia  Iielieved  to  be  a  dis- 
charge of  negatively  charged  electrons  from  the  surface  of  the  cathode. 

tM.  Z-ra7  tubM.  The  so-called  focus  tube,  in  which  a  concave  cathode 
focuses  the  cathode  stream  upon  a  flat  metallic  tarmt  is  the  one  uaed  in  prac- 
tice. The  conatruotion  of  theae  tubea  ia  a  highly  developed  apeeialty  of  ths 
iJaaa  blowers'  art. 

Mf .  Penetration  or  quality  of  Z-rayi.  (Soft  and  hard  rays.)  The 
penetrating  quality  of  X-rays  depends  chieflv  upon  the  potential  dinerenos 
maintained  between  the  terminals  of  the  tube,  and  upon  the  nature  of  the 
metal  forming  the  target.  For  ordinary  medical  uses  tubes  are  made  widi 
platinum-  or  tungsten-faced  targets  and  are  operated  at  from  60  to  90  Idlo- 
Tolts.  Low  penetration  ("soft  )  rays  are  produced  at  25  to  30  Idlovolta, 
and  are  largely  absorbed  by  the  glass  wall  of  the  tube  and  by  soft  tissnas  of 
the  body.  High  penetration  ("hard")  rays  produced  at  90  or  100  kilovolti 
may  be  detected  after  passing  through  steel  t  in.  thick. 

The  potential  difference  at  terminals  of  tube  and  the  penetration  of  ra^ 
increase  with  increase  of  current  strength  in  tube  but  not  in  the  same  ratio. 
Tbe  resistance  of  the  X-ray  tube  depends  upon  manjr  factors  among  whidi 
are:  (a)  the  degree  of  vacuum  maintained  (the  resistance  increases  widi 
high  vacuum) ;  (D)  the  distance  between  the  nearest  points  of  the  two  eke- 
trodee.  With  other  conditions  constant  the  resistance  will  be  higher  wbes 
the  electrodes  are  near  each  other.  Tbe  resistance  will  be  higher  when  by 
long  use  the  occluded  gaaea  have  been  exhauated  from  the  surfaces  of  ths 
electrodes., 

Ul,  Begnlktion  of  tnbei.  The  regulation  of  the  quality  of  the  ray  is 
usually  effected  by  varying  the  degree  of  vacuum  of  tbe  tube.  This  is  ae- 
comphahed  in  one  of  aeveial  ways. 

(a)  By  use  of  the  oemoela  regolator  (Vlllard).  A  silvered  palladina 
tube  1  or  3  mm.  in  diameter  sealed  rate  a  glaaa  bulb,  when  heated  to  red  heat 
becomes  porous  to  the  hydrogen  in  the  flame  and  allowa  the  gaa  to  paaa  into 
the  bulb,  reducing  tbe  vacuum. 

(b)  Certain  eryeteU,  such  as  sodium  and  |>otaadum  hydrate  and  sodium 
formate,  are  sealed  into  auxiliary  bulbs  which  can  be  heated  either  by 
application  of  flame  externally  or  by  passage  of  an  electrical  diaoharfs 
through  them. 

(o)  The  D.  KcFarlan*  Moore  mercory-aeal  air  valve  has  been  devel- 
oped by  Baker  and  Bauer  for  X-ray  tubes.  A  small  plug  of  poroaa  material 
ia  sealed  by  beiuj^  covered  with  mercury.  When  it  is  desired  to  introdoes 
airi        '        ■ 


toi , 

by  heating  the  cathode  which  consists  of  a  spiral  of  Tungsten  wi|«.  The 
tube  begins  to  take  current  at  about  600  volts.  The  strength  of  onr- 
rent  which  may  be  passed  dependa  aolely  on  the  number  of  thermal  iom 
available,  and  la  praotioally  independent  of  the  vdtage.  Tbe  mMntitt  of 
raya  ia  regulated  by  varying  the  temperature  of  the  cathode  which  detei^ 
mines  the  strength  of  current  that  may  be  passed  through  the  tube.  The 
heating  of  the  cathode  is  effected  by  passiog  through  the  tungsten  spiral  s 
current  of  about  4  amp.  from  a  battery  of  about  10  volts.  The  pene- 
tration of  the  raya  is  varied  by  adjusting  the  vdtage  aoroaa  the  termiaala  o( 

*  D.  MoFarlan   Moore,  Proeradiitf  Am.  Institute  Eleotrteal   Engineaca, 
April  26,  1907. 
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tha  tub*.  The  operation  of  thia  tube  ie  radioally  different  from  tlwt  of  the 
tubee  which  ere  aependent  upon  nseoum  ione. 

Earlier  attenipte  to  produce  tuoee  operating  00  thie  principle  were  made 
by  Wehnelt  and  LOlienfeld. 

MT.  The  •laetrieal  ganeratinc  apparatui  must  be  capable  of  main- 
taininc  a  mtential  difference  of  60  to  80  IdloTolte  acroee  the  terminale  of 
tha  tube.  For  ordinary  fluoraoopy  2  or  3  milliamperea  will  auffice,  but  for  rapid 
Roent^noyraphie  work  aa  much  aa  100  milliamperea  may  be  used.  The  induc- 
tion coll  with  interrupter  is  still  in  common  use.  For  powerful  diseharcae 
needed  in  short  radiographic  ezpoaurea,  electrolytic  interrupters  of  the  Weh- 
nelt or  Caldwell  type  are  preferred.  For  Roentgenoscopy  and  tor  therapeutic 
uaea,  mechanical  interrupters  of  the  vibrating  type,  rotary  breaks  or  the  mer- 
eary-jet  interrupters  are  better.  (See  Sec.  0.)  The  so-called  **intcffrupte^ 
leaa"  maehine  conrists  of  a  high-tension  trannormer  operated  in  connection 
with  a  synchronous  rotary  rectifier  which  transmits  the  peaks  of  the  higb- 
tenalon  secondary  discharge  to  the  terminals  of  the  machine  always  in  the 
same  direction.  For  operation  with  direct  current  the  rotary  rectifier  is 
usually  mounted  on  an  extension  of  the  shaft  of  a  rotary  converter  which 
suppUea  the  alternating  current  to  primary  of  transformer.  With  alternat- 
ins-current  supply  the  high-tension  rectifier  is  rotated  by  a  small  synchronous 
aaotor. 

Influence  machines  or  so-called  electroatatio  machines  of  the  Holts  and 
Wimshorst  type  may  be  used,  but  these  are  not  so  reliable  or  so  powerful 
aa  induction  coil  or  transformer  with  rectifiers. 

MS.  Maagoramamt.  It  is  customary  to  measure  the  current  passing 
throngh  the  tube,  with  an  ordinary  nulliampere  meter  of  d'Arsonval  type 
mounted  on  an  insulating  support  and  having  one  terminal  connected  to  the 
metal  eaaei  The  potential  difference  aoroas  tube  terminals  is  estimated  by 
length  of  equivalent  spark  gap.  Electrostatic  voltmeters  may  be  used  for 
ihia  purpose.  There  are  several  more  or  less  commonly  used  empirical 
nnita  for  both  quantity  and  penetrating  quality  of  X-rays. 

1S9.  yanatromatan.  There  are  several  of  these  which  depend  upon  the 
ralatira  degree  of  teansmission  of  the  ray  hy  two  dissimilar  metals  such  as 
alnminnm  and  silver,  the  silver  being  especially  pervious  to  the  softer  raprs. 
The  Benoist  penetrometer  oonsists  of  a  series  of  steps  of  aluminum  of  varying 
thieknesa  arranged  around  a  thin  disc  of  pure  silver.  Reading  is  made  by 
obaerrinf  what  thiekneas  of  aluminum  absorbs  the  same  amount  of  X-ravs 
aa  the  thin  disc  of  silver.  In  the  Wehnelt  penetrometer  the  principle  is  toe 
aama  but  the  aluminum  is  in  the  form  ef  a  wedge.  The  electroscope  and 
elaotroineter  have  long  been  used  as  indicators  of  penetration.  The  Qual- 
mater  "  at  Bauer  ia  an  eleetrosoope  provided  with  the  empirical  scale  of 
Banoist  or  Wehnelt.     It  is  connected  to  the  negative  terminal  of  the  tube. 

The  measurement  of  quantity  of  X-ray  is  usually  made  by  comparing, 
with  a  standard  scale,  the  change  in  color  produced  in  a  chemical  test  piece 
which  has  been  czposiBd  to  the  rays.  *  Stern  in  1903  proposed  to  use  strips 
of  bromide  paper  for  measuring  the  dose  of  X-ray;  the  strips  were  developed, 
after  exposure,  for  a  standard  time  in  a  standard  developer  and  then  com- 
pared with  a  color  scale.  The  Kianboeok  quantimeter  which  appeared  a 
few  years  later  is  essentially  the  same  device.  Sabarand  and  Noir4  use 
diaes  coated  with  barium  platinum  cyanide  which  turns  darker  whan  ex* 
poaad  to  X-rays. 

S40.  Piineipal  niai.  The  applications  of  X-rays  in  medidna  and  surgery 
for.diagnoBS  and  treatment  overshadow  all  others  in  importance.  Other 
uaea  for  X-rays  are:  (a)  detection  of  pearls  in  pearl-bearing  mollusks;  (b) 
enatoms  exanunation  of  bauage  for  detection  of  smuggled  aruclea;  (c)  steril- 
isation of  tobacco  and  foodstuffs  to  prevent  hatching  of  eus  of  worms  or 
other  parasites;  (d)  detection  of  flaws  in  metals;  (e)  the  sterilisation  of  testes 
and  oTsiiea  of  criminals;  (0  distinguishing  between  real  and  spurious 
diamonds,  tha  real  diamonds  being  more  nearly  transparent  than  the 
imitation. 

141.  BeaBtff«iMCr*phy.  Tha  so-called  X-ray  photography  for  medical 
or  smnrical  dia^iosis  should  not  be  undertaken  by  electridaiis  or  photograph- 
ara.     Tha  safs  interpretation  of  Roentgen  ray  shadows  is  dliBeult,  and 


t      *  8.  Stem,  Journal  a/  Cutaneotu  Difota,  Dec.  26,  1907. 
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raquirM  special  training.  ^  Th«r  rssemblance  to  photographs 
misleading  to  the  inexperieQced. 

S41.  X-raj  bumi.  The  so-oalled  X-ray  burns  may  be  meute,  t.«.,  devel- 
oped from  a  single  prolonged  exposure,  or  they  may  be  chronic,  developini 
gradually  as  a  result  of  repeated  small  exposures  which,  individually,  woula 

Sroduoe  no  notic^ble  effect.  The  acute  burn  seldom  appears  before  firs 
ays  after  the  exposure  and  sometimes  as  late  as  three  or  lour  weeks  Urfer. 
The  reddening,  blistering  and  sloughing  observed  in  ordinary  burns  and  doe 
to  death  of  tissue,  are  present.  All  X-ray  injuries  are  especially  slow  is 
healing.  The  chronic  type  resembles  the  senile  keratosis  (the  horny  sldii 
produced  by  the  sun  and  wind  on  the  faces  and  hands  of  old  people).  These 
chronio  keratoses  are  classed  as  precancerous,  and  when  once  established 
ore  prone  to  increase  and  develop  into  caneerous  growths  without  further 
exposure. 

In  the  ordinal^  application  of  the  ray  for  diagnosis  or  treatment  the  donga 
to  the  subject  is  uttle,  but  phjrsicians  working  doily  oround  X-ray  tubes 
must  observe  caution  to  escape  injury. 

To  protect  the  patient,  screens  of  aluminum  from  |  to  3  mm.  thick  ors 
interposed  to  out  out  the  rays  of  low  penetration  which  would  otherwise  be 
absorbed  by  the  akin. 

The  tubm  are  shielded  by  being  enclosed  in  chambers  composed  -of  metsi 
or  lead  glass. 

The  controlling  devices  are  placed  behind  screens  of  lead  from  2  to  fi  mm. 
thick  and  provided  with  lead-glass  windows.  Protective  aprons  and  gloves, 
composed  of  rubber  cloth  impregnated  with  lead  or  bismuth  solts  ore  worn 
by  the  operator.     Eye-gloasea  or  spectacles  of  lead  gloss  ore  sometimee  used. 

MS*  Treatznent  of  injurloi.  The  treatment  of  X-ray  injuries  is  very 
difficult  and  tedious.  Surgical  removal  with  akin  graft  ma^  be  neccnary. 
It  is  extremely  important  to  avoid  the  use  of  irritating  or  stimulating  oint- 
ments Buch  OS  the  much  advertised  skin  remedies. 

The  chronic  keratoses  may  be  destroyed  by  freasinc  with  Uqmd  sir  or 
carbon  dioxid  snow,  by  burmng  with  high'^roiiuency  sparks,  or  by  exposnn 
to  the  rays  of  radium.  These  agents  all  produce  a  destruction  of  tissue  fol- 
lowing by  sloughing.     Of  these,  radium  is  by  far  the  least  poinful. 

S44.  Noznenclotur*.  The  terminology  of  the  subjeot  is  unsotasfootory. 
The  following  terms  have  been  formo^  odopted  by  Roentgen  sooetiei 
of  England,  Germany  and  United  Stotes. 

RoKNTQBN  — 'Root-word  (pronounced  rent  gen). 

RoBNTGBN  Ray — A  ray  di»}overed  and  described  by  Wilhelm  Koarad 
Roentgen. 

RoBNTOBNOLoaT. — The  study  and  practice  of  the  Roentgen  roy  os  opi^led 
to  medical  science. 

RoBHTOENOLOQisT. — Ono  skilled  in  Roentgenology. 

ROBHTOBNOOBAM. — The  shodow  picture  produced  by  the  oetion  of  tbt 
Roentgen  roy  upon  a  sensitised  plate  or  film. 

RoBNTOBHOOBAPH. — (Verb.)     To  make  a  roentgenogram. 

RoBNTOBNOscoPE. — An  opporotus  for  exomination  with  the  fluoiesoent 
screen  excited  by  the  Roentgen  roy. 

RoENTOENOscoPT. — Examination  with  the  Roentgenosoope. 

ROENTGENOORAPHT. — The  art  of  making  roentgenograms. 

RoBNTQENjzE. — To  apply  the  Roentgen  ray. 

RoGNTOENiZATiON.— Application  of  the  Roentgen  ray. 

RoBNTOENiSH, — Untoword  effect  of  the  Roentgen  ray. 

RoBNTOEN  DiAONOBH. — Therap^^Treotmeot  dermatitis:  (self-expUs- 
ntory). 
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LIGHTNING  RODS 
BT  BEHST  J.  BKBO.  SO.D. 

Prof.  Bledrieal  Engineering^  Union  CoUege 
FeOw  A.  /.  B.  B. 

Mft.  Source  of  atmospherlo  dleotrleltr.  Among  the  many  theories 
propounded  that  of  Dr.  George  C.  Simpson*  appeara  i>erhu)s  most  rationij. 
In  brief  he  ooncludes  from  laboratory  experiments  with  drops  of  water  in 
air  that  when  such  drops  are  broken  up  in  smaller  drops  the  water  becomes 
pomtively  and  the  air  negatively  charged.  This  fact  used  in  ooojunction 
with  Lenards  proof  that  drops  larger  than  0.2  in  diameter  are  unstable  when 
falUn|c  througn  air  and  that  drope  smaller  than  p.2  in  diameter  attain  a 
velocity  less  than  18  miles  i>er  hr..  form  the  basis  for  the  following  brief 
explanation  quoted  in  Dr.  Simpson's  words. 

It  is  exceedingly  probable  that  in  all  thunderstorms  ascending  currents 
greater  than  18  miles  an  hour  occur.  Such  currents  are  the  source  of  large 
amounts  of  water  which  cannot  fall  through  ascending  air.  Hence  at  the  top 
of  the  current,  where  the  vertical  velocity  is  reduced  on  account  of  the  lateral 
motion  of  the  air,  there  will  be  an  accumulation  of  water.  This  water  will 
be  in  the  form  of  drops  which  are  continually  going  through  the  process  of 
growing  from  small  drops  into  drops  large  enough  to  be  broken.  ETver^  time 
a  drop  breaks  a  separation  of  electricity  takes  place,  the  water  receives  a 
positive  charge,  ana  the  air  a  corresponding  amount  of  negative  Ions.  The 
air  carries  away  the  negative  ions,  but  leaves  the  positively  charged  water 
behind. 

"A  given  mass  of  water  may  be  broken  up  many  times  before  It  falls,  and 
in  consequence  may  obtain  a  high  posiUve  charge.  When  this  water  finally 
reaches  the  ground  it  is  recognized  as  positively  charged  rain.  The  ions 
which  travel  along  with  the  air  are  rapialy  absorbed  by  the  cloud  particles, 
and  in  time  the  cloud  itself  may  become  highly  charged  with  negative  electric- 
ity.  Now,  within  a  highly  electrified  cloud  there  must  be  a  rapid  combination 
of  the  water  drops,  and  from  it  considerable  rain  will  fall;  thiB  rain  will  be 
negatively  charged,  and  under  suitable  conditions  both  the  charges  on  the 
rain  and  the  rate  of  the  rainfall  will  bo  large. 

"A  rough  quantitative  analysis  shows  that  the  order  of  magnitude  of  the 
electrical  separation  which  accompanies  the  breaking  of  a  drop  is  sufficient 
to  account  lor  the  electrical  effects  observed  in  the  most  violent  thunder* 
etorroe.  All  the  results  of  the  observations  of  the  electricity  of  rain  described^ 
above  are  capable  of  explanation  by  theorv.  which  also  agrees  well  with  the 
actual  meteorological  phenomena  observea  daring  thunderstorms." 

S46.  Ixnportanoe  of  Ughtnlng  protection.  Statistics  show  that  in 
this  country,  between  700  and  800  persons  are  annually  killed  by  lightning, 
and  about  twice  as  many  seriously  injured.!  The  efficiency  of  lightning 
rods  for  farm  houses  in  the  middle  west  can  be  judged  from  Btatiatics  gathered 
by  Mr.  E.  W.  KellogI  who  concludes  that  for  an  equal  number  of  houses 
rodded  and  not  rodded,  the  fires  due  to  lightning  are  approximately  15  times 
greater  with  the  buUdings  not  rodded  than  with  those  which  are  rodded. 

147.  Kature  of  the  diacharge.  Sir  Oliver  Lodge  first  suggested  that 
there  are  at  least  two  distinct  kinds  of  discharges*  one  of  which  is  relatively 
quiet  and  which  results  from  the  gradual  breaking  down  of  the  air  between 
the  object  struck  and  the  charged  cloud  and  another  which  is  a  violent 
aeeondary  d^barge  caused  by  a  primary  discharge  in  the  vicinity,  t  The 
first  kind  follows  Uie  well-known  laws  familiar  to  the  electrical  engineers- 
laws  that  deal  with  more  or  tees  permanent  conditions.  The  nature  of  the 
discharge  is  governed  by  the  resistance,  inductance  and  capacity  of  the  path. 
The  path  itself  is  almost  certain  to  be  the  rod  on  account  of  the  conducting 
streamers  above  it.  The  second  kind  is  more  complex,  and  the  laws  that  it 
follows  are  less  thoroughly  understood.  There  is  no  conducting  path  above 
the  rods  because  there  may  have  been  no  potential  difference  between  them 

•  Proceedings  of  the  Royal  Society,  Series  A,  Vol.  LXXXII.  p.  169. 
t  Farmers'  Bulletin,  No.  367.  U.  S.  Dept.  of  An^iculturR. 
I  University  of  Missouri,  Bulletin  No.  7,  Eng.  Exp.  Station. 
t  Lightning  Conduction,  published  by  Whittsker  «  Co. 

1773  ^  , 

DglzedbyCjOOgle 


S«C.  U-248        MiaCKLLANROUS  APPLICATIONS 

■nd  the  nirroundinc  air  before  the  diaehsrie.  Thiu  the  rode  may  leadilr 
be  mieeed,  and  the  oiacharge  may  enter  any  portion  of  the  roof  and  find  iu 
way  to  the  ground  through  the  building.     To  guard  against  theee  eontin- 

Kad^s  it  would  eeem  that  the  entire  roof  ahould  be  of  metal,  or  at  leait 
vely  oovered  by  metal  network. 

Prof.  Flemmiug  haa  compared  the  first  with  the  ilow  oombnetion  of  gm 
powder  placed  in  a  room  and  carefully  lighted,  the  Moond  with  detonauag 
powder.  In  the  flnt  oaae  the  heated  air  and  gaaea  of  eombuetion  are  readily 
guided  through  the  chimney  and  do  no  harm;  in  the  second  ease  no  matter 
now  large  the  chimney  is,  enormous  pressures  will  exist  in  all  direetions. 
The  reason  for  this  is  tnat,  while  the  inertia  of  the  air  normally  is  Tety  small 
and  it  can  readily  be  displaoed,  it  beeomee  tremendous  when  sudden  fotess 
are  applied;  in  fact,  during  the  very  first  instant  the  air  acts  as  a  soHd. 

tM.  Ileetrleal  eonstaati  of  Ughtnlnc  rods.  While  the  number  cf 
oscillations  of  a  lightning  discharge  in  clouds  or  between  clouds  and  earth 
is  entirely  unknown  and  may  perhaiia  even  be  sero,  it  seems  necessary  that 
the  discharge  ori^nating  in  the  vicinity  of  the  rod  and  carried  in  the  rod 
roust  be  of  very  high  frequency.  In  the  passing  of  high  frequency  currents, 
energy  is  expended  as  heat  at  the  surface  of  the  conductor  and  as  electric 
radiations  in  the  surrounding  apace.  The  ohmic  resistance,  which  depends 
upon  the  conductivity  and  toe  croas-secUon  of  the  rod,  is  of  practically  no 
importance;  even  the  shape  of  the  conductor,  which  is  of  much  importance 
with  frequencies  from  100  to  100,000  cycles,  poasaases  relatively  nttle  im- 
portance at  itill  higher  fre<]uenciea. 

The  same  applies  to  the  inductance  of  the  conductor— it  is  also  nraetlealily 
Independent  of  the  kind  of  material  or  its  cross  section.  It  is  evident  that, 
provided  the  lightning  disohar^  in  the  rod  is  a  high-frequency  oecillaticB, 
from  an  electrical  point  of  view  it  matters  really  vary  little  whether  copper  or 
iron,  flat  or  round,  atranded  or  solid  conductors  are  used,  although  there  ia 
a  slight  advantage  in  flat  ribbons  at  all  but  the  highest  frequencies,  "n* 
object  of  the  lightning  rod  ia  to  present  a  path  for  the  discharge,  a  path  offer- 
ing much  less  obstruction  than  any  path  through  the  building.  If  the  ohmie 
reostanee  were  all  important  this  could  well  be  done  by  unng  a  very  large 
eopper  rod,  but  at  these  very  high  frequencies  the  obetroction  or  impedance 
is  measured  in  tens  or  even  nnndreda  of  ohms,  whereas  the  ohmic  resiataaes 
may  be  but  a  amidi  fraction  of  an  ohm. 

Mt.  Blefltrleal  •harMtwlatlaa  of  Ug htnlof  itaalf.  The  greatest 
number  of  lightning  diaobargae  take  place  inaide  clouds  or  between  adjacent 
douds.  These  dischargee  iiiv(dve  usually  rather  moderate  voltages,  and 
while  interesting  are  hwdljr  within  the  scope  of  this  pa|>er.  The  knowledge 
of  the  nature  of  Uiditninf  discharges  from  cloud  to  earth  ia,  however,  of  great- 
est importance  in  studying  the  emoieney  of  Ughtning  rods.  Unquestionably 
such  discharges  take  plaee  not  only  at  moderate  voltages,  but  also  at  voltam 
which  are  exceedinidy  high;  the  latter  being  true  when  the  charged  cloua  ia 
separated  from  earth  by  a  layer  of  more  or  less  dry  free  air. 

Under  these  extreme  conditions  the  distribution  of  potential  may  be  fairly 
uniform,  and  the  air  may  be  charged  to  its  breakdown  point  all  tnrou^  its 
maaa,  in  which  event  the  potential  difference  would  be  exceedingly  great. 
The  maximum  value  of  the  discharge  current  may  alao  be  very  great,  reach- 
ing aeveral  thousand  if  not  hundreds  of  thousands  of  amperea,  as  may  bs 
Judged  from  the  consideration  of  the  following  simple  case.  An  ai«i  on  the 
surface  of  the  earth  100  ft.  square  is  subieoted  to  the  discharge  of  a  doad, 
also  100  ft.  square,  at  a  distance  of  1,000  ft.  In  this  cass  the  eapoeity  is 
approximately  0.000027  microfarada,  a  very  small  capacity  indeea,  aenia> 
thing  tike  that  of  the  smallest  Leyden  jar.  If  the  deetrie  stress  sa  TisaiimH 
were  uniformally  distributed  tmroughout  the  air  space  separating  dond 
and  earth,  and  if  the  disruptive  atrength  of  air  ia  80,000  volta  per  om.,  a 

Ktential  of  912,000,000  volts  would  exlat  between  doud  and  earth  joit 
fore  the  atroke.    The  electric  charge,  that  is,  the  amount  of  dsettidty  ; 
stored,  would  be  0.02S  coulombs,  a  very  small  value  when  oonddarad  m 
itself.    The  energy  stored  would,  however,  be  great  on  aooount  irf  the  high  - 
difference  of  potential.     It  would  be  ll|8pO  kw-aeca.,  eorreepondlng  to  IM  I 
energjr  of  almoat  a  pound  of  dynamite.    This  energy  ia  expended  in  heat  and  ! 
eleotne  radiation,  partly  in  the  atroke  before  it  reaches  the  rod,  partly  la  ' 
the  circuit  of  the  rod.     The  hi|dier  the  frequency  the  greater  is  the  relative 
amount  radiated.    With  a  small  copper  rod  the  energy  radiatod  at  1,000,000 
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vrtim  ii  iMrhaiw  SO  times  u  great  aa  that  converted  to  heat  in  the  rod. 
whether,  however,  the  energy  ia  radiated  or  directly  converted  to  heat  is 
not  ao  material.  In  either  oaae  the  maximum  current  in  the  rod  may  be 
enormous  and  depends  upon  the  frequency  of  the  discharge.  With  a  light- 
ning discharge  tnis  may  be  from  100,000  to  perhaps  fi,000,000  per  sec.,  in 
wbieh  oaae  the  maximum  value  of  the  current  is  irom  16,000  to  750,000  amp., 
\X  being  proportional  to  the  frequency.  Steinmetx  *  has  shown  that  the  im- 
pedmnee  or  total  obstruction  of  the  high  frequency  conductor  is  about  0.1 
ohm  per  ft.  at  100,000  oyelea,  0.5  ohm  per  ft.  at  500,000  cycles,  1  ohm  per 
ft.  at  1,000,000  cycles,  and  2.5  ohms  per  ft.  at  6,000,000  cycles.  Thus  the 
maximam  drop  of  potential  per  ft.  of  lightning  rod  would  be  1,600  volts 
at  100,000  oyclaa,  9,000  volte  at -260,000  cycles,  37,000  volu  at  600,000  cycle*, 
150.000  volts  at  1,000,000  qreles  and  1,880,000  volts  at  5,000,000  cycles. 

tM.  B«l»tl<maffr*aaene7tootlMrfMitors.  While  in  every  dischari^e 
almost  aa  infinite  number  of  frequencies  .undoubtedly  are  represented,  tt 
is  probable  that  one  is  pretrandersting.  Were  it  permissible  to  consider  that 
the  frequency  in  the  discharge  after  it  reaches  the  rod  ig  governed  only  by  the 
eloctrimU  constante  of  the  rod,  the  wave  length  would  be  somewhat  more  than 
four  time*  the  hnght  of  the  rod.  This  would  mean  with  an  ordinary  dwelling, 
with  a  rod  of  say  about  60  ft.,  about  5,000,000- cycle*.  If  on  the  other  hand 
the  effect  of  the  rod  is  hardly  noticeable  and  the  frequenoy  is  governed  by  the 
distance  between  cloud  and  earth,  the  frequency  will  be  much  tower,  say 
250,000  cycles,  with  a  distance  of  2,000  ft.  between  the  cloud  and  earth. 

In  the  first  case  the  drop  in  potential  per  ft.  is  about  2,000,000  volts,  in 
tbo  second  case  only  9,000  volts.  The  first  case  siveB  an  idea  of  the  condi- 
tions of  a  secondary  stroke.  It  is  of  very  high  frequency  and  may  be  the 
result  of  the  discharge  of  the  air  immediately  surrounding  the  rod  rather  than 
the  entire  air  between  cloud  and  earth.  The  discharge  area  is  in  this  case 
difficult  to  estimate;  it  may,be  quite  limited  or  it  may  be  quite  great. 

Assuming  a^in  an  area  of  100  ft.  s<^uare  and  calculating  the  voltage  and 
capacity,  it  ia  found  that  the  capacity  is  increased  in  the  same  proportion  as 
the  voltage  is  decreased^herefore  the  charge  and  maximum  vale  of  the  current 
remains  unchanged.  The  maximum  value  of  the  current  would  be,  say 
750,000  amp.,  and  the  drop  per  ft.  of  rod  about  2,000,000  volts. 

It  is  evident  that  only  a  very  small  part  of  such  discharge  would  travel 
tbrough  the  conductor,  and  that  the  main  discharge  would  jump  several  feet 
in  the  air  rather  than  travel  1  ft.  in  the  conductor.  (The  drop  in  potential 
of  2,000,000  volte  per  ft.  corresponds  to  2  ft.  striking  distance  between  para- 
Icl  planes  and  perhaps  10  ft.  distance  between  projecting  masses  of  metal.) 

The  second  case  is  approached  when  a  lightning  discharge  takes  place 
from  cloud  to  rod  after  a  conducting  path  has  been  prepared  by  means  of 
streamers.  It  is  the  first,  the  quiet  type  of  lightning  mentioned  in  the  be- 
^nning  of  the  pai)er. 

Ml.  Advantac*  of  multlpllcitj  of  rod.  A  single  lightning  rod  may  be 
expected  to  take  care  of  low  frequency  discharge  from  cloud  to  earth,  but  is 
entirely  inadequate  to  cope  with  a  violent  secondary  discharge,  even  if  it 
struck  the  rod  instead  of  the  building  proper. 

One  lightning  rod,  while  ofTcring  some  protection,  may  be  considered,  under 
abnormal  conditions,  entirely  inadequate  to  cope  with  the  situation.  If  the 
buildings  were  grounded  by  ten  rods  the  condition  would  be  much  improved, 
and  the  lightning  discharge  would  probably  be  confined  to  the  system  of  rods. 

Ml.  Installations.  Experience  seems  to  have  settled  beyond  reasonable 
doubt,  that,  if  properly  installed,  lightning  rods  afford  considerable  pro- 
tection. A  large  number  of  instances  might  be  auotcd,  but  suffice  it  here  to 
mention  only  one.  Before  equipping  the  buildings  of  The  Univenuty  of 
Illinois  with  rods,  three  fires  were  caused  by  lightaing;  sinrc  that  time,  though 
the  number  of  biuldings  bos  been  greatly  increased,  there  has  been  no  damage 
from  lightning.  It  snould  be  remembered,  hcwcvcr,  that  a  rod  faultily 
installed  may  make  matters  worse  than  would  be  found  where  no  rods  were 
used.  Assume,  for  instance,  that  a  large  building  is  equipped  with  a  high 
but  broken  rod  having  poor  joints  or  a  high  resistance  to  ground,  say  severiU 
hundred  ohms,  which  undoubtedly  sometimes  is  the  case.  Such  a  rod  could 
serve  the  function  of  equalising  the  potential  between  cloud  and  earth  almoet 

•  "Transient  Phenomena."     MrCiraw-Hill  Book  Company,  Inc. 
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M  «ff60tiv«ly  as  a  good  rod,  and  were  there  only  a  sufficient  number  of  thera 
it  is  ooaoeivable  that  the  neutralisation  of  potential  would  be  so  complete 
as  to  make  a  flash  disoharge  practically  impossible.  A  building  having  one 
rod  only,  however,  is  considered  at  present.  The  rod  is  assumed  as  project- 
int  cuiuiderably  above  the  building.  If  the  electric  tension  is  great,  un- 
queHtioztably  streamers  are  emitted,  the  air  above  the  rod  is  made  fairly 
conductive  and  thus  the  discharge  is  invited.  The  question  is  then:  How 
can  such  a  rod  take  care  of  the  discharge?  It  has  been  shown  how  the  di»- 
charge  current  frequently  is  very  large  and  while  the  ohmic  resistance  of 
the  rod  is  practically  immaterial  as  long  as  it  is  at  all  reasonable,  it  must 
not  approach  or  exceed  the  normal  value  of  the  impedance.  In  a  rod,  say 
30  ft.  long,  the  ohmic  reaiatance  of  even  the  smallest  practicable  iron  conductor 
is  a  fraction  of  an  ohm  only  and  the  impedance  is  perhaps  30  to  75  ohnu, 
depending  upon  the  height  and  frequency  of  the  discharge.  It  is  easily 
seen  that  a  poor  joint  may  have  many  times  this  resistance;  therefore,  when 
the  discharge  encouraged  b^  the  streamers  from  the  defective  rod  strikes  the 
building  it  finds  the  rod  entirely  inadequate  to  cope  with  the  situation.  The 
voltage  drop  in  the  rod  ia  so  great  that  it  is  far  easier  for  the  current  to  split 
up  in  a  number  of  paths  and  enter  through  the  building  than  to  confine  itself 
to  the  rod.  An  apparent  paradox  thus  exists.  The  rod  should  have  good 
joints,  should  have  good  ground  connection,  and  should  be  mechanicslly 
secure  against  breaking;  althou|[h  the  shape  of  the  rod,  its  metal  or  its  general 
dimensions  are  rather  immaterial. 

ISS.  Ziooatlon.  The  rods  should  always  be  placed  outside  of  the  buildiac 
and  it  ia  indeed  a  question  whether  the  vertical  part  of  the  system,  that  is, 
the  rod  proper,  should  not  be  some  little  distance  from  the  wall  and  possibly 
even  insulated  therefrom.  They  should  be  placed  a  considerable  distaDee 
from  gas  pipes,  stove  pipes,  water  pipes  and  bwconies  or  places  where  persons 
might  be  during  a  storm. 

S84.  Material  and  cozutruetlon.  Lodge's  experiments  and  theory 
show  conclusively  that  there  is  no  advantage  in  copper  over  iron.  Copper 
may  have  mechanical  advantages  under  certain  conditions,  for  instance  in 
cities  where  the  atmosphere  is  charged  with  soot  and  a  variety  of  fumo. 
Galvanized  iron  has  the  advantage  of  cheapness,  with  a  possible  electrictl 
superiority.  While  flat  conductors  have  a  very  slight  advantage,  it  appears 
too  small  to  be  conaidorcd  seriously.  A  round  wire  or  a  pipe  can  be  handled 
conveniently,  and  aecma  preferable.  In  the  installation  of  the  rods,  sharp 
bends  should  be  avoided  as  much  as  possible.  There  is  little  or  no  advantage 
in  using  large  and  expensive  copper  conductors  or  cables;  a  siae  mechanically 
satisfactory  ia  likely  to  servo  all  electrical  purposes.  Expensive  sharp  points 
offer  little  advantage  over  ordinary  ratner  blunt  points.  The  rods  may 
advantageously  terminate  in  a  number  of  points  projecting  only  a  ahort 
distance  above  the  part  to  be  protected. 

S55.  The  ground  connection  should  bo  of  low  resistance,  and  therefore 
the  rods  should  preferably  terminate  in  moist  aoil.  *' Salting"  the  ^ound 
may  be  an  advantage,  but  experience  with  such  grounds  is  not  Bufficieot  to 
warrant  ita  adoption  unless  an  occasional  inspection  is  made.  In  many  cases 
excellent  connection  can  be  made  by  driving  a  galvaniied  gas  pipe  a  few 
feet  into  the  ground.  In  installing  the  rod,  allowance  for  expansion  and  con- 
traction should  be  made.  Gaa  pipes  should  not  be  connected  to  lightning 
rods,  nor  ahould  the  rods  be  plaeea  in  too  doee  proximity  to  them. 

S58,  Precautions.  A  building  having  its  windows  and  doors  open, 
afTords  opportunity  for  the  entrance  of  air,  perhaps  ionised  air  made  con* 
ductive  by  a  previous  discharge.  It  ia,  therefore,  aafer  to  keep  the  bouse 
closed  during  a  violent  storm.  It  is  also  well  to  keep  away  not  only  from  the 
rod  but  from  chimneys,  kitchen  ranges,  metal  pipes,  etc. 

The  damage  by  lightning  in  cities  ia  relatively  small,  and  so  far  the  modern 
sky  scraper,  with  ita  vast  amount  of  steel,  appeara  to  be  lightning  proof. 

ELECTROSTATIC  MACHINES 

BT  OTIS  ALLSS  KKNTOH 

ConsitUing  EUctrical  Engineer,  Aiaoc.  Amer,  liut.  BUc.  Eng. 
UT.  Olanifloatlon.     There  are  two  fuadamental  typas  of  electrosutic 
generators,  namely,  thoae  in  which  the  e.m.f.  ia  generated  by  contact  of 

^''®  DigilizedbyV^iUUyHJ 


MI8CBLLANB0U8  APPLICATIONS      SeC.  82-258 

two  unlike  aubstanoes  and  those  in  which  it  is  Kcnerated  by  electric  induction; 
the  former  are  called  frictional  machines  and  the  latter  are  called  infiuence 
machines. 

108.  TiictlonAl  maohinol.  In  a  circuit  composed  of  unlike  materials 
there  exists  a  difference  of  electric  potential  at  the  junction  of  these  materials. 
However,  from  the  law  of  the  comer vatiou  of  energy,  no  electricity  will  flow 
in  the  circuit  unless  enercy  from  an  external  source  is  applied  thereto.  In 
frictional  machines  the  energy  which  produces  the  flow  of  electricity  is  sup- 
plied by  the  heat  due  to  mechanical  friction. 

S9S.  Blectrieal  Series* 

(Riess) 


Poritive 

Negative 

Glass,  porcelain,  wood,  metals,  rosin, 

sulphur. 

Zinc — tin  amalsam  on  leather  (sure) . 
Rosin,  sealing  wax,  sulphur,  shellac, 

amber  (sure). 
Wool,  linen,  silk,  leather. 

Metals. 

ninin            

Fur,  wool,  linen,  silk,  paper,  metals 

Diamond,  topai,  thummer-stone, 
quarts,  calcareous  spar,  mica,  pol- 
ished glass. 

Glass,  nlk 

t(0.  Theory  of  IHetioiutl  nwohinef.  When  two  unlike  bodies  are 
rubbed  together,  the  energy  applied  is  partly  stored  by  the  establishment  of 
a  dielactno  field  and  partly  dissipated  as  radiated  heat.  The  dielectric 
field  established  while  the  two  bodies  are  in  contact  causes  electricity  to  flow 
to  the  surface  of  the  bodies,  a  positive  charge  being  collected  at  one  extremity 
and  a  negative  charge  at  the  other.  The  energy  thus  stored,  in  watt-seconds, 
is  numencally  equal  to  the  product  of  the  strength  of  the  dielectric  field, 
in  volts,  and  the  quantity  of  electricity  transferred,  m  coulombs.  The  energy 
thus  imparted  to  the  dielectric  field  may  be  manipulated  so  as  to  raise  the 
e.m.f .  to  a  point  limited  only  by  the  dimensions  and  insulation  of  the  machine. 
For  instance,  in  the  case  of  two  bodies  in  contact  as  at  a.  Fig.  32,  the  quantity 


Fig.  32. 


Fio.  33. 


of  electricity  transferred  by  the  dielectric  field  is  Q~CB  and  the  energy 
thus  absorbed  is  W  "BQ  where  Q  is  the  quantity  in  coulombs,  C  is  the 
ca{>acity  in  farads,  E  is  the  potential  difference  in  volts  and  W  is  the  energy 
tn  joules.  If  the  two  bodies  are  separated  as  at  b,  Fig.  32,  the  capacity  is 
reduced  to  C  and  since  the  quantity  Q  is  fixed,  the  strength  of  the  dielectric 
field  must  increase  to  E'  in  accordance  with  the  relation  £'  —  Q/C.  However, 
S'Q^  TF' is  greater  than  W;  therefore,  it  requires  mechanical  force  to  separate 
the  bodies. 

Mi.  Congferuotion  of  a  Uboratonr  type  of  Motion  machine  is  shown 
in  Fig.  33.  A  glass  plate,  P,  is  rotated  in  the  direction  shown  by  the  arrow 
and  the  rubbing  surface,  R,  which  is  made  of  leather  coated  with  an  amalgam 
(a  (lood  amalgam  recommended  by  Kienmayer  is  lSN  +  lZn-(-2Hg),  rubs 
against  the  glass  plate  generating  a  dielectric  field  which  conveys  the  negative 
electricity  toward  the  terminal  Ti  and  the  positive  electricity  to  the  opposite 

*  The  substances  at  the  left  are  each  supposed  to  be  rubbed  with  any  one 
of  the  substaooM  giveD  at  the  right  and  in  the  same  row. 
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Bide  of  plate  P.  At  the  comb  C  the  dielectric  flux  in  ro  dense  that  the  air  is 
rendered  conducting  and  electricity  paasea  between  P  and  T%.  Thas  the 
tendency  is  for  positive  electricity  to  be  transferred  to  Ti  ana  the  nec^tire 
electricity  to  Tu  The  energy  for  this  transfer  of  electricity  is  ceneratod  by 
the  friction  between  R  and  P,  and  the  potential  of  the  maehine  oependa  upon 
its  own  dimenaionB  and  ita  insulation. 

iCt.  BiMriin^iits  by  E«lia  *  dUelofle  the  relation  between  e.m.f . 
and  friotaon.  ^  The  results  are  given  briefly  as  follows:  a  flat  metallic 
oylinder^  1.675  in.  (40  mm.)  in  diameter,  covered  with  leather,  waa  set  upon 
an  ebonite  plate  and  drawn  by  an  insulaled  handle  over  the  surface,  the 
charge  being  measured  with  a  sine  electrometer.  7^he  disc  was  drawn  1.18 
in.  (3  cm.)  in  one  place;  it  was  then  set  in  another  place  and  drawn  I.IS  in. 
(3  cm.)  again  and  so  on,  eight  times,  with  the  following  results: 


Number 1    {        2        |        4      |        8        | 

Charge 1 

1.45          1.7          1.93     1 

Next  the  disn  waa  drawn  9.46  in.  (24  cm.)  without  stopping  and  the  same 
result  (1.93)  was  obtained.  It  was  also  found  that  there  was  maximum 
value  beyond  which  the  charge  was  not  increased  by  cbttwing  the  diae 

farther. 

I6S.  Influence  machlnei.  The  second  type  of  maehine,  baaed  on  the 
principle  of  electric  induction,  and  oommonly  known  as  the  influence  machine, 
operates  as  follows:  a  conductor  thrust  into  a  field  of  dielectric  flux  will  have 

an  e.m.f.  generated   in  it 
which  will  cause  a  certain 

auantity  of  electricity  to 
ow,  and  store  a  corre- 
sponding amount  of  energy, 
^g.  34  shows  two  bodies, 
1  and  2,  conneated  to  a 
battery  B  as  a  source  of 
e.m.f.  The  e.m.f.  estab- 
lishoB  a  dielectric  field  be- 
tween the  bodies,  drawing 
energy  from  the  battery 
and  storing  it  in  the  elec- 
tric circuit.  The  energy 
stored  is  W^C^/2), 
wherein  C  is  the  oapadty* 
and  B  the  e.m.f.  of  ths 
batteiy.  Now  if  two 
bodies,  3  and  4,  connected  conductively,  are  inserted  into  the  dielectrie 
field,  the  capacity  C,  which  is  inversely  proportional  to  the  length  of  the  ^ 
electric  will  oe  increased,  and  the  value  of  the  dielectric  flux  correspondindbf 
increased,  thus  drawing  more  energy  from  the  battery  and  storing  it  in  tw 
system.  Electromotive  force  will  be  generated  in  the  bodies  3  and  4  whidi 
will  tend  to  start  a  flow  of  electricity,  and  will  transfer  a  quantity  of  electrioi^ 
to  the  outside  surface  of  the  plates,  sufficient  to  absorb  the  increase  of  energy 
stored  in  the  system.  If  while  in  this  position  the  two  bodies  are  separated 
by  severing  the  connecting  link,  the  electricity  will  be  unable  to  return  to  its 
state  of  e<]mlibrium  and  the  energy  stored  will  remain  bound.  In  order  to 
utilise  this  energy,  the  bodies  must  be  removed  from  the  electric  field  of 
1  and  2,  and,  now  that  each  has  a  field  of  its  own,  mechanical  energy  equal  in 
ralue  to  that  stored  in  the  bodies  will  be  required  to  remove  them,  when 
the  bodies  are  removed,  the  capacity  of  1  and  2  will  return  to  its  original 
value,  and  the  extra  energy  called  forth  for  the  placing  of  3  and  4  in  tJ»  field 
will  be  returned  to  the  tuLttery. 

16^.  Kxdtation  of  influenoe  maohlnee.  The  influence  machine  does 
not  employ  a  battery  to  maintain  the  e.m.f.,  but  is  given  an  initial  charge 
of  e.m.f.,  uter  which  it  is  self-«xciting.  It  wilt  be  noted  that  in  this  method 
a  certain  amount  of  electricity  is  stored  in  the  bodies  3  and  4,  and  that  ths 


Fia.  34. 


*  Wiedemann  Annalen,*'  Bd.  I,  p.  1052. 
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▼■liw  of  •.m.f.,  and  therewith  the  value  of  the  energy  ean  be  changed  at  will 
by  Tarsfinc  the  eapadty  between  them;  an  inoreaae  in  capacity  eomsponds 
to  a  deoreaee  in  energy  or  motor  action  and  vice  veraa, 

til.  The  Toeplar  influenoe  machine  is  shown  gcbematioally  in  Fig.  35; 
S  ia  a  fixed  glaaa  plate  with  two  segment-ahaped  piecai  of  paper,  tn  and  pi 
(called  field  piecea)  fastened  on  the  bacic  (shown  dotted) ;  P  is  a  glan  plate 
mounted  on  an  axle  and  ean  be  rotated  by  a  belt  not  shown  in  the  sketch; 
on  the  plate,  P,  are  mounted  a  number  (8  in  the  sketch)  of  tin-foil  disics, 
called  carriers,  each  disc  being  armed  with  a  small  brass  button  which  makes 
the  contact  with  the  Tsrious  brushes;  bi  and  bi  are  called  appropriating 
bruahea  and  are  connected  with  the  field  plates  pi  and  pi.  respeottrely;  it 
ia  the  neutralising  rod  and  carries  a  brush  at  each  extremity;  eiandciara 
metallie  combe  eonneeted  to  the  terminals,  T\  and  Tt,  of  the  machine. 
The  Toepler  machine  is  very  reliable  and  is  self-ezciting  refiardleas  of 
weather  conditions.  By  connecting  a  number  of  pairs  of  plates  m  multiple 
the  load  capacity  of  the  machine  can  be  increased. 

SM.  The  PoUiltjr  of  the  Toepler  type  of  machine  is  not  always  the 
same,  depending  on  how  the  charges  are  distributed  when  it  starts.  Testa 
for  polailty  should  be  made,  where  it  is  of  importance.  The  flame  of  a 
Bunaen  burner  will  be  attracted  by  the  negative  pole.  ■    , 


r,    r. 


T,     Tt 


Fia.  3S. 


Fio.  36. 


MT.  The  Bolts  maf.hlna  ia  shown  aehematically  in  Fig.  36.  8  is  • 
atationary  glass  plate  on  the  back  side  of  which  are  mounted  two  paper 
field  plates.  Pi  and  Pi:  small  blunt  tongues  project  through  slots,  w,  in  the 
■laas  plate  8  and  nearly  touch  the  rotating  plate  P.  The  rotating  plate,  P, 
la  a  plain  glasa  plate  covered  with  a  coat  ox  varnish;  ei  and  ci  are  metallic 
combs  eonneeted  to  the  terminals,  7i  and  TV  The  rod,  n,  is  a  nautralinng 
rod  and  carries  a  comb  at  each  end. 

MS.  Tha  operation  of  the  Boltl  machine  is  as  follows:  The  terminals 
Ti  and  Ti,  are  put  in  contact  and  the  machine  started.  One  of  the  field  platea 
ia  giTen  a  eharp  (let  Pi  be  charged  i>ositively).  This  charge  will  drair 
nagative  deetriaty  to  the  comb,  ci,  which  will  leak  across  to  the  flass  plate, 
P.  Passing  around  to  the  other  side  of  the  machine  this  negative  charge 
on  {date  P  attracts  a  positive  charge  from  the  plate,  Pi,  to  the  other  side  of 
the  plate,  leavingPi  negative.  Now  the  negative  charge  on  Pi  draws  positive 
electricity  from  ei  which  neutralises  the  negative  charge  and  leaves  both  sides 
of  the  plate  negatively  charged.  Upon  coming  to  the  other  side  the  posi- 
tive charges  on  both  sides  of  the  plate  draw  negative  electricity  from  the  field 
plate,  Pijneutralisiiig  the  charge  on  the  lower  side  of  P  and  completing  the 
cycle.  The  neutraliser,  n,  aerves  to  keep  the  machine  from  reversing  ita 
polarity  and  losing  its  excitation. 

The  Holts  machine  is  sensitive  to  atmospheric  conditions  and  should  be 
•ndoaed  in  a  tight  compartment  for  satisfactory  reeulta.  The  compartment 
ean  be  heated  or  aome  moisture-absorbing  agent  can  be  used  to  keep  the  air 
dry.  The  polarity  of  the  machine  ean  be  determined  by  observing  the 
character  of  the  sparks  at  elkch  pole;  at  the  negative  pole  the  sparks  between 
the  comb  and  the  plate  are  broad  and  occur  in  bunches  giving  a  bluish  light, 
wUla  at  the  positive  pole  they  appear  as  single  points  of  light. 

Mt.  BHaet  of  oparation  nndar  air  prawura.  Influence  machines 
ean  be  greatly  increased  in  e.m.f.  by  enclosing  them  in  an  air-tight  case  and 
operating  them  under  air  pressure.     As  discussed  in  See.  4,  the  dielectric 
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■trenffth  of  air  is  inoreased  by  raisins  the  preasare,  th^vfore  ha^tt  e.mia 
can  be  generated  without  caiuing  the  air  to  break  down  and  neutralise  tht 
charges.     Tests  on  an  experimental  machine*  gave  the  following  results: 

Pressure,  lb.  per  sq.  in 0.0         15         30        45 

Spark  length,  in 2.5  ft  7  8 

ELECTRIC  PUNO  PLAYERS 

BT  OTIS  ALLXK  XSNTON 

ConatiUino  BUetrical  Engineer,  Assoc.  Amer.  InH.  EUc.  Bng. 

ITO.  Tha  Tal-Klaotrlo  piano  plajer  is  the  name  that  has  been  given  to 
one  of  the  most  suocessf  ul  types  of  eLectromagnetio  piano  player  that  has  bees 
developed.  In  this  system  the  keys  of  the  piano  are  operated  by  a  bank  of 
electromagnets  Mtuated  immediately  beneath  the  keyboard,  thus  interfetinB 
in  no  way  with  the  usual  manual  operation  of  the  instrument.  The  etectrie 
impulses  which  operate  these  magnets  are  produced  in  a  separate  apparatus 
that  may  be  situated  at  any  distance  from  the  instrument  that  is  to  be  played. 
,  ITl.  Oparation.  The  Tel-Electiio  player  is  so  designed  as  to  operate 
either  automatically,  or  subject  to  manual  control.  In  operation,  a  roll  of 
music  is  inserted  in  the  carriage  and  the  starting  switch  cIobmI.  Once  started, 
the  music  roll,  which  is  driven  by  a  motor,  is  drawn  through  the  transmitter, 
thus  actuating  the  playing  magnets  according  to  the  pattern  of  the  mtisie 
sheet.  At  the  end  of  the  selection,  the  roll  is  automatically  reversed  and 
wound  back  into  its  case  and  the  current  cut  o£F. 

fTS.  Tha  muilc  roll  oonsists  of  sheet  brass  into  which  a  pattern  has  bees 
punched.  This  roll  forms  the  selective  means  which  determines  the  sequence 
of  the  magnets  that  operate  the  keys  and  the  pedals,  and  also  the  strength 
of  the  current  through  these  magnets. 

ITS.  There  ara  thrae  ganand  tjrpog  of  this  player  now  on  the  market 
The  first  is  known  as  the  "Tel -Electric,"  which  is  a  sixty-five  note  player,  sad 
operates  the  keyboard  of  a  piano  from  the  second  "  A  "  in  the  base  to  tiie  Isit 
*'C  vharp"  in  the  treble.  The  various  degreee  of  expression  aie  controlled  by 
a  resistance  bank,  there  being  a  resistor  for  each  individual  magnet.  Tbe 
ezprosalon  control  device  permits  the  required  length  of  the  redstor  to  be 
introduced  in  each  individual  magnetr^ircoit,  the  ehangea  in  the  amount  of 
resistaDce  bein^  effected  practiciuly  instantaneously.  With  this  complete 
eontrol  of  each  individual  note  and  the  pedals,  the  melodies  and  rhythms  an 
played  with  practically  perfect  expression. 
^  The  second  type  of  player  is  denoted  as  the  "  Telelektra.'*  It  controb 
eighty-eight  notes,  or  the  entire  keyboard  of  a  piano,  and  produces  even  more 
perfect  control  of  expression  than  does  the  Tel-Electric.  With  this  pl^er 
It  is  possible  to  get  as  many  degrees  of  expression  as  a  piano  virtooso  can 
produce.  Any  variety  of  contrast  between  the  melody  and  accompanimeot 
IS  ]>os8ible.  In  the  Telelektra,  the  current  for  the  operating  magnets  is 
varied,  partly  by  the  resistance  method  and  partly  by  vibrating  contacts. 
the  rate  of  vibration  being  regulated  by  the  music  record.  At  lero  vibrs- 
tion  full  current  passes,  and  as  the  rate  of  vibration  increases  the  value  d 
current  decreases  in  direct  proportion  to  the  time  of  contact.  The  contnd 
of  the  number  of  vibrations  of  these  contacts  is  so  perfect  and  ao  neajriy  in- 
stantaneous that  a  practically  unlimited  number  of  degrees  of  ezpresaMi 
may  be  produced.  The  Tol-Electric  players  are  operated  by  what  isknovn 
as  autographic  records,  made  b^  a  special  process  which  permits  the  auto- 
matic recording  of  the  note  position  and  the  power  applied  to  the  key.  for 
each  individual  note,  as  played  by  the  person  who  produces  the  record. 

The  third  type  is  known  as  the  Telektra  Symphonic  Organ,"*  is  simply  an 
adaptation  of  the  Telelektra  to  the  pipe-orcui  o-anamitter.  The  organ  is 
specially  designed  for  the  purpose,  and  though  many  edies  of  organs  are  coa- 
structed,  standard  music  rolls  are  made  that  c&n  be  played  in  all  the  van* 
pus  sixes.  The  player  system  is  laid  out  to  cover  an  organ  of  three  cIst- 
lers  and  thirty-two  note  pedal,  100  stops,  all  couplers  and  accessories,  and 


*  Eimer  and  Amend. 
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Fio.  37. — Skeleton  diu^am  of  the  operating 
mechaoism  ol  a  Tel-£aectric  piano  player. 


three  independent  ■wall  bozea.  As  there  ia  no  limit  to  the  number  of  notee 
or  oombinationa  that  can  be  put  into  operation  simultaneouaiy,  the  auto- 
matic player  can  produce  effects  that  are  impossible  to  the  organist.  The 
Tel-Electrio  system  may  also  be  applied  to  existing  organs,  and,  in  every 
ease,  the  organs  may  be  operated  by  hand  in  the  usual  way  without  remov- 
ing the  player. 

S74.  MeohAnlim.  The  principle  upon  which  the  translating  mechanism 
operates  is  shown  in  Fig.  37.  The  brass  record,  which  is  perforated  with 
longitudinal  slots,  is  wound 
from  the  roll  A  to  the  roll  M 
over  the  so-called  tracker  roll 
C.  Above  the  tracker  roll 
there  are  arranged  a  number 
of  reading  fingers  D,  mounted 
on  a  shaft  R  about  which  they 
are  free  to  rotate,  there  being 
a  finger  for  each  magnet  on 
the  piano,  as  well  as  for  the 
expression  magnets.  These 
reading  fingers  each  carry  a 
contact  wire  Q  embedded  in 
a  piece  of  ivory  E.  Normally 
the  reading  fingers  rest  upon 
the  surface  of  the  brass  record 
and  the  circuit  of  the  magnet 
is  open  at  the  pointP.     As  soon 

as  a  perforation  passes  underneath,  the  reading  finger  drops  down  and  closes 
the  circuit  through  its  magnet,  and  remains  closea  for  a  length  of  time  that 
depends  upon  the  length  of  the  slot.  The  amount  of  current  in  the  circuit, 
that  is,  the  dynamic  power  of  the  magnet,  depends  upon  the  value  of  resist- 
ance included  in  the  cir- 
cuit and  this  is  regulated 
by  magnets  which  cause 
'the  comb  wire  /  to  move 
up  and  down  over  the  re- 
sistor unit  H.  The  mag- 
nets all  operate  on  the 
rotating  armature  prin- 
ciple. Fig.  38  shows  one 
nfthe  magnets  as  attached 
t<»  a  key  on  the  pianoforte. 
1'he  armatures  of  these 
niagiicts  are  laminated  to 
minimize  the  retarding 
ifFect  of  eddy  currents. 

ITS.  Oombinatlon  or- 
gan and  piano  playen. 
Certain  combinations  are 
also  made  whereby  the  Tel- 
Electric  transmitter  oper- 
ates a  piano  by  means  of  a  piano  music  roll.  By  turning  over  a  coupleri  the 
piano  IS  cut  out.  and  the  same  transmitter  operates  the  organ  by  means 
of  an  organ  music  roll.  With  this  type  of  combination,  when  the  organ  is 
coupled  to  the  transmitter,  the  piano  is  played  entirely  automatirally  by 
means  of  the  organ  music  sheet,  so  it  is  possible  to  play  very  closely  organ 
and  piano  arrangements,  the  piano  part  being  playea  nearly  in  full  on  the 
piano  and  the  orchestral  or  organ  accompaniment  played  in  full  on  the 
organ.  In  this  combination,  the  piano  is  used  manually,  similar  to  any 
stop  in  the  organ,  by  means  of  one  of  the  keyboards. 

THE  TELEGRAPHONE 

BT  OTIS  AU.XK  KXNTOK 

ConauUing  Bledrical  Engineer,  Attoc.  Amer.  Inat.  BUt.  Eng. 
STC.  Theory.     The   telegraphone,    which    was   invented    by    Valdemar 
Poideen,  is  based  upon  the  peculiar  magnetic  properties  of  hara  steel  which 


Fia. 


38. — Showing  attachment  of  magnets  to 
key  in  a  pianoforte. 
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Mrmit  it  to  noeiTe  and  retain  macnetio  impraaaiona  that  are  fixed  in  poatiai. 
The  principles  of  the  invention  may  be  explained  with  a  rimplft  model  m 
ahown  in  Fig.  39.  Aaaume  an  endJeas  ateel  wire  to  be  paused  over  two  re- 
volving druma  at  a  euitable  ipeed.  If  an  electromagnet  (Fig.  40)  ia  brought 
into  oloee  proximity  to  the  traveling  wire,  the  wire  will  be  magnetiaed  to  ■ 
degree  corresponding  to  the  strength  of  the  magnet.  If  the  exciting  drctnt 
through  the  magnet  ia  altematelv  opened  and  closed  the  steel  wire  will  be- 
come magnetiied  only  during  the  periods  when  the  circuit  is  doeed  aad 
because  ot  the  coercive  strength  of  steel  the  magnetism  will  remain  fixed  in 
the  positions  where  it  is  received  and  not  equalise  itaeU;  that  is,  the  steel  wire 


Fio.  39. — Principle  of  telegra- 
phone. 
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Fia.  40. — Electromagnet  for  wire 
recorder. 


retains  a  permanent  record  of  the  macnatic  fluetuationa  and  if  it  were  i^ 

between  the  i>oles  of  a  suitable  electromagnet  it  would  be  capable  of  tra»- 
forming  the  magnetic  variations  into  electric  variationa  by  electromagnetic 
induction,  the  energy  for  which  would  be  supplied  entirely  by  the  motor 
which  drives  the  wire  between  the  poles  of  the  magnet. 

ITT.  In  the  Poulaen  talagraphone  theee  principles  are  utiliaed  by  con- 
necting a  system  similar  to  that  shown  in  Fig.  39  to  telephone  instrumenla. 
The    electric    currents    produced   by   spealdsg 
into  the  transmitter  (Fi^.  41)  are  used  to  exdte 
the  recording  magnet  which  leaves  a  pernunent 
magnetic  record  in  steel  that  ia  made  to  travel 
__,        through   the    magnetic    field.     This   record  csa 
I        reproduce  the  sounds  that  generated  it  by  pass- 
~=*    ing  between  the  poles  of  a  aimilar  magnet  that 
-ss-    is  connected  to  a  telephone  receiver  as  shows 
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Fio.  41. — Transmitter. 


FiQ.  42.— Receiver. 


Fio.  43. — Eraser. 


in  Fig.  42.  In  order  to  make  it  possible  to  use  the  same  steel  over  and  over 
again  a  third  magnet  (Fig.  43)  is  provided  which  ia  excited  with  a  relatively 
strong  and  constant  current  in  the  opposite  direction  to  the  transmitting 
magnet.  This  magnet  obliterates  all  previous  records  and  leaves  the  steel 
in  condition  to  receive  a  new  record. 
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vn.  EofOHUnc  *>nA  oblitaratliit.  Moat  ftequently  the  raoordinc  ii 
effected  by  mean*  o<  a  polaiiied  eleetromacnet.  If,  for  initanoe,  the  electro- 
nucDet,  by  meaoa  of  whioh  the  wiiting  is  to  be  performed  is  used  to  obliterate 
a  prior  masnetio  record  and  also  aimiutaiieousl^  masnetise  the  writiog  basis, 
then,  daring  the  inseription,  the  electromagnet  is  given  a  polarisation  opposed 
to  that  which  it  iraasesaed  when  obliterating.  In  this  Way  a  lively  movement 
of  the  molecular  magnets  is  obtained  at  the  very  moment  of  forming  the 
writing.  The  susceptibility  seems  to  increase  very  much  in  that  magnetic 
stofuj  noseruft,  and  ever^  shade  of  the  writing  becomes  extremely  perceptible. 
OrdinariW  the  iwlarisation  of  the  writing  magnet  is  only  a  very  small  fraction 
of  that  of  the  obliterating  one.  The  nearer  its  polarisation  approaches  the 
neutralisation  of  that  of  the  writing  basis,  however,  the  feebler  may  be 
the  polarisation  of  the  obliterating  magnet.  The  coercive  force  determines 
the  degree  of  polarisation  which  exactly  neutralises  the  magnetisation  of  the 
writing  basis.  It  is  found  that  the  writing  is  somewhat  weak  when  the  polari- 
aation  of  the  electromaf;net  during  the  process  of  inscription  is  just  equal  to 
that  used  in  the  preceding  obliteration.  In  order  to  polarise  the  electromag- 
net, cither  a  eonstant.current  or  a  permanent  magnet  may  be  used. 

m.  Kaoorden.  There  are  three  distinct  forma  of  recorders  which  are' 
aa  follows:  (a)  the  wire  recorder;  (b)  the  tape  recorder;  (o)  the  disc  recorder. 

The  typ*  of  magnet  used  with  the  wire  recorder  is  shown  in  Fig.  40,  the 
wire  being  wound  upon  grooved  drums  first  in  one  direction  and  than  in  the 
other.     The  disc  and  tape  recorders  use  magnets  with  straight  cores.  ' 

In  the  tap*  raeordar  the  tape  is  wound  up  like  a  ribbon  without  any  inter- 
rening  substance.  There  is  no  perceptible  effect  from  this  method  of  pro- 
cadure  as  experience  has  shown  that  the  magnetism  does  not  traverse  the 
tape  but  is  present  only  in  the  uppermost  portions  near  the  surface. 

The  dlae  racorder  is  constructed  somewhat  similar  to  the  disc  form  of 
phonograph  and  the  electromagnet  is  provided  with  a  very  sharp  i>oint. 

ISO.  Adaptations.     There  are  many  practical  uses  to  which  the  teleg- 

r*pbone  ma^  be  adapted  and  a  number  

til  commercial  forms  have  been  placed  V    ~7 

npon  the  market.     These  are  described  i   '    '  i 

In  Far.  Ml  to  MO. 

Ml.  AmpUfleatlon  of  weak  toIm 
eoiTOlita.  In  telephone  work  it  some- 
times happens  that  the  current  impulses 
received  over  the  line  are  so  weak  that 
they  do  not  furnish  sufficient  energy  to 
produce  records  of  proper  magnetic  in- 
tanaity.  However,  In  such  cases  the 
oidy  effect  is  a  diminution  in  the  volume 
of  aound.  In  an  attempt  to  avoid  this 
effect  WilKam  A.  Roaenoaum  patented 
in  1003  a  modified  form  of  magnet  for 
use  with  Foulsen's  apparatus.  In  this 
improved  construction  a  permanent  mag- 
net is  used  and  a  variation  in  intensity  -n.  mm  Ta  u  •  > 
U  obtained  by  varying  the  distance  be-  Fia.  44.— Rosenbaum  s  recorder. 
twaen  the  poles  of  the  magnet  and  the 

steel  record,  fig.  44  shows  the  principle  of  the  construction.  The  perma- 
naot  magnet  is  mounted  upon  an  iron  diaphragm  which  is  vibrated  by  electric 
impulses  received  over  the  telephone  line. 

MS.  A  type  of  talagraphone  Intended  for  use  In  oonnaetton  with 
the  ordinary  telephone  is  so  arranged  that  it  will  perform  three  distinct 
asrvices:  (a)  it  may  be  set  to  record  all  messages  received  during  the  absence 
of  the  operator;  (b)  it  may  be  set  to  record  complete  telephone  conversations 
for  the  purpose  of  accurate  record;  (c)  it  may  be  set  to  repeat  messages  left 
bv  the  operator.  When  the  telegrapbone  is  set  for  operation  during  the 
aoaence  of  the  operator  it  is  arranged  to  start  automatically  when  a  call  is 
received  and  to  run  for  a  definite  period  of  time,  usually  2  min.  It  usually 
beadns  by  sending  a  bussing  signal  which  apprises  the  speaker  at  the  other 
end  of  the  fact  that  the  telegraphone  is  in  operation,  either  to  receive  or  trans- 
mit a  message. 
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sat.  Th«  tel«^r»phon«  maj  be  lued  for  th»  repetition  of  telepJMnt 
meeaaces,  reoeivixic  measaces  at  one  point  on  the  steel,  retranamittinc  them 
at  a  later  point  ana  then  obliterating  the  record. 

t84.  The  telerraphone  U  also  built  for  phonographic  uaea  and  ia 

many  ways  it  ia  superior  to  the  beat  forma  of  wax  record  phonographs.  Its 
reproduction  of  aound  ia  more  faithful  than  the  phonograph,  althongh  if 
not  ahielded  from  external  magnetic  fields  the  records  wiU  be  deatroyed. 

tftS.  Aa  a  dlotatlnff  machine  the  telegraphone  has  manv  advanUgM 
over  the  ordinary  phono|p'aph.  For  instance,  it  may  be  placed  at  any 
convenient  point  entireljr  independent  of  the  location  of  the  dictator  and  by 
meana  of  a  special  electrical  indicator  the  dictator  ia  constantly  informed  of 
the  operation  of  the  machine  and  knows  exactly  the  amount  of  unuaed  record 
at  hia  oiapoaal.  By  pushing  a  switch  he  can  retrace  any  pM>rtion  of  the  record 
and  have  hia  dictation  repeated  to  him.  He  also  can  make  erasures  by 
pushing  a  awitch  and  can  re-dictate  in  the  erased  portion  of  the  recora. 
The  machinea  themselves  are  usually  installed  in  the  room  with  the  typists, 
and  as  aoon  aa  the  record  is  filled  with  dictation  a  bell  rings  and  an  attendant 
removes  the  record  and  inserts  a  new  one.  As  soon  as  the  dictation  has  beeo 
^transcribed  the  record  can  be  reatored  by  paaaing  it  under  an  eraaing  magnet 
and  it  ia  then  exactly  aa  good  aa  when  new. 

tst.  The  teleffraphone  has  also  been  used  as  a  wireless  reeelTcr 
by  iziatalling  it  in  connection  with  other  regulation  receiving  devices. 

THE  TELHARMONIUM 

BT  OTIS  ALLUr  KXHTOIT 

Contulting  EUctrical  Enginter,  Anoc.  Amer.'Iml.  Elec.  Bng. 
MT.  0«naral.     The  teHuu-monium,  invented  by  Dr.  Thaddeua  Cthill, 

Eroduoes  a  new  form  of  music,  by  electrical  meanB.  This  music  offen  ud- 
mited  poeeibilitiee  to  the  compoaer,  giving  him  power  to  produce  effects 
which  are  impoaaible  with  other  musical  instruments.  At  one  time  there 
was  installed  in  New  York  City  a  tclharmonium  plant  of  sufficient  pomr 
to  produce  musio  in  10,000  places  simultaneously.  This  plant  was  de- 
•oriW  by  Dr.  A.  8.  McAllister  in  the  Blectrical  Wodd,  Vol.  XLIX,  1807. 

f>.  22.  In  this  system  the  music  is  produced  by  mixing  vibrations  genentol 
n  a  set  of  inductor  alternators.  In  the  New  York  plant  there  were  144  oi 
these  alternators,  all  geared  together  and  driven  by  a  constant-speed  ISS* 
h.p.  motor.  The  frequencies  ol  these  alternators  extended  over  a  range  of 
from  40  to  4,000  cycles  per  sec. 

IM.  Cirouite.  The  currents  taken  from  the  alternator  are  detivered  to 
bus  bars  corresponding  to  the  ground  and  partial  tones.  All  currents  com- 
posing the  ground  tones  are  superposed  in  one  circuit,  all  the  currents  for  tht 
second  partial  in  another  and  so  on  with  other  orders  of  harmonica.  Esek 
of  these  bus  bars  is  closed  through  the  primary  of  a  doeed  iron-core  trans- 
former. The  secondaries  of  these  transformers  are^  oonaeoted  througk 
impedance  rheostats  with  a  common  circuit  which  in  turn  includes  as 
impedance  rheostat  and  is  closed  through  tbs  primary  of  an  open  irott-coi* 
transformer.  The  secondary  of  this  transformer  includes  a  number  <tf 
impedance  rheostats  and  is  closed  through  the  piimaiy  of  an  atiMmre  trans- 
former. The  secondary  of  the  air-core  transformer  contains  a  number  of  ta» 
permitting  the  choice  of  secondary  Toltace  for  transmission  to  suit  tai 
Impedance  of  the  line.  In  this  circuit  is  included  a  telephone  receiver  which 
tnuislates  the  composite  vibrations  of  the  music. 

IM.  Theory  ot  op«r»tIon.  Thus  it  is  seen  that  the  vibrations  supplied 
from  the  alternators  are  collected  into  composite  ground  tones  and  partis! 
tones  b^  a  system  of  buses,  and  that  these  composite  tones  are  regulated 
by  the  impeaance  rheostats,  in  the  secondary  of  the  iron-core  transTormen 
wbich^are  operated  by  stops.  The  rheostat  in  the  primary  circuit  of  the 
open  iron-core  transformer  regulates  the  volume  of  the  total  composite 
vibrations,  and  is  operated  by  the  pedal.  The  impedance  rheostats  in  tht 
secondary  of  the  open  iron-core  transformer,  are  used  to  ^ve  fine  exprssaios 
to  the  music  and  are  manipulated  constantly  by  the  musician. 

HO.  ConiMCtioiu.  All  the  connections  are  made  with  solenoid  switches, 
each  key  on  the  keyboard  controlling  a  switch.  The  solenoids  are  bal- 
l's* DigiiizMbjV^iUUyie 
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aooed  to  ^ve  a  minimum  of  inertia.  AU  are  exactly  alike  so  that  the  action 
ia  uniformly  prompt  and  preoiaely  the  same  for  all  notes.  Every  detail  in 
this  entire  system  is  the  result  of  careful  study  and  long  experimentation. 
The  alternators,  the  transformers,  the  switches,  the  rheostats  and  plunger 
masnets  have  all  been  specially  worked  out  to  fulfil  the  difficult  condition* 
here  required. 

S91,  Mixed  tones.  In  the  above  brief  description  it  was  assumed  that 
we  were  dealiiis  with  one  keyboard  only,  with  the  switches  and  expression 
devicea  belonging  to  it.  One  of  the  most  striking  features  of  this  electrical 
music  is  that  a  number  of  switchboards  and  keyboards  can  be  connected  to 
the  same  system  of  generators,  and  that  these  several  keyboards  may  be 
made  to  give  the  same  quality  of  tone  or  widely  different  qualities  of  tone^ 
though  fed  from  the  same  alternators.  Thus,  by  mixing  the  harmonics  of 
different  tones  in  varying  proportions,  the  musicians  can  give  to  one  key- 
board a  wood-wind  quality  like  that  of  the  clarinet,  to  another  Uie  qusjity 
of  braes,  or  if  desired,  a  quality  similar  to  that  of  the  'cello. 

The  tolharmonium  has  beautiful  qualities  of  tone  never  heard  before,  and 
resulting  from  the  power  which  the  peziormer  has  to  mix  the  harmonics  or 
overtones  with  the  ground  tones,  in  any  desired  proportions.  Also,  the  at- 
tack'and  sostenuto  of  the  instrument  is  surprisinK,  m  that  at  one  instant  it 
eloaely  resembles  wood-wind,  at  another  brass,  while  at  another  one  hears  Um 
bow  on  the  string— according  to  the  effect  the  performer  wishes  to  produce. 
In  its  novel  and  singular  power  of  controlling  the  timber,  the  attack  and 
soetenuto.  the  electrical  music  differs  from  aU  the  existine  instruments  (^ 
music  ana  in  a  measure  combines  in  itself  the  powers  of  the  oest  instrumenta 
of  the  orchestra. 

TRAIN  LIGHTING  SYSTEMS 

BT  JOHN  C.  BOOU 

Engineer^  McMeen  and  Miller,  Aa^oc.  Am.  Intl.  Elec.  Engineer* 

StS.  STftemi  claastfled.  In  the  head-end  iTStam,  a  small  turbo- 
generator located  on  the  locomotive  or  in  the  baggage  car  serves  all  ears 
through  the  medium  of  a  train  line  which  extends  from  the  locomotive 
to  the  rear  of  the  train.  This  system  is  adaptable  to  trains  which  make 
through  runs  without  change  in  makf^up.  Where  connections  and  discon- 
nections must  be  made  or  where  certain  cars  must  be  cut  out  at  points 
alon^  the  run  the  incident  difficulties  have  rendered  this  method  ox  train 
lighting  unsatisfactory.  Another  aystem,  known  as  the  ftraight-ftoran 
system,  employs  a  battery  of  32  cells,  approximating  63  volts,  which  may  be 
charged  at  some  point  in  the  run,  usually  in  the  yards  at  a  division  point 
of  the  railroad.  The  advantage  of  this  system  \h  its  simplicity,  but  the  dia- 
advantages  due  to  the  necessity  of  "spotting"  cars  for  charge,  thereby  loe- 
Ing  time  and  space,  together  with  interruptions  of  the  yardmaster's  schedule 
and  the  expense  of  installation  and  maintenance  incident  to  a  suitable  charg- 
ing system,  have  rendered  this  method  probably  the  most  expensive  of  all, 
everything  considered.  A  third  method  of  train  lighting  is  known  as  the 
azle-Cenerator  gyttem.  Each  ear  is  a  complete  unit  containing  a  charg- 
ing generator  belted  to  the  axle  of  the  car,  a  storage  battery  of  16  cells  ("SQ- 
TOit "  system)  feeding  the  lamp  load,  provision  for  maintaining  proper  con- 
ditions of  charging,  and  also  a  device  for  disconnecting  the  generator  from 
the  battery  when  the  rotative  speed,  and  consequently  the  voltage,  of  the 
generator  are  inadequate  for  charging.     See  Sec.  20. 

flff .  Chsrflnff  reffnlaton  for  azle-Ke&«rfttor  lyttemi.  One  method 
which  has  been  developed  employs  a  charging  generator  which  will  supply 
conetant  potential  independent  of  speed  variation.  An  example  of  this 
type  is  the  Roeenberg  geno-ator  (Sec.  8).  Charging  systems  employing 
cooatant  generator  potential  appljr  a  voltage  to  the  battery  which  approxi- 
mates 2.3  volts  per  cell.  A  tapering  charge  is  thus  realised,  varying  from 
relativdy  high  currents  at  low  battery  voltages,  to  lesser  currents  as  the 
battery  voltage  increases  under  charge.  Naturally,  the  degree  of  taper 
depends  upon  the  frequency  with  which  charging  recurs  and  the  variation 
ol  batterv  voltage  from  the  start  until  the  end  of  the  charging  period. 

The  other  well-recogniied  method  of  regulating  the  charge  is  to  maintain 
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a  conatsnt  elutrsiag  current  at  all  sneeda.  Tfaii  ia  aeeompliahed  by  a  raria- 
tion  in  the  field  strenxth  of  the  cnargins  generator.  The  depee  of  fieU 
strength  is  determined  by  the  action,  on  a  field  rheoitat,  of  a  aolenoid  in 
aeriea  with  one  of  the  charging  leads.  Thus,  the  generator  voltage  ia  re^ 
lated  by  the  current  in  the  charging  lead,  and  this  current  ia  thereby  main- 
tained at  a  satisfactory  degree  of  constancy.  Upon  the  termination  of  the 
charging  period  the  generator  ia  automatically  allowed  to  suffer  a  slight 
diminution  in  voltage  sufficient  to  float  the  battery  and  aflow  the  generator 
to  feed  the  lamps  directly.  Termination  of  the  charging  period  may  be 
secured  by  the  action  of  a  potential  solenoid  which  operates  when  the 
voltage  necessary  to  secure  proper  charging  current,  baa  reached  a  pre- 
scribed point.  Another  device,  more  in  keeping  with  modern  practice, 
provides  an  ampere-hour  meter  which  terminates  uie  charging  period  when 
a  contact-making  needle  has  travelled  to. a  predetermined  point.  On  dis- 
charge the  meter  moves  in  the  opposite  direction,  and  it  ia  neceasaiy  that  it 
be  properly^  compensated  for  the  error  which  otherwise  would  be  interjected 
duo  to  the  imperfcet  efficiency  of  charge  and  discharge. 

IM.  AtltomkUe  out-out.  The  device  employed  for  disconnecting  the 
generator  from  the  battery  when  the  speed  is  below  the  prescribed  prant, 
is  sometimes  known  as  an  automatic  cut-out,  which  ia  nothing  more  or  lev 
than  a  reverse-current  relay.  Par.  80.  When  the  generator  voltaj^  has  risen 
to  the  proper  value,  a  solenoid  actuates  a  plunger,  thereby  doeing  a  set  of 
relay  contacts  and  connecting  the  generator  to  the  battery.  Should  the 
charging  current  for  any  cause  fall  b«ow  the  proper  value,  the  action  of  the 
automatic  cut-out  will  open  the  contacts  and  disconnect  the  generator  from 
the  battery. 

Ml.  Polaritjr  chang«r.  In  the  operation  of  oara  provided  with  axle- 
generator  lighting  systems,  some  provision  must  be  made  for  maintaining 
proper  generator  polarity,  independent  of  the  direction  of  travel  of  the  car. 
There  are  several  methods  of  accomplishing  this  end,  the  aimjdeet  being  a 
device  whereby  the  brushes  are  shifted  on  the  commutator  through  approxi- 
mately  180  electrical  deg.  when  the  direction  of  car  motion  reversoe.  In  this 
arrangement,  the  bruah  holders  are  supported  in  a  rotatable  carrier  which  is 
free  to  move  (between  well-defined  limits)  in  response  to  the  rotation  of  the 
armature,  the  motion  being  communicated  simply  by  brush  friction. 

tM.  Lamp  loftdf.  _  In  ordinary  coaches  the  lamp  loads  are  approziniatelr 
760  to  800  watts.  This  figure  oorrresponds  with  modern  praetice  to  a  ressoa- 
able  extent,  but  is  not  conolusive,  as  little  has  been  done  by  the  railroadi 
toward  standardisation  of  coach  illumination.  The  Pullman  Co.,  however, 
has  endeavored  to  standardise  all  sleepers  of  an  individual  aixe,  l,fiOO  watts 
for  a  I6-section  sleeper  being  an  example  of  their  practice. 

197.  Battery  ci^aelty.  Pullman  sleepers  carry  batteries  which  are 
proportioned  to  the  requirements  of  the  type  of  run,  varying  from  900  to 
3S0  arop-hr.  at  30  volts.  Naturally,  the  capacity  for  cara  in  trains  mak- 
ing long  runs  with  few  stops  may  be  relatively  low.  The  20-hr.  trains 
plying  between  New  York  and  Chicago  have  been  subjected  to  exhaustive 
tests,  and  it  has  been  found  that  in  this  run  the  batteries  are  required  to 
supply  the  lamps  for  a  total  period  of  only  about  I  hr.  The  ears  of  these 
trains  carry,  at  present,  300  amp-br.30-volt  batteries,  but  it  is  the  consensus  of 
opinion  that,  under  the  conditions  stated,thia  value  ia  considerably  too  hi^. 
For  coaches  with  relatively  smaller  lamp  load,  the  battery  capacity  ranges 
from  280  to  300  amp-hr.,  at  30  volts.  Private  cars  meet  the  most  severe  re- 
quirements, aa_  they  are  frequently  compelled  to  stand  for  long  intervals 
without  charging.  It  is  sometimes  necessary  to  provide  two  aeta  of  350 
amp-hr.  batteries  connected  in  parallel,  but  the  use  of  storage  batteries  ar- 
ranged in  this  manner  is  not  considered  good  practice. 

US.  Operation  of  a  typical  ayatam.  Fig.  45  ia  a  diagram  ahowing 
the  essential  elements  of  a  typical  axle-generator  train-lighting  system.  The 
automatic  cut-out  acts  primarily  in  response  to  the  pull  of  its  potential  irind- 
ing  when  the  generator  speed  and  voltage  have  attained  their  proper  values. 
This  action,  as  will  be  seen,  connects  the  battery  with  a  source  of  ohariiaf 
current.     At  the  same  time,  the  charging  ourrent  is  maintained  oonataat 
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by  the  pull  due  to  the  seriea  winding  of  a  solenoid,  acting  on  a  oompreesion 
rheoetat  in  series  with  the  generator  field.  Meanwhile,  the  ampere-hour 
meter  ia  running  in  the  direction  of  "  charge,'*  and,  when  the  contact-making 
needle  faaa  reached  its  point  of  contact,  the  resistance,  i2,  is  8bort*circuited. 

Ampfln  Hour  Meter 

a===a- 


Fio.  45. — Simplified  diagram  of  typical  train-lighting  system. 

By  this  means,  the-  solenoid  of  the  terminating  switch  becomes  sufficiently 
energised  to  close  the  contact  pointe,  thereby  cnernzing  the  potential  wind- 
ing of  the  solenoid  goverDing  the  field  rheostat.  This  pull  is  added  to  the 
action  of  the  aeries  winding,  and  the  effect  is  a  sudden  reduction  in  generator 
voltage  by  such  percentage  as  the  regulator  has  been  adjusted  lor.     The 
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Tia,  46. — Curves  illustrating  performance  of  U-S-L-Axle  equipment  with 
type  S-2  panel,  startins  from  stand-still,  with  various  lamp  loads,  and  finally 
with  battery  fully  charged. 

battery  it,  by  this  process,  floated  on  the  supply  circuit,  the  generator  feeding 
tbe  lamp  load  directly.  See  curves  of  Fig.  46.  In  this  connection  it  is 
usual  to  employ  what  is  known  as  a  lamp  regulator,  in  order  that  constant 
voltage  may  be  applied  to  the  lam^  under  al)  conditions  of  normal  operation. 
Such  a  device  conaists  of  a  potential  solenoid  controlling  a  series  rheostat. 
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STATISTICS  OF  THE  ELECTRICAL  INDUSTRT 

IM,  C*iuu*  ttetiitios  of  th*  •Uctrioal  Industry  are  oompiled  period- 
ically by  the  Dept.  of  Commeice,  Bureau  of  the  Cenaua,  at  Wa<hiD«ton. 
D.  C,  and  persons  desiring  copies  of  the  reports  should  address  the  depart- 
ment or  the  Supt.  of  Documents,  Washinston,  D.  C.  The  report*  are  sub- 
divided under  aereral  principal  headings,  as  fdlov*: 

WO,  Oa&tral  Beotrie  Lif  ht  and  Power  Stetiona 


Year 

1902 

1907 

1912 

Number  of  stations: 
Commercial 

2,805 

815 

3,620 

3,462 
1,252 
4,714 

3,659 
1,562 
5,221 

Municipal 

Total 

185,700,605 

S68,081,37S 

30,326 

tl75,642,338 

1134,196,911 

47,632 

1302,115,509 

(234,419.478 

79,335 

Total  expenses 

Total  persons  employed 

The  term  "station"  u  here  used  may  represent  a  single  station  or  a  number 
of  stations  under  one  ownership.  Income  excludes  sales  of  energy  to  other 
publio  service  eorpofstiona.     See  BuUetin  124,  Dept.  of  Commerce,  19U. 

801.  Street  and  lleetiio  Railways 


Year                            1 

1902 

1907 

1912 

Number  of  companiee: 
Operating 

817 
170 
987 

945 

291 

1.236 

975 

285 

1,260 

Total 

Miles  of  line 

16,645 
22,577 
21,902 
140,769 
60,290 

25,547 
34,382 
34,038 
221.429 
70,016 

30,438 
41,065 
40,808 
282,461 
76,162 

MUm  of  track 

Miles  of  track  electrically  operated.. . 

See  Bulletin  No.  124,  Dept.  of  Commerce,  1914. 


301.  Talephonet 


Year 

1902 

1907 

1912 

Number  of  telephones 

Bell  system 

All  other  ayatems... 
Total  United  SUtes. 

1,317,178 
1,053,866 
2,371,044 

3,132,063 
2,986,615 
6.118,578 

5,087,027 
3,642,565 
8,729,592 

Miles  of  wire 

Estimated  number  of 
messaKes. 

4,900,451 
5,070,000,000 

12,999,364 
10,400,000,000 

20,248,326 
13,736,100,000 

Dept.  of  Commecoe;  Bulletin  No.  123;  1912. 
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SOS.  TelegTftphi 


Year 

1902 

1907 

1912 

Number  of  companiee  or  systems 

26 

237,990 

1,318,360 

16,677 

91,655,287 

27,377 

(40,930,038 

26 

239,646 

1,677,961 

46,301 

103,704,076 

28,110 

(61,583,868 

27 

247,628 

1,814,196 

67,676 

100,377,698 

30,864 

(64,762,843 

Miles  of  single  wire 

Nautical  miles  of  ocean  cable. . 

Number  of  telegraph  offices.. . . 

S04.  Klactrieal  macliinery,  appar»tut  kndsuppllaa,  accoidinc  toth* 
1910  Ceiuiu,  bad  a  total  value  as  follows: 

Year  Total  valu* 

1899 (218,238.277 

1904 300,775,089 

1909 405,600,727 

Sm  ThiiteeDth  Census  of  the  U.  S.,  1910;  Bulletin  on  Manufactures. 

ENGINEERING  SPECIFICATIONS  AND  CONTRACTS 

.S0(.  Contracts.  Since  a  contract  which  is  good  in  law  embraces  for  the 
most  part  questions  wliich  are  wholly  legal  in  character,  it  is  beyond  the 
function  of  an  engineering  handbook  to  go  into  the  matter.  The  advice 
of  competent  legal  counsel  is  always  advisable  in  all  matters  connected  with 
contracts,  even  though  the  engineer  may  have  acquired  an  extensive  knowl- 
edge of  the  law  of  contracts.  Such  knowledge  should  never  be  relied  upon  as 
a  final  guide,  but  is  frequently  useful  in  assisting  the  engineer  to  avoid  serious 
mistakes  and  difficulties.  The  bibliography  appended  hereto  is  recom- 
mended as  a  course  of  reading  for  engineers  who  wish  to  equip  themselves 
with  a  general  knowledge  of  the  subject. 

(06.  Spedfleatioiu.  An  engineering  specification  is  almost  always 
made  part  of  a  contract,  either  by  direct  embodiment  in  the  contract  or  by 
reference.  It  is  therefore  essential  that  such  a  specification  should  be  clear, 
direct,  definite,  conclusive,  and  legally  sound.  The  art  of  drawing  specifica- 
tions IS  acquired  necessarily  by  practice,  founded  upon  a  thorough  technical 
knowledge  of  the  subject  matter  in  hand.  General  rules  for  guidance  have 
been  formulated  bjr  numerous  authorities  and  references  to  a  number  of 
these  will  be  found  in  the  appended  bibliography.  These  general  rules  will 
usually  be  found  helpful  as  to  the  proper  or  desirable  scope  of  the  subject 
matter  in  a  specification,  but  it  is  frequently  more  helpful  to  have  before  one 
a  specification  covering  similar  or  identical  subject  matter  which  was  drawn 
by  a  competent  engineer.  If  no  other  source  is  available,  the  specifications 
used  by  the  U.  8.  Government  are  sometimes  obtainable  through  the  Supt. 
of  Documents,  at  Washington,  D.  C. 

(07.  Bibliocraphy  on  anfinaerlnc  oontraeti  and  ipaeifleationf. 

Wait,  J.  C. — "Engineering  and  Architectural  Jurisprudence;"  1898. 

Wait,  J.  C. — "Law  of  Operations  Preliminary  to  Construction  in  Engineer- 
incand  Architecture;"  1900. 

Wait,  J.  C. — "  The  Law  of  Contracts;"  1901. 

JOBNaON,  J.  B. — "Engineering  Contracts  and  Specifications;"  3rd  edition, 
1902. 

WADDBI.L,  J.  A.  L.  AMD  Wait,  J.  C. — ^"  Specifications  and  Contracts ; "  1908. 

FowucB,  C.  E. — "Law  and  Business  of  Engineering  and  Contracting;" 
1009. 

Tdcxbb,  J.  I. — ^"Contracts  in  Engineering;"  1910. 

FowLB,  F.  F. — "Engineering Specifications;"  Proc.  A.  I.  E.  E.,  Sept.,  1911. 

Year  Book,  A.  8.  T.  M.,  1914;  "Regulations  Governing  the  Form  of 
Specifications,"  pp.  463-473. 

HuHPHSBTS,  A.  C. — "  Lecture  Notes  on  Business  Features  of  Engineering 
Pnotioe;"  Stevens  lost,  of  Tech.,  1912;  2Dd  edition. 
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MECHANICAL  SECTION 

COMPILED  FROM  STANDARD  AUTHORITIES 

COHTXHTB 

{Numbgra  refer  to  Paragrapha) 


Elementa  of  Section* 

Beams 

Column* 

Bhafttng 


1  Gearing  and  Chain  Drive*  28 

3  Belt*  and  Rope  Drive  35 

18  Pipe  and  Screw  Tlireads  43 

25  BibUotrapby  46 
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MBCHAinCAL  SECTION 

KLXKKMTS  Or  8KCTIOH8 

1.  Dttflnitloill.  The  propertiee  of  structural  Bectioiu  oommonly  met  u 
engineering  praoticfl  may  be  reduced  to  certain  mathematical  forms  which 
are  lued  to  simplify  the  calculations  of  deaign.     These  are  defined  as  follows: 

A.  Areft  of  Motion,  expreaeed  in  sq.  in. 

B.  BmIIui  of  fTratlon.  The  distance  in  in.  from  the  axis  of  mo- 
ments of  the  section  to  the  point  or  line  at  which  its  area  is  considered 
concentrated;  the  radius  of  gyration  ia  equal  to  the  square  root  of  the 
quotient  obtained  by  dividing  the  moment  of  inertia  of  the  section  (taken 
about  the  same  axis)  by  the  area  of  the  section. 

I.  Moment  of  inertik.  The  summation,  expressed  in  inches  to  the  fourth 
power,  of  the  products  of  the  elementary  areas  of  a  section  by  the  squares  of 
their  distances  from  the  centre  of  gravity  or  any  other  axis  assumed  for  pui^ 
poses  of  computation. 

S.  Section  modulni.  The  moment  of  inwUa  divided  by  the  distance, 
n,  ifom  the  axis  of  moments  to  the  extreme  fibre.  In  an  unsymmetricsl 
section  there  arc  two-eection  moduli  for  each  axis  of  moments,  the  least  of 
which  determines  the  safe  unit  stress. 

Neutral  axis.     Axis  of  moments  through  centre  of  area. 

X  and  Jf  the  distance  or  distances  in  an  unaymmetrical  section  from  the 
back  or  working  line  of  the  section  to  the  centre  of  gravity  of  the  section. 

These  mathematical  expressions  for  the  working  values  of  a  number  of  the 
more  common  sections,  are  given  in  Par.  t. 
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t.  Mathematical  Propertlei  of  8«ctioiu.— C(m<in»«rf 
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t.  KMlMiaatleal  yropwtlM  of  ■•oUons. — Cmitiwiud 
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1.  li>tl»«m»Uc>l  Fropartlei  of  »»ctlon. — Cvniinurd 
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BBAKS 

S.  MeoMnts.  The  moment  of  s  force  with  respect  to  anv  given  point 
u  equal  to  the  product  of  the  force  and  its  perpendicular  distance  from 
the  pUDt.  It  the  force  is  expressed  in  lb.  and  the  distsnce  in  in.,  the  mo- 
ment will  be  expressed  in  in-lb. 

4.  Baaotion  M  tupporti.  In  the  case  of  a  faorisontal  beam  supported 
at  two  or  mora  plaoea,  eaoh  support  reacts  against  the  bwam,  and  the  sum 
of  all  these  reactions  is  equal  to  the  combined  weight  of  the  beam  and 
■ta  loading. 

v.  BlMar.  The  loads  and  the  reactions  of  the  supports  are  vertical 
foreee  tending  to  shear  or  cut  the  beam  across,  and  the  stresses  they  produce 
within  the  beam  are,  therefore,  called  shearing  stresses.  The  shearing  force 
at  any  seetion  is  the  force  with  which  the  part  of  the  beam  on  one  side  of  the 
•eetion  tends  to  slide  past  the  part  on  the  opposite  side.  The  shear  at  each 
support  is  eqtial  to  the  reaction  of  the  support;  the  shear  at  any  point  be- 
tween the  supports  is  equal  to  the  reaction  of  the  support  less  the  total  load 
I  the  luppui  I  and  the  point;  or  if  the  upward  reaction  is  considered 
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M  positive  ttDd  the  downward  ioiule  are  oonBidered  as  negative,  the  shear 
at  any  point  is  the  algebraic  sum  of  the  foroea  acting  vertically  on  the  beam 
between  that  point  and  either  support. 

•.  Bendinf  moment.  The  loads  on  the  beam  and  the  reaetiona  of  the 
supports  constitute  external  forces  which  produce  bending  stresses  in  the 
beam.  The  summation  of  the  momenta  of  the  external  foroes  about  the 
suppOTts  is  called  the  bending  moment  and  varies  from  point  to  point.  It  at- 
tains a  maximum  value  at  a  point  where  the  shear  is  sero. 

T.  OftloulAtion  of  maxiinum  bending  moment.  The  general  method 
for  the  computation  of  the  maximum  bending  moment  of  a  beam  supported 
at  the  ends  and  loaded  at  various  points  is  as  follows: 

First.  Find  the  reaction  at  the  left  (or  right)  support  by  multiplying 
each  load  bu  its  distance  from  the  right  (or  left)  support  and  dividing  the 
sum  of  the  products  by  the  length  of  the  span. 

Second.  Starting  from  the  left  (or  right)  end  of  the  beam  add  the  aucees- 
sive  loads  until  a  point  is  reached  where  the  sum  of  the  loads  equak  the  re- 
action of  the  left  (or  right)  support;  at  this  point  the  bending  moment  will 
be  a  maximum. 

Third.  Multiply  the  reaction  at  the  left  (or  right)  support  by  its  distance 
from  the  point  oi  maximum  bendi&(E  moment  and  subtract  the  sum  of  the 
products  of  all  loads  to  the  left  (or  right)  of  this  point  by  the  correeponding 
distance  from  this  point;  the  difference  between  these  moments  is  then  the 
maximum  bending  moment. 

In  Par,  8  are  given  expressions  for  the  bending  moments  of  beams  for  a 
variety  of  loadings,  using  the  following  notation: 

A  •-  Area  of  section,  in  sq.  in. 

n  •■Distance  from  centre  line  of  gravity  to  extreme  6bre.  inio. 

/  *<  Moment  of  inertia  about  centre  line  of  gravity,  in  in.' 

M  «■  Static  moment,  in  in.* 

8  M  Section  modulus  ">//n,  in  in.* 

r  *■  Radius  of  gyration  BV^//i4,  in  in. 

/  ~  Bending  stress  in  extreme  fibre,  in  lb.  per  sq.  in. 

A  "  Resistance  of  web,  in  lb.  per  sq.  in. 

*  B  —  Modulus  of  elasticity,  in  ib.  per  sq.  in. 

L  ""Length  of  section,  in  ft. 

I  ""Length  of  section,  in  in. 

d  —  Depth  of  section,  in  in. 

b  ""Width  of  section,  in  in. 

(  "  Thickness  of  section,  in  in. 

TT,  Wl,  Wl  ""Superimposed  loads  supported  b^  beam,  in  lb. 

u  "Superimposed  load,  in  lb.  per  umt  length  or  area. 

W  max         ■■  Maximum  safe  load  at  point  given,  in  lb. 

R,  Ri  >e  Reactions  at  points  of  support,  in  lb. 

V  —  Vertical  shear,  in  lb. 

M,  Ml,  Afs  =  Bending  moments  at  pmnts  ^ven,  in  in-lb. 

M  max         =  Maximum  bending  moment,  in  in-lb. 

Mr  —Maximum  resisting  moment,  in  in-lb. »///n—/S. 

D,  Di  —  DeflectionB  at  points  given,  in  in. 

D  max         B  Maximum  defiection  at  point  given,  in  in. 

8.  Bending  Moment,  Deflection  and  Shear  of  Beams  under  Tarioai 
Loading  Condltlona* 


I.  OAHTILKVKB  BEAM— Concentratml  loikd  at  tnt  and 

Ri  (max.  shear)             -  W 
M,  distance  *                -Wx 
U  max.  at  £i                =  Wl 

irmax.                          -f 

:¥^" 

'"Pocket  Companion,"  Carnegie  Steel  Co. 
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a.  Bandlac  MomMit,  Oaltoetlon  and  Shew  of  Beams  under  Tarloai 
Loadinc  Oondltioni.— Continued 

II.  CMlKTlUMnSL  BIAM— VnUormlr  diatrlbnted  load 

Ri  (max.  shear)  —  W 
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Wl 
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_  WP 

Dmax.  -^^^ 


in.  BBAM  STTPPOBTBD  AT  BHD8— Concentxated  load  near  one 
end 
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„  »<it(o+2(.)v'3o(o+2t) 


nr.  BBAM  BUPPOBTBD  AT  BHDS— Concentrated  load  at  centre 

IF 
R  (max.  shear)  —Bi  »-^ 

— —  Wx 

JkS^  «.  distance.  -^ 

I  '     }-.^-*j  M  max.,  at  point  of  load—— - 

D  max.  -;jg^,. 


V.     BBAM  BUPPOBTBD  AT  BHDS — VnUoimlr  diMrlbated  load 

IF 
A(max.  shear)  —  Ri       —  -5- 


M,  diatance  *  "  * S"  ( 1  —  t) 

'  384E/ 


M  max.  at  centre 
IK  max. 
D  max. 
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B.  Bmidiac  Momant,  DaflMttan  «ad  IbMr  of 

Loading  Oondltlom.— ConKnimi 
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▼n.  BEAM  OOHTIXUOOS  OVBS  TWO  SOTrOSTt— Vniiandr 
distributed  load 
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t.  Bi>»TH  ealoulatioiia.     The  fundamental  beam  formula,  fw  bendiBf, 


(» 


MJlorJ.Ml 
V  I 

where  tl  ia  the  maximum  permiaaibia  beodint  moment  in  in-Ib..  y  n 
the  distance  in  in.  from  the  neutral  axis  to  the  extreme  fibre,  /  is  the 
moment  of  inertia  ezpreased  in  in.  to  the  fourth  power,  and  /  is  the 
allowable  working  stress.  If  Af  is  the  bendins  moment  at  the  moat  strained 
section  under  the  brealdnc  load,  /  is  termed  the  modiilna  of  mptore.' 

The  bending  moment  M  may  be  calculated  from  one  of  the  formnlas  (irea 
in  Par.  t;  /  may  be  selected  from  the  group  of  sections  represented  in  Par. 
S.  Safe  workins  values  of  /  depend  largely  upon  the  class  of  servioe  to  which 
the  member  will  be  put.  The  allowable  working  atrees  is  aqiial  to  tbs 
modulus  of  rupture  divided  by  the  factor  of  safety. 

Eq.  1  may  be  preaented  in  a  more  aimplified  form  aa 

it'Sf  m 

where  5  is  the  section  modulus  (see  Par.  1). 

After  a  beam  which  meets  the  conditions  of  these  equations  has  bees 
selected,  it  should  be  checked  to  determine  whether  the  transrerae  shear  (Par. 
1)  at  any  point  is  the  deciding  factor.     Shear  may  be  calculated  from  oae 


*  Lansa,  G. 
VI. 


"Applied  Mechanics;"  John  Wiley  A  Sons,  New  York;  Chap- 
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of  the  fonnulaa  pven  in  Pu.  ■.  RedBtenoe  to  (hear  bean  tha  foUowisc 
relation  to  the  shearins  streaa: 

r-f.A  (8) 

where  V  la  the  total  ahear  in  lb.,  f,  a  tha  unit  atreaa  (lb.  par  aq.  in.) 
allowable  for  shear,  and  il  ia  the  area  of  the  aeotion  in  sq.  in. 

10.  laia  nnlt  itraaaei  for  itael  beama.  Steel  beanu  are  naoally  I- 
beama^  however  they  may  be  of  almoet  an^  aeotion  demanded  by  atruetural 
eonditiona.  See  Par.  •.  The  allowable  unit  atreaaea  for  general  atruetural 
work  will  not  usually  depart  from  the  follawlBi  valaaa*  ezpreased  in  lb.  per 
aq.  in. ;  eare,  however,  should  be  ezeroised  in  the  aaaumption  of  unit  streaaea 
for  atrueturea  which  will  be  called  upon  to  meet  ttttuaual  requiramenta. 

Tensdon,  net  section,  rolled  steel 16,000 

Direct  oompreaaion,  rolled  steel  and  steel  castings 16,000 

Bendinc,  on  extreme  fibrea  of  rolled  shapes,  built  sections,  girders, 

and  steel  castings 16,000 

Etending  on  extreme  fibrea  of  pins 24,000 

Shear  on  shop  rivets  and  pins 12,000 

Shear  on  bolts  and  field  rivets 10,000 

Shear — average— on  weba  of  plato  girdera  and  rolled  beams,  groaa 

asetion 10,000 

Bearing  preaeure  on  shop  rivets  and  pins 24,000 

Bearing  on  bolta  and  field  riveta 20,000 

11.  lafe  unit  ttrafias  for  wooden  beams.  The  maximum  aafe  loads, 
aa  limited  by  the  allowable  shearing  atreaaea  along  horisontal  axea  of  the 
beams,  or  allowable  longitudinal  shear,  should  be  calculated  from  the  formula 

Maximum  aafe  load-] A/  (lb.)  (4) 

where  A  Is  the  area  of  the  aectlon  and  /  is  the  allowable  working  stress  in 
lonidtudinal  shear.  These  limita  sbould  not  be  exceeded  to  avoid  failure 
of  the  beam  io  the  horisontal  direction  of  the  grain  of  the  wood,  llie 
bending  streaa  should  be  calculated  aa  ahown  in  Par.  •. 

For  a  fun  diaeossion  of  the  theory  of  longitudinal  shear,  see  Chap.  VI 
of  Lsnsa's  "Applied  Mechanics."  A  table  of  allowable  working  atrraaes 
for  atmetoral  timber  is  given  in  Sec.  4 .  The  proper  factor  of  aaf ety  is  usually 
determined  by  the  oharacter  or  conditions  of  service. 

IX.  Oonerete  beama  and  floor  slaba.  The  arrangement  of  ooncreto 
beama  follows  the  same  princaplee  aa  in  structural-eteel  cona^uetion.  On 
short  apans,  floor  erase  beams  may  be  omitted,  or  uaed  only  at  columns  in 
order  to  secure  lateral  stiffnaaa.  Beama  are  nsualhr  deaigned  aa  tee  beams, 
and  a  nart  of  the  floor  slab  thus  oompriaee  part  of  the  beam.  The  width  of 
the  slaD  considered  to  act  aa  part  of  the  bmm  should  not  exceed  five  timae 
the  alab  thickness. 

The  reinforcement  of  floor  slaba  may  be  of  small  rods,  wires  or  metal  fabric, 
the  latter  espedally  on  cross  spans.  Cross  reinforcement  of  small  rods  or 
wires  about  2  ft.  apart  laid  parallel  to  the  beam  supporting  the  slab, 
ahoold  be  used  to  prevent  eracKs,  shrinkage,  etc.  If  the  length  of  the  slab 
exceeds  one  and  one-half  timae  its  width,  the  entire  load  should  be  carried 
by  transverse  reinforcement.  The  diatribution  of  the  load  on  a  rectangular 
anb  aupported  on  four  sides  and  reinforced  in  both  directions  may  be  ap- 
proximately determined  by  the  formula 

where  B  Is  the  ratio  of  tha  load,  t  the  length  and  b  the  width  of  the  slab. 
An  effective  bond  ahould  be  provided  at  the  junction  of  the  beam  and  the 
alab,  and  if  the  principal  reinforcement  of  the  alab  is  parallel  to  the  beam, 
transverse  reinforcement  should  be  used  extonding  over  the  beam  and  well 
Into  the  Slab. 

In  the  oalonlatxon  of  shear  or  web  reinforcement,  concrete  may  be  assumed 
to  carry  one-quarter  to  one-third  of  the  totol  shear,  the  remainder  being  taken 

•"Packet  Companion,"  Carnegie  Steel  Co.,  1913;  pp.  126  and  127. 
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by  ftdditional  reinf  oroement  arranged  at  intervala  equal  to  the  depth  oi  the 
beam.  The  usual  method  of  reinlorcing  beame  agaiiut  failure  by  diagonal 
tenaioD  or  shear,  is  to  use  bent  rode  or  stirrups  in  either  a  vertical  or  inclined 
position.  The  longitudinal  spacing  of  sucn  rods  or  stirrups  should  not 
exceed  threo-fourths  of  the  depth  ol  the  beam. 

11.  rormaUa  for  rectanjrular  conerete  b«uiu  rainforeml  for  tan- 
■ton  only.* 

kd  -dcVZpn  +  CpnT'-pn) 

M,  ='f,Aid  -         ftpjbi' 

if      M,-iMjbd' 

f     _M_  „  

•"        Aid  p)bdf 

''  "ytJKP        "  k 

1 


M 


Steel  ratio,  balanced  reinforcement,  p 


^f\^^ 


f,  •Tensile  unit  stress  in  steel,  in  lb.  per  sq.  in. 

/•  ••  Compressive  unit  stress  in  concrete,  in  lb.  per  sq.  in. 

E,  —  Modulus  of  elasticity  of  steel,  in  lb.  per  sq.  in. 

£•  M  Modulus  of  elasticity  of  oonorete,  in  lb.  per  sq.  in. 

n  ■•  Elasticity  ratio,  Et+Et. 

M  «"  Bending  moment,  in  in-lb. 

Bit  "■  Moment  of  resistance  of  steel,  in  in-lb. 

Af e  ■■  Moment  of  resistance  of  concrete,  in  in-lb. 

A  M  Area  of  steel  section,  in  sq.  in. 

h  V  Width  of  beam,  in  in. 

d  —  Depth  of  beam  tn  centre  of  steel  reinforcement,  in  in. 

k  —  Ratio  of  depth  of  neutral  axis  to  effective  depth,  d. 

3  —  Ratio  of  lever  arm  of  resisting  couple  to  depth,  d. 

s  —  Distance,  top  to  resultant  of  compression,  in  in. 

yd  —Arm  of  reninting  couple,  in  in.  ■■d  — 2. 

9  —  Ratio  of  steel  area  to  area  of  rectangle,  hd,  =  A+bd. 

kd  >  Distance  from  top  of  boam  to  neutral  axis,  in  in. 

14.  ronnulw  for  roiaforood-ooneroto  toe  bouni.* 


i»-M 


s 


2ndA  +  iP 


2nA  +  2l>l 
Neutral  axis  in  flange.— 
i^  use  formulas  for  rectangular  beams. 


Neutral  axis  in  stem- 
((3M-20 
3(2*d-«) 
M_     /.n(l-t) 
Aid"        k 
Mkd 


/.- 


uiM-wa 


—  Width  of  flange,  in  in. 
-"Width  of  stem,  in  in. 

—  Thickness  of  flange,  in  in. 

=  Ratio  of  steel  area  to  area  of  rectangle,  M,  • 


•  A  +  bd. 


*  Approved  by  Committee  of  Am.  Soc.  of  Civil  Eng.  on  Concrete  and  R^ 
inforoed  Concrete  (Proc.  A.  a  C.  E.,  Vol.  XXXIX— No.  2,  Feb.,  1913). 
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II.  Tonnolai  (or 
eompreuian. ' 


r«ot»iigul>T    conento    battnu    ralmfoTMd    for 


*J, 

M-d  [■s/2»(p+p'^) +  n'(p+p')»-n(j 

if 

tp- 

jag'  1 "-    *    ~                          J/ 

^Twir           *'+2p'»(*-^) 

^k    ,           M                         nMl-k) 

u 

u. 

^ 

n/.(t-j) 

6Jl/ 

"'[3*-*'+^"<*-f)«-f)] 


X'  •  Ana  of  oompreniTa  ateel,  in  sq.  in. 

1/  B  Steel  ntio  for  oompreaaive  steel. 

"    ••  Unit  cpmiveaaive  streas  in  ateel.  In  lb.  per  aq.  in. 

•  Total  oompreeaive  streea  in  concrete,  in  lb.  per  sq.  in. 

« Total  compreaaive  atresa  in  ateel,  in  lb.  per  aq.  in. 

M  Depth  to  centre  of  compreaaive  ateel,  in  in. 

—  Depth  to  reaultant  of  C+C,  in  in. 

Shesr  and  bond  in  reinforced  concrete  beanu.  * 

V  V 

/.=  ^  (8)  /.=J5^- 

Unit  eheanng  atreaa  in  concrete,  in  lb.  per  aq, 
in  lb.  per  aq.  in.:  Z«— Sum  of 


C 
C 
<f 

a 
1« 


Reetaosular  Beama 


T  Beama 


(7) 
(9) 


F-Total  ahear,  in  lb.;, 
in.;  /wwUnit  bonding  atreaa  in   concrete, 
the  perimeters  of  the  tension  bars. 

IT.  Unit  allowable  itreiaei  in  relnforeed-conerate  beanu.  The 
following  working  streaaee  are  in  current  use  for  reinforcing  bars  of  medium 
atruetural  steel  and  good  PortUnd  cement  and  gravel  concrete  of  a  1  :  2  : 4 
or  1  : 2)  :  5  mixture: 

/«    M  unit  eompreaaive  atreaa  of  concrete 650  lb.  per  aq.  in. 

/•    ••  unit  ahearing  atreaa  of  concrete, 

atrai^ht  reinforcement 30  to    40  lb.  per  aq.  in. 

special  shear  reinforcement 60  to  100  lb.  per  aq.  in. 

/•   —  anit  bond  streas  of  concrete, 

smooth  rods 60  to  80  lb.  per  sq.  in. 

deformed  bars 100  to  175  lb.  per  sq.  in. 

/•    —  unit  tensile  stress  of  steel 16,000  lb.  per  sq.  jn. 

fk    ^  unit  compreaaive  streas  of  steel 10,000  lb.  per  aq.  in. 

It  -e.+B.-i5. 

for  notation,  aee  Par.  IS  to  IS. 

COLUMNS 

IS.  Diseuuion  of  column  formulaa.  Due  to  the  tendency  to  buckling, 
compraaaion  membera  are  assumed  to  carry  bending  atreaaea.  Failure  of  a 
column  may,  then,  be  due  to  direct  compression,  to  bending  or  to  a  combina- 
tion of  both.  No  rigorous  formula  haa  ever  been  deduced  for  columna  under 
all  ooDditiona  of  loading.  However,  aeveral  empirical  formulaa  (Par.  tl) 
have  proven  aatiafactory  when  checked  by  tests  made  on  full-aised  marobera. 
All  theae  formulaa  tatce  into  consideration  the  propertiea  of  the  aection  <Par. 
1),  the  allowable  unit  atreaa  and  the  ratio  of  alenderneaa  (Par.  M). 

If.  Badlni  of  gyration  is  de6ned  in  Par.  1.  For  purposea  of  com- 
putation it  ia  more  convenient  to  employ  the  radiua  of  gyration  than  cither 
the  moment  of  inertia  or  the  section  modulus. 


*  See  footnote,  Par.  IS  and  14. 
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M.  Estlo  of  ilsndameii  is  the  ttuapported  Icnsth  of  the  eompraaoa 
memb«r  divided  by  its  radiiu  of  K-ration  (Par.  1).  Tneterin'*uiirapported** 
refers  to  the  length  of  member  wmch  is  free  to  deflect  transversely,  unhamp- 
ered by  bracing.  The  maximum  allowable  ratio  of  slendemeas,  in  usul 
construction,  is  120  for  main  members  under  steady  stress.  But  this  ratio, 
however  temporary  the  loading,  should  in  no  case  exceed  200. 

tl.  Btael-oolomn  Fonnulki,  and  AllowabU  Unit  Btrauoi* 


t 
l_ 

r 

A.  B.  Co. 

A.  R.  E. 

Ass'n 
Cbioago 

Gordon 

New 
York 

Phila- 
ddphU 

BostoB 

is,ooo-iooi 

13,000 
max* 

16,000-70- 

14.000  ' 
max. 

12,500 

15.20O-5ft^ 

16,350 

16.000 

11       " 

'■'■ll,000r» 

1!        ' 

'  se.oooi" 

'  'aOAWr* 

0 
10 
20 

13.000 
13,000 
13,000 

14,000 
14,000 
14,000 

12,600 
12,460 
12.365 

15.300 
14,620 
14,040 

16,100 
15,680 

16,000 
15,920 
16,600 

30 
40 
50 

13,000 
13,000 
13,000 

13,900 
13,300 
12,500 

12,195 
11,970 
11,690 

13,460 
12.880 
12,300 

15,020 
14,185 
13,240 

15,310 
14.815 
14,220 

80 
70 

13,000 
12,000 

11,800 
11,100 

11,365 
11,000 

11.720 
11,140 

13,240 
11,240 

13.560 
12,850 

80 
90 
100 

11,000 
10,000 
9,000 

10,400 
9,700 
9,000 

10,615 
10,205 
9,785 

10,560 
9,980 
9,400 

10,276 
9.360 
8,510 

13.130 
11,390 
10,670 

no 

120 

8,000 
7,000 

8,300 
7,800 

9,355 
8,930 

8,820 
8,240 

7.740 
7.035 

9,970 
9,30) 

130 
140 
150 

6,500 
6,000 
5,500 

6,900 
8,200 
6,500 

8,510 
8,095 
7,690 

6,405 
6,840 

160 
170 

5,000 
4,500 

7,305 
6,935 

ISO 
180 
200 

4,000 
3,500 
3,000 

6,580 
6,240 
5,020 

Name  of  formula 

Abbrevia- 
tion 

Maximum  ratio  of  l/r     | 

Main 

Bracing 
struts 

American  Bridge  Company. . . . 

American  Railway  Engineering 

Ass'n 

A.  B. 

A.  R.  E. 
C. 
G. 
N.Y. 
P. 
B. 

120     . 

100 
130 

300 

120 
ISO 

Cbioago  Building  Law 

New  York  Building  Law 

Philadelphia  Buildmg  Law 

120 
140 
130 

When  s 


13.  OombinKtlon  of  eompreuion  and  bendiiig  strnMa.     mm  « 

column,  in  addition  to  its  axial  load,  carries  an  eooentrio  load,  beading  atresMS 

•  "Voatet,  Companion,"  Carnegie  Steel  Co.,  1013;  p.  354. 
t  aee  Par.  30. 
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«r«  produced.     In  Fig.  1  a  eoJumn  ia  pictured  lu  carrying  a  beam  aupportml 
on  a  bracket  with  a  load  ITi,  and  also  a  direct  loading  W,     Selection  of  the 
proper  column  aiie  may  be  aocompliahed  by  repeated  trials, 
usins  the  following  formula; 


,,m  v+m  .  Mn 
'>~A~'^'T 


(lb.  per  aq.  in.) 


(10) 


who'e  W  and  fTi  are  expreaaed  in  lb.;  il  is  the  area  of  the 
otdiimu  section  in  sq.  in. ;  Jlf  ia  the  bending  moment  in  in- 
Ib.*  (  *>wi4)  due  to  eccentric  loading;  n  is  the  distance  of  the 
extreme^ fibre  from  the  neutral  axis,  measured  in  the  direction 
of  bending;  and  /  is  the  allowable  axial  unit  compresaion 
stress,  in  lb.  per  sq.  in. 

S3.  Wooden  columns.  *  The  aafe  load  tablea  of  wooden 
columns  which  follow,  based  upon  the  working  unit  stresses 
adopted  bv  the  American  Railway  Engineering  Association, 
give  the  allowable  direct  compreesive  loads  for  square  and 
round  columna. 

The  safe  loads  of  rectangular  columns  may  be  found  from 
the  safe  loads  of  square  columns  by  direct  proportion  of  areas, 
uains  the  aafe  load  unit  stress  of  the  square  column  whose  side 
is  equal  to  the  leaat  side  of  the  rectangular  section. 


Fia.  1.— Col- 
umn with   eo- 
TIio  following  table  gives  the  safe  load  in  lb.  per  sq.  in.  of  ""^'5    ""Per- 
•ectional  area  for  ratios  of  poeed  load. 


eJTective  length  of  column,  in  in. 
leaat  side  or  diameter,  in  in. 


(11) 


rftoipng  between  limits  of  15  and  30. 

Unit  Working  Btr*H«i  in  Lb.  per  Sq.  In. 


I 

d 

Longleai 

pine, 

white 

oak 

Douglaa 

fir. 
Western 
hemlock 

Sbortleaf 
pine, 

cypresa 

White 

pilie, 

tamarack 

Red 

cedar, 

redwood 

Norway 
pine 

1,300X 
(l-f/<«0) 

i,20oy 

(l-f/<f60) 

1,100X 
(l-I/d60) 

1,000  X 
(l-I/d60) 

900X 
(l-J/d60) 

800X 
(l-I/d60) 

15 
16 
17 
18 
10 

20 
21 
22 
23 
24 

25 
26 
27 
28 
20 
30 

975 
953 
931 
SIC 
888 

867 
845 
823 
802 
780 

758 
737 
715 
603 
672 
650 

900 
880 
860 
840 
820 

800 
780 
760 
740 
720 

700 
680 
660 
640 
620 
600 

825 
807 
788 
770 
752 

733 
715 
997 
678 
660 

642 
623 
60S 
687 
568 
550 

760 
733 
717 
700 
683 

667 
650 
633 
617 
600 

583 
567 
550 
533 
517 
500 

675 
660 
645 
630 
615 

600 
585 
570 
555 
540 

525 
510 
495 
480 
465 
450 

600 
687 
673 
560 
647 

533 

520 
507 
403 
480 

467 
553 
440 
427 
413 
400 

94.  Oonorata  eolumna  may  be  reinforced  by  means  of  longitudinal 
bars,  by  bands  or  hoops,  or  by  both.  The  fieneral  effect  of  the  banding  or 
hooping  is  to  permit  the  use  of  somewhat  higher  working  streasee;  the  value 


*  "Pookat  Companion,"  Cambria  Steel  Co.,  1913;  p.  327. 
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P,  liven  in  the  formula  which  f ollowi,  reten  to  longitudinal  steel  reinfoce^ 
ment  only: 

P-f.U.  +  nA.)  (12) 

where  P  — total  load  on  column,  in  lb.;  Ai  — area  of  concrete  in  aq.  in.;  A, 
— areaof  iteel  inaq.  in.;A~ttnit  compreasiveatreas  in  steel  in  lb.  per  aq.  in.: 
/i^unit  compreasive  strength  of  concrete;  n^fk/f*.     See  Par.  17. 


BHArriNo 

M.  Shaft  deiicn.  When  shafting  carries  pulleys,  the  streaaes  due  to 
belt  tf  nsion  tend  to  create  a  bending  back  and  forth,  which  throws  any  ptttt 
fibre  into  alternate  tension  and  compression.  These  bending  stresses  sLw 
combine  with  the  shearing  atresaes  due  to  twisting.  The  following  expree- 
aion  baa  been  oflered  by  nankine,  based  on  the  theory  of  elasticity.  * 


/  -2i^Mi+y/Mi'+Mi'] 


(13) 


where  Ifi  — greatest  bending  moment;  Afi—greatest  twisting  momeat: 
r*  external  radius  of  shaft;  7  — moment  of  inertia  of  the  section  about  a  diam- 
eter; /*  greatest  allowable  unit  stress  at  outside  of  fibre. 

It  may  be  more  convenient  to  use  a  table  of  horse-powers  transmitted  at 
various  speeds  by  shafta  of  standard  sises.     See  Par.  IT. 


> 


BorM-pow«r  Truumitted  bj  Une   Shafts,  t 

"  Ti 


Bearlncs  nwT 


8  ft.    B.p. 


Diam.  of 
shaft,  in. 

Rev 
ISO 

.  per  min. 

1          K 

100 

200 

250    !    300    1  400 

«0 

il 

0.0233 
0.0396 
O.OMl 

1.12 
1.98 
3.20 

2.23 
3.96 
6.41 

3.35 
6.94 
9.61 

4.46 
7,92 
12.81 

5.58 
9.90 
16.02 

6.70     8.93 
11.88    15.84 
19.22!  25.63 

11  l« 
19  80 
32  M 

ii 

0.0970 
0.1390 
0.1931 

4.8S 
6.98 
9.65 

9.70 
13.96 
19.31 

14.55 
20.93 
28.96 

19.39 
27.91 
38.62 

24.24 
34.89 
48.28 

29.00 
41.87 
57.93 

38.79 
55.82 
77.24 

48.41 
n.78 
96.55 

1 

0.258S 
0.3380 
0.4318 

12.94 
16.90 
21.69 

25.88 
33.80 
43.18 

38.82 
50.69 
64.77 

61.76 
67.50 
86.36 

64.70 
84.49 
108.0 

77.64 
101.4 
129.5 

103.5 
135.2 
17S.7 

129.4 
1990 
2159 

3lV 

3 

3H 

0.MI6 
0.6685 
0.8139 

27.08 
33.43 
40.70 

64.16 
66.85 
81.39 

81.23 
100.3 
122.1 

108.3 
133.7 
162.8 

135.4 
167.1 
203.5 

162.5 
200.5 
244.2 

216.6 
267.4 
325.6 

2708 
3343 
407.0 

•l! 

lies 

1.605 

2.218 

58.25 
80.24 
110.9 

116.5 
160.5 
221.8 

174.8 
240.7 
332.7 

233.0 
321  0 
443.7 

291.3 
401.2 
554.6 

349.5 
481.4 
665.5 

4«t.0 
641.9 

6 

2.880 
3.662 
4.673 

144.0 
183.1 
228.7 

288.0 
366.2 
457.3 

432.0 
549.2 
686.0 

576.0 
732.3 
914,7 

720.0 
915.4 
1143.0 

8S4.0 

P 

5.620 
6.827 

281.3 
341.3 

562.5 
682.7 

843.8 
1024.0 

1125.0 
1365.0 

i 

*  Lansa,  O.    "Applied  Mechanics,"  John  Wiley  A  Sons,  New  York,  18M. 
p.  338. 

t  Data  Book  No.  12S,  Link-Belt  Co.,  1S14. 
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HoTM-powar  of  ShafU  for  Simply  Tnuumlttinf  Power. 


[.p.- 


M 


Diam.  of 

Rev.  per  min. 

shaft,  in. 

• 

1          50 

100 

150        200 

250 

300    1  400  1  500 

il 

0.0335 
0.0594 
O.OMl 

1,67 
2.97 
4.81 

3.35 
6.94 
9.61 

5.02       6.70 
8.91      11.88 
14.42     19.22 

8.37 
14.85 
24.03 

10  05 
17.82 
28.83 

13  40 
23.76 
38.44 

16  74 
29  70 
48.06 

i! 

0.1455 
0.20B4 
0.28M 

7.27 
10.47 
14.48 

14.55 
20. »« 
28.96 

21.821    29.09 
31.40     41.87 
43.45     67.93 

36.37 
52.34 
72.41 

43.64 
82.80 
86.89 

68  18 
83  74 
115.9 

72.73 
104.7 
144.8 

i 

0.3882 
0.50m 
0.8477 

19.41 
25.35 
32.39 

38.82 
50.69 
64.77 

58.23 
76.04 
97.15 

77.64 
101.4 
129.5 

97.05 
128.7 
161.9 

116.5 
152.1 
194.3 

156.3 
202.8 
259.1 

194,1 
253,6 
323.9 

\l 

0.8124 

1.003 

1.221 

40.62 
50.14 
61.04 

81.24 
100.3 
122.1 

121.9 
150.4 

183.1 

162.5 
200.6 
244.2 

203.1 
250.7 
305.2 

243.7 
300.8 
366.2 

324.9 
401.1 
488.3 

406.2 
501  4 
610.4 

ijt 

1.748 
2.407 
3.328 

87.88 
120.4 
166.4 

174,8 
240.7 
332.8 

262.1 
361.1 
499.1 

349.5 

481.5 
665.5 

436.9 
601.8 
831.9 

524.3 
722.6 
998.2 

899,0 
982.9 

«i 

4.320 
5.493 
6.800 

216.0 
247.6 
343.0 

432.0 
5493 
686.0 

648  0 
823.9 
1020.0 

884.0 
1099. C 
1372. (; 

1080.0 
1373.0 
1715.0 

1296.0 

V 

8.438 
10.24 

421.9 
512.0 

843.8 
1024.0 

1266.0 
15860 

1688.0 
2048.0 

OlAUNa  AHD  CHAIK  DBIVI 
M.  Toothad  cearlnc  >»  lued  ioT  poaitive  drive  between  shafts,  that  is, 
rhere  the  requirements  will  permit  no  slippage.  There  are  two  stales  of 
eeth,  the  oyeloidal  and  the  involute.  The  former  is  used  where  the  distance 
etween  centres  of  driving  and  driven  member  can  be  rigidly  maintained. 
Ijcloldal  ffaan  do  not  wear  so  rapidly  as  involute  gears,  and  are  used  to 
ransmit  energy  at  rather  high  speeds.     Involute  gean,  on  the  other  hand, 

0  not  require  so  accurate  a  spacing  of  centres,  although,  after  wearing  for 
ome  time,  this  advantage  becomes  lessened, 

nd  such  gearing  is  no  longer  insensible  to  — 

adly  adjusted  bearings.  Involute  teeth  are 
bicker  at  the  root  than  cycloidal  gears,  and 
Iris  added  strength  has  considerable  weight 

1  the  selection  of  gears  for  high-torque  servioe. 
*bey  operate  at  somewhat  lower  allowable 
peeda  than  eyoloidal  gears. 

M.  Qaar  piteh.  *    When,  as  in  Fig.  2,  two 
...•'.  .         ■•         oil. 


Fio.  2.—D  -.d.-.n-.N. 


lemental  circles  may  be  said  to  roll  one  on 

be  other  with  no  slippags,  their  speeds  in  rev. 

cr  min.   are  inversely  proportional  to  their 

iameters.     In   the   case  of  gearing,  the  ele- 

lental  circle  just  mentioned  is  known  as  the  piteh  circle,  and  the  ratio  of 

otational  speeds  of  a  pair  of  meshed  gears  follows  the  relation  above  ex- 

reaaed.     Tnere  are  two  common  methods  of  describing  the  pitch  of  gear 

eeth.     Divnetral  pitch  is  an  expression  derived  by  dividing  tne  number  of 

Beth  on  the  gear  by  the  diameter  of   the  pitch   circle  in  in.     Thus,  an 

ight-pitch  gear  has  eight  teeth  per  in.  of  pitch-circle  diameter.     Circular 

*  Sehwamb  t  Merrill.     "Elements  of  Mecbaniam,"  John  Wiley  A  Sons. 
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pitch  is  th«  distance  in  in.,  measured  along  the  pitch  circle,  from  a  pcanl 
on  one  tooth  to  a  corresponding  point  on  the  next  tooth. 

Selection  of  sears  to  accomplish  a  desired  result,  is  determined  by  tbe 
rotational  speed  ratio  which  is  sought  for  driver  and  driven  member;  the 
speed  in  ft.  per  min.  at  which  tbe  gear  pitch  circle  is  to  rotate;  and  the  stream 
to  which  the  gears  will  be  subjected  in  service. 


SO.  Horse-power  and  worUnc  loadi  of  eat  steel  sears.  *     Under  tbe 
leading  **  w.l.     is  given  the  working  load  or  number  of  pounds  of  power- 
transmitting  stress  whioh  can  safely  be  brought  on  eacn  inch   width  of 


tooth  of  a  out^teel  gear  or  pinion  of  the  sise  indicated  at  left  of  table, 
when  it  is  running  at  the  speed  listed  at  top. 

Under  the  heading  "  h.p.  this  ia  converted  into  horse-power  transmitted 
at  the  speed  named. 

These  figures  should  be  multiplied  by  the  width  of  working  face  in  in.,  for 
the  power  of  the  gear  in  question. 

The  ft.  per  min,  at  pitch  line  equals  pitch  diameter  in  in.  multqiUed 
by  rev.  per  min.  and  by  0.2618. 


5 

Speed  of  pitch  line  (ft.  per  min.)                    1 

Il 

jl 

"S 
d 

100 
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288;0.88 

Ki 

1.61 

226 

2.04 

168 

3.05 

134 

3.67113 

4  1(1 

10 
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4.46  134 
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214 
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4.66144 

521 

130 

384 

1.17 

336 

2.02 

398 

2.69 

226 
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81.  Oear  noli*  at  varloui  ipeeda.  Spur  geani  uiually  bwin  to  make* 
noticeable  noise  at  pitch-line  speeds  above  800  ft.  per  min.  The  ailowabta 
noise  is  dependent  upon  the  attendant  conditions  at  the  installation.    How- 

•  Data  Book  125.  Link-Belt  Co.,  New  York,  1914,  p.  107. 


MECHANICAL  SECTION 


Sec  33-32 


ever  with  ordinary  gears  it  would  be  exceptional  to  aecure  speeds,  satisfactory 
from  a  standpoint  of  noise,  which  would  range  as  high  as  1,200  ft.  per  min. 
With  horring-bone  gears  running  in  oil,  pttcn-line  speeds  as  great  as  5,000 
ft.  per  min.  have  been  reached.  In  the  case  of  rawhide  and  cloth  pinions, 
operation  with  a  satisfactory  minimum  of  noise  can  be  attained  at  speeds 
ranging  from  2,000  to  3,000  ft.  per  min. 

St.  Maximum  Speed  of  Oearing 
(A.  Towler,  Bnginemng,  April  19,  1889,  p.  388) 


Ordinary  cast-iron  wheels 

(ft.  per  rain 

.) 1,800 

HeUoal  cast-iron  wheels. . 

2,400 

Mortise  cast-iron  wheels. 

2,400 

2,600 

HeUoal  oast-eteel  wheels. . 

3,000 

Special  cast-iron  machine-cut  wheels 

3,000 

Double  herringbone  gears 

in  oil* 

6,000 

U.  BorM 

-iK>wer  and  working  loadi  of  cut 

cut-iron  gean.f    For 

■ignificanoe  of  symbols,  see  Par.  10. 
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7.10 
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5.28 
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1060,3.21 
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5.55 
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7.38 
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11.22 

493 
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'This  6gure  was  supplied  in  1913  by  Mr.  W.  C.  Bates,  Engineer  of  the 
Faueua  Machine  Co. 
t  DaU  Book  126.  Link-Belt  Co.,  New  York,  1914,  p.  106. 
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Sec.  23-34 


MECHANICAL  SECTION 


S4.  Chain  drive.  When  the  pitch-line  speed  doee  not  exceed  600  tu 
per  min.,  it  is  possible  to  use  iteel-roller  ohuzu  (Fig.  3)  for  positive  traxu- 
miesioQ  between  two  par&llel  shafts.     These  chains  move  on  cut  sprockets, 

the  rollers  engasiiLc  t^e  sur- 
faces of  the  teeth  bein^i  free 
to  turn.  For  higher  speeds 
it  is  customary  to  use  some 
form  of  toothed  (silont) 
ch*tn  passing  over  tootlied 
wheels  (Fig.  4).  The  most 
economical  speed  at  whi<^  a 
silent  chain  can  be  operated 
is  from  1.000  to  1,300  ft.  per 
min.,  though  by  no  means  are 
these  limits  impssaabla.  The 
distance  between  centres 
should  be  not  lesa  than  the 
sum  of  the  diameters  of 
driver  and  driven  wheel.  The  proper  tooth  combination  should  be  deter- 
mined under  the  following  considerations: 


Fxo.  3. — Steel-roUer  chain. 


Pitch  of  obain  (nomiDal) 

1 

i 

1 

i 

1 

U 

li 

» 

2» 

MinimuRi  number  of  teeth 

15 

17 

17 

17 

17 

17 

17 

10 

19 

in^  driving  wheel. 

Mimmum  number  of  teeth 

17 

19 

18 

18 

21 

21 

21 

23 

23 

in  driven  wheel. 

Maximum  number  of  teeth 

80 

80 

80 

80 

80 

SO 

80 

80 

90 

in  driver. 

Maximum  number  of  teeth 

120 

130 

130 

130 

130 

130 

130 

130 

130 

in  driven  wheel. 

Maximum  rev.  per  min.  of 

2280 

1836 

1460 

1220 

920 

800 

700 

530 

425 

mimmum  wheel. 

Correepondins  chain  speed 
(ft.  per  »ec.) 

1200 

1300 

1300 

1300 

1300 

1400 

1500 

150O 

1500 

It  is  desirable  to  have  an  odd  number  of  teeth  in  the  pinions  and  an  even 
number  of  links  in  the  chain. 
Chains  whose  widths  range 
from  two  times  the  pitch  to 
six  times  the  pitch,  are  pref- 
erable and  are  ^  usually  em- 
ployed. Where  it  is  possible, 
partiality  is  shown  the  chains 
of  shorter  pitch,  as  these  have 
the  advantage  of  greater 
durability  and  life  than  the 
narrower  chains,  of  somewhat 
longer  pitch,  that  would  cor- 
respond in  fulfilling  the  re- 
quirements. 

The  approximate  strength 
(ultimate)  of  these  chains  can 


be  obtained  by  multiplying 
the  pitch  in  in.  by  the  width 
in  in.,   and  multiplying  the 


Fig.  a. — Silent-toothed  chain. 


product  by  5,600,  the  result  being  expressed  in  pounds. 
BELTS  AND  BOPE  DBIVE 
86.  Clawlfloation  of  belts.  Belts  are  made  of  leathw,  rubber  or  some 
cloth  fabric.  They  are  made  single  or  double  if  of  leather,  and  of  several 
plys  if  their  material  is  rubber  or  fabric.  BubbOT  belt*  are  adapted  to 
installations  where  there  is  considerable  moisture  or  high  temperatures. 
Fabric  belta  may  also  be  used  in  moist  places  if  they  are  sure  to  receive 
proper  attention,  but  for  all-round  service  these  belts  are  not  nearly  so  good 
as  leather  or  rubber  belts.  Leather  belts,  if  they  can  be  kept  dry,  are  the 
most  satisfaotory  in  every  way. 
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Sec  2S-36 
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Sec  SS-37  MECHANICAL  aSCTION 


K 


ST.  Belt  dxire.  The  driving  force  of  b  belt  is  the  difference  in  b^t  ten- 
non  on  the  tight  and  looee  Bidn  (Ti  — fs).  In  ordinary  practice  it  is  usual 
to  asBunte  that  T\  —  2rx.  provided  there  is  sufficient  arc  of  contact  on  both 

lulleya,  and  that  a  coemolent  of  friction  of  about  0.22  can  be  realised. 

'or  leather  belts  on  iron  pulleys  this  coefficient  may  be  0.56  when  dry,  0.36 
when  wet,  0.23  when  greasy,  and  0.15  when  oily.* 

Belts  should  always  be  run  with  the  tight  side  undermost,  and  with  the 
vrain  of  the  leather  next  the  pulley  surface.  Where  considerable  power  is  to 
be  transmitted,  the  pulley  centres  should  be  spaced  about  20  or  25  ft.  for 
beet  results.  Shortening  this  distance  usually  necessitates  additional  bdt 
tension  in  order  to  prevent  an  excess  of  slip.  One  form  of  drive  whidi  is 
coming  into  extended  use  is  the  employment  of  a  spring  or  weighted  idler 
operating  on  the  slack  side  of  the  belt.  The  function  oi  this  idler,  in  the 
•uort-balt  drive,  is  to  increase  the  arc  of  contact  on  the  pulley  surface. 
The  purpose  of  the  whole  arrangement  is  to  economise  space. 

Belts  which  are  operated  at  excessive  tensioiu  will  occasion  great  anntqr- 
ance  and  expense.  Hot  bearings,  broken  pulleys,  stretched  and  broken 
belts  are  all  attributable  to  this  cause,  and  such  aamage  not  only  eatsib 
the  expense  of  its  own  replacement  or  repair  but  also  should  be  held  n- 
•ponsible  for  production  time  lost  at  the  working  machines. 

58.  Detttrmlnfttion  of  the  proper  belt  thickneaa  is  a  much  mooted 
question,  there  being  excellent  authority  favoring  directly  opposiiig 
practices,  t 

In  general  it  may  be  aaid  that  thin  belta  are  better  adapted  to  high  speeds 
because  of  the  decreased  centrifugal  forces  eecured  through  their  use.  In 
large  belts  it  is  xisually  the  case  that  other  oonditions  fix  the  choice  of  bdt 
thickness. 

59.  Belt  ipUcing.  The  best  epHce  is  the  glued  joint,  made  by  bev- 
eling the  ends  and  cementing  a  lapped  joint.  However,  there  are  many 
occasions  where  this  is  not  justifiaole.  Belt  lacinf  may  be  done  with 
rawhide  strips  or  with  wire.  Many  configurations  of  holes  have  been  ad- 
vanced, but.  whatever  lacing  method  is  adopted,  care  must  be  taken  to 
insure  propw  aad  permanent  alignment  of  the  ends.  Enough  material 
ehould  oe  left  below  the  bolee  to  prevent  the  ladng  from  being  torn  oet. 
Where  there  is  considerable  wOTk  of  this  nature  to  be  done,  it  is  customarr 
to  install  a  belt-lacing  machine;  this  furnishes  a  very  aatiafactcHy  and  ehev 
method  of  belt  splicing. 

M.  Length  of  belt.t  Unqualifiedly  the  beat  method  of  detcrminins 
the  proper  length  of  belt  to  bo  used  over  pulleys  of  known  diameter  sdo 
spacing,  is  by  direct  measurement.  Sometimes,  however,  this  cannot  b« 
done.    For  open  belts  the  following  formula  may  be  used: 

Length  -.i2(r-|-0.0349a)  +r(r  -0.0349a)  +20  coe  a  (U) 

where  It  is  the  radius  of  the  largtf  pulley;  r  the  radius  of  the  smalls  pnlky; 
C  the  distance  between  centres;  and  a  is  the  angle  whose  sine  is  {R—r)/C. 

For  crossed  belta 

Length»(R-|-r)X(r-)-0.0349^-|-2Cooa^  (15) 

where  0  is  the  angle  whose  sine  is  (J2-|-r)/C. 

41.  Bope  drtve  is  suited  to  those  cases  where  raechanioal  entfgy  must  be 
transmitted  comparatively  long  distances,  and  also  where  the  transmisskn 
is  to  be  made  at  an  angle  or  in  a  vertical  direction.  The  ropes  ma^  be  of 
hemp,  steel  or  cotton.  Manila  hemp  is  in  widest  use  where  a  multiii£dt]r 
of  ropes  is  employed,  and  steel  cable  is  used  chiefly  for  long-distance  single- 
rope  drives. 

The  multiple-rope  (BnfflUh)  system  uses  a  number  of  ropes  running 
side  by  side.  By  the  xise  of  couplings  instead  of  splices,  unequal  tensioii 
may  be  compensated  and  repairs  facilitated.     In  the  continuous-roiM 

*  Kent,  William.  "Mech.  Eng.  Pocket  Book,"  John  Wiley  and  Sons,  New 
York,  1912,  p.  1115. 

t  Taylor,  F.  W.     Trana.  A.  S.  M.  E.,  Vol.  XV,  p.  204. 

Kent,  W.     rrans.  A.  8.  M.  E.,  Vol.  XV,  p.  242. 

Berth,  C.  O.     Trana.  A.  S.  M.  E.,  1909. 

t  Kent,  W.  "Mech.  Eng.  Pocket  Book,"  John  Wiley  A  Bom,  Nevr  York. 
1912.  p.  1125. 
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(American)  lyttem,  one  rope  is  used;  ibis  ia  wrapped  around  the  sheaves 
the  desired  number  of  times,  and  then  carried  over  from  the  last  groove  of 
one  sheave  to  the  first  groove  of  the  other  by  a  guide  pulley  which,  at  the 
aametime,  maiatains  a  constant  tension  in'therope.  It  ia  clearly  seen  that 
while  the  latter  system  ia  the  more  flexible  and  easily  installed  of  the  two,  the 
reeulta  of  a  single  breakage  would  be  much  more  serious. 

The  angle  of  the  groove  should  be  about  as  shown  in  Figs.  5  and  0,  which 
illustrate  the  grooves  used  for  manila,  hemp,  or  cotton  ropes  on  the  driving 
sheaves  of  both  the  English  system  and  the  American.  For  economical 
wear  the  pulleys  should  be  not  less  than  forty  times  the  diameter  of  the  rope. 

The  horse-power  which  can  be  transmitted  by  ropes  at  various  speeds  is 
the  subject  ot  much  controversy,  some  en|[ineerB  imposing  loads  greater  by 
35  or  40  per  cent,  than  the  recommendations  of  others.     The  data  offered 


Fio.  6. — Standard  groove  of  Engliah 
system. 


Fia.  6. — Standard  groove  of  American 
system. 


in  Par.  4S  represent  conservative  practice.  Lania*  and  the  Link-Belt  Co.t 
in  their  tables  advocate  values  considerably  higher,  while  J.  J.  FlatherJ  is 
even  more  conservative  than  the  accompanying  authority. 

41.  Howe-power  of  TranamlMion  Bope  at  Varioui  Speedx** 


1 

Speed  of  the  rope  in  ft.  per  min. 

■t-^i 

o 

s 

1,6002,000 

2,500 

3,000 

3,500 

4,000 

4,600 

6,000 

6,000 

7,000 

8,000 

l.*5 

1.9 

2.3 

2.7 

3.0 

3.2 

3.4 

3.4 

3.1 

2.2 

n 

20 

2.3 

3.2 

3.« 

4.2 

4.6 

6.0 

5.3 

fl.3 

4.9 

3,4 

0 

26 

3.3 

4.3 

6.2 

6.8 

8.7 

7.2 

7.7 

7.7 

7.1 

4.9 

0 

30 

4.5 

6.9 

7.0 

8.2 

9.1 

9.H 

10.8 

10.7 

9.3 

6.9 

0 

36 

1 

6.8 

7.7 

9.2 

10.7 

11.9 

12.8 

13.6 

13  7 

12.6 

8  8 

0 

42 

1 ' 

9.2 

12.1 

14.3 

16.8 

18.6 

20.0 

21.2 

21.4 

19.5 

13.8 

0 

54 

1 

1 

13.1 

17.4 

20.7 

23.1 

26.  K 

28. R 

30.6 

30.8 

28.2 

19.8 

0 

60 

18.0 

23.7 

28.2 

;t2.K 

36.4 

39.2 

41.. "i 

41.8 

37.4 

27.6 

0 

72 

2 

23.1 

30.8 

36.8 

42.8 

47.6 

51.2 

64.4 

54.8 

60.0 

36.2 

0 

81 

*  LsniB,  Q.     "Notes  on  Friction,"  J.  S.  Cualiinc  A.  Co.,  Boston. 

t  Data  Book,  No.  125,  Link-Belt  Co.,  New  York,  1914. 

I  Flather,  J.  J.     "Rope  Driving,"  John  Wiley  A  Sons,  New  York,  1895. 

•*  Hunt,  C.  W.     "Manila  Rope,"  Cat.  054,  C.  W.  Hunt  Co.,  New  York. 
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41.  Pip*— BlMk  and  GhavuilMd 

(,National  Tube  Company  Standard) 
STANDARD  PIPE 


8>M 

(in.) 

Dismeten 

(in.) 

Thick- 
ness 
(in.) 

Weight  per  ft. 
(Ib.r 

1 

■S.S 

CoupKnss 

Ei- 
ternai 

In- 
teroftl 

Plun 
ends 

Threads 

and 
couplings 

Diam- 
eter 
(in.) 

Length 
(in.) 

Woght 
(lb.) 

0.406 
0.540 
0.875 
0.840 

0.260 
0.364 
0.493 
0.622 

0.068 
0.088 
0.091 
0.109 

0.244 
0.424 
0.667 
0.850 

0.345 
0.426 
0.668 
0.862 

27 
18 
18 
14 

0.662 
0.686 
0.848 
1.024 

i 
1 

it 

0.029 
0.043 
0.070 
0.116 

i 
1 

1 
1 

1.060 

1.315 
1.660 
1.000 

0.824 

1.049 
1.380 
1.610 

0.113 
0.133 
0.140 
0.145 

1.130 

1.678 
2.272 
2.717 

1.134 

1.684 
2.281 
2.731 

14 
11 
11 
11 

1.381 
1.676 
1.960 
2.218 

1 
1 

2 
2 

0.209 
0.343 
0.635 
0.743 

2 
3i 
3 
3» 

2.375 
2.876 
3.500 
4.000 

2.067 
2.469 
3.068 
3.548 

0.154 
0.203 
0.216 
0.226 

3.662 
5.793 
7.676 
9.109 

3.678 
6.819 
7.616 
9.202 

8 
8 

2.760 
3.276 
3.048 
4.691 

2 
2 

sl 

3 

1.208 
1.720 
2.498 
4.341 

4 
6 

4.500 
6.000 
6.663 
6.626 

4.026 
4.506 
6.047 
6.066 

0.237 
0.247 
0.258 
0.280 

10.790 
12.538 
14.617 
18.974 

10.889 
12.642 
14.810 
19.186 

8 
8 
8 
8 

6.091 
6.591 
6.296 
7.368 

31 
3} 
4) 
4{ 

4.741 
6.241 
8.091 
9.664 

7 
8 
8 
9 

7.625 
8.625 
8.625 
0.625 

7.023 
8.071 
7.981 
8.941 

0.301 
0.277 
0.322 
0.342 

23.644 
24.696 
28.564 
33.907 

23.769 
25.000 
28.809 
34.188 

8 
8 
8 
8 

8.368 

9.3581 

9.358 

10.358 

4| 

4 

4 
5 

10.932 
13.005 
13.905 
17.236 

10 
10 
10 
11 

10.750 
10.750 
10.750 
11.750 

10.102 
10.136 
10.020 
11.000 

0.279 
0.307 
0.366 
0.375 

31.201 
34.240 
40.483 
45.667 

32.000 
36.000 
41.132 
46.247 

8 
8 
8 
8 

11.721 
11.721 
11.721 
12.731 

6 
6 
6 
6 

39.877 
29.877 
29.877 
32.550 

12 
12 
13 
14 

12.750 
12.750 
14.000 
15.000 

12.090 
12.000 
13.250 
14.250 

0.330 
0.376 
0.375 
0.375 

43.773 
49.562 
54.568 
58.673 

46.000 
50.706 
55.824 
60.376 

8 
8 
8 
8 

13.968 
13.958 
15.208 
16.446 

6 
6 
6 
6 

43.098 
43.098 
47.152 
59.493 

15 

16.000 

16.260 

0.375 

62.579 

64.600 

8 

17.446 

6J 

63.294 
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EXTRA  BTRONQ  PIPE 

DOUBLE  EXTRA  STRONQ  PIPE 

DUmatar 

|«2 

DiameteiB 

w 

KM 

Ob.) 

(in.) 

Thiek- 
n«aa 
(in.) 

n- 

Siae 
(in.) 

(in.) 

Thick- 
neaa 
(in.) 

Ex- 

In- 

Plain 

Ex- 

In. 

Plain 

toriiml 

ternal 

enda 

ternal 

temal 

enda 

■ 

0.405 

0.216 

0.005 

0.314 

i 

0.840 

0.252 

0.294 

1.714 

O.MO 

0.302 

0.119 

0.535 

1.060 

0.434 

0.308 

2.440 

0.675 

0.423 

0.126 

0.738 

1 

1.315 

0.699 

0.368 

3.659 

0.840 

0.646 

0.147 

1.087 

li 

1.660 

0.896 

0.382 

5.214 

1 

l.OSO 

0.742 

0.154 

1.473 

It 

1.900 

1.100 

0.400 

6.408 

1 

1.316 

0.967 

0.179 

2.171 

2 

2.375 

1.603 

0.436 

9.029 

w 

1.660 

1.278 

0.191 

2.996 

2i 

2.875 

1.771 

0.552 

13.696 

1.900 

1.600 

0.200 

3.631 

3 

3.600 

2.300 

0.600 

18.583 

2 

2.375 

1.939 

0.218 

5.022 

3i 

4.000 

2.728 

0.636 

22.880 

3i 

2.876 

2.323 

0.276 

7.661 

4 

4.500 

3.152 

0.674 

27.641 

3 

3.500 

2.900 

0.300 

10.252 

41 

5.000 

3.580 

0.710 

32.530 

» 

4.000 

3.364 

0.318 

12.505 

6 

6.563 

4.063 

0.750 

38.552 

4 

4.600 

3.826 

0.337 

14.983 

6 

6.625 

4.897 

0.864 

53.160 

4) 

S.OOO 

4.290 

0.355 

17.611 

7 

7.625 

5.875 

0.875 

63.079 

5 

6.S63 

4.813 

0.375 

20.778 

8 

8.625 

6.875 

0.875 

72.424 

0 

6.625 

5.761 

0.432 

28.573 

7 

7.625 

8.625 

0.600, 

38.048 

8 

8.625 

7.625 

0.600 

43.388 

9 

9.625 

8.625 

0.600 

48.728 

10 

10.760 

9.760 

0.600 

54.735 

Tapar  of  piiM  th 

diameter  per  ft.  le 

reada  ia  |  in. 
agth.      Raport 

11 

11.760 

10.760 

0.600 

60.075 

Com.  Pipe  and  Tlu 

eada,  A.  B.  M. 

12 

12.760 

11.750 

0.500 

65.416 

E.,  Nov..  1886. 

13 

14.000 

13.000 

0.600 

72.091 

14 

16.000 

14.000 

0.600 

77.431 

IS 

16.000 

16.000 

0.600 

82.771 
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W.  SoMW  Threads' 
(United  Stoias  Standard) 


Diameter 

Area 

No.  of 

Diameter 

Area 

No.  of 

Total 

Net 

ToUl 
dia.,d 

Net 
dia.,  e 

threads 
per 

Total 

Net 

Total 
dia.,  d 

Net 
dia..  e 

threads 
per 

fin.) 

(in.) 

l^i 

i^n-:^- 

in. 

(in.) 

(in.) 

iv^ 

\^ 

in. 

0.185 

0.049 

0.027 

20 

2 

2.176 

4.909 

3.716 

4 

0.29-t 

0.110 

0.068 

16 

2 

2.300 

5.412 

4.156 

4 

0.400 

0.196 

0.126 

13 

2 

2.425 

5.940 

4.619 

4 

0.607 

0.307 

0.202 

11 

2 

2.650 

6.492 

5.108 

4 

0.620 

0.442 

0.302 

10 

0.731 

0.601 

0.419 

9 

3 

2.629 

7.069 

5.428 

3 

H 

2.879 

8.296 

6.509 

3 
3i 

0.838 

0.785 

0.551 

8 

^i 

3.100 

9.621 

7.549 

Ij 

0.939 

0.994 

0.693 

7 

3| 

3.317  11.045 

8.641 

3 

1 

1.064 

1.227 

0.890 

7 

1.158 

1.485 

1.054 

6 

4 

3.567  12.566 

9.993 

3 

1.283 

1.767 

1.294 

6 

4 

3.798iU.186 

11.330 

2 

1.389 

2.074 

1.516 

5J 

4 

4,028 

15.904 

12.741 

2 
2 

1.490 

2.405 

1.744 

5 

4 

4.255 

17.721 

14.221 

1.615 

2.761 

2.049 

5 

5 

4.480 

19.635 

15.768 

2 

2 

1.711 

3.142 

2.300 

4i 

5i 

4.730 

21.648 

17.574 

2 

21 

1.836 

3.547 

2.649 

4J 

l\ 

4.953 

23.758 

19.268 

2 

2i 
2 

1.961 

3.976 

3.021 

4i 

5.  20.1 

25.967 

21.262 

2 

2.086 

4.430 

3.419 

41 

6 

5.423 

28.274 

23.09.'; 

2 
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STANDARDIZATION  RULES  OF  THE  AMERICAK 
INSTITUTE  OF  ELECTRICAL  ENGINEERS 


DEFINITIONS 


NoTS. — The  followiiM  definitions  are  intended  to  be  prsetiolly  deao^ 
tive»  rather  than  soientincally  rigid. 

CUKaiHT,  K.H.r.  and  POWIB 

(The  defioitioDi  of  ourrenta  given  below  ai>ply  also,  in  most  euea,  to  dee- 
tromotive  force,  potential  difference,  magnetic  flux,  etc.) 

1,  Direct  ourrent.  A  unidirectional  current,  Aa  ordinarily  used,  the 
term  designates  a  practically  non-pulsating  current. 

t.  PuUattnx  onrrent.  A  current  which  pulsates  regularly  in  magnitttde. 
As  ordiaatily  employed,  the  term  refers  to  nnidireotioniil  ourrent. 

S.  Oonttnuoui  currant.     A  praotioally  non-pulsating  direct  current. 

4.  Altamatlnx  euirant.  A  current  which  alternates  regularly  in  direc- 
tion. Unless  distinctly  otherwise  specified,  the  term  "  alternating  current" 
refers  to  a  periodic  current  with  succeseiTe  half  waves  of  the  same  shape  and 
area. 

I,  OfolUatlnx  current.  A  periodie  ourrent  whose  frequency  is  deter- 
mined by  the  constants  of  the  circuit  or  circuits. 

(.  Cycle.     One  complete  set  of  positive  and  negative  values  of  an  wiUt- 
Dating  ourrent. 
T.  Bsctrioal  degree.     The  360th  part  of  a  eyde. 

5.  Period.     The  time  required  for  the  current  to  pass  through  1  eyde. 
(.  Fraqneney.    The  number  of  cycles  or  periods  per  second.    The  prod- 
uct of  2t  by  the  frequency  is  called  the  angular  vtlocUu  of  the  current. 

to.  Boot-maaa-square  or  eBaotlTe  value.  The  square  root  of  the  meu 
of  the  squares  of  the  instantaneous  valute  for  one  complete  cycle.  It  is 
\isuslly  abbreviated  r.m.s.  TInlese  otberwiae-speoified,  the  numerii^  vale* 
of  an  alternating  current  refers  to  its  r.m.s.  value.  Ther.m.s.  value  of  sinu- 
soidal wave  is  e<^ual  to  its  maximum,  or  crest  value,  divided  by  \/3.  The 
word  "virtual"  is  sometimes  used  in  place  of  r.mj.,  particularly  ia  Great 
Britain. 

It.  W»Te  form  or  wave  shape.  The  shape  of  the  curve  obtained  when 
the  instantaneous  values  of  an  alternating  ourrent  ve  plotted  against  time  in 
rectangular  coordinates.  The  distance  along  the  time  axis  corresponding  to 
one  complete  cycle  of  values  is  taken  as  2t  radians,  or  360  deg.  Two 
alternating  quantities  are  said  to  have  the  same  wave  form  when  their 
ordinates  of  corresponding  phase  (see  Par.  IS)  bear  a  constant  ratio  to  each 
other.  The  wave  shape,  as  thus  understood,  is  therefore  independent  of 
the  frequency  of  the  current  and  of  the  scale  to  which  the  curve  is  represented. 

It.  Stmpl«  alternating  or  linusoidai  current.  One  whose  wave-shape 
is  sinusoidal. 

Alternating-current  calculations  are  commonly  based  upon  the  assumption 
of  sinusoidal  currents  and  voltages. 

II.  Phase.  The  distance,  usually  in  angular  measure,  of  the  base  of  any 
ordinate  of  an  alternating  wave  from  any  chosen  point  on  the  time  axis,  is 
called  the  phase  of  this  ordinate  with  respect  to  this  point.  In  the  case  of  a 
sinusoidal  alternating  quantity,  the  phase  at  any  instant  may  be  represented 
by  the  corresponding  position  of  a  line  or  vector  revolving  about  a  point  with 
such  an  angular  velocity  ^(u  >■  2r/),  that  its  projection  at  each  instant  upon  a 
convenient  reference  line  is  proportional  to  the  value  of  the  quantity  at  that 
instant. 
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14.  Hon-iintuold«l  quantitiai.  Qiuntities  that  eannot  be  repreMotad 
by  vectors  of  coostaQtlepgthin  &  plane.  Thef  oUowin^  definitiona  of  phaaa, 
active  compooent,  reactive  component,  etc.,  are  not  in  general  applicable 
thereto.  Certain  "equivalent"  values,  aa  defined  below,  may,  however,  bo 
used  in  many  instances,  for  the  purpose  of  approximate  representation  and 
calculation. 

15.  Creit-faetor  or  peak-faetor.  The  ratio  of  the  crest  or  maximum 
value  to  the  r.m.s.  value.     The  crest  factor  of  a  sine- wave  is  V^ 

If.  Torm  factor.  The  ratio  of  the  r.m.8.  to  the  algebraic  mean  ordinate 
taken  over  a  half-eycle  be^nning  with  the  aero  value.  If  the  wave  passes 
through  aero  more  than  twice  during  a  single  cycle,  that  lero  shall  be  taken 
which  gives  the  largest  alfebrsio  mean  for  the  aucoeediog  half-cycle.  The 
form  factor  of  a  sine  wave  is  1.11. 

IT.  Tha  dUtortlon  faet«ir  of  a  wwra.  The  ratio  of  the  r.m.s.  value  of 
the  first  derivative  of  the  wave  with  respect  to  time,  tother.m.s.  value  of  the 
first  derivative  of  the  equivalent  sine- wave. 

18.  SqolTalant  lina-waTs.  A  sine-wave  which  has  the  same  frequency 
and  the  same  r.m.s.  value  as  the  actual  wave. 

19,  Fhaia  dlfleranea:  lead  and  l*f.  When  oorreaponding  eyelio 
▼aluea  of  two  sinusoidal  alternating  quantities  of  the  same  frequency  occur  at 
different  instants,  the  two  quantities  are  said  to  differ  in  phase  by  the  angle 
between  their  nearest  corresponding  values,  e.g.,  the  phase  angle  between 
their  nearest  corresponding  values;  e.g.,  the  phase  angle  between  their  near- 
ast  ascending  seros  or  between  their  nearest  poeitive  maxima.  That  quan- 
tity whose  maximum  value  occurs  first  in  time  is  said  to  lead  the  other,  and 
the  latter  is  said  to  lag  behind  the  former. 

•SO.  Countar-cloekwlsa  oonrentloii.  It  is  recommended 
that  in^any  vector  diagram,  the  leading  vector  be  drawn  counter- 
'  clockwise  with  respect  to  the  lagging  vector, f  as  in  the  accom- 
panying diagram,  where  01  represents  the  vector  of  a  current  in 
•  simple  alternating-current  circuit,  l^igiug  behind  the  vector  OE 
at  impressed  e.m.f. 

*91.  The  aetlTa  or  in-phM*  com^Mmant  of  the  current  in 
a  circuit  is  that  component  which  is  m  phase  with  the  voltage 
across  the  circuity  similarly  the  active  component  of  the  vol- 
tage across  a  circuit  is  that  component  which  is  in  phase  with  the 
currant.  The  use  of  the  term  ensrw  component  for  this  quantity 
is  disapproved. 

*  tt.  Baaetiva  or  ouadratura  eomponent  of  the  etirmtt  in  a  aireult. 
That  component  which  is  in  quadrature  with  the  voltage  across  the  circuit; 
similarly,  the  reactive  component  of  the  Vintage  across  the  circuit  is  that 
oomponent  which  is  in  quadrature  with  the  current.  The  use  of  the  term 
mamete  compontnl  for  this  quantity  is  disapproved. 

*SS.  KaaetlTa  factor.  The  sine  of  the  angular  phase  difference  between 
voltage  and  current;  i.e.,  the  ratio  of  the  reactive  current  or  voltage  to  the 
total  current  or  voltage. 

*M.  Kaaettve  Tolt-amitarea.  The  product  of  the  reactive  component  of 
the  voltage  by  the  total  current,  or  of  the  reactive  component  of  the  current 
by  the  total  voltage. 

*M.  Kon-inductlTa  load  and  induetlTa  load.  An<m-tn<fuc(«Mload  is  a 
load  in  which  ^the  current  is  in  phase  with  the  voltage  across  the  load.  An 
indwstiee  load  is  a  load  in  which  the  current  lags  behind  the  voltage  across  the 
load.  A  comfensiiie  or  anti-induetiw  load  is  one  in  which  the  current  leads 
the  voltage  across  the  load. 

M.  Fowar  In  an  Altamattnt-onrrant  circuit.  The  average  value  of 
the  products  of  the  coincident  instantaneous  values  of  the  current  and  voltage 
for  a  complete  cycle,  as  indicated  by  a  wattmeter. 

•Note. — Definitiona  19,  20,  21,  22,  23, 24,  25  refer  strictly  only  to  cases 
where  the  voltage  and  current  are  both  sinusoidal  (see  Par.  11  and  It). 

tSee  Publication  12  of  the  International  Eleetrotecbnieal  Commitrion 
(Raport  of  Turin  Meeting,  Sept.,  I9I1,  p.  78). 
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tr.  Volt-unparet  or  &imar«at  powsr.  The  produot  of  the  r.m.B.  vuue 
of  the  voltase  acroes  a  oirouft  bv  the  r.m.a.  value  oi  the  ourrent  in  the  dreuit. 
This  is  ordinarily  expressed  in  kilovoltramperes. 

t8.  Power-factor.  The  ratio  of  the  power  (cyclic  average  as  defined  io 
Par.  16)  to  the  volt-amperee.  In  the  case  (^  sinusoidal  current  and  voltage, 
the  power-factor  is  equal  to  the  cosine  of  their  difference  in  phase. 

t9.  Iqulvalent  phMe  diflarence.  When  the  current  and  e.m.f.  in  a 
given  circuit  are  non-sintiaoidal,  it  is  customary,  for  purposes  of  calculation, 
to  take  as  the  "equivalent"  phase  difference,  the  angle  whose  eosine  is  the 
I>ower*faotor  (see  Par.  tS)  of  the  circuit.  There  are  cases,  however,  where 
this  equivalent  phase  difference  is  misleading,  since  the  presence  of  harmonics 
in  the  voltaee  wave,  current  wave,  or  in  both,  may  reduce  the  xwwer-factor 
without  proaucing  a  corresponding  displacement  of  the  two  wave  forms  with 
respect  to  each  other;  e.g.,  the  case  of  an  a-o.  arc.  In  such  oases,  the  com- 
ponents of  the  equivalent  sine-waves,  the  equivsJent  reactive  factor  and  the 
equivalent  reactive  volt-amperes  may  have  no  ph^ical  aicnificanoe. 

50.  Single-phase.  A  term  characterising  a  circuit  energised  by  a  rini^ 
alternating  e.m.f.  Such  a  circuit  is  usually  supplied  through  two  wires. 
The  currents  in  these  two  wires,  counted  positively  outward  from  the 
source,  differ  in  phase  by  180  deg.  or  a  haU-cycle. 

51.  Three-phSM.  A  term  oharacterisin^  the  combination  (rf  three  circuits 
energised  by  alternating  e.m.fs.  which  differ  in  phase  by  one-third  of  a  eyole, 
i.e.,  120  deg. 

SI.  Quarter-phase,  alto  called  two-phaae.  A  term  characterising  the 
combination  of  two  circuits  energised  by  alternating  e.m.fs.  which  differ  in 
phase  by  a  qu&rter  of  a  cycle;  i.e.,  90  deg. 

8S.  8iz-phaae.  A  term  characterising  the  combination  of  six  circuits 
energised  by  alternating  e.m.fs.  which  differ  in  phase  by  one-sixth  of  a  cycle; 
i.e.,  60  deg. 

54.  PolsrphaM.  A  general  term  applied  to  any  system  of  more  than  a 
single  phase.     This  term  ordinarily  applied  to  symmetrical  systems. 

SO.  Per  cent.  drop.  In  electrical  machinery,  the  ratio  of  the  Intanal 
retlttance  drop  to  the  terminal  v<dtage,  expressed  in  per  cent.,  is  called  the 
*'per  cent,  reaiatance  drop." 

Bl .  Similarly  the  ratio  of  the  internal  reactance  drop  to  the  terminal 
voltage,  expressed  in  per  cent.,  is  called  the  "  per  cerU.  reactance  drop." 

55.  Similarly  the  ratio  of  the  internal  impedance  drop  to  the  terminal 
voltage,  expressed  in  per  cent.,  is  called  the  "per  cent,  impedance  drop." 

Unless  otherwise  specified,  these  per  cent,  drops  shall  De  referred  to  rated 
load  and  rated  power-factor. 

53.  In  the  case  of  tranaformen,  the  per  cent,  drop  will  be  the  sura  of 
the  primary  drop  (reduced  to  secondary  turns)  and  the  secondary  drop,  in  per 
cent,  of  secondly  terminal  voltage. 

54.  In  the  case  of  induction  niot<nv,  it  is  advantageous  to  express  the 
drops  in  per  cent,  of  the  internally  induccNd  e.m.f. 

0S.  The  load  factor  of  a  machine,  plant  or  lyitem.  The  ratio  of  the 
average  power  to  the  maximum  power  during  a  certain  period  of  time.  The 
average  power  is  taken  over  a  certain  period  oftime,  such  as  a  day,  a  month,  or 
a  year,  and  the  maximum  is  taken  aa  the  average  over  a  short  intcarval  <k  the 
maximum  load  within  that  period. 

In  each  case,  the  interval  of  maximum  load  and  the  period  over  whieh  the 
average  is  takeirshould  be  definitely  specified,  such  as  a  "half-hour  monthly*' 
load  factor.  The  proper  interval  and  period  are  usually  dependent  upoD 
local  conditions  and  upon  the  purpose  for  which  the  load  factor  is  to  be  used. 

SA.  Plant  factor.  The  ratio  of  the  average  load  to  the  rated  capacity  of 
the  power  plant,  i.e.,  to  the  aggregate  ratings  of  the  generators. 

ST.  The  demand  of  an  Installation  or  system  is  the  load  which  is 
drawn  from  the  source  of  supply  at  the  receiving  terminals  averaged  over  s 
suitable  and  specified  interval  of  time.  Demand  is  expressed  in  Idlowatts, 
kilovolt-amperes,  amperes,  or  other  suitable  units. 

S8.  The  maximum  demand  of  an  installattoa  or  system  is  the  great* 
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est  of  all  the  demAnda  which  have  occurred  during  a  given  period.  It  is 
determined  hy  measurement,  according  to  specifications,  over  a  prescribed 
time  interval. 

99.  Demand  faotor.  The  ratio  of  the  maximum  demand  of  any  system 
or  part  of  a  ssrstem,  to  the  total  connected  load  of  the  system,  or  of  the  part 
of  system,  under  consideration. 

90.  DiTsnttjr  factor.  The  ratio  of  the  sum  of  the  maximum  power 
demands  of  the  subdivisions  of  any  system  or  parts  of  a  system  to  the  maxi- 
mum demand  of  the  whole  system  or  of  the  part  of  the  system  under  con- 
sideration, measured  at  the  point  of  supply. 

91.  Oonneoted  toad.  The  combined  continuous  rating  of  all  the  receiv- 
ing apparatus  on  consumers'  premises,  connected  to  the  system  or  part  of  the 
system  under  consideration. 

91.  The  saturation  factor  of  a  maohlne.  The  ratio  of  a  small  pei^ 
centage  increase  in  field  excitation  to  the  corresponding  percentage  increase  in 
voltage  thereby  produced.  Unless  otherwise  specified,  the  saturation  factor 
of  a  machine  refers  to  the  no-load  excitation  required  at  normal  rated  speed 
and  voltage.  It  is  determined  from  measurements  of  saturation  made  on 
open  circuit  at  rated  speed. 

9t.  The  liereentace  saturation  of  a  machine  at  any  excitation  may  be 
found  from  its  saturation  curve  of  generated  voltage  as  ordinates,  against 
excitation  as  abscissas,  by  drawini^  a  tangent  to  the  curve  at  the  ordinate  cor- 
responding to  the  assigned  excitation,  and  extending  the  tangent  to  intercept 
the  axis  of  wdinatee  drawn  through  the  orifin.  The  ratio  of  the  intercept  on 
this  axu  to  the  ordinate  at  the  assigned  excitation,  whenexpressedin  percent- 
age, is  the  percentage  of  saturation  and  is  independent  of  the  scales  selected 
for  excitation  and  voltage.  This  ratio,  as  a  fraction,  is  eoualto  the  reciprocal 
of  the  saturation  factor  at  the  same  excitation,  deducted  from  unity;  or,  if/ 
be  the  saturation  factor  and  p  the  percentage  of  saturation. 
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M.  Magnetic  dflgr««.  The  360th  part  of  the  angle  subtended,  at  the 
axis  of  a  znaohine,  by  a  pair  of  ita  field  poles.  One  mecluualoAl  deiree  is 
thus  equal  to  as  many  maKuetic  degrees  as  there  are  pairs  of  poles  in  the 
maohina. 

M.  The  Tariatlon  In  prima  mOTen  whioh  do  not  give  an  absolutely 
uniform  rate  of  rotation  or  speed*  as  in  reciprocating  steam  engines,  is  the 
maximum  angular  displacement  in  position  of  the  revolving  member 
expressed  in  degrees,  from  the  position  it  would  occupy  with  uniform  rota- 
tion* and  with  one  revolution  taken  as  360  deg. 

M.  Tha  Tariation  In  altematon  or  alternatin^^urrent  circuits  in  gen- 
eral, i«  the  maximum  angular  dispUoement,  expressed  in  electrical  degrees 
(1  cyele«360  deg.)  of  corresponding  ordinates  of  the  voltage  wave  and  of 
a  wave  of  absolutely  constant  frequency  eaual  to  the  average  frequency  of  the 
alteroatcn-  xa  oirouit  in  question,  and  may  be  due  to  the  vanation  of  the  |»ime 
mover. 

•7.  Kelationc  of  variationa  in  prima  mover  and  alternator.  If  p 
is  the  number  of  pairs  of  poles,  the  variation  of  an  alternator  is  p  times  the 
variation  of  its  prime  mover,  if  direct  connected,  and  pn  times  the  variation 
of  the  prime  mover  if  rigidly  connected  thereto  in  such  a  manner  that  the 
angular  speed  of  the  alternator  is  n  times  that  of  the  prime  mover. 

M.  Tha  pulsation  in  prima  movers,  or  In  the  alternator  connected 
tharatOe  ^  The  ratio  of  the  difference  between  the  maximum  and  minimum 
velocitiee  in  an  engine-cycle  to  the  average  velocity. 

80.  Capacity.  The  two  different  senses  in  which  this  word  is  used 
sometimes  lead  to  ambiguity.  It  is  therefore  recommended  that  whenever 
such  ambigiiity  is  likely  to  arise,  the  descriptive  term  pow«r  cavacity  or  cur- 
rent capacity  be  used,'  when  referring  to  the  power  or  current  which  a  device 
can  saiely  cany,  and  that  the  term  CapocitoncA**  be  used  when  referring  to 
the  electrostatic  caf>acity  of  a  device. 

81.  Keaistor.  A  device,  heretofore  commonly  known  as  a  resistance, 
used  for  the  operation,  protection,  or  control  of  a  circuit  or  circuits.  Bee 
Par.  740. 
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St.  Btaetor.  A  eoil,  windins  or  conductor, beretofor«  eommonly  knom 
u  a  reactance  coil  or  choke  coil,  poeeeeaing  inductance,  the  reactance  of  which 
ia  tupd  fur  the  operation,  protection  or  control  of  a  circuit  or  cireuits.  See 
alao  Par.  114  and  TSt. 

SS.  ■ffleionoy.  The  efficiency  of  an  electrical  machine  or  apparatus  is 
the  ratio  of  ita  useful  output  to  ita  total  input. 


M.  Table  1. — BymboU  and  Abbravlatloiui 


Name  of  quantity 

Symbol 

for  the 

quantity 

Unit 

Abbreviation 
for  the  unit 

Electromotive  force,  abbre- 

£,  e 

V,  »  or  B.  • 

B,  «  or  V,  • 

/,  « 

T 

F 
B\Si 
H.X 

J 

f'B/H 
R.r 

\'. 

I 

» 

y 

totk 

a. 
c 

L 
M 

volt 

volt 

volt 

ampere 

1  coulomb  or  1 

\  amper«-hour/ 

watt 

Potential  difference,  abbre- 

Voltage 

Quantity  of  electridty 

Power 

Electrostatic  flux  density... 
Electrostatic  field  intensity 

maxwell* 
gauss* 
gilbert  per 
centimeter 
or  gauast 

gilbert* 

Magnetio  flux  density 

Magnetic  field  intensity. . . 

Magnetomotive  force,  ab- 
breviated m.m.f 

Intensity  of  magnetisation. 

Susceptibility 

Permeability 

gUbertper 
em. 

::::::::::::! ::■::::::  :i 

tUsistanoe 

ohm 
ohm 
ohm 
mho 
mlio 
mho 
tohm-centi- 
meter 
tmho  per  cen- 
timeter 

Reactanoe 

Conductance 

ReiistiTity 

ohm^-om* 
mho  per 

Dieleetric  constant 

Capacitance    (electrostatic 

farad 
henry 

henry 

• 

Inductance    (or    coeffi- 

Mutual   inductance  (or 
coefficient    of   mutual 
induction) . 

*  An  additional  unit  for  m.m.f.  is  the  "ampere-turn,**  for  fiux  the  "line,** 
for  magnetic  flux  density  "  maxwells  per  sq.  in.** 

t  The  gauaa  is  pronsionally  accepted  for  the  present  as  the  name  of  both 
the  unit  of  field  intensity  and  flux  density,  on  the  assumption  that  permeaUI- 
ity  is  a  simple  numeric.  , 

t  NoTK. — The  numerical  values  of  those  quantities  are  ohm»  rcsuteaceand 
mhoa  conductance  between  two  oppoeite  faces  of  a  cm.  cube  of  the  material  in 
question,  but  the  correct  names  are  as  given,  not  ohms  and  mhos  per  em. 
cube,  as  eommonly  stated. 
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TkU*  1. — Symboli  and  Abbr*Tl»tiona.— Confe'niMd 


Name  of  quantity 


Symbol 

for  the 

quantity 


Unit 


Abbreviation 
for  the  unit 


Phaae  diflplaoement. 
FrsQuency 

Ancular  velooity 


f 


Velocity  of  rotation 

Number  of  conduetors  or 
ttima 


Temperature 

Energy  in  general. 
Mechanical  worlc. . 


K£Beiency. 

Length 

Maaa 

Time 


N 

T,t, 
Vot 
W  or 


Aeoeleration  due  to  gravity 

Standard  aeoeleration  due 
to  gravity  (at  about  45 
defc.  latitude  and  sea  level) 
equal*  9S0.665* 


degree  or  radian 
cycle  per  second 
r    radiana  per 
I        aeoond 
revolutions 
per  second 
convolutions 
or  turns  of 
wire 
degree  centi- 
grade 
joule,  watt- 
hour 
joule,  watt- 
hour 
per  cent, 
centimeter 
gram 
second 
centimeter 
per  second 
per  second 

centimeter 
per  second 
per  second 


rev.  per 
sec. 


•C 


cm. 

g. 

sec. 

cm. 
per  sec. 
per  sec. 

cm.  per 

see. 
per  sec. 


91.  Smi  Jot  and  Pm  should  be  used  for  maximum  cyclic  values,  e,  i  and 
p  for  inBtantaneoufl  values,  E  and  /  for  r.m.s.  values  (see  Far.  tO)  andP  for 
the  average  value  of  the  power,  or  the  active  power.  These  distinctions  are 
not  neeeasary  in  dealing  with  continuous-current  circuits.  In  print,  vector 
quantities  should  be  represented  by  bold-face  capitals. 

CLASSIFICATION  OF  MACHINERY 

lOOe  The  mAohinery  under  oonBideration  in  these  rules  may  be  claMified 
in  Tarious  wavs,  these  various  classifications  overlapping  or  interlocldnc  in 
oonsidenbble  dei^ree.  Briefly,  they  are  direct-ourrent  or  alternating-current, 
rotating  or  stationary.  Under  rotating  apparatus  there  are  two  principal 
daaaifications:  First,  according  to  the  function  of  the  machines;  motors, 
senerators,  booeters,  motor-generators,  dynamotors,  double-current  genera- 
tors, converters  and  phase  aavancers;  Second^  according  to  the  type  of  con- 
sl^ruction  or  principle  of  operation;  commutating,  synchronous,  induction* 
unipolar,  recUfying.  Obviously,  some  of  these  machines  could  be  ration^y 
ineluded  in  either  olaasifioation,  e.g.,  motor-generators  and  rectif}ring  ma- 
chisea. 

In  the  following,  self-evident  definitions  have,  for  the  most  part,  been 
omitted. 

ROTATING  MACHINES 
yUHOTlOKAL  CLASSmCATIOH  OF  KOTATIHa  BIACHnntB 

101.  ONinerator.  A  machine  which  transforms  mechanical  power  into 
electrioal  power, 

IM.  Motor.  A  machine  which  transforms  electrical  power  into  mechan- 
ical  power. 

*  Tliis  has  been  the  accepted  standard  value  tor  many  years  and  was  for- 
merly considered  to  correspond  accurately  to4Sdeg.latitude  and  sea  level. 
Later  researches,  however,  have  shown  that  the  most  reliable  value  for  4fi  deg. 
and  sea-level  i*  slightly  different;  but  this  does  not  affect  the  standard  value 
given  above. 
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lOS.  Booitar.  A  generator  inserted  in  aeriee  in  a  dreuit  to  chance  its 
voltage.  It  may  be  driven  by  an  electric  motor  (in  which  case  it  is  termed  « 
motor-booeter)  or  otherwise. 

104.  Motor-renerator  let.  A  transforming  device  oonsistixig  of  a  motor 
mechanically  coupled  to  one  or  more  generators. 

105.  Dynamotor.  A  transforming  device  combining  both  motor  and 
generator  action  in  one  magnetic  field,  either  with  tw6  armatttres,  or  with  one 
armature  having  two  separate  windings  and  independent  oommutaton. 

106.  A  direct-current  oompenaator  or  balanoar  comprises  two  or  more 
similar  direct-current  machines  (usually  with  shunt  or  compound  excitation) 
directly  coupled  to  each  other  and  connected  in  series  zeroes  the  oater  eon- 
duRtors  of  a  multiple-wire  system  of  distribution,  for  the  purpose  of  main- 
taining the  potentials  of  the  intermediate  wiree  of  the  system,  which  are 
connected  to  the  Junction  points  between  the  machine. 

107.  A  double-current  ranarator  supplies  both  direct  and  alternating 
currents  from  the  same  armature-winding. 

108.  A  oonTarter  is  a  machine  employing  mechanical  rotation  in  changing 
electrical  energy  from  one  form  into  anMher.  There  are  several  types  « 
converters  as  follow: 

lot.  A  direct- current  oonrerter  converts  from  a  direct  current  to  a 
direct  current,  uaually  with  a  change  of  voltage.  Such  a  machine  may  be 
either  a  motor-generator  set  or  a  dynamotor. 

110.  A  tsmohronoui  converter  (sometimes  called  a  rotary  converter) 
converts  from  an  alternating  to  a  direct  current,  or  vice  versa.  It  is  a  syn- 
chronous machine  with  a  single  cloeed-coil  armature  winding,  a  oommntator 
and  slip  rings. 

111.  A  cascade  converter,  also  called  a  motor  conTCrtar,  is  a  eombins- 
tion  of  an  induction  motor  with  a  synchronous  converter,  the  secondaiy 
circuit  of  the  former  feeding  directly  into  the  armature  of  the  latter;  «.e.,  itis 
a  synchronous  converter  concatenated  with  an  induction  motor. 

lis.  A  frequency  converter  converts  the  power  of  an  altematins-«uRent 
system  from  one  frequency  to  another,  with  or  without  a  change  in  the  num- 
ber of  phases,  or  in  the  voltage. 

lis.  A  rotary  phaae-oonvwter  converts  from  an  alternating-current 
system  of  one  or  more  phases  to  an  alternating-current  ssrstem  of  a  different 
number  of  phas^,  but  of  the  same  frequency. 

114.  A  phase  advanoM*  is  a  machine  which  supplies  reactive  volt-amperes 
to  the  system  to  which  it  is  connected.  Phase  advanoers  may  be  cather 
synchronous  or  asynchronous. 

lis.  A  synohronouB  condenser  or  •ynohronons  phase  advanesr  is  a 

synchronous  machine,  running  either  idle  or  with  load,  the  field  excitation 
of  which  may  be  varied  so  as  to  modify  the  power-factor  of  the  system,  or 
through  such  modification  to  influence  the  load  voltage.  The  functi<m  of  a 
synchronous  condenser  is  to  supply  reactive  volt-amperes  to  the  system  with 
which  it  is  connected. 


CONSTRUCTIONAL  OLASSmOATXOH  OF  BOTATHIO  KAOX 

150.  Commutatlnff  machines.  Direct-current  oommntatlnff  m»- 
idklnel  comprise  a  magnetic  field  of  constant  polarity,  an  armature,  and  a 
commutator  connected  therewith.  Theseinclude :  direct-current  generators; 
direct-current  motors ;  d^ectr-current  boosters;  direct-current  motor-generator 
sets  and  dynamotora;  direct-current  compensators  or  bal&noers;  and  axo 
machines. 

151.  Alternating- current  oommntatinff  machines*  eomprise  a  mag- 
netic field  of  alternating  polarity,  an  armature,  and  commutator  connected 
therewith. 

ISl.  Synchronous  conunutatinir  machines  include  synchronous  con- 
verters, cascade-converters,  and  double-current  generators. 

ISS.  Synchronous  machines  comprise  a  constant  magnetic  fidid  and  an 
armature  receiving  or  delivering  aJtemating-curreuta  in  synchronism  with  the 

*  A  suggested  classification  of  alternating  current  commutator  motors  is 
given  in  the  July,  1016  Pro€eeding$  of  the  A.  I.  £.  E. 
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motiOB  of  the  machine;  i.t.,  having  s  frequency  strictly  proi>ortional  to  the 
■peed  of  the  machine.     They  may  be  subdivided  as  follow: 

M4.  An  altomator  is  a  synchronous  alternating-current  generator,  either 
■ingle-phaie  or  ixdyphase. 

KS.  A  polyphaae  altwnator  is  a  polyphase  synchronous  alternating- 
current  generator,  as  distinguished  from  a  ilngla-phaM  alternator. 

lU.  An  Inductor  altamator  li  an  altamator  in  which  both  field  and 
armature  windings  are  stationarv,  and  in  which  massee  of  iron  or  inductors, 
b^  moving  pest  the  coils,  alter  the  magnetic  flux  through  them.  It  may  be 
ather  aingle-phase  or  poljrphase. 

UT.  A  iTSehronoiu  motor  is  a  machine  structurally  identieal  with  an 
alternator,  out  operated  as  a  motor. 

Its.  Induotlon  maehlnM  include  apparatus  wherein  primary  and 
secondary  windings  rotate  with  respect  to  each  other;  i.e.,  induction  motors, 
induction  generators,  certain  types  of  frequency  convertem  and  certain 
type*  of  rotary  phase-converters. 

1S9*  An  Induction  motor  is  an  alternating-current  motor,  either  single- 
phase  or  polyphase,  comprising  independent  primary  and  secondary  wind- 
ings, one  of  which,  usually  the  seconaary,  is  on  the  rotating  member.  The 
secondary  winding  receives  power  from  the  primary  by  deetromagnetic 
induction. 

IM.  An  Induction  generator  is  a  machine  structurally  identical  with  an 
induction  motor,  but  driven  above  synchronous  speed  as  an  alternating-cur- 
rent generator. 

141.  Unipolar  at  aoyolio  machines  are  direct-current  machines,  in  which 
tile  voltage  generated  in  the  active  conductors  maintains  the  same  direction 
with  respect  to  those  conductors. 

8PEID  OLABSmOATIOH  OF  MOTORS 
IM.  Motors  may,  for  convenience,  be  classified  with  reference  to  their 
speed  characteristics  as  follows: 

lU,  Gonitant-spaed  motors,  whose  speed  is  either  constant  or  does  not 
materially  vary;  such  as  synchronous  motors,  induction  motors  with  small 
dip,  and  ordinary  direct-current  shunt  motors. 

in.  Multlapeed  motors  (two-speed,  three-speed,  etc.),  which  can  be 
operated  at  any  one  of  several  distinct  speeds,  tbetio  speeds  being  practically 
independent  of  the  load,  such  as  motors  with  two  armature  windings,  or 
induction  motors  in  which  the  number  of  poles  is  changed  by  external 


lU.  Adjoatabla-speed  motors,  in  which  the  speed  can  be  varied  gradu- 
ally over  a  considerable  range,  but  when  once  adjusted  remains  practically 
unaffected  by  the  load,  such  as  shunt  motors  designed  for  a  considerable 
range  of  speed  variation. 

IM.  Varylnc-apeed  motors,  or  motors  in  which  the  speed  varies  with  the 
load,  ordinarily  decreasing  when  the  load  increases;  such  as  series  motors, 
compound-wound  motors,  and  seriee-shunt  motors.  As  a  subclass  of  vary- 
ing-qieed  motors,  may  be  dted,  adjustable  TarylnK-speed  motors,  or 
motors  in  which  the  speed  can  be  varied  over  a  condderable  range  at  any 
given  load,  but  when  once  adjusted,  varies  with  the  load;  such  ss  compound- 
wound  motors  arranged  for  adjustment  of  speed  by  varying  the  strength  of 
the  shoot  fidd. 

OI.AS8mCATIOir  or  SOTATIITO  BCAOBimS  EXLATrra 
TO  THS  DKOKEX  OF  mCLOSinU  OB  FBOTKCTION 

IM.  The  fdlowing  types  are  recognised: 

Open  Self-ventilated 

Protected  Drip-proof 

Senu-encloeed  Moisture-resisting 

Endoeed  Submerdble 

Separatdy  ventilated  Explodon-proof 

Water-cooled  Explodon-proof  slip-ring  enclosure 

lU.  An  "open"  maohlns  is  of  either  the  pedestal-bearing  or  end-bracket 
type  where  there  is  no  restriction  to  ventilation,  other  than  that  neoesdtated 
Iv  good  mechanical  construction. 

in.  A  "protoetcd"  machine  is  one  in  which  the  armature,  fidd  eoUs, 
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and  other  live  parts  are  protected  meehaoieally  from  accidental  or  esrdeai 
contact,  while  free  ventilation  is  not  materially  obstructed. 

lU.  A  "uml-enolOMd"  maeUne  is  one  in  which  the  ventilstinc  open- 
ing in  the  frame  are  protected  with  wire  screen,  expanded  metal,  or  other 
suitable  perforated  covers,  havins  aperture*  not  exceeding  }  of  a  square  inch 
(3.2  sq.  cm.)  in  area. 

IM.  An  "enoloted"  machine  is  so  completely  enoloaed  by  intasial  or 
auxiliary  covers  as  to  prevent  a  circulation  of  air  between  the  inmoe  and 
outside  of  its  case,  but  not  suffidantly  to  be  termed  air-tisht. 

lU.  A  "ieparat«l7Tantll»ted"  machine  has  its  ventilating  air  supplied 
by  an  independent  fan  or  blower  external  to  the  machine. 

IM.  A  "watw-eooled"  maohln*  is  one  which  mainly  depends  on  water 
cireulation  for  the  removal  of  its  heat. 

1(7.  A  "Mlf-rantUated"  maehlna  differs  from  a  separately  ventilated 
machine  only  in  having  its  ventilating  ur  circulated  by  a  fan,  blower,  or 
centrifugal  device  integral  with  the  machine. 

^  If  the  heated  air  expelled  from  the  machine  is  conveyed  away  through  a 
pipe  attached  to  the  machine,  this  should  be  so  stated. 

IM.  A  "drip-proof"  maehlna  is  one  so  protected  as  to  exclude  falling 
moisture  or  dirt.  A  "drip  proof'*  machine  ma^  be  either  "open'*  or  "senii- 
endosed,"  if  it  is  provided^with  suitable  protection  integral  with  the  machine, 
or  so  endoeed  as  to  exclude  effectively  fuling  solid  or  liquid  material. 

in.  A  moUtura-railitlni;  machine  is  one  in  which  all  parts  are  treated 
with  moist  ure-resistixig  material.  Such  a  machine  shall  be  capable  of  operat- 
in{E  continuousljr  or  intermittently  in  a  very  humid  atmoapoere,  sneh  as  in 
mines,  evaporating  rooms,  etc. 

ITO,  A  "fubmcnlbla"  machine  Is  a  machine  capable  of  withstanding 
complete  submersion,  in  fresh  water  or  sea  water,  as  may  be  specified,  for 
4  hr.  without  injury. 

ITl.  An  "axplo^on-proof"  machine  is  a  machine  in  which  the  enclos- 
ing rose  can  withstand,  without  injury,  any  exploeion  of  gas  that  may  occur 
within  it,  and  will  not  transmit  the  flame  to  any  inflammable  gas  outside  it. 

ITS,  An  induction  motor  in  which  the  slip  rings  and  brushes  alone  are 
included  within  an  exploeion-proof  case  should  not  be  described  as  an 
exploeion-proof  machine,  but  as  a  machine  "with  ezploilon-proof  lUp- 
rlnc  •nclovure." 

STATIONARY  INDUCTION  APPARATCrS 

too.  stationary  Induction  apparatus  changes  electric  energy  to  dee- 
trie  energy,  through  the  medium  of  magnetic  energy,  without  mechanical 
motion.     It  comprises  several  forms,  distinguished  as  follows: 

tOl.  Tranaformeri,  in  which  the  primary  and  secondary  wisdinga  are 
ordinarily  insulated  one  from  another. 

lOS.  The  terms  "high-Toltaga"  and  "low-TOltac*"  are  used  to  distin- 
guish the  winding  having  the  greater  from  that  having  the  leaser  number  of 
turns.  The  terms  "primary"  and  "lacondary"  serve  to  distinguish  the 
windings  in  regard  to  energy  flow,  the  primary  b^ng  that  which  recciveB 
the  energy  from  the  supply  circuit,  and  the  secondary  that  which  I^ 
ceives  the  energy  by  induction  from  the  primary. 

sot.  The  rated  currant  of  a  conitant-i>otentiaI  traniformcr  is  that 
secondary  current  which,  miiltiplied  by  the  rated-load  secondary  vintage, 
gives  the  kv-a.  rated  output,  "rhat  is,  a  transformer  of  given  kv-a.  ratine 
must  be  capable  of  delivering  the  rated  output  at  rated  secondary  voltage, 
while  the  primary  impressed  voltage  is  increased  to  whatever  value  is  neees- 
sary  to  give  rated  secondary  voltage. 

"The  rated  primary  voltage  of  a  constant-potential  transformer  is  the 
rated  secondary  voltage  multiplied  by  the  turn  ratio. 

504.  The  ratio  of  a  transformer,  unlees  otherwise  specified,  shall  be  the 
ratio  of  the  number  of  turns  in  the  high-voltage  winding  to  that  in  the  low- 
voltage  winding;  t.p.,  the  "  turn-ratio. 

505.  The  Toltage  ratio  of  a  transformer  is  the  ratio  of  the  r.m.a.  primary 
terminal  voltage  to  the  r.m.s.  secondary  terminal  voltage,  under  speoified 
conditions  of  load. 


1836 

Digilized  by 


Google 


aTANDARDIZATION  RUtBS  SeC.  84-206 

SOC  The  "eurreat  ratio"  of  a  ouirent-tnuisfonQer  is  the  ratio  of  r.m.a. 
primaxy  current  to  r.m.a.  aeeondary  current,  under  specified  conditions  of 

SOT.  The  "marked  ratio"  of  an  inttrument  transformer  is  the  ratio  which 
the  apparatus  is  designed  to  give  under  average  conditions  of  use.  When  a 
precise  ratio  is  required,  it  is  necessary  to  specify  the  voltage,  frequency,  load 
and  power-factor  of  the  load. 

SOS.  Volt-ampere  ratio  of  tranatormera.  The  volt-ampere  ratio, 
which  should  not  be  confused  with  real  efficiency,  is  the  ratio  of  the  volt- 
ampere  output  to  the  Tolt-ampere  input  of  a  transformer,  at  any  given  power- 
faotor. 

SOS.  Aato-trangformat*  hav«  a  part  of  their  turns  common  to  both  pri- 
ntary  and  secondary  circuits. 

_  SIO.  Toltace  ranilatora  have  turns  in  shunt  and  turns  in  series  with  the 
circuit,  so  arrangea  that  the  voltage  ratio  of  the  transformation  or  the  phase 
relation  between  the  circuit-voltages  is  variable  at  will.  They  are  of  the 
following  three  classes: 

Sll.  Contact  Toltaf  e  retrulators,  in  which  the  number  of  turns  in  one  or 
both  of  the  coils  is  adjustable. 

SIS.  Indnetion  Toltaca  regulators,  in  which  the  relative  positions  of  the 
primary  and  secondary  coils  are  adjustable. 

SU.  Magneto  TOltage  rerulatora,  in  which  the  direction  of  the  mag- 
netic flux  with  respect  to  the  coils  is  adjustable. 

S14.  Keactora,  heretofore  commonly  called  reactanee-colls,  also  called 
Ohoko  eolls ;  a  form  of  stationary  induction  apparatus  used  to  supply  react- 
anoe  or  to  produce  phase  displacement.     See  also  Far.  >S  and  TtS. 

METERS  AND  INSTRUMENTS 

SSS.  Although  the  terms  Inatrumeata  and  meters  are  frequently  used 
synonymously  in  referring  to  electrical  measurinfc  devices,  the  meter  depart- 
ments of  manufacturing  and  operating  compames  commonly  use  the  word 
"  meters*'  in  the  collective  sense  to  designate  only  those  devices  which  register 
the  total  energy  or  quantity  of  electricity^  consumed  in  or  supplied  to  a  cir- 
euit,  and  reserve  the  term  "instruments,"  in  the  collective  sense,  for  all  other 
electrical  measuring  or  indicating  devices. 

SSS.  In  general,  the  names  of  meters  and  instruments  are  self-defining, 
particularly  when  considered  in  connection  with  existing  definitions.  The 
allowing  terms  are  preferred  to  other  terms  sometimes  used  for  the  same 
devices:  BsaetlTs-faetor  meter,  pow«r-f actor  meter,  watt-hour  mster^ 
etc. 

SST.  Orest  Toltmetar.  A  voltmeter  depending  for  its  indications  upon 
the  crest,  that  is  the  maximum  value  of  the  voltage  of  the  system  to  which 
it  is  connected.  The  instruments  are  so  calibrated  that  they  indicate  the' 
r.  m.  s.  value  of  the  sinusoidal  voltage  having  the  same  crest  value. 

558.  Synchronoacope  (also  called  a  synchroscope  or  synchronism  indi- 
eator).  A  device  which  in  addition  to  indicating  synchronism  between  two 
machines,  shows  whether  the  speed  of  the  incoming  machine  is  fast  or  slow. 

559.  BoactiTS  Tolt- ammeter  (also  called  a  reactive-volt-ampere  indi- 
cator^. An  instrument  which  indicates  the  reactive  volt-amperes  of  the 
ciremt  to  which  it  is  connected. 

550.  Una  drop  voltmeter  compensator.  A  device  used  in  connection 
with  a  voltmeter  which  causes  it  to  indicate  the  voltage  at  some  distant 
point  of  the  circuit. 

551.  Bscordlng  ammeters,  voltmeters,  wattmeters,  ete.,  are  instru- 
ments which  record  graphically  upon  time-charts  the  values  of  the  quantities 
they  measure. 

SSS.  A  demand  meter  is  a  device  which  indicates  or  records  the  demand 
or  maximum  demand  (see  Par.  ST  and  iS).  In  practice  two  types  are 
recognised; 

SSS.  An  Integrated-demand  meter  is  one  which  indicates  or  records 
the  maximum  demand  obtained  through  integration. 

SM.  A  laccod-demand  meter  is  one  in  which  the  indication  of  maxi- 
mum demaoa  is  subject  to  a  characteristic  time  lag. 
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tM.  Brron  of  IndlesUntr  Initrumenta.  In  speoifyinc  the  aaeaxaty  of 
an  indicating  instrument,  the  error  at  any  point  on  tne  Male  Ukall  be  expreM«i 
aa  a  porcentace  ol  the  full  scale  reading. 

9S(.  Torque  of  meters  and  instruments  shall  be  expressed  in  millimeter- 
grams. 

STANDARDS  FOR  ELECTRICAL  MACHHIERY 

tiO.  The  exjfretMioru  '*  maehintrtf**  and  *' m€Khine»"  are  Here  mtployvd  in 
o  gerural  aen«e,  in  order  to  obviaU  the  eoneUaU  repetition  of  the  worde  '^wiadiin' 
ery  or  induction  apparatus" 

ISl,  AH  temperatxaree  are  to  be  understood  a$  oeniiffrade. 

Sn.  The  expression  "capacity"  is  to  he  understood  aa  indicating  "eapa* 
hUityt"  except  xohere  speeifioiuly  ^udifled  a«,  for  instance,  in  the  case  of  ailueions 
to  ^drostatic  capacity,  i.e.,  capacitance, 

t6S.  Wherever  special  rules  are  given  for  any  particular  iype  of  mocAtncrir 
or  apvaratus  {such  as  svntches,  railway  nu^ors,  railway  substation  machinery, 
etc)  these  special  rules  shall  be  followed,  notwithstanding  any  apparent  eon- 
fUet  with  the  provisions  of  the  more  general  sections.  In  the  ciosence  of  special 
rules  on  any  particular  point,  the  genertU  ruie«  on  this  point  shall  be  followed. 

S60,  Objects  of  standardlsaUon.  To^nsure  satisfactory  results,  eleetri- 
oal  machinery  should  be  specified  to  conform  totheinstitute  standardisaticm 
rules,  in  order  that  it  shall  comply,  in  operation,  with  approved  timitatioiis 
in  the  following  respects,  so  f ar  aa  they  are  applicable. 


Operating  temperature 

Mechi 


lechanical  strength 
Commutation 
Dielectric  strength 
Insulation  resistance 
Efficiency 
Power-factor 
Wave  shape 
Regulation 
Stl.  Capacity  or  avallaible  output  of  MX^electrieal  machine.    So  far 
as  relates  to  the  purposes  of    these   standardisation   rules,  the  institats 
defines  the  capacity  of  an  electrical  machine  as  the  load  which  it  is  capable 
of  carrying  for  a  specified  time  (or  continuously),  without  exoeedins  in  any 
respect  the  limitationB  herein  set  forth. 

Except  where  otherwise  specified,  the  capacity  of  an  electrical  machine 
*  shall  be  expressed  in  terms  of  its  available  output.     For  exceptions   see 
Far.  277  and  BOS. 

t61.  Batizig  of  an  electrical  znachine.  Capacity  should  be  distin- 
guished from  rating.  The  rating  of  a  machine  is  the  output  marked  on  the 
rating  plate,  and  shall  be  baaed  on,  but  shall  not  exceed,  the  maximum*  load 
which  can  be  taken  from  the  machine  under  prescribed  oonditiona  of  teat. 
This  is  also  called  the  rated  output. 

S63.  The  principle  upon  which  maehizM  ratinn  are  based,  bo  far  as 
relates  to  thermal  characteristics,  is  that  the  rated  load,  applied  continuously 
or  for  a  stated  period,  shall  produce  a  temperature  rise  wnich,  superimposed 
upon  a  standard  ambient  temperature,  will  not  exceed  the  maximum  safe 
opecating  temperature  of  the  insulation. 

SM.  A.  I.  K.  K.  and  Z.  E.  C.  ratings.  When  the  prescribed  conditions 
of  test  are  thoee  of  the  A.  I.  £.  E.  standardisation  rules,  the  rating  of  the 
machine  is  the  institute  rating.  (See  Far.  SSO.)  When  the  prescribed  condi- 
tions of  the  test  are  those  of  the  I.  E.  C.t  rules,  the  rating  of  the  machine  is 
the  I.  E.  C.  rating.  A  machine  so  rated  in  either  case  may  bear  a  distUic- 
tive  sign  upon  its  rating  plate, 

S€9.  Standard  temperature  and  barometric  pressure  for  inatltats 
ratinff.     The  Institute  rating  (Par.  S6S)  of  a  machine  shall  be  its  capacity 

*  The  term  "maximum  load"  does  not  refer  to  loads  applied  solely  for 
mechanical,  commutation,  or  similar  tests. 

1 1.  E.  C.  stands  for  "  International  Electroehemloa!  Commiadon."  This 
rating  has  not  yet  been  establiahed. 


1828 


hy»^TUuyie 


aTANDAHDIZATION  RVLBS  8M.S4-266 

whan  operating  with  a  cooling  medium  of  the  ambient  temperature  of  refer- 
ence (40  dec.  for  air  or  2S  des-  for  water,  nee  Par.  SOI  and  SOt)  and  with 
barometric  conditions  within  the  range  given  in  Par.  SOft.  See  Par.  S06A, 
tOT,  UO  and  til. 

>U.  The  temperature  riaei  ipaclfled  In  theia  nilei  apply  to  all 
ambient  temperatures  up  to  and  including,  but  not  exceeding,  40  deg.  cent., 
for  air  and  25  deg.  cent,  for  water.  (For  definition  of  ambient  temperature 
see  Par.  SOS.) 

MT.  Any  tnaahlnwry  daatlned  far  lua  with  Uchar  unbient  tem- 
peraturee  of  cooling  mediui£|p,  and  alao  any  machinery  for  operation  at 
altitudea  for  which  no  provision  is  made  in  Par.  SOS,  should  be  the  subject 
of  special  guarantee  by  the  manufacturer.  The  methods  of  test  and  per- 
formance set  forth  in  these  rales  will,  however,  afford  guidance  in  suck  oases. 

VHITS  IK  WHICH  SATIHO  8RALL  BE  IXPUEB8ED 

174.  The  rating  of  direct-current  generator*,  shall  be  expressed  in 
kilowatts  (kw.)  available  at  the  terminals. 

175.  The  rating  of  alternators  and  trmnsforman,  shall  be  expressed 
in  kilovolt-smperes  (kv-a.)  available  at  the  output  terminals,  at  a  specified 
power  factor. 

ITS.  It  is  strongly  recommended  that  the  ratlnf  of  motors  shall  be 
expressed  in  kilowatts*  (kw.)  available  at  the  shaft.  (An  exception  to  this 
rule  is  made  in  the  case  of  Kailway  motors,  which,  for  some  purposes,  are 
also  rated  by  their  tnpu<,  see  Par.  tOl.) 

tVT.  Auzllluy  machinery,  such  as  regulators,  resistors,  reactors, 
balancer  sets,  stationary  and  synchronous  condensers,  etc. ;  shall  have  their 
rattoiB  appropriately  expreesed.  It  is  essential  to  specify  also  the  voltage 
(and  irequency,  if  a-e.),  of  the  circuits  on  which  the  macninery  may  appro- 
priately be  nsed. 

xiin»  or  BATixa 

There  are  various  kinds  of  rating  such  as: 

ttl.  Continuous  rating.  A  machine,  rated  for  continuous  service, 
ahall  be  able  to  operate  continuously  at  its  rated  output,  without  exceeding 
any  of  the  limitations  referred  to  ia  Far.  1(0. 

ISS.  Short-tlm*  rstlnr.  A  machine  rated  for  short-time  service; 
({.«.,  service  including  runs  alternating  with  stoppages  of  sufficient  duration 
to  ensure  substantial  cooling),  shall  be  able  to  operate  at  its  rated  output 
during  a  limited  period,  to  be  specified  in  each  case,  without  exceeding  any  of 
the  limitations  referred  to  in  Par.  1(0.  Such  a  rating  is  a  ■b<Mrt-tun* 
ratine. 

laS.  Nominal  rating.  For  railway  motors  and  sometimes  for  railway 
•nbatation  machinery,  certain  nominal  ratings  are  employed.  See  Par.  TM 
and  MW.  Nominal  ratings  for  automobile  propulsion  motors  and  generators 
are  not  recommended;  see  Par.  8S7. 

1S4.  Ita^-eyol*  op<sration.  Many  machines  are  operated  on  a  cycle 
of  duty  which  repeats  itself  with  more  or  lees  regularity.  For  purposes  of 
rating,  either  a  continuous  or  a  short-time  equivalent  load,  may  be  selected. 
which  shall  simulate  as  nearly  as  possible  the  thermal  conditions  of  the  actual 
duty  oyde. 

*  Since  the  input  of  machinery  of  this  class  is  measured  in  electrical  units 
and  since  the  output  has  a  definite  relation  to  the  input,  it  is  logical  and 
desirable  to  measure  the  delivered  power  in  the  same  units  as  are  employed 
for  thereoeived  power.  Therefore,  the  output  of  motors  should  be  expressed 
in  Idlowatts  instead  of  in  horse  power.  However,  on  account  of  the  hitherto 
prevailing  practice  of  expressing  mechanical  output  in  horse  power,  it  is  rec- 
onunended  that  for  macninery  of  this  class  the  rating  should,  for  the  present, 
be  expressed  both  in  kilowatts  and  in  horse  power;  as  follows: 
kw. approx.  equiv.  h.p. 

For  the  purposes  of  these  rules  the  horse  power  shall  be  taken  as  746.0 
watts. 

In  order  to  lay  stress  upon  the  preferred  future  basis,  it  >s  desirable  that 
on  rating  plates,  the  rating  in  kilowatts  shall  be  shown  in  larger  and  more 
prominent  characters  than  the  rating  in  horse  power. 
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tM.  Stuidurd  dorktlona  of  aqulvaluit  tMta  ihall  be  for  mmehiaci 
opentting  under  apeoified  duty-eydea  as  t(rilow  (see  alao  Par.  SM) : 
b  min. 
10  min. 
15  min. 
30  min. 
60  min. 
120  min. 
and  continuoua. 
Of  these  the  first  six  are  short-time  ratings,  selected  as  bdng  tbermany 
e<iuivalent  to  the  specified  duty  cycle.  « 

When,  for  example,  a  ahort-time  rating  of  10  min.  duration  is  ado|>ted, 
and  the  thermally  equivalent  load  is  25  KV.  for  that  period,  then  such  a 
machine  sh^l  be  stated  to  have  a  10-min.  rating  of  25  kw. 

MS.  In  every  case  the  eauivalent  shor^time  teat  shall  oommenoe  only 
when  the  mndings  and  other  parts  of  the  machine  are  within  5  dag.  ovnt. 
0f  th*  ambient  temparattire  at  the  time  of  starting  the  test. 

M7.  In  the  absence  of  any  specification  as  to  the  kind  of  rating,  the 
oonUnuous  rating  shall  be  understood.* 

I8S.  Machines  marked  in  accordance  with  Par.  SM  shall  be  nnderatood 
to  have  a  continuous  rating,  unless  otherwise  marked  in  aeoordmnoe  with 
Par,  tU. 

HEATING  AND  TEMPERATURE 

100.  Temperature  llmitatloni  of  the  eapadtr  of  eleetrieel  mMUn- 
•r7.  The  capacity,  so  far  as  relates  to  temperature,  is  usually  limited  by 
the  maximum  temperature  at  which  the  materials  in  tiie  machine,  eapecially 
those  employed  for  insulation,  ma^  be  operated  for  loni(  periods  without 
deterioration.  When  the  safe  linuts  are  exceeded,  deterioration  is  rapid. 
The  insulating  material  becomes  permanently  damapxl  by  exoeaeiTe  tem- 
perature, the  damage  increasing  with  the  length  of  time  that  the  ezoessiTS 
temperature  is  maintained,  and  with  the  amount  of  excess  tempaatuia, 
until  finally  the  insulation  breaks  down. 

Ml.  The  result  of  operating  at  temperatures  In  excess  of  the  safe  limit 
is  to  shorten  the  life  of  the  insulating  material.  This  shortening  of  life  is, 
in  certain  special  cases,  warranted,  when  neeessary  for  obtaining  soms 
other  desirable  result,  as,  for  example,  in  some  instanesa  of  railway  and  othar 
motors  for  propelling  vehicles,  in  providing  greater  power  within  a  limited 
space.  See  Par.  804.  Further  instances  may  also  be  noted  in  the  eases  ^ 
contactors,  controllers,  induction-starters,  aro-lamp-magnet  windings,  etc, 
designed  and  constructed  for  operation  at  relatively  high  temperatures. 

lOi.  There  doea  not  appear  to  be  any  advantage  in  <meratinf  at  lower 
temperatures  than  the  safe  limits,  so  far  as  the  life  of  the  insulation  is  coo- 
eemed.  Insulation  may  break  down  from  various  causes,  and  when  tbtse 
breakdowns  occur,  it  is  not  usually  due  to  the  temperature  at  which  the 
insulation  has  been  operated,  provided  the  safe  limits  have  not  been  exceeded. 

lOS.  The  ambient  temperature  is  the  temperature  of  the  air  or  water 
which,  coming  into  contact  with  the  bested  parts  of  a  machine,  carries  off 
ito  heat.     See  Par.  t09,  tlO  and  S14. 

S04.  The  ooollng  fluid  may  either  be  led  to  the  machine  through  ducts, 
or  through  jupes,  or  merely  surround  the  machine  freely.  In  the  f onnar 
esse  the  ambient  temperature  is  to  be  measured  at  the  intake  of  the  msehias 
itself.     In  the  latter  case  see  Par.  tl4. 

toe.  Ambient  temperature  of  referenoe  for  air.  The  itandaid 
ambient  temiwrature  of  referenoe,  when  the  cooling  medium*  is  air,  shall  be 
40  deg.  cent. 

30S  A.  Whatever  may  be  the  ambient  temperature  when  the  machine 
is  in  service,  the  limits  of  the  maximum  observable  temperature  and  of 
temperature  rise  specified  in  the  rules  should  not  be  exceeded  in  eemee:  for, 
if  the  maximum  temperature  be  exceeded,  the  insulation  may  be  endangered, 
and  if  the  rise  be  exceeded,  the  excess  load  may  lead  to  injury,  by  exeeedisg 

*  An  exception  \»  made  in  the. case  of  motors  for  railway  aerviee,  wherein 
the  absence  of  any  specification  as  to  the  kind  of  rating,  tne  "nominal  raV 
ing"  as  defined  in  Par.  tit  and  410  shall  be  understood. 
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limits  other  than  those  of  tempetsture;  inoh  as  oommutstion,  Btalling  load 
and  mechanical  strength.  For  similar  reasons,  load  in  excess  of  the  rating 
should  not  be  taken  from  a  machine. 

tM.  The  permissible  rises  in  temperature  given  in  oolumn  2  of  Table 
III  in  Par.  ST(  have  been  calculated  on  the  basis  of  the  standard  ambient 
temperature  of  reference,  by  subtracting  40  deg.  from  the  highest  tempera- 
tures permissible,  which  are  given  in  column  1  of  the  same  table. 

SOT.  A  machine  may  be  tested  at  any  convenient  ambient  temperature, 
preferably  not  below  15  deg.  cent.,  but  vhatmtr  he  tha  value  of  thit 
ambieiit  temperature,  the  permitiible  rieet  of  tempemlure  mutt  not  exceed 
thoee  given  in  cofumn  2  of  the  table  in  Par.  ST6. 

•M.  Altitude.  Increased  altitude  has  the  effect  of  increasing  tha  tem- 
pstktim  rise  of  some  types  of  machinery.  In  the  absence  of  information  in 
regard  to  the  height  above  sea  level  at  which  the  maehine  is  intended  to 
work  in  ordinary  service,  this  height  is  assumed  not  to  exceed  1,000  maters 
(3,300  ft.).  For  machinery  opwating  at  an  altitude  of  1,000  meters  or  less, 
a  test  at  any  altitude  less  than  1,000  meters  is  satisfactory,  and  no  correc- 
tion shall  be  applied  to  the  obeerved  temperatures.  MacMnee  intended  for 
operation  at  higher  altitudes  shall  be  regarded  as  special.  See  Par.  Ml. 
It  is  recommenoed  that  when  a  machine  is  intended  for  service  at  altitudes 
above  1,000  meteia  (3,300  ft.)  the  permissible  temperature  rise  at  sea  level, 
until  more  nearlv  accurate  information  is  available,  shall  be  reduced  by  1 
per  cent,  for  each  100  meters  (330  ft.)  by  which  the  altitude  exceeds  1,000 
meters.    Water-cooled  oil  transformers  are  exempt  from  this  reduction. 

SM.  AmMent  temperature  of  reference  for  water-cooled  maohin- 
erj.  For  water-cooled  machinery,  the  standard  temperature  of  reference 
for  incoming'^cooling  water  shall  be  25  deg.  cent.,  measured  at  the  intake  of 
the  maohinaL 

110.  In  teitiiic  of  water-eooled  truutormers,  it  is  not  necessary  to 
take  into  account  the  surrounding-air  temperature,  except  where  the  cooling 
effect  et  the  air  is  15  per  cent,  or  more  of  the  total  cooling  effect,  referred  to 
the  standard  ambient  temperature  of  reference  of  25  deg.  cent.'  for  water  and 
40  deg.  cent,  for  air.  When  the  effect  of  the  cooling  air  is  15  per  cent,  or 
more  of  the  total,  the  temperature  of  the  cooling  water  should  be  maintained 
within  5  deg.  cent,  of  the  surrounding  air.  where  this  is  impractical,  the 
ambient  temperature  should  be  determined  from  the  change  in  the  resistiuice 
of  the  windings,  using  a  disconnected  transformer,  supplied  with  the  normal 
amount  of  cooling  water,  until  the  temperature  of  the  windings  has  become 
oooetant. 

Sll.  In  the  ease  of  rotating  itiachines,  cooled  by  forced  draft,  a 
conventional  weighted  mean  shall  be  employed,  a  weight  of  four  being  given 
to  the  temperature  of  the  circulating  air  supplied  through  ducts  (see  Par. 
MM),  and  a  weight  of  one  to  the  surrounding  room  air.  In  tha  mm  of  ijr- 
oooled  transformers,  see  "exception"  Far.  tSl. 

SU.  Maohlnea  eooled  by  other  mean*.  Machines  cooled  by  means 
other  than  air  or  water  shall  receive  special  consideration. 

Sit.  Outdoor  machinery  ezpoied  to  tun's  ran.  Outdoor  machinery 
not  protected  from  the  sun's  rays  at  timea  of  heavy  load,  must  receive  special 
consideration. 

S14.  Heaatirement  of  the  ambient  tentperature  during  teste  of 
nuMihlnery.  The  ambient  temperature  is  to  be  measured  by  means  of 
several  thermometers  placed  at  different  points  around  and  half-way  up 
tha  maehine,  at  a  dastnce  of  1  to  2  meters  (3  to  6  ft.),  and  protected  from 
drafts,  and  abnormal  heat  radiation,  preferably  as  in  Far.  31t. 

Slf .  The  value  to  be  adopted  for  the  ambient  temperature  during  a  teat. 
Is  the  mean  of  the  readinfcs  of  the  thermometers  (placed  as  above),  taken  at 
equal  intervals  of  time  during  the  last  quarter  of  the  duration  of  the  teat. 

SIC  In  order  to  avoid  errors  due  to  the  time  lag  between  the  tempera- 
ture <rf  large  machines  and  the  variations  in  the  ambient  air,  all  reasonable 
precautions  must  be  taken  to  reduce  these  variations  and  the  errors  arising 
tbereform.  Thus,  the  thermometer  for  determining  the  ambient  tempera- 
ture shall  be  immersed  in  a  suitable  liquid,  such  as  oil,  in  a  suitable  heavy 
metal  cup.     This  can  be  made  to  reepond  to  various  rates  of  ehsnge,  by  pro- 

1831  DigilizedbyV^iUUyHJ 


Sec  94-817         standardization  bvlbs 

portioninc  the  amount  of  oil  to  th«  metal  in  th«  oontaininc  cup.  A  eonwu- 
tent  iorm  for  suoli  an  oil-cup  conaiita  of  a  maarive  metal  cylinder,  with  a 
hole  drilled  partly  through  it.  Thia  hole  ia  filled  with  oil  and  the  thermome- 
ter iaplaeea  therein  withita  bulb  well  immeraed.  The  larger  the  m***!!"* 
under  teat,  the  larger  should  be  the  metal  cylinder  employed  aa  an  oil-enp  in 
the  determination  of  the  ambient  temperature.  The  amalleflt  aiae  oc  oil 
cup  employed  in  any  case  shall  consiBt  of  a  metal  cylinder  25  mm.  in  diame- 
ter and  SO  mm.  high  (1  in.  in  diameter  and  2  in.  high). 

tlT.  Thennomatan  uiad  for  taUnc  temiwraturM  of  maeliiiury 
shall  be.oovered  by  felt  pads  3  mm.  (i  in.)  thick  and  4  X  S  cm.  wide  (li  in.  X 
2  in.),  cemented  on;  oil  putty  may  be  used  for  stationary  and  smaJl  apparatus, 

3U.  In  transfonnar  teitinff,  and  sometimes  in  testing  other  machines, 
it  msky  be  desirable  to  avoid  errors  due  to  time  lag  in  temperature  changes, 
by  employing  an  idle  unit  of  the  same  sise  and  subjected  to  the  same  condH 
tiona  of  cooling  as  the  unit  under  teat,  for  obtaining  the  ambient  temperature 
aa  deacribed  in  Par.  $10. 

tlf .  Where  maohlnat  are  partly  balow  tha  floor  Une  in  pita,  the  tem- 
perature of  the  rotor  shall  be  referred  to  a  weighted  mean  oc  the  pit  and 
room  temperatures,  the  weight  of  each  being  based  on  the  relative  propor- 
tions of  the  rotor  in  and  above  the  pit.  Farts  of  the  stator  oonstantly  in  the 
pit  shall  be  referred  to  the  ambient  temperature  in  the  pit. 

>M.  Corraetion  for  the  dariation  of  tha  amblant  temporatnza  of 
the  ooolinc  medium,  at  tha  time  of  the  heat  teat,  from  the  atandaid 
•mblant  temiMratiira  of  raf srence.  Numerous  experimenta  have  afaown 
that  deviation-  of  the  temperature  of  the  cooling  medium  from  that  of  the 
standard  of  reference,  at  the  time  of  the  heat  run,  has  a  negligible  effect  upon 
the  temperature  rise  of  the  apparatus;  therefore,  no  correction  shall  be  ap- 

SUed  for  thia  deviation.  It  is.  however,  desirable  that  tests  should  be  con- 
ucted  at  ambient  temperatures  not  lower  than  15  deg.  cent. 

til.  boeption.  A  correction  shall  be  applied  to  the  observed  tem- 
perature rise  of  the  windings  of  air-bloat  trarujorvurt^  due  to  difference  in 
resistance,  when  the  temperature  of  the  ingoing  cooling  air  differs  from  that 
of  the  standard  of  reference.  This  correction  shall  be  the  ratio  of  the  inferred 
absolute  ambient  temperature  of  reference  to  the  inferred  abaolute  tempera- 
ture of  the  ingoing  cooling  air,  i.e.,  the  ratio  274.5/(234.5  +  I);  where  <  ia 
the  ingoing  cooling-air  temperature. 

Thus,  a  cooling-air  room  temperature  of  30  deg.  cent,  would  oorreepond  to 
an  inferred  absolute  temperature  of  264.5  deg.  on  the  scale  of  copper  reeia- 
tivity,  and  the  correction  to  40  deg.  cent.  (274.5  deg.  inferred  absolute  tem- 
perature) would  be  274.5/264.5  •=  1.04,  making  the  correction  factor  1.04; 
so  that  an  observed  temperature  rise  of  toy  60  deg.  cent,  at  the  teeting 
ambient  temperature  of  30  deg.  eent.  would  be  oorreeted  to  50  X  1 .04  — 
52  deg.  cent,  this  being  the  temperature  rise  which  would  have  oeeurrad  had 
the  test  been  made  with  the  standard  ingoing  cooling-air  temiwrature  of  40 
deg.  cent. 

>St.  Duration  of  temperature  teit  of  maehine  for  oonttnnoai 
Mrrlce.  The  temperature  test  shall  be  continued  until  sufficient  evidence 
ia  available  to  show  that  the  maximum  temperatiire  and  temperature  rise 
would  not  exceed  the  requirements  of  the  rules,  if  the  teat  were  prolonged 
tmtil  a  steady  final  temperature  was  reached. 

tU.  Duration  of  temperature  teit  of  maohine  with  a  ahort-time 
rating.  The  duration  of  the  temperature  test  of  a  machine  with  a  ahort- 
time  rating  shall  be  the  time  required  by  the  rating.     See  Par.  tt>  and  SM- 

n4.  Duration  of  temperature  teit  for  machine  havlnf  more  than 
one  rating.  The  duration  of  the  temperature  teat  for  a  machine  with  more 
than  one  rating  shall  be  the  time  required  by  that  rating  which  lyoduoea  the 
greatest  temperature  rise.  In  casee  where  tnis  cannot  be  determined  before- 
hand, the  machine  shall  be  tested  separately  under  each  rating. 

SIS.  Temperature  meaaurementa  durlmr  heat  run.  Temperature 
measurenients,  when  possible,  shall  be  taken  during  operation,  aa  well  aa 
when  the  machine  is  stopped.  The  highest^ figures  thus  obtained  ahaH  be 
adopted.  In  order  to  abridge  the  long  heating  period,  in  the  ease  of  large 
machines,  reasonable  overloads  of  current,  during  the  prelimioaiy  period 
are  suggested  for  them. 
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t40.  Th*  life  of  the  InaulAtlon  of  a  machine  depends  in  great  measure 
upon  the  actual  temperatures  attained  by  the  different  partSi  rather  than 
on  the  rises  of  temperature  in  those  parts. 

841.  The  temperature  In  the  different  parti  of  a  machine  wUoh  it 
would  be  desirable  to  ascertain,  are  the  maximum  temperatures  reached  in 
those  parts. 

B4S.  (Deleted  in  the  last  revision  of  the  Standardisation  Rules.) 

S4S.  Aa  it  ia  usually  inkpouible  to  detennine  the  maximum  tem- 
perature attained  in  insulated  windings,  it  is  convenient  to  apply  a  correc- 
tion to  the  observable  tempwature,  so  as  to  approxiinate  the  difference 
between  the  actual  maximum  temperature  and  the  obeMYiU>]e  temperature 
by  the  method  used.  This  correction,  or  margin  of  security,  ia  provided 
to  cover  the  errors  due  to  fallibility  in  the  location  of  the  measuring  devices, 
as  well  as  inherent  inaccurades  in  measurement  and  methods. 

S44.  In  determining  the  temperature  of  different  parts  of  a  ma- 
ehine  three  methods  are  provided.  The  apsvopriate  method  for  any  par- 
ticular case  is  set  forth  below. 

S40.  Method  Ho.  1.  Thermometer  method.  This  method  consists 
in  the  determination  of  the  temperature,  by  mercury  or  alcoh<d  thermometers, 
by  resiatance  thermometers,  or  by  thermo-couples,  any  of  these  insUuments 
being  applied  to  the  hottest  accessible  part  of  the  eomvieUd  machine,  aa 
distinguished  from  the  thermo-couples  or  resutance  coils  embedded  in  the 
maehine  as  described  under  method  No.  3. 

SM.  When  method  No.  1  is  used*,  the  hottest-spot  temperature  for 
windings  shall  be  estimated  by  adding  a  hottest-spot  correction  of  15  deg. 
cent,  to  the  highest  temperature  observed,  in  order  to  allow  for  the  practical 
impossibility  of  locating  any  of  the  thermometers  at  the  hottest  spot. 

S4T.  Xxeeption.  When  the  thermometers  are  appUed  directly  to  the 
surfaces  of  bare  windings,  such  as  an  edgewise  strip  conductor,  or  a  cast 
copper  winding,  a  hottest-spot  correction  of  6  deg.  cent.,  instead  of  16  deg. 
cent.,  shall  be  made.  For  commutators,  collector  rings,  bare  metallic  suiv 
faoee  not  forming  part  of  a  winding,  or  for  oil  in  which  apparatus  is  immersed, 
no  correction  is  to  be  applied. 

148.  Method  Ko.  1.     Resistance  method.     This  method  consists  in 

the  measurement  of  the  temperature  of  windings  by  their  increase  in  resist- 
ance, corrected*  to  the  instant  of  shut-down  when  necessary.  In  the  appli-^ 
cation  of  this  method,  thermometer  measurements  shall  also  be  made  wnen- 
ever  practicable  without  disassembling  the  machinef  in  order  to  increase 
the  probability  of  revealing  the  highest  observable  temperattire.  Which- 
ever measurement  yields  the  higher  temperature,  that  temperature  shall  be 
taken  as  the  "highest  observable"  temperature  and  a  hotteet-spot  correc- 
tion of  10  deg.  cent,  added  thereto. 

*  Whenever  a  sufficient  time  has  elapsed  between  the  instant  of  shut-down 
and  the  time  of  the  final  temperature  measurement  to  permit  the  tempera- 
ture to  fall,  suitable  correotions  shall  be  applied,  so  as  to  obtain  as  nearly 
as  practicable  the  temperature  at  the  instant  of  shut-down.  This  can  some- 
Umes  be  approximately  effected  by  plotting  a  curve,  with  temperature  read- 
ings as  ordinates  and  times  as  abscissas,  and  extrapolating  back  to  the  instant 
of  shut-do^m.  In  other  instances,  acceptable  correction  factors  can  be 
arolied.  ^  In  transformers  of  200  kv-a.  and  less  the  measured  temperature 
snail  be  increased  one  degree  for  every  minute  between  the  instant  of  shut- 
down and  the  Ume  of  the  final  temperature  measurement,  provided  this  time 
does  not  exceed  three  minutes. 

In  cases  where  successive  measurements  show  increaatng  temperatures 
after  shut-down,  the  highest  value  shall  be  taken. 

t  As  one  of  the  few  instances  in  which  the  thermometer  check  cannot  be 
applied  in  Method  No.  2,  the  rotor  of  a  turbo-alternator  may  be  cited. 
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tit.  The  t«mp«r»tiira  eocfflolant  of  aopp«r  ihall  be  deduced  from  the 
iormule  1/(234.6  +  0-  Thus,  et  an  initial  temperature  t  — 40  dec  cent., 
the  temperature  coefficient  of  increase  in  reeifltanoe  per  degree  oenti^rvde 
riae,  ia  1/(274.5)  -0.00364.  The  forrsoing  table,  deduced  from  the  formula. 
i<  given  for  convenience  of  reference. 

Table  n. — Temperature  OoeflloienU  of  Copper  Bealitanee 


Temperature  of 
the  winding,  in 

deg.  cent,  at 
which  the  initial 

reaiatanoe  is 
measured 

Increase  in  reaist- 
ance  of  copper 

per  deg.  cent. ,  per 

ohm  of  initial 

resistance 

Temperature  of 
the  winding,  in 

deg.  cent,  at 
which  the  initial 

reaiatance  ia 
meaaured 

Increaaein  reaiat- 
ance o<  copper 
per  deg.  oent.,  per 
ohm  of  initial 
reaiatance 

0 

5 

10 

15 

30 

0.00  427 
0.00  418 
0.00  409 
*0.00  401 
0.00  303 

25 
30 
35 
40 

0.00  385 
0.00  378 
0.00  371 
0.00  364 

MO,  In  eirculta  of  low  roalatenee,  other  than  transformer  windiiws 
(see  Par.  SSI),  where  jmnts  and  connections  form  a  eonsiderable  part  of  the 
total  resistance,  the  measurement  of  temperature  by  the  resistanoe  method 
shall  not  be  used. 

SSI,  The  temporatiira  of  the  wlndlaci  of  truuforman  is  alwaja  to 
be  ascertained  by  method  3.  In  the  case  of  air-blast  transformers,  it  ia 
especially  important  to  place  thermometers  on  the  coils  near  the  air  outlet. 
See  Far.  S4«. 

SSI.  Hothod  Ho.  S.  Imbedded  tamperature-dataetor  method. 
This  method  counts  in  the  use  of  thermo-couples  or  reaiatance  temper*, 
ture  detectors,  located  aa  nearly  as  poesible  at  the  estimated  hottest  spot. 
When  method  No.  3  is  used,  it  shall,  when  required,  be  ohceked  by  meuiod 
No.  2;  the  hottest  spot  shall  then  be  taken  to  be  the  Ughest  value  by  either 
method,  the  required  ocHTcetion  factors  (Par.  S4S  and  SSt)  being  apidiei 
in  each  case. 

StS.  By  building  Into  tha  Buehlaa  suitably  placed  temperature  de- 
tectors, a  temperature  not  much  less  than  that  of  the  hotteat  spot  will 
probably  be  diacloaed.  When  these  devices  are  adopted  for  such  tempera* 
ture  determinations,  a  liberal  number  shall  be  employed,  and  all  reasonable 
efforts,  consistent  with  safety,  shall  be  made  to  locate  them  at  the  various 
l>laces  where  the  highest  temperatures  are  likely  to  occur. 

S84.  Tamperatura-detectors  should  be  placed  in  at  least  two  sets  of 
locations.  One  of  theee  should  be  between  a  ooil-side*  and  the  core,  and  one 
between  the  top  and  bottom  coil-aides  where  two  ooil-sidss  per  slot  are  used. 
Where  only  one  ooil-side  per  slot  ia  used,  one  set  of  detectors  shall  be  placed 
between  coil-side  and  core,  and  one  set  between  coil-aide  and  wedge. 

SS8.  Method  No.  3  should  be  applied  to  all  atators  of  machinea  with  eorea 
having  a  width  of  60  cm.  (20  in.)  and  over.  It  should  alao  be  applied  to  all 
machines  of  5,000  volts  and  over,  if  of  over  600  kv-a.,  regardleas  of  core 
width.  This  method  is  not  required  for  induction-regulators,  which  shall 
be  tested  as  transformers. 

S56.  Correetion  factor  for  method  No.  S.  In  the  case  of  two-layer 
windings,  with  detectors  between  coil-sides,  and  between  coil-aide  and  coce. 
add  5  deg.  oent.  to  the  higheet  reading.  In  single-layer  wiwUnga,  with 
detectors  between  ooil-side  and  core  and  between  ooil-side  and  wedge,  add 
to  the  highest  reading  10  deg.  cent.  + 1  deg.  cent,  iier  1,000  volts  above  5,000 
volts  of  terminal  preasure. 

TUCPKSATUKX  UKITB 

STS.  Table  III  ^ves  the  limita  for  the  hotteet-epot  temperaturee  of  insula- 
tions. The  permissible  limits  are  indicated  in  column  1  of  the  table.  The 
limits  of  temperature  rise  permitted  under  rated-load  conditions  are  givea 


*  A  coil-side  is  one  of  the  two  active  sidei  of  a  coil, 
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in  column  2,  and  are  found  by  subtracting  40-d«g.  cent,  from  the  figures  in 
edumn  1.  Whatever  be  the  ambient  temperature  at  the  time  of  the  teet. 
the  rise  of  temperature  must  never  exceed  the  limits  in  column  2  of  the  tabic. 
The  highest  temperatures,  and  temperature  rises,  attained  in  any  machine 
at  the  output  for  which  it  is  rated,  must  not  exceed  the  values  indicated  in 
the  table  and  clauses  following, 

ST*.  Penniuible  tamparsturM  uid  temperatora  riiet  for  Insulat- 
ing nUiterials.  Table  III  (following)  gives  the  highest  temperatures 
and  temperature  rises  to  which  various  cusses  of  insulating  materials  may 
be  sabjected,  based  on  a  standard  ambient  temperature  ofreferenoe  of  40 
deg.  cent. 

tTT.  Note.  The  Institute  recognises  the  ability  of  manufacturers  to 
ploy  class  B  insulation  successfully  at  maximum  temperatures  of  ISO  deg. 
eent,  and  even  higher.  However,  a  sufficient  data  covering  experience 
over  a  period  of  years  at  such  temperatures  are  at  present  unavailable,  the 
institute  adopts  125  deg.  cent,  as  a  conservative  limit  for  this  olass  of  insula- 
tion, and  any  increase  above  this  figure  should  be  the  subject  of  special 
guarantee  by  the  manufacturer. 

Tabla  m. — Fennlsilbls  Tamparaturss  and  Tampsratura  Blsai 
for  Inaolatinr  Materials 


1 

2 

Oass 

Description  of  material 

Maximum 
temperature  to 

which  the 
material  may 
be  subjected 

Maximum 

temperature 

rise 

A. 

Cotton,    silic,    paper    and    similar 
materials    when  so  treated  or  im- 
pregnated    as     to    increase     the 
thermal  limit,   or    when    perma- 
nently immersed  in  oil;  also  enam- 
eled   wire* 

106  deg.  cent. 

6fi  deg.  cent. 

B. 

Mica,  asbestos  and  other  materials 
capable  of  resisting  high  tempera- 
tures,    in     which    any    class    A. 
material   or   binder   is    used    for 
structural  purposes  only,  and  may 
b«  destroyed  without  impairingf 
the  insulating  or  mechanical  quau- 
tiee  of  the  insulation 

125  deg.  eent. 

85  deg.  cent. 

C. 

Fireproof  and  refractory  materials, 
sueu    as    pure    mica,    porcelain, 

No  limits  si>ecified 

1 

ns.  When  a  lower-temperature  class  material  is  comprised  in  a  completed 
oroduet  to  such  an  extent,  or  in  such  ways,  that  its  subj  ection  to  the  tempera- 
ture limits  allowed  for  the  higher-temperature  class  material,  with  which  it  is 
associated,  would  atFect  the  integrity  of  the  insulation  either  mechanically 
or  electrically,  the  permissible  temperature  shall  be  fixed  at  such  a  value  as 
shall  afford  ample  assurance  that  no  part  of  the  lower-temperature  class 
material  shall  be  subjected  to  temperatures  higher  than  those  approved  by 
the  Institute  and  set  forth  above. 


*  For  cotton,  silk,  paper  and  similar  materials,  when  neither  treated,  im- 
pregnated nor  immersea  in  oil,  the  highest  temperatures  and  temperature 
rises  shall  be  10  deg.  cent,  below  the  limits  fixed  for  class  A,  in  Table  111. 

t  The  word  impair  is  here  used  in  the  sense  of  causing  any  change  which 
would  disqualify  the  insulation  for  continuous  service. 
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\n,   Tabl*  IV. — ParmlMlble  Hottut   Spot    Temp«r»tuTM  mad 
Limiting  Obaerrabl*  TamperaAtira  BiMi  In  Othar  than  Wster- 
eoolad  Maohinary 


Cl-                            ;       (d^^e^) 

B 

(deg.) 

Permisaible  hottest  spot  temperature.!         105         |         125 

Method  I 
Thermometer 

only.  See 
Par.  S4S-MT 

Hottest 

Limiting 

Limiting 

15         1            15 

go       1       no 

60                    70 

observable  temperature 

observable  temperature  rise 

=  82 

Hottest 

Limiting 

Limiting 

10 

10 

116 

75 

observable  temperature 

observable  temperature  rise 

85 
55 

is 

e-layer 
gs.  For 
Itages 

Hottest  spot  correction 

Limiting    observable    tem- 
perature  

5 
100 

6 

120 
60 

11^ 

Limiting    observable    tem- 
perature rise 

60 

Single-layer 

windings.  For 

5,000  volte  or 

less 

Hottest  spot  correction 

Limiting    observable    tem- 

-perature 

Limiting    observable    tem- 

10 
95 
55 

10 

lis 

75 

Single-layer 

windinga.  For 

more  than 

5,000  volts 

Hottest  spot  correction 

Limiting    observable    tem- 

10+(S-8)t 
95— (£-5) 

10-t-C«-« 

115-CB-5) 

7S-CB-5) 

Liraiting    observable    tem- 
perature rise 

55-(B-5) 

SPECIAL  CA8KB  OF  TKMPI&AT1TKB  umTB 

S86.  Tampttrature  of  oil.  The  oil  in  which  apparatus  is  perxnanently 
immersed  shall  in  no  part  have  a  tem|>erature,  observable  by  tnermometsr, 
in  excPBfl  of  90  deg.  cent. 

386.  Water-cooled  tranaformori.  In  these  the  hottest-spot  tempera- 
ture ahall  not  exceed  90  deg.  cent. 

*  For  cotton,  silk,  paper  and  similar  materials,  when  neither  treated,  im- 
pregnated nor  immersed  in  oil,  the  highest  temperatures  and  teznperaturs 
rise  ihall  be  10  deg.  cent,  below  the  limits  fixed  for  class  A. 

t  In  these  formulas,  E  represents  the  rated  pressure  between  terminals  ia 
kilovolts.  Thus  for  a  three-phase  machine  with  single-layer  winding,  and 
with  1 1  kilovolts  between  terminals,  the  hottest  spot  correction  to  be  added 
to  the  maxiinum  observable  temperature  will  be  16  deg.  cent. 
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UtA.  SneloMd  moton  and  ranaraton.  In  an  anoloMd  machine  (aee 
P&r.  IM)  the  limiting  obeervable  temperature  and  the  limiting  obaerrable 
temperature  rise  aliall  De  taken  as  5  deg.  cent,  higher  than  in  Taue  IV.  This 
is  not  to  be  interpreted  as  an  increase  in  the  permissible  hottest  spot  tempera- 
ture, but  is  in  recognition  of  the  lesser  difference  between  the  hottest  spot 
temperature  and  the  observable  temperature  within  an  enclosed  machine. 
This  rule  does  not  apply  to  those  types  of  machines  defined  in  Par,  16S,  168 
and  1«T. 

MT.  Sallway  motor  temperature  lltnlti,  see  Par.  804  and  801, 

88TA.  Automobile  itropnlalon  moton  and  ranaraton,  see  Par.  888. 

SSS.  Sqnliral-eaca  and  amortiueur  wlndlaci-  In  many  casea  the 
Insulation  of  such  winding  is  largely  for  the  purpoae  of  making  the  con- 
ductors fit  tightly  in  thar  slots,  and  the  slightest  effective  insulation  is 
ample.  In  otDer  cases,  there  is  practically  no  insulating  material  on  the 
windings.  Consequently,  the  temperature  rise  may  be  of  any  value  such 
as  will  not  occasion  mechanical  injury  to  the  machine. 

888.  Oollaotor  rings.  The  temperature  of  collector  rings  shall  not  be 
permitted  to  exceed  the  "hottest  spot"  values  set  forth  in  Par.  878  and  ST8 
for  the  insulationa  employed  either  in  the  collector  rings  themselves,  or  in 
adjacent  insulations  wnose  life  would  be  affected  by  the  heat  from  the  col- 
lector rings. 

880.  Conunntaton.  The  observable  temperature  shall  in  no  case  be 
permitted  to  exceed  the  values  given  in  Par.  876  and  878  for  the  insulation 
employed,  either  in  the  commutator  or  in  any  insulation  whose  life  would 
be  affected  by  the  heat  of  the  commutator.  These  temperature  limits  are 
intended  only  to  protect  the  insulation  of  the  commutator  and  of  the  adja- 
cent narts,  and  are  not  intended  as  a  criterion  of  successful  commutation. 
Seentr.  MS. 

881.  Oorai.  Tha  temperature  of  those  parts  of  the  iron  core  in  contact 
with  insulating  materials  must  not  be  such  as  to  occasion  in  those  insulating 
materials  temperatures  or  temperature  rises  in  excess  of  those  set  forth  in 
Far.  878  and  878. 

MS.  Othar  part*,  (such  as  brush-holders,  brushes,  bearings,  pole-tips, 
eores,  etc.)  All  parts  of  electrical  machinery  other  than  those  whose  tem- 
perature affects  tne  temperature  of  the  insulating  material,  may  be  operated 
at  such  temperatures  as  shall  not  be  injurious  in  any  respect. 

mraoDB  of  LOADiwa  TBAirsroBMiBs  roa  tkmpe&atvbx 

TESTS 

888.  Whenever  practicable,  transformers  should  be  tested  under  condi- 
tions that  will  give  losses  approximating  as  nearly  as  possible  to  those 
obtained  under  normal  or  specified  load  conditions,  maintained  for  the 
required  time.  See  Par.  818-884.  The  maximum  temperature  rises 
measured  during  this  test  should  be  considered  as  the  obeervable  tempera- 
ture rises  for  the  given  load. 

An  approved  method  of  making  these  tests  is  the  "loadinf-baek" 
method.     The  principal  variations  of  this  method  are: 

884.  mth  dupUeate  ilnrle-phaia  transformsra.  Duplicate  single- 
phase  transformers  may  be  tested  in  banks  of  two,  with  both  primary  and 
secondary  windings  connected  in  parallel.  Normal  magnetising  voltage 
should  then  be  applied  and  the  reqwred  current  circulated  from  an  auxiliary 
source.  One  transformer  can  be  held  under  normal  voltage  and  cur- 
rent conditions,  wiiiie  the  other  may  be  operating  under  slightly  abnormal 
conditions. 

888.  mth  ona  S-phasa  tranaformar.  One  3-phase  transformer  may 
be  tested  in  a  manner  similar  to  (a),  provided  the  primary  and  seconcl- 
ary  windings  are  each  connected  in  drlta  for  the  test.  Normal  3-phase  mag- 
netiaing  voltage  should  be  applied  and  the  required  current  dreiuated  from 
an  auxiliary  single-phase  source. 

888.  With  thraa  slnxla-phasa  transformers.  Duplicate  single-phsse 
transformers  may  be  tested  in  banks  of  three,  in  a  manner  similar  to  (b) 
by  connecting  both  primary  and  secondary  winding  in  delta,  and  applying 
normal  3-phase  magnetiiing  voltage  and  circulating  the  required  oumut 
from  an  auxiliary  sincle-phase  source. 
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MT.  NoTB. — ^Amonc  other  methoda  that  have  a  limited  appUoatloa  and 
oan  be  tiaed  only  under  apedal  eonditioni  may  be  mentioned: 
load  by ) 


l^ 


Appljring  dead  load  by  meana  of  aome  form  of  rheoatat. 
.  .  Running  alternately  for  certain  short  intervala  of  time  on  open  eir- 
ouit  and  then  on  abort  circuit,  alternating  in  thia  way  until  the  tranaformer 
reaohea  steady  temperature.  In  this  teat,  the  voltage  for  the  open-dreoit 
interval  and  the  current  for  the  short-circuit  interval  ehall  be  such  as  to 

£'ve  the  same  integrated  core  loas,  and  the  same  integrsted  copi>er  loss,  as 
normal  operation. 

ADDinOHAL  utQOiauaHTS 

IM.  Bhort-cireiilt  itranaa.  The  institute  reeogniaea  the  aelf-deatme- 
tibility,  both  mechanical  and  thermal,  of  certain  sisea  and  types  of  maehinea, 
when  aubieeted  to  severe  ahort-circuits,  and  reoommends  that  ample  protec- 
tion be  provided  in  such  cases,  external  to  the  machine  if  necessary. 

IM.'  Ovanpeeda.  All  typ**  of  rotattnr  maehinM  shall  be  lo  soo- 
atructed  that  they  will  safely  withstand  an  overspeed  of  25  per  cent.,  except 
in  the  case  of  steam  turbmes,  which,  when  equipped  with  emerganey 
governors,  shall  be  constructed  to  withstand  20  per  cent,  overspeed. 

400.  In  the  ease  of  lariei  moton,  it  is  impracticable  to  apedfy  jwr- 
oentage  values  for  the  guaranteed  overspeed,  on  account  of  tiie  varying 
aervice  conditions. 

401.  Watar-wheal  generator!  shall  be  constructed  for  the  itiftxiTnum 
runaway  speed  which  can  be  attained  by  the  combined  unit. 

401.  Momentary  loada.  Continaouily  rated  nuMshinea  shall  be  re- 
quired to  casr^r  momentary  loads  of  150  per  cent,  of  the  amperes  correspond- 
ing to  the  oonunuous  rating,  keeping  the  rheostat  set  for  rated  load  excitation, 
(see  Par.  Ml,  T64  and  801)  and  commutatinc  machinery  shall  commutate 
aucceaefully  under  this  condition.  Successful  commutation  is  such  that 
neither  brushes  nor  commutator  are  injured  by  the  teet.  In  the  ease  of 
direct-connected  generators,  this  clause  is  not  to  be  interpreted  aa  rsquiring 
the  prime  mover  to  drive  the  generator  at  thia  overload. 

405,  Maohlnea  for  duty-cyole  operation  shall  be  rated  according  to 
their  equivalent  load,  either  on  the  short-time  or  continuous  basis,  but  if 
intended  for  operation  with  widely  fluctuating  loads,  shall  commutate  su^* 
cessfuUy  under  their  specified  operating  conditions.     See  Par.  284  and  281. 

404.  Stalling:  torque  of  moton.  Motors  for  continuous  service  ahall, 
except  when  otherwise  specified,  be  required  to  develop  a  running  torque 
at  least  175  per  cent,  of  that  corresponding  to  the  running  torque  at  their 
rated  luad,  without  stalling. 

Obviously,  duty-cycle  machines  must  carry  their  peak  loads  without 
atalling. 

-      WATS  rORM 

408.  The  ilne-waTS  shall  b«  oonsidered  as  atondftrd,  exoept  when 
deviation  therefrom  ia  inherent  in  the  operation  of  the  system  of  which  the 
machine  forma  a  part. 

406.  The  deTiatlon  of  wave  form  from  the  nnusoidal  ia  determined  by 
Bupcrpoaing  upon  the  actual  wave  (as  determined  by  oecilloKraph),  the 
eciuivalent  sine  wave  of  equal  length,  in  auch  a  manner  as  to  give  the  least 
difference  between  ordlnates,  and  then  dividing  the  maximum  difference 
between  corresponding  ordinates  by  the  maximum  value  of  the  equivalent 
sine  wave.  A  maximum  deviation  of  the  terminal  voltage  wave  on  open 
circuit  from  sinusoidal  shape  not  exceeding  10  per  cent,  is  pcrmisBtble,  except 
when  otherwise  specified. ' 

UnOXKNCT  AND  LOSSKB 

4t0.  Machine  efficiency  is  the  ratio  of  the  power  dellTCted  by  the 
machine  to  the  power  received  by  it. 

411.  Plant  or  syitem  effloieney  is  the  ratio  of  the  energy  delivered  from 
the  plant  or  system  to  the  energy  received  by  it  in  a  speoifiea  period  of  time.  * 

*  An  exception  should  be  noted  in  the  case  of  the  effioieacy  of  stomc* 
batteries. 
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In  oaleulating  plant  or  system  efficienoy  it  may  be  denrable  to  ealoulate  the 
loeses  in  eaob  individual  macliine  or  part  of  the  system  at  .the  actual  tempera- 
ture of  that  machine  or  part  during  the  specified  interval.  These  losses 
may  be  appreciably  different  from  the  losses  tt  76  deg.  cent.,  which  latter 
■hall  be  the  standwd  temperature  of  reference  for  all  efSdeney  guaranteea. 
See  Par.  Ua. 

4MM.  Xa  the  case  of  machinery  two  effldenolei  are  recoBnlaed,  con- 
ventional efficiency  (see  Far.  iSS)  and  directly  measured  efficiency.  Unless 
otherwise  speaified,  the  conventional  efficiency  is  to  be  employed.  When 
the  efficiency  of  a  machine  is  stated  without  specific  reference  to  the  load 
conditions,  rated  load  is  always  to  be  understood  whether  thfl  effideaey  be 
the  conventional  or  directly  measured  effioienoy. 

413.  Conventional  afflcieney  of  machinery  is  the  ratio  of  the  output  to 
the  sum  of  the  outpat  and  the  loeses;  or  of  the  input  minus  the  losses  to  the 
input;  when,  in  either  case,  conventional  values  are  assigned  to  one^or  more 
<rf  these  loeses.  The  need  for  assigning  conventional  values  to  certain  losses, 
arises  from  the  fast. that  some  of  the  losses  in  electrical  machinery  are 
practicably  indeterminable,  and  must,  in  many  cases,  either  be  approxi- 
mated  by  an  approved  method  of  test,  or  else  values  recommcaded  Dy  Use 
Institute  and  designated  "conventional"  values  shall  be  employed  for  thsm 
in  arriving  at  the    conventional  efficiency." 

4M.  (Deleted  in  last  revision  of  Standardisation  Bules.) 

4M.  INroetly  msMOred  effleieney.  Input  and  ontpnt  dstarminations 
of  effideney  may  be  made  directly,  measurin|c  the  output  by  brake,  or 
equivalent,  where  applicable.  Witmn  the  limits  of  practical  application, 
the  circulating-power  method,  sometimes  described  as  the  Hopkinson  or 
"loading-back    method,  may  be  used. 

1st.  Values  of  the  indeterminate  lousi  may  also  be  obtained  by 
brake  or  other  direct  test,  and  used  in  estimating  actual  effidenciee  of  dmilar 
machines,  by  the  separate-loss  method. 

4S7.  Hormal  conditions.  The  effideney  shall  correspond  to,  or  be 
oorrected  to,  the  normal  conditions  herdn  set  forth,  which  shall  be  regarded 
as  standivd.  These  conditions  include  voltage,  current,  power-factor, 
frequency,  wave  shape,  speed,  temperature,  or  such  of  them  as  may  apply 
in  each  particular  case. 

4St.  HaMoramont  of  offloiency.  Electric  power  shall  be  measured 
at  the  terminals  of  the  apparatus.  In  polyphase  machines,  suffident 
measurements  shall  be  made  on  all  phases  to  avoid  errors  of  unbalance. 

4U.  Point  at  whleh  maohanioal  power  shall  be  measured.  Me- 
chanioal  power  delivered  by  machines,  shall  be  measured  at  the  pullejr, 
gearing,  or  coupling,  on  the  rotor  shaft,  thus  excluding^  the  loss  of  power  in 
the  belt  or  gear  friction.     See,  however,  an  exception  in  Par.  800. 

4M0.  The  effleieney  specifled  for  altematora  and  tranaformars  shall 
be  of  the  ratio  of  the  kilowatt  output  to  the  kilowatt  input  at  the  rated 
kv-a.  and  power  factor. 

Ml.  Xffleiency  of  altematinf-eurrent  machinery  in  resard  to 
ware  ihape.  In  determining  the  effideney  of  alternating-current  ma- 
chinery, the  sine-wave  is  to  be  conddered  as  standard,  unless  a  different  wave 
fcrai  is  inherent  in  the  operation  of  the  system.     See  Par.  409. 

4M.  Tamporatnro  of  refsrsnce  for  maehins  sfflcisncy.  The  effi- 
oienoy, at  all  loads,  of  all  apparatus,  shall  be  corrected  to  a  reference  tem- 
perature of  75  d».  cent.,  but  tests  may  be  made  at  any  convenient  ambient 
temperature,  preferably  not  less  than  15  deg.  cent.     See  Far.  US  and  MS. 

4S>.  The  losses  In  constant-potential  machinery,  cither  of  the 
stationary  type,  or  of  the  constant-speed  rotary  type,  are  of  two  classes, 
namely,  those  which  rmnain  substantially  constant  at  all  loads,  and  those 
which  vary  with  the  load.  The  former  include  iron  losses,  windage  and 
friction,  also  PR  losses  in  any  shunt  windings.  The  latter  include  PR  losses 
in  series  windings.  The  constant  losses  may  be  determined  by  measuring 
the  power  required  to  operate  the  machine  at  no-load,  deducting  any  series 
PK  losses.  The  variable  loes  at  any  load  may  be  computed  from  the  meas* 
ured  resistance  of  the  series  windings  and  the  given  Iwui  current. 
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tt4.  Btrv  load^lOMM.  The  above  rimple  motbod  of  dstarmming  th* 
loMM  and.henoe  the  effideney  ia  only  •{)proximate,  sinoe  the  loeiee  wUch 
are  aaaumed  to  be  oonstant  do  aetiuOy  vary  to  aome  extent  with  the  loail, 
and  alao  beoauae  the  actual  loafc  in  the  oopper  windinga  ie  aometimea  appreo- 
ably  greater  than  the  oaloulated  I'B  loaa.  The  difference  between  uic  ap- 
proximate loaaea,  aa  above  determined,  and  the  actual  loaaee,  ia  termed 
the  "atray  load-loaaea."  *  Theae  latter  are  due  to  diatortiooa  in  electric 
or  magnetic  fluxes  from  their  no-load  diatributiona  or  values,  brought  abopot 
by  the  load  current.  They  are  uaually  only  approximately  meaanrsble,  or 
may  be  indeterminable. 

Ml.    Tabla  V. — CltiiHloatioii  of  Loiasi  In  MaohinaiT 
1  in  machinery  may  be  daarified  aa  toUowa; 


AceuraMu    nuatur- 
ttblt  or  dtUrminahU 

AjnToximattly    mtamr- 
aola  or  dtiermijtabU 

ZnieterminabU 

a.  No-load  eon  loaaas 
induding    eddy-cur- 
rent  loasea  in   con- 
duotora  at  no-load. 

c  Bruah  friction  loaa. 

k.  Iron  loaa  due  to  flux 
diatortion. 

b.  TKiad  PB  loaaea  in 
windings.      No-load 
PB  loaaea  in  wind- 
ings. 

i.  Eddy-current  loaaaa 
in  oonduetots  doe  ta 

aioned  by  the  load  cur- 
rents. 

«.  Loaaea  due  to  windage 
and  to  bearing  friction. 

k.  Eddy-oonent  loaaea 
in  conductors  due  to 
tooth  saturation  raault- 
ing  from  diatortion  of 
the  main  flux. 

/.  Extra  oopper  loaa  in 
tranaformer  windinga, 
due    to    atray    fluxea 
eauaed    l>y    load    ou> 
rents. 

L  Tooth  -frequency 
loaaea  due  to  flax  dis- 
tortion under  load. 

g.  Dielectric  loaaea. 

m.  Short-circuit  loss  of 
commutation. 

436.  Svaluatlon  of  loaaea.  The  larger  individual  loaaea  are  dtber  ao- 
ourately  or  approximately  determinable,  but  certain  of  the  indeterminable 
loaaea  reach  values  in  various  Idnda  of  machinery  lAich  require  that  tlK^ 
abould  be  taken  into  account. 

L088BB  TO  BK  TAKUT  INTO  ACOOUHT  IK  VABZOITB  mm  Ot 

MAcmmB 

440.  Diract-currsnt  commutatins  moton  uul  csneniton. 

Core  loaaee.    See  Par.  411. 

I'R  loaa  in  all  windinga. 

Bniah  contact  J'R  loaa.  Unleea  otherwiae  apecified,  uae  the  Institute 
atandard  of  1  volt  for  contact  drop  per  bruah;  i.e.,  2  volta  for  total  brush 
drop,  either  carbon  or  graphite  brusnea.  (See  Par.  464  and  819).  In  the 
case  of  low  voltage  automobile  propulsion  motora  and  generatois  tlaia  loss 
should  be  determined  experimentally;  see  Far.  8S9. 

Friction  of  bearings  ahd  windage. 

Rheostat  losses,  when  present. 

Brush  friction. 

All  indeterminable  load  losses  (including  stray-load  iron  losses)  which 
may  be  important,  which  vary  with  the  design,  and  for  whieh  no  satisfactory 

*  In  Table  V,  the  atray  load-losses  include  /,  A,  t,  k,  I  and  m;  but  do  not 
indude  increased  core  losses  due  to  increased  exdtation  for  oompeasatiog 
intemai  drop  imdar  load. 
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f  hod  of  determination  has  been  found*  shall  be  included  aa  aero  per  cent. 

eatimatins  conventional  efficiency. 

Ml.  Synohronoui  motora  and  ffeneraton. 

2oxK  loesea.     See  Par.  4U. 

PR  loea  in  all  windings,  based  upon  rated  k-va.  and  power  factor. 

itny  load-losses.     In  approximating  these  losses,  tne  method  described 

Pmt.  4M  shall  be  employed. 

Priction  of  bearings  and  windage. 

Brush  friction  and   brush-contact  loss  is  negligible,  except  in  the  case 

revolving  armature  machines. 

[Uieostat  losses,  when  present,  corresponding  to  rated  kr-a.  and  power 

tor. 

MS.  Induction  machlnM. 

^oie  losses.     See  Par.  Ml. 

PR  losses  in  all  windings. 

Hray  load-losses.     In  approximating  these  losses,  tha  method  deseribad 

Par.  4M  shall  be  employed. 

Brush  friction  when  collector  rings  are  present. 

Srusb-oontact  loM.     Unleaa  otherwise  specified,  use  the  Institute  standard 

1   rdt  for  contact  drop  per  brush,  for  either  carbon  or  graphite  bmshet. 

)  Par.  4M. 

friction  of  bearings  and  windage. 

MS.  Commnnlcatlnit  »-c.  maohinaa. 

'Don  lowea.     See  Far.  4M. 

r>JZ  losses  in  all  windings. 

Brush  friction. 

Brush-contact  loss.     Unless  otherwise  specified,  use  the  Institute  standard 

1   volt  for  contact  drop  per  bruah,  for  either  carbon  or  graphite  brushes. 

,  Par.  4M  and  tl*. 

FVietion  of  bearings  and  windage, 

^^k2rdSt'SV«'dSSr"t^^''°-]     •">•  Institute  U  notafthis  time 

Mdy^ur^nt Vo^  iTd'Z«s  P^SS^iLSS^'thSTlSr^*""" 
■yini  with  load  and  saturaUon.      J '«  approximatuig  these  losses. 

L44,  •Tnehronona  oonTartan. 

I^ore  losses.    Bee  Par.  Ml. 

PR  losses  in  all  windinga,  based  on  rated  kw.  and  unity  power  faotor, 

e  PR  losses  in  the  armature  winding  shall  be  derived  from  those  corre- 

inding  to  its  use  as  a  direot-cunent  generator,  by  using  suitable  factors. 

Brush  friction. 

Elheostat  losses   when   present,    corresponding    to  rated  kw.  and  unity 

wer  factor.  / 

Brush-contact  loss.     Unless  otherwise  specified,  use  the  Institute  standard  I 

1  volt  for  contact  drop  per  brush,  for  either  carbon  or  graphite  brushes. 

■  Far.  M4. 

ihort-oiromt  lossof  oommutation.  ]      These  losses,  while  usually  of  low 

Iron  loss  due  to  flux   distortion    magnitude,    are   erratioj  and  the  in- 

en  present.  stitute  is  not  at  this  time  prepared  t 

Sd<v-currant  Idssm  due  to  fluxes    to  make  recommendationa  for  approxi-  I 

ryin^  with  load  and  saturation.      J  mating  them.  4 

metion  of  bearings  and  windage,  ^ 

?or  tha  booster  type  of  synchronous  converter,  where  the  booster  forms  an 

Bgral  part  of  the  unit,  its  losses  shall  be  included  in  the  total  converter 

sea  in  estimating  the  efficiency.  ^ 

Mt.  ^^anafomiara, 

X»4oad  losses.     These  include  the  core  loss,  and  the  PR  loss  due  to  the  v 

siting  eurtent,  slso  the  dielectrio  loss  in  the  insulation.     See  Par.  4T0.  ^ 

[joaa   losses.      These   include   PR  losses,  and  stray  load-losses  due  to 

ly  elments  caused  by  fluxes  varying  with  load.    See  Par.  471.  ^, 

DlTEBlIIirATIOir  0&  APPSOZIMATIOM  OP  LOB8X8  IM 

aOTATTNO  MAOBimKT  ^ 

IM.  Baarinc  Metion  and  windag«  may  be  determined  aa  follows. 
iTS  the  machina  from  an  independent  motor,  the  output  of  which  ahaU 
suitably  determined.    The  machine  under  teat  ahall  have  ita  bruahw 

jg^j  D,.J,l,.edb,^^,UUyHJ  ^^ 


Sec  24-451  STAIfDARDIZATlON  RULB8 

removed  and  Bhall  not  be  excited.  This  output  repraeeata  tlift  besiioc 
friction  and  winda^  of  the  machine  under  teet. 

The  bearing  friction  and  vindage  of  induction  motors  may  be  meaanrad 
by  running  motors  free  at  the  lowest  voltage  at  which  they  will  rotate  coo- 
tinuoualy  at  approximately  rated  speed;  the  watts  input,  minus  /^  Ion* 
under  these  conditions  being  taken  as  the  friction  and  windage. 

Id  the  case  of  engine-type  generators,  the  windage  and  bearing  friction 
loss  is  ordinarily  very  amall,  amounting  to  a  fraction  of  1  per  cent,  of  the 
output.  In  these  rules  this  lees  ia  neglected  owing  to  its  smaU  value  and  the 
dimculty  of  measuring  it. 

4S1.  Brush  frietlon  of  oommatetor  uid  «oU»«tor  rlnn.  Follow  the 
teet  of  Par.  A90,  taking  an  additional  reading  with  the  brushea  in  contact 
with  the  eommirtator  or  collector  rings.  The  difference  between  the  output 
obtained  in  the  test  in  Par.  460  and  thia  output  shall  be  taken  as  the  brush 
friction.  NoTB.— -The  surfaces  of  the  commutator  and  brusheasbould  already 
be  smooth  and  glased  from  running  when  thia  test  is  made. 

4St.  Core  losa.  Follow  the  test  of  Par.  451  with  an  addittoaal  reading 
taken  in  a  similar  manner,  except  that  the  machine  is  to  be  excited  ao  as  to 
produce  at  the  terminals  a  voltage  corresponding  to  the  calculated  internal 
voltage  for  the  load  under  consideration.  The  difference  between  the  outpot 
obtained  by  this  test  and  that  obtained  by  teat  und«-  Par.  411  shall  be  taken 
as  the  core  loea. 

For  lynehronoiii  macMnaa,  the  internal  voltage  shall  be  determined 
by  correcting  the  terminal  voltage  for  the  resistance  drop  only. 

The  core  losa  of  induction  motors  may  be  determined  by  measurinc 
the  watts  input  to  the  motor  when  running  free  at  rated  volta^  and  fre- 
quency and  subtracting  therefrom  the  no-lwd  copper  loea,  bearing  friction 
and  windage. 

4U.  (Deleted  in  the  last  revision  of  the  Standardisation  Rules.) 

454.  The  bruah-contact  I^R  loaa  dependa  largely  upon  the  material  of 
which  the  brush  is  composed.  As  indicating  the  range  oi  ▼ariation  tbs 
following  table  will  be  of  interest: 

Tablo  ▼!. — ^Brush-contact  Drop 


Grade  ot  brush 

Volts  drop  across  on«  bnjsh-contaot.     (Aver- 
age of  positirs  and  neeatiTe  bmahaa) 

l.l 
0.9 

0.5    too. 8 

0. 15  to  0.5  (The  former  forlarseat  pro- 
portion of  metal.) 

Soft  carbon 

Metal-graphiU  typeii 

One  rolt  drop  i>er  brush  shall  be  conridered  as  the  Institute  itandard 
drop  correeponding  to  the  PR  brufh-oontaet  lose,  for  carbon  and  graphits 
brushra.  Metal-graphite  brushes  shall  be  considered  a*  special.  Se« 
Par.  IM. 

455.  n«Id-rheostat  loiwi  shall  be  included  in  the  generator  losses 
where  there  is  a  field  rheoatat  in  aeries  with  the  field  magnets  of  the  genen* 
tor,  even  when  the  machine  is  separately  excited. 

tl(.  Ventilating  blower.  When  a  blower  is  supplied  as  part  of  a 
machine  set,  the  power  required  to  drive  it  shall  be  charged  against  the 
complete  unit;  but  not  againet  the  machine  alone. 

457.  Loaiei  in  other  auzlUary  apparatui.  Auxiliary  apparatus,  soeh 
as  a  separate  exciter  for  a  generator  or  motor,  shall  have  its  loeaes  eharsed 
against  the  plant  of  which  the  generator  and  exciter  are  a  part,  and  not 
agninst  the  generator.  An  exception  should  be  noted  in  the  case  of  turbo- 
generator seta  with  direct-connected  exciters,  in  which  case  the  loosea  in  the 
exciter  shall  be  charged  against  the  ^nerator.  The  actual  energy  of  ex- 
citation and  the  field-rheoatat  losses,  if  any  (see  Par.  4U)  shall  be  ohaiged 
against  the  generator. 

4M.  Btrar  load-lossei  In  syndiroaoiu  (MMtatort  amd  roMon  ; 

These  include  iron  losses,  and  eddy-ourrent  losses  in  the  ct^per,  dus  ts! 
fluxes  varying  with  load  and  also  to  saturation. 


1843 


MlbyV^iUUyiC 


STANDARDIZATION  RULES  8ec.  24-459 

Stvfty  ]om14o88«8  are  to  be  determined  by  operating  the  machine  on  short 
circuit  and  at  rated-Ioad  current.  This,  after  deducting  the  windage  and 
friction  and  DB  loss,  gpvea  the  stray  load-losa  for  polyphase  generators  and 
motors.  These  losses  in  single-phase  machines  are  large;  but  the  institute 
is  not  yet  prepared  to  specify  a  methodf  or  measuring  tnem. 

4M.  Stray  load-loatM  in  Induction  machines.  These  include  eddy- 
current  losses  in  the  stator  copper,  and  other  eddy-current  losses  due  to 
fluxes  varying  with  the  load.  In  windings  consistin^^  of  relatively  small  con- 
duct<nv,  these  eddy-current  losses  are  usually  negligible. 

With  rotor  removed,  measure  the  power  input  to  the  stator  with  different 
valuea  of  current  at  the  rated  frequency.  The  curve  plotted  with  these 
values  gives  the  combined  I'JS  and  stray  load-losaes  due  to  eddy  currents  in 
the  stator  copper.  Deduct  the  PR  loss  determined  from  the  resistanoe,  and 
the  difference  will  represent  the  stray  load-Iossea  corresponding  to  the  vari- 
ous currents.  While  this  method  is  not  accurate  for  some  types  of  motors 
it  usually  represents  a  sufficiently  good  approximation. 

4M.  FdnhaM  Induotlon-xaotor  rotor  I^R  loM.  This  should  be 
determined  from  the  slip,  whenever  the  latter  is  accurately  determinable, 
using  the  following  equation : 

1— sup 
In  large  ■Up-rinc  motors,  in  which  the  alip  cannot  be  directly  measured  by 
loadinc  the  rotor  PR  loaa  shall  be  determined  by  direct  resistance  measure- 
ment; the  rotor  fulMoad  current  to  be  calculated  by  the  following  equation: 

^  ,  .  watts  output 

Current  per  nng— =- 

rotor  voltage  at  stand-still XV3X/C 
This  equation  applies  to  3-phase  rotors.     For  rotors  wound  for  2  phase, 
ose  2  instead  of  the  \/3!    K  may  be  taken  as  0.95  for   motors  of  1  SO 
kw.  or  larger.    The  factor  K  usually  decreases  as  the  sise  of  motor  is  reduced, 
but  no  specific  value  can  be  stated  for  smaller  sisee. 

DmKMINATIOM  OE  APF&OXIMATIOW  OW  LOSUB  IN 
nUHSrOBMEBB 

470.  Mo-load  lotMS.  These  shall  be  measured  with  open  secondary 
eireuit  at  the  rated  frequency,  and  with  an  applied  primary  voltage  giving 
the  rated  secondary  voltage  plus  the  IR  drop  which  occurs  in  the  secondary 
under  rated  load  conditions. 

471.  Load  losaei.  These  include  PR  and  stray  load-losses.  They  shall 
be  measured  by  applying  a.  primary  voltage,  preferably  at  rated  frequency, 
Buffit^ient  to  produce  rated  load  current  in  the  windings,  with  the  secondary 
windings  short  circuited. 

TESTS  OF  DIELECTRIC  STRENGTH  OF  MACHINERY 

480.  Baals  for  determining  teit  Toltagea.  The  test  voltage  which 
■hall  be  applied  to  determine  the  suitability  of  insulation  for  commereial 
operation  is  dependent  upon  the  kind  and  aixe  of  the  machinery,  and  its 
normal  operating  voltage,  upon  the  nature  of  the  service  in  which  it  is  to  be 
used,  and  uxwn  tne  seventy  of  the  mechanical  and  eloctrical  stresses  to  which 
it  may  be  subjected.  The  volta^^ee  and  other  conditions  of  test  which  are 
recommended,  have  been  determined  as  reasonable  and  proper  for  the  great 
mftjority  of  cases,  and  are  proposed  for  general  adoption,  except  when  specifio 
reaecme  make  a  modification  desirable. 

481.  Condition  of  machinery  to  be  tested.  Commercial  tests  shall, 
in  oeneral,  be  made  with  the  completely  assembled  machinery  and  not  with 
inoividual  parts.  The  machinery  Bhall  be  in  good  condition,  and  high- 
▼oHage  tests,  unices  otherwise  specified,  shall  be  applied  before  the  machine 
im  put  into  commercial  service,  and  shall  not  be  applied  when  the  insulation 
r«ttstanee  is  low  owing  to  dirt  or  moisture.  High-voltage  teats  shall  be  made 
at  the  temperattU'e  assumed  under  normal  operation  or  at  the  temperature 
Attained  under  the  conditions  of  commercial  testing.  Hi^h-voltage  tests 
to  determine  whether  specifications  are  fulfilled,  are  admissible  on  new  ma- 
chines only.  Unless  otherwise  agreed  upon,  high- voltage  tests  of  a  machine 
•hall  be  understood  as  being  made  at  the  factory. 

481.  Points  of  application  of  voltage.     The  test  voltage  shall  be  soo* 
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oenively  applied  between  euih  eleetrio  drouit  and  all  other  eleetrie  tirot&ta 
and  metal  parte  grounded. 

MS.  Intaroonneeted  polTphaie  wlndliuri  are  eonndeted  aa  one  onnit. 
All  vindinga  of  a  machine  except  that  under  teet,  ahall  be  connected  to 
ground. 

4M.  Traqoaney,  ware  form  u>d  teit  Toltkffe.  The  frequency  of 
the  testing  circuit  shall  not  be  leas  than  the  rated  frequency  of  the  appara- 
tua  teateoT  A  nne-wave  form  is  recommended.  See  Par.  4M.  The  test 
shall  be  made  with  alternating  troltage  having  a  crest  value  equal  to  \/2 
times  the  specified  test  voltage.  In  <^o.  machinee,  and  in  the  general  com- 
mercial application  of  a-o.  macbiaea,  the  testing  frequency  of  SO  cycles  per 
second  is  reoommended.  ^  ' 

<8I.  Duration  of  application  of  teat  voltaga?  The'  teating  voltage  for 
all  classes  of  apparatus  snail  be  applied  continuously  for  a  period  of  00  sec. 

4IUA,  Tor  all  itandard  devlees  produead  In  large  quantltlaa  and  with 
a  standard  test  pressure  of  2,500  volts  or  leas,  a  test  pressure  ai^pUed  for 
1  sec.  20  per  cent,  higher  than  the  1-min.  test  pressure  will  be  satisfactory. 

48S.  Apparatui  for  UM  on  slngla-phate,  I-phaaa-daita  or  >-phaa«- 
■tar  drouita.  Apparatus,  such  as  transformeis,  which  may  be  used  in 
star  connection  on  three-phase  circuits,  shall  have  the  delta  voltage  of  the 
ciroxiits  on  which  they  may  be  used  indicated  on  the  rating  plate  and  the 
test  shall  be  based  on  such  delta  voltage. 

VALxntn  or  a-c.  tht  toltaou 

MM,  Tha  itaadard  tait  for  all  olaisei  of  apparatus,  azoapt  ai  otbar- 
wlaa  apaotfiad,  ahall  be  twloe  the  normal  Toltage  of  tha  dreait  to 
which  tha  apparatna  is  oonnactad,  plus  1,000  Tolta. 

Ml.  Isoeptlon— altamatinf -eurrant  •pparatui  eonnaetod  to  per- 
manently groundad  ilngle-phaaa  lyatanu,  for  use  on  perrnanotitly 
nounded  dreuita  of  mora  than  SOO  volti,  shall  be  tested  with  2.73  times 
the  voltage  of  the  oircuit  to  ground  +  1,000  volts.  This  does  not  refer  to 
three-phase  apparatus  with  grounded  star  neutral. 

Ml.  Kxceptlon — dlatrlbuUnc  traaaformars.  Transformers  for  pri- 
mary pressure  from  650  to  5,000  volts,  the  secondaries  of  which  are  directly 
connected  to  consumers*  circuits  and  commonly  known  aa  distributing  tran^ 
formers,  shall  be  tested  with  10,000  volts  from  primary  to  core  and  secondary 
combined.  The  secondary  windings  shall  be  tested  with  twice  their  normal 
voltage  plus  1,000  volts. - 

MS.  Izoaptlon — auto-tranaformara  used  for  starting  purposes,  shall 
be  tested  with  the  same  voltage  as  the  test  voltage  of  the  apparatus  to  which 
they  are  connected. 

S04.  Bxcaption — ^household  davfcaa.  Apparatus,  taking  not  over 
660  watts*  and  intended  solely  for  operation  on  supply  oirouita  not  exceeding 
250  volts,  shall  be  tested  with  900  volts,  except  in  the  case  of  heating  devices 
which  shall  be  tested  with  600  volts  at  operating  temperature. 

MI.  beeptlon — apparatui  for  usa  on  clreulta  of  S5  volts  or  lowar, 
such  as  bell-ringing  apparatuB,t  electrical  apparatus  used  in  automobiles, 
apparatus  used  on  low-voltage  battery  circuits,  etc.,  shall  be  tested  with 
600  volts. 

M6.  Kzeeption — ^Dald  wlndlncs  of  altamatlnr-eurrant  canaraton 
shall  be  testea  with  10  times  the  exciter  voltage,  but  in  no  caae  with  less  than 
1,500  volts  nor  more  than  3,500  volts. 

S07.  Xxoeptlon — Field  windings^  of  synchronous  machines,  including 
motors  and  converters  which  are  to  be  started  from  alternating-current 
circuits,  shall  be  tested  aa  follows; 

(a)  When  machines  are  started  with  fields  short-circuited  they  shall  be 
tested  as  specified  in  Par.  M6. 

(b)  When  machines  are  started  with  fields  open-circuited  and  teetionaliaed 
while  starting,  they  shall  be  tested  with  5,000  volts. 

*  The  present  National  EUctric  Code  power  limit  for  a  single  outlet. 

t  This  rule  does  not  include  bell-ringing  transformers  of  ratio  125  to  6 
volts.     See  National  Electric  Code. 

t  Series  field  coils  should  be  regarded  as  part  of  the  armature  circuit  and 
tested  aa  auoh. 
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(e)  Wlien  machines  are  started  with  fields  open-circuited  and  connected 
all  series  while  starting,  they  shall  be  tested  with  5,000  volts  for  less  than 
27&-rolt  excitation  and  8,000  volts  for  excitation  of  275  volts  to  750  volts, 

•OS.  boeptioii — phua-wound  rotors  of  Induction  moton.  The 
secondary  windings  ot  wound  rotors  of  induction  motors  shall  be  tested  with 
twice  their  normal  induced  voltage,  plus  1,000  volts.  By  normal  induced 
voltue  is  here  meant  the  voltage  between  slip  rings  on  open  circuit  at 
atandstill  with  normal  voltage  impressed  on  the  primary.  \ 

When  induction  motors  with  phase-wound  rotors  are  reversed,  while  run- 
ning  at  approximately  normal  speed,  hy  reversing  ^the  primary  connections, 
the  test  shall  be  four  times  the  nornial  induced  voltage,  plus  1,000  volts. 
t  509.  Kxcoption — iwltohei  and  dreult  control  apparatuj  above  800 
Tolts,  shall  be  tested  with  two  and  one-fourth  times  rated  voltage,  plus  2,000 
TOlts.     See  Par.  7*0  to  741. 

)  SIO.  Xzception — auemblsd  apparatus.  Where  a  number  of  pieces 
of  apparatus  are  assembled  together  and  tested  as  an  electrical  unit,  they 
■hall  De  tested  with  15  per  cent,  lower  voltage  than  the  lowest  required  on 
any  of  the  individual  pieces  of  apparatus. 

'  UOA.  Kxccption — meters  and  instmmants.  The  Institute  is  not  at 
present  in  a  position  to  make  a  recommendation  in  regard  to  the  dielectric 
tests  of  meters  and  instruments. 

(11.  Testing  traniformen  by  induead  Yoltace.  TTnder  certain  oon> 
ditions  it  is  permissible  to  test  transformers  by  inducing  the  required  voltage 
in  their  windings,  in  place  of  using  a  separate  testing  transformer.  By 
*'  required  voltage,"  is  meant  a  voltage  such  that  the  line  end  of  the  windings 
■hall  receive  a  test  to  ground  equal  to  that  required  by  the  general  rules. 

tlS.  Transformen  with  (radsd  insulation  shall  be  so  marked.  They 
■hall  be  tested  by  including  the  required  test-voltage  in  the  transformer 
and  connecting  the  successive  line  leads  to  ground. 

Transformer  windina  permanently  grounded  within  the  transformer 
■hall  be  tested  by  inducing  the  required  teet  voltage  in  such  windings. 
(See  Par  100.) 

wtunnoHiHT  or  voltaok  nr  snucnmo  tuts 

or  MACHIHKKT 

•10.  Use  of  TOltmeton  and  spark-caps  in  Insulation  teats.  When 
making  insulation  tests  on  electrical  machinery,  every  precaution  must 
be  taken  u^ainst  the  occurrence  of  any  spark-gap  dischargee  in  the  circuits 
from  which  the  machinery  is  being  tested.  A  non-inductive  resistance  of 
about  1  ohm  per  volt  shall  De  inserted  in  series  with  one  terminal  of  the  spark 
gap.  If  the  test  is  made  with  one  electrode  grounded,  this  resistance  shall 
be  inserted  directly  in  series  with  the  non-grounded  electrode.  If  neither 
terminal  is  grounded,  one-half  shall  be  inserted  directly  in  series  with  each 
electrode.  In  any  case  this  resistance  shall  be  as  near  the  measuring  gap 
as  possible  and  not  in  series  with  the  tested  apparatus.  The  resistance  will 
damp  high-frequency  oeoillations  at  the  time  of  breakdown  and  limit  the 
eurrent  which  will  flow.  A  water-tube  is  the  most  reliable  form  of  resistor. 
Carbon  rssistors  should  not  be  used  because  their  resistance  may  become  very 
low  at  high  voltages. 

•>1.  ror  maehlnarr  of  low  oapaettaaee.  When  the  machinery  under 
test  does  not  require  sufficient  charging  current  to  distort  the  high-voltage 
wave  shape,  or  change  the  ratio  of  transformation,  the  spark-gap  should  be 
■et  for  the  re<^uired  test  voltage  and  the  testing  apparatus  adjusted  to  give  a 
voltage  at  which  this  spark-gsp  just  breaks  down.  This  adjustment  should 
be  made  with  the  apparatus  under  test  disconnected.  The  apparatus 
should  then  be  connected,  and  with  the  spark  gap  about  20  per  cent,  longer, 
the  testing  apparatus  is  again  adjusted  to  give  the  voltage  of  the  former 
breakdown,  which  is  the  assumed  voltage  of  test.  This  voltage  is  to  be  main- 
tained for  the  required  interval. 

ni.  ror  maehlnary  of  Urh  eapadtanee.  When  the  charging  current 
of  the  machinery  under  teet  may  appreciably  distort  the  voltage  wave  or 
change  the  effective  ratio  of  thetestingtransiormer,  the  first  adjustment  of 
voltage  with  the  gap  set  tor  the  test  voltage  should  be  made  with  the  appa- 
ratus under  test  connected  to  the  circuit  and  in  parallel  with  the  spark-gap. 

When  making  arc-over  tests  of  large  insulators,  leads,  etc.,  partial  aro> 
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over  of  the  tested  apparatus  may  produce  oB^llations  which  nill  oauBe  the 
measuring  cap  to  discharge  prematurely.  The  measured  voltage  will  thea 
appear  too  huh.  In  such  tests  the  "equivalent  ratio"  of  the  testing  trans- 
former should  be  measured  by  gap  to  within  20  per  cent,  of  the  aro-over 
voltage  of  the  tested  apparatua  with  the  tested  apparatus  In  circuit.  The 
measuring  ^p  should  then  bo  greatly  lengthened  out  and  the  voltage  ta> 
creased  until  the  tested  apparatus  area  over.  This  aro-over  voltage  should 
then  be  determined  by  multiplying  the  voltmeter  reading  by  the  oQuivaleat 
ratio  found  above.  Direct  measurement  of  the  gpsj-k-over  voltage  over  one 
gap  by  another  gap  should  always  be  avoided. 

US.  Measuremozits  with  voltmeter.  In  measuring  the  voltage  with 
a  voltmeter,  the  instrument  should  preferably  derive  its  voltaee  from  the 
high-tension  circuit,  either  directly,  or  by  means  of  a  voltmeter  coil  placed 
in  the  testing  transformer,  or  through  an  auxiliary  ratio-tranM/ormer.  It 
is  permissible  to  measure  the  voltage  at  other  places,  such  as  the  transformer 
primary  provided  corrections  can  be  made  for  the  variations  in  ratio  caused 
By  the  charging^  current  of  the  machinery  under  text,  or  provided  there  it 
no  material  variation  of  this  ratio.  In  any  case,  when  the  capacitance  of 
the  apparatus  to  be  tested  is  such  as  to  cause  wave  distortion,  the  testing 
voltage  must  be  checked  by  a  spark-gap  as  set  forth  in  Par.  SS6,  or  by  a  crest 
voltage  meter.  If  the  crest-voltage  meter  is  calibrated  in  ereat  volte,  its 
readings  must  be_  reduced  to  the  oorrespondiixg  r.m.B.  einuBoidai  value  by 
dividing  with  \/2. 

834.  MoAsurementi  with  ipark-npi.  If  proper  precautions  are  ob- 
served, spark-gape  may  be  used  to  advantage  in  onccking  the  oalibratioa 
of  voltmeters  when  set  up  for  the  pxirposea  of  high-voltage  tests  of  the  in- 
sulation of  machinery. 

536.  Aangea  of  voltAffea.  For  the  calibrating  purposes  set  forth  is 
Par.  SS4  the  sphere-gap  shall  be  used  for  voltages  above  50  kv..  and  is  to  be 
preferred  down  to  30  kv.  The  needle  spark-gap  may,  however,  be  used  for 
voltages  from  10  to  50  kv. 

6S6.  The  naedto  tpftrk  gftp.  The  needle  spark  gap  shall  consist  of  new 
sewing  needles,  supported  axially  at  the  ends  of  linear  conductors  which 
are  at  least  twice  the  length  of  the  gap.  There  must  be  a  dear  space  around 
the  gap  for  a  radius  of  at  least  twice  the  gap  length. 

UT.  The  sparking  distances  in  air  between  No.  00  sewing  needle  points 
for  various  root-mean-square  sinusoidal  voltages  are  as  follows: 

Table  VII. — Needle-gap  Bpark-ovar  Voltages 

(At  25  deg.  cent,  and  700  mm.  barometer) 


R.  M.  S. 
kilovolU 

Millimeters 

R.  M.  8. 
kilovolt* 

Millimeten 

10 
15 
20 
25 
30 

11.9 
18.4 
25.4 
33.0 
41.0 

36 
40 
45 
60 

51 
63 
76 
80 

The  above  values  refer  to  a  relative  humidity  of  80  per  cent.  Varia- 
tions from  this  humidity  may  involve  appreciable  variations  in  the  sparking 
distance. 

538.  The  Sphere  spark-fap.  The  standard  sphere  spark-gap  shall 
consist  of  two  suitably  mounted  metal  .spheres.  When  used  as  specified 
below,  the  accuracy  obtainable  should  be  approximately  2  per  cent. 

No  extraneous  body,  or  external  part  of  the  circuit,  shall  be  nearer  the 
gap  th^n  twice  the  diameter  of  the  spheres.  By  the  *'gap**  is  meant  the 
sborteHt  path  between  the  two  spheres. 

The  shanks  should  not  bo  greater  in  diameter  than  one-fifth  the  sphere 
diameter.  Metal  eollara,  etc.,  through  which  the  shanks  extend,  should  be 
as  small  as  practicable  and  should  not,  during  any  measurement,  eoniectoser 
to  the  sphere  than  the  maximum  gap  length  used  in  that  measurement. 

The  sphere  diameter  should  not  vary  more  than  0.1  per  cent,  and  the 
curvature,  measured  by  a  spherometer,  should  not  vary  more  than  1  per  cent, 
from  that  of  a  true  sphere  of  the  required  diameter. 
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■St.  In  uilns  the  spharometar  to  measure  the  curvature,  the  dittanee 
between  the  pointa  of  contact  of  the  apheroineter  feet  should  be  within  the 
{(dlowing  limita: 

Table  Vm. — Spherometar  BjMclfioations 


Diameter  of  sphere 
in  mm. 

Distance  between  contact  points  in  mm. 

Maximum 

Minimum 

62.5 
125.0 
250.0 
500.0 

35 
45 

65 
100 

25 
35 
45 

65 

M9A.  In  ualnc  splMre  ff^P*  constructed  &a  above,  it  is  asaumed  that  the 
apparatus  will  be  set  up  for  use  in  a  apace  comparatively  free  from  external 
dielectric  fields.  Care  should  be  taken  that  conducting  Bodies  forming  part 
of  the  circuit,  or  at  circuit  potential,  are  not  so  located  with  reference  to  the 
gap  that  their  dielectric  fields  are  superpoeed  on  the  gap;  9.0.,  the  protecting 
resistanoe  should  not  be  arranged  so  ^  to  present  mrge  masses  or  surfaces 
near  the  gap,  even  at  a  distance  of  two  sphere  diameters. 

In  case  tne  sphere  is  grounded,  the  spark  point  of  the  grounded  sphere 
should  be  approximately  five  diameters  above  the  floor  or  ground. 

S40.  The  sparUnff  distances  between  different  spheres  for  various 
r.m.s.  sinusoidal  voltages  shall  be  assumed  to  be  as  follows; 
T«bl«  XX. — Sphere-gap  Spark-over  Voltages 
(At  26  deg.  cent,  and  760  mm.  barometric  pressure) 


Kilorolts 

Sparlung  distance  in  millimeters                       1 

02.5  mm. 
spheres 

125  mm. 
spheres 

250  mm. 
spheres 

fiOO  mm. 
spheres 

SI'S 

°1l 

^11 

i 

•o 

-8l 

£"8 

III 

10 
20 
30 

4.2 
8.6 
14.1 

4.2 
8.6 
14.1 
19.2 
25.0 
32.0 
~39.r 
49.0 
60.5 

1 

1 

14.1 

14.1 

...      J 

40 
50 
60 

10.2 
25.5 
34.5 
46.0 
62.0 

19.1 
24.4 
30.0 
36.0 
42.0 
49  0 
50.0" 
79.7 
108. 

19.1 
24.4 
30. 

1 

' 

29 

"35~ 

41 

46 

29 

ir 

45 

70 
80 
90 

36. 
42. 
49. 

41 
46 

41 
45 

100 
120 
140 

53. 
71. 
88. 

52 
64 
78 

61 
63 

77 

52 
63 
74 

51 
62 
73 

i 

160 
180 
200 

1."jO 

no." 

138. 

92 
109 
12S 
150 
177 
210 

90 
106 
123 
141 
160 
180 
203 
231 
265 

85 
97 
108 
120 
133 
148 
163 
177 
194 
214 
234 
255 

83    ■ 
95 
106 

r 

1 1 

220 
240 
260 
280 
300 
320 

130 
144 

158 
171 
187 
204 
221 
239 

, 1 

'             -     -            :    -  - 

2.'>0 

1 

340 
360 
380 

1 '                '           "     1  "        ^ 

1               1                                              1 

, 

400 

.     .  .  .  1 1 

276 

■267 

1                1                               1               1 
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The  sphere  gap  is  more  eeuitiTe  than  the  needle  gap  to  momentary 
riiee  of  voltage  and  the  voltage  required  to  spark  over  the  gH>  should  be  oly- 
tainedby  slowly  closing  theg^  under  constant  voltage,  or  by  slowly  raistng 
the  voltage  with  a  fixed  setting  of  the  ^p.  Open  area  should  not  be  per- 
mitted in  proximity  to  the  gap  during  its  operation,  as  they  may  affeot  ita 
eaUbration. 

Ml.  Air-daniity  eorreetlon-faeton  for  iphara  gapi.  The  apark- 
orer  TOlta^,  for  a  given  gap,  decreases  with  decreasing  barometric  pressure 
and  increasing  temperature.  This  correction  may  be  oonaidemble  at  high 
altitudes. 

The  spadng  at  which  it  !■  neoeasary  to  set  a  gap  to  spark  over  at  adme 
required  voltage,  is  found  as  follows:  Divide  the  required  voltage  by  the 
correction  factor  given  below  in  Table  X.  A  new  voltage  is  thus  obtained. 
The  spacing  on  the  standard  curves  obtained  from  Table  IX,  corresponding 
to  this  new  voltage,  is  the  required  spacing. 

The  voltage  at  which  a  given  gap  sparks  over  is  found  by  taking  the  voltace 
corresponding  to  the  spacing  from  the  standard  curves  of  Table  IX,  and 
multiplying  by  the  correction  factor. 

When  the  variation  from  sea  level  is  not  great,  the  relative  air  density 
may  be  used  as  the  correction  factor:  when  the  variation  is  great,  or  greater 
accuracy  is  desired,  the  correction  factor  corresponding  to  the  relative  air 
density  should  be  taken  from  Table  X  below,  in  which 

Relative  air  density  -  27347* 
6  i"  barometric  pressure  in  mm. 
I   M  temperature  in  des.  cent. 

•  Corrected  curves  may  be  jilotted  for  any  given  altitude,  if  desired. 
Values  of  relative  air  density  and  corresponding  values  of  the  oorraetion 
factor  are  tabulated  below.     It  will  be  seen  that  Tor  values  above  0.9,  tbs 
correction  factor  does  not  differ  greatly  from  the  relative  air  density. 
Table  Z. — ^Alr-dansity  Correction  Faeton  for  Sphere  Qapa 


Relative 
air  density 

Diameter  of  standard  spheres  in  mm.                     1 

62. S 

125 

260 

500 

O.SO 
O.SS 
0.60 

0.<47 
0.894 
0.640 

0.635 
0.683 
0.630 

0.527 

0.678 
0.623 

0.519 
0.567 
0.615 

O.OS 
0.70 
0.78 

0.686 
0.732 
0.777 

0.677 
0.724 
0.771 

0.870 
0.718 
0.766 

0.663 
0.711 
0.759 

0.80 
0.8S 
0.90 

0.821 
0.866 
0.910 

0.815 
0.862 
0.908 

0.812 
0.859 
0.906 

0.807 
0.855 
0.904 

0.96 
1.00 
l.OS 

0.986 
1.000 
1.044 

0.956 
1.000 
1.045 

0.984 
1.000 
1.046 

0.952 
1.000 
1.048 

1.10 

1.090 

1.092 

1.094 

1.09S 

mSDLATION  RESISTANCE  OF  MACHINERT 

HO.  Tta*  insulation  raiiatanc*  of  a  maohina  at  its  operating  tem- 
perature siudl  be  not  lees  than  that  given  by  the  following  formula: 
,       ,  ..  .  .  ,  ,  voltage  at  terminals 

Insulation  resistance  in  megohms  ■■ — r-j r: — -. — c r-ns5. 

rated  capacity  m  kv-a.  + 1000 
The  formula  only  applies  to  dry  apparatus.     Such  high  values  ate  not 
attainable  in  oil-immened  apparatus. 

Insulation  resistance  teats  shall,  if  passible,  be  made  at  a  d-o.  pressura  of 
500  volts.  Since  the  insulation  varies  with  the  pressure,  it  is  neoeasary  that, 
if  a  pressure  other  than  600  volts  is  to  IM  employed  in  any  case,  this  othst 
pressure  shall  be  clearly  specified. 
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The  order  of  masoitude  of  the  values  obtained  by  thia  rule  ia  ahoirn  in  the 
foUowinc  table: 

Table  XI. — ^Ininlatlon  Eeaiitmae  of  Machinery 


Rated  voltace 
of  machine 

Megohms                                           1 

lOOkv-a. 

1,000  kr-a. 

10,000  kv-a. 

100 

1,000 

10,000 

100,000 

o.oei 

0.91 
9.1 

0.08 
0.80 
8.0 
60.0 

o'.bii 

0.91 
B.l 

Ml.  It  should  be  noted  that  the  insulation  resistance  of  maohinei^  is  of 
doubtful  significance  by  comparison  with  the  dielectriostrength.  The^insula- 
tion  resistance  ia  subject  to  wide  variation  with  temperature  humidity  and 
cleanliness  of  the  parts.  When  the  insulation  resistance  falls  below  that 
corresponding  to  the  above  rule,  it  can.  in  most  cases  of  good  design  and  where 
no  detect  exists,  be  brought  up  to  the  required  standard  by  cleaning  and 
drying  out  the  machine.  The  insulation-resistance  teat  may  therefore  afford 
a  useful  indication  as  to  whether  the  machine  is  in  (ujtable  condition  for  the 
application  of  the  dielectric  test. 

REGULATION 
DnunnoRs 

SM.  Hefulatlon.  The  regulation  of  a  machine  in  regard  to  some  char- 
ftcteristic  quantity  (such  as  terminal  voltage  or  speed)  is  the  change  in  that 
quantity  occurring  between  any  two  loads.  Unless  otherwise  specified,  the 
two  loads  coDsidered  shall  be  aero  load  and  rated  load,  and  at  tne  tempera- 
ture attained  under  normal  operation.  The  regulation  may  be  ezi;»reased  by 
stating  the  numerical  values  of  the  goantity  at  the  two  loads,  or  it  may  be 
expressed  by  the  "percentage  regulation,"  which  is  the  percentage  ratio 
of  the  change  in  the  quantity  occurring  between  the  two  loads,  to  the  value 
of  the  quantity  at  either  one  or  the  other  load,  taken  as  the  normal  value. 
It  is  assumed  that  all  parts  of  the  machine  affecting  the  regulation  maintain 
constant  temperature  between  the  two  loads,  and  where  the  influence  of 
temperature  >s  of  consequence,  a  reference  temperature  of  75  deg.  cent. 
shall  be  considered  as  standard.  If  ehange  of  temperature  shoula  occur 
during  the  tests,  the  results  shall  be  corrected  to  the  raerenoe  temperature  of 
79  deg.  cent. 

The  normal  value  majr  be  either  the  no-load  value,  as  the  no-load  speed 
of  induction  motors;  or  it  may  be  the  rated-load  value,  as  in  the  voltage  of 
a-e.  generators. 

It  IS  usual  to  state  the  regulation  of  d-c.  generators  bv  giving  the  numer- 
ical values  of  the  voltage  at  no-load  and  rated  load,  and  in  some  oases  It  is 
advisable  to  state  regulation  at  intermediate  loads. 

861.  The  raguUktion  of  d-o.  generator  refei«  to  changes  in  voltage  cor- 
responding to  gradual  changes  in  load  and  does  not  relate  to  the  compara- 
tivdy  large  momentary  fluctuations  in  voltage  that  frequently  accompany 
instantaneous  changes  m  load. 

In  determining  the  regulation  of  a  compound-wound  d-o.  generator,  two 
tests  shall  be  made,  one  bringing  the  load  down  and  the  other  bringing  the 
load  up,  between  no-load  and  rated  load.  These  may  differ  somewhat, 
owing  to  residual  magnetism.     The  mean  of  the  two  results  shall  be  used. 

S6S.  In  constant-potential  ft-c.  generators,  the  regulation  is  the  nae 
in  voltage  (when  the  specified  load  at  specified  power  factor  is  reduced  to 
aero)  expressed  in  per  cent,  of  normal  rated-load  voltage. 

(as.  In  oonttant-eurrent  nutohlaei,  the  regulation  is  the  ratio  of  the 
maximum  difference  of  current  from  the  rated-load  value  (occurring  in  the 
range  from  rated-load  to  short-circuit,  or  minimum  limit  of  operation),  to 
the  rated-load  current. 

■64.  In  eonatamt-speed  d-c.  motors,  and  induction  motors,  the  regu- 
lation is  the  ratio  of  the  difference  between  full-load  and  no-load  speeds  to 
the  no-load  speed. 
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MS.  In  eonituit-potentlal  tranaforxnen,  the  reKolAtion  ia  the  <Uffei^ 
enee  between  the  no-load  and  rated-load  values  of  the  Becondary  termmal 
voltage  at  the  specified  power-faotor  (with  conatant  primarv  imprened  tei^ 
minal  voltage)  exprcsBed  in  per  cent,  of  the  rated-loaa  seconaary  voltage,  the 
primary  voltage  being  adjusted  to  auch  a  value  that  the  apparatus  delivera 
rated  output  at  rated  secondary  voltage. 

6M.  In  oonYertars.  dynamoton,  motor-ceneraton  and  freqaenoy 
oonvertera,  the  regulation  is  the  change  in  the  terminal  voltage  of  the  output 
aide  between  the  two  specified  loads.  This  may  be  expressed  by  giving  the 
numerical  values,  or  as  the  iieroentage  of  the  terminal  voltage  at  rat«d  load. 

SC7.  IntransmiSBionUnaaffeeden.atc.vthere^ulationiatheehangein 
the  voltage  at  the  receiving  end  between  rated  non-inductive  load  and  n<K 
load,  with  constant  impressed  voltage  upon  the  sending  end.  The  percent- 
age regulation  is  the  percentage  changein  Tcrftageto^he  normal  rated  vcdtage 
at  the  receiving  end. 

5tt.  In  staam  engines,  itaatn  turbines  and  Intamal  coxnbuatton 
•nglneBi  the  percentage  speed  regulation  is  usually  expressed  as  the  per- 
centage ratio  of  the  maximum  variation  of  speed,  to  the  rated-load  speed  in 
passing  slowly  from  rated  load  to  no-load  (with  oonstant  conditions  at  the 
supply). 

969.  If  the  test  is  made  by  passing  suddenly  from  rated  load  to  no-load, 
the  immediate  percentage  speed  regulation  so  derived  shall  be  termed  the 
fluctuation. 

B70.  In  a  hjrdraollo  turbina,  or  other  water  motor,  the  percentage 
speed  regulation  is  expressed  as  the  percentage  ratio  of  the  maximum  varia- 
tion in  speed  in  passing  slowly  from  rated  load  to  no*load  (at  oonstant  head  of 
water),  to  the  rated-load  speed, 

S71.  In  a  generator  unit,  consisting  of  a  generator  combined  with  a 
prime  mover,  the  speed  or  voltage  regulation  should  be  determined  at  eon* 
stant  conditions  of  the  prime  moyerj  t.«.,  constant  steam-pressure,  head,  etc. 
It  inrludra  the  inherent  speed  variations  of  the  prime  mover.  For  this  reason, 
the  regulation  of  a  generator  unit  is  to  bo  distinguished  from  the  regulation 
of  either  the  prime  mover,  or  of  the  generator  combined  with  it,  when  taken 
separately. 

oovDinoini  roE  tbsts  or  bkoulatioh 

MO.  Speed  and  frequency.  The  regulation  of  generators  is  to  be  deter- 
mined at  constant  speed,  ana  of  alternating-current  apparatus  at  constant 
frequency. 

Ul.  Powar-faotor.  In  apparatus  generating,  transforming  or  tmna- 
mitting  alternating  current-s,  tne  powci^f actor  of  the  load  to  whicn  the  regu- 
lation refers  shomd^  be  sperified.  Unless  otherwise  specified,  it  shall  be 
understood  as  referring  to  non-inductive  load,  that  is  to  a  load  in  which  the 
current  is  in  phase  with  the  e,m.f.  at  the  output  side  of  the  apparatus. 

BftSt.  Wave  form.  In  the  regulation  of  alternating-current  machtn(»7 
receiving  electric  power,  a  sine-wave  of  voltage  is  assumed,  except  where 
expressly  specified  otherwise.     See  Par,  iOf. 

MS.  Xxcitation.  In  commutating  machines,  rectifjring  machinea,  and 
synchronous  machines,  such  as  direct-current  generators  and  motors,  as  well 
as  in  alternating-current  generators,  the  regulation  is  to  be  determined  under 
such  conditions  as  to  mamtain  the  field  adjustment  constant  at  that  which 
gives  rated-load  voltage  at  rated-load  current,  as  follows: 

(IJ  In  the  case  of  scnarately  excited  field  magnets — constant  excitation. 

(2)  In  the  case  of  shunt  machines,  constant  resistance  in  the  shunt-field 
circuit. 

(3)  In  the  case  of  series  or  compound  machines,  oonstant  resistance  ahuat* 
ing  the  series-field  windings. 

Mi.  Tests  and  oomputatlon  of  regulation  of  a-«.  genrntan.  Any 
one  of  the  following  three  methods  may  be  used.  They  are  given  in  the  order 
of  preference. 

Method  a.  The  regulation  can  be  measured  directly,  by  loculing  the 
generator  at  the  specified  load  and  power-factor,  then  reducing  the  load  to 
xcro.  and  mrasuring  the  terminal  voltage,  with  spNBed  and  excitation  adjusted 
to  the  same  values  as  before  the  change.  This  method  is  not  generaiUy 
applicable  for  shop  tests,  jwuticularly  on  large  generators,  and  it  Decomw 
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pfiffntMry  to  determine  the  regulation  from  such  other  tests  as  can  be  readily 
made. 

165.  Method  b.  This  consists  in  computing  the  regulation  from 
experimental  data  of  the  open-ciroiiit  saturation  curve  and  the  lero  power* 
factor  saturation  curve.  Tne  latter  curve,  or  one  approzimating^  very  closely 
to  it,  ean  be  obtained  by  running  the  generator  with  overexcitation  on  a  IcMad 
of  idle-running  underexcited  synchronous  motors.  The  power-factor  under 
these  conditions  is  very  low  and  the  load  saturation  curve  approzimatea  very 
cloeely  the  lero  power-factor  saturation  curve.  From  this  curve  and  the 
open  circuit  curve,  points  for  the  load  saturation  curve,  for  any  power-factor, 
can  be  obtained  by  means  of  vector  diagrams. 

To  apply  Method  b,  it  is  necessary  to  obtain  from  teet,  the  oi>en-cirouit 
satoration  curve  OA,  Fig.  1,  and  the  saturation  curve  BC  at  lero  power-factor 
and  rated-load  current.  At  any  given  excitation  Oc^  the  voltage  that  would 
be  induced  on  open  circuit  is  oc,  tne  terminal  voltage  at  sero  power-factor  is 
6c.    and  the  apparent  internal   drop  is   ab.  ^ 

Tne  terminal  voltage  de  at  any  other  power- 
factor    can  then   be   found   by  drawing    an 
e.m.f.  diagram*  as  in   Fig.   2.  where  ^  is  an 
angle  such  that  coa  0  is  the  power-factor  of     , 
the  loadj  he  the  resistance  drop  {IR)  in  the  j  ~ 
stator  winding,  ba  the  total  internal  drop,  and  ? 
ac  the  total  induced  voltage;  ba  and  ac  bcina  ^ 
laid  off  to  ctnrcspond  with  the  values  obtained  J 
from  Fig.  1.     The  terminal  voltage  at  power-  J 
factor  cos  ^,  is  then  eb  of  fig.  2,  whicn,  laid  ^ 
<^  in  fig.  1,  gives  point  d.     By  finding  a  num- 
ber of  such  points,  the  curve  Bdd'  for  powers 
factor  cos  ^   is   obtain(»d  and  the  regulation 

r  cent.)  is 


at  this  power-factor  (oxpreosed  in  per 
-rr-, 1  Bince  a'd  is  the  rue  in  volts 


voltage  when 


Fia.  1. 


the  load  at  power-factor  ooe  ^  is  thrown  off  at  normal  voltage  c*d'. 

Generally,  the  ohmic  drop  can  be  neglected,  aa  it  has  very  uttle  influence  on 
the  regulation,  except  in  very  low-speed  machines  where  the  armature  resist. 
ance  ia  relatively  higher  in  some  cases  where  regulation  at  unity  power^factor 
is  being  estimated.  For  low  power-factors,  its  effect  is  negligible  in jprac- 
tically  all  cases.     If  resistance  is  neglected,  the  simpler  e.m.f .  diagram.  Fig.  3, 


mav  be  used  to  obtain  points  on  the  lotful  saturation  curve  for  the  power-factor 
under  consideration. 


Fia,  2. 


Fxa.  3. 


WC  Metbod  o.  Whereit  is  not  possible  to  obtain  by  test  a  lero  power- 
factor  saturation  curve  as  in  Method  b,  this  curve  can  be  estimated  closely 
from  open-circuit  and  short-circuit  curves,  by  reference  to  tratsat  sero  power- 
factor  on  other  machines  of  similar  magnetic  circuit.  Having  obtained  the 
estimated  lero  powei^factor  curve,  the  load  saturation  for  any  other  power- 
factor  is  obtained  as  in  Method  b. 

*  Method  b,  for  deducing  the  load  saturation  curve,  at  any  assigned  power- 
factor,  from  no-load  and  sero  power-factor  saturation  curves  obtained  by 
teat,  must  be  regarded  as  empirical.  Its  value  depends  upon  the  faot  that 
experience  has  demonstrated  the  reasonable  oorrectneM  <n  tha  results  ob- 
tained by  it. 
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Thus  Method  o  U  the  ume  u  Method  b.        _  

(utor  ourve  miut  be  eetimated.    Tfaii  may  be  done  m  foUom:  

i,  OA  u  the  open-oirottit  saturation  curve  and  OE  the  ihort-circuit  Una  u 
shown  by  teat.  The  lero  ^wer-faotor  curve  oorreepondins  to  any  (iven 
ourrentA^wiUstartfrompomtB.and  formachinesdeaisnedwitb  lowaatnia- 
tion  and  low  reactance,  will  follow  parallel  to  OA  aa  Aown  by  the  dotted 
eurve  BD,  which  ie  OA  shifted  hoiiiontally  parallel  to  itself  by  the  distanne 
OB.  lo  hich-epeed  machinea,  or  in  otheia  haviog  low  reactance  ands  loir 
degree  of  saturation  in  the  masnetic  circuit  the  aero  power-factor  eurve  wiU 
lie  quite  close  to  BA,  i»rtioularly  in  those  parts  that  are  used  for  determining 
the  regulation.  This  is  the  case  with  many  turbo-generaton  and  hich-apeea 
water-wheel  generators.  In  many  cases,  however,  the  sero  powet^faetor 
eurve  will  deviate  from  BD,  as  saown  by  BC,  and  the  deviation  will  be 
most  pronounced  in  machines  of  high  reactance,  high  saturation,  and  large 
magnetio  leakage.  The  position  of  the  actual 
curve  BC  with  relation  to  BD,  can  be  approa- 
rnated  with  sufficient  exactness  by  investigat- 
ing the  coiTeaponding  relation  aa  obtained^  fay 
test  at  sero  power-factor  on  machines  of  un- 
ilar  chuacteristicB  and  magnetio  circuit.  Or 
ourve  BC  can  be  calculated  oy  methods  baaed 
on  the  results  of  teats  at  sero  power-factcr. 
After  BC  has  been  obtained,  the  saturation 
curve  and  regulation  for  any  other  power- 
factor  can  be  derived  as  in  Method  b. 
(ST.  Tasti  and  oonvotation  < 

latlon    for    eonitant-potenttal 

(orman.    The  regulation  can  be  determined 

by  loading  ^  the   transformer  and  measuring 

the  change  in  voltace  with  chan^  in  load,  at 

the  speciBed  power-factor.      This  method  is 

not  generally  applicable  for  shop  tests,  particularly  on  large  transfomen. 

The  regulation  for  any  specified  load  and  power-factor  can  be  computed 

from  the  measured  impedance  watts  and  impraanoe  volts,  as  follows: 

Let 

/'—impedance  watts,  as  messured  in  the  short-circuit  teat  and  corrected  to 
75  deg.  cent.;  £■  — impedance  volts,  as  measured  in  the  short-circuit  test; 
IX  —  reactance  drop  in  volts;  /  —  rated  primary  current;  £  — rated  primaiy 
voltage;  qr  —  per  cent,  drop  in  phase  with  current;  ga  —  per  cent,  drop  in 
quadrature  with  current.  


Fio.  4. 


IX' 


■>P^* 


•r-lOO^ 

..-100^ 

.  Than — 
1.  For  unity  pewer-taetor,  we  have  approximately: 


Per  cent,  regulation  -  J'+Igg 
3.  For  induetlTa  loada  of  power-factor  m  and  reactive-factor  n. 


Per  cent,  regulation —  mflr-hnga-f' 


(mfl.  — ngr)' 


aoo 
TRAirSFORMER  CONNECTIOITS* 

(TAese  rvlu  do  not  apply  to  mUo-traiuformsn.) 
•00.  Diagrammatio  iketoh  of  eonnaetlona.     The  manufacturer  shall 
furnish  with  each  transformer  a  complete  diagrammatic  sketch  of  the  internal 

*  Sections  001  to  Sll,  relative  to  a  specific  scheme  of  marking  the  leads, 
are  tentative  only,  subject  to  the  adoption  of  a  comprehensive  scheme  of 
marking  the  terminals  of  all  classes  of  apparatua. 
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eanneetions,  and  til  terminals  and  taps  of  the  transformer  shall  be  marked 
to  correspond  with  letters  and  numbers  in  the  sketch.  This  sketch  should 
preferably  be  on  a  metal  plate  on  the  transformer  oaae. 

SnrOU-PBABK  TSAirarOBMBU 

•01.  M arUac  of  leads.  The  leads  of  single-phase  transformers  ahall  be 
distinguished  from  each  other  by  marking  the  hish-Toltace  leads  with  the 
letters  A  and  B,  and  the  low-voltaie  leads  with  the  letters  X  and  Y. 

The  terminals  (by  terminals  is  meant  the  ends  of  the  windings)  shall  be 
so  marked  that  the  potential  difference  in  all  w^dings  at  any  instant  shall 
hare  the  same  sif  n,  that  is,  the  potential  ^fferenoe  between  A  and  B  shall 
have  the  same  sign  at  any  instant  as  the  iwtential  difference  between  X 
andy.* 

•M.  In  accordance  with  the  above  rule,  the  terminals  of  aiqgle-phase 
transformers  shall  be  marked  as  follows: 

(1)  High-  and  low-voltage  windings  in  phase: 

Ua/uuufiiuuuJ 

WW.  (2)  High-  and  low-Toltage  windings  180  deg.  apart  in  phase: 
A 


•M.  IliiCle-pluue  traaiformen  with  more  than  two  wtadlnil' 

Transformers  mth  three  or  more  windings  (each  provided  with  separate  Ottt- 
(oing  leads)  shall  have  the  leads  of  two  of  their  windings  lettered  in  aooord- 
anoe  with  the  preceding  paragraph.  The  remaining  leads  shall  be  desig- 
nated AA.BB,  ete.  in  the  oaae  of  high-voltage  leads  and  XX,  YY,  etc.  in  the 
ease  of  low-voltafe  leada.  For  example,  transformers  having  four  aeoondary 
leads  from  twb  distinct,  similar  windings  shall  be  lettered  as  follows: 


X  zx  T    yr 

This  indicates  that  the  low-vohage  winding  consists  of  two  disoonneoted 
•paiTi^  one  part  having  terminals  A,  Y  and  the  other  part  having  terminals 
XX,  YY.  For  multiple  connection,  X  and  XX  are  to  be  connected  and  Y 
and  YY  are  to  be  connected.  For  series  operation,  K  is  to  be  connected  to 
XX. 

SOS.  T^  eonnectlons.  All  tap  connections  which  are  not  brought  out- 
aide  the  transformer  ease  shall  be  marked  serially  with  numerals  only. 
Where  tap  leads  are  brought  out  of  the  transformer  case  they  shall  be  given 
the  letter  dedgnation  together  with  a  subscript  indicatinc  the  relative  posi- 
tion td  the  tap,  as  in  the  following  diagram. 


UUfiOStftl 


X     Xi 


*  To  test  the  correctness  of  single-phase  markings,  connect  il  to  X  and 
apply  voltage  to  the  high  voltage  winding  A-B.  Voltage  B-Y  must  be  numei^ 
iMlly  less  than  voltage  A-B. 
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•M.  Kautral  lead.  Where  a  neutnJ  lead  ia  brousht  outaide  the  txai»- 
former  oaae,  it  ah&ll  be  lettered  N. 

•OT.  Parallel  opar»*ion.  Tranatormera  marked  aa  above  voKf  be  oper- 
ated in  paralell,  \>y_  oonnecting  aimilarly  marked  termin^Js  provided  tAcir 
ratioa,  voltages,  resistancea  and  reactanooa  are  such  aa  to  permit  paralld 
operation. 

THBKE-PHA8I  TKAKSFORBOBS 

cot.  MarUju;  of  leada.  Three-phase  transformers  ordinarily  haw  three 
or  four  leads  for  nigh-voltase  and  three  or  four  leada  for  low-voltage  windinn. 
To  diatinsuish  the  various  leada  from  each  other,  and  also  to  diatinsuufa 
between  the  various  phaae  relationa  obtainable,  the  throe  iiigh-voltage  leada 
should  be  lettered  A.  B  and  C  and  the  three  low-voltage  leads  X,  Y  and  Z. 

For  transformers  Having  six-phase  seeondariea  the  primaiy  leada  should 
be  lettered  A,  B  and  C  as  above,  and  the  secondary  leads  u,  Y,  W,  X,  Y 
and  Z. 

The  letters  shall  be  so  applied  to  the  transformer  terminala  that  if  the 
phase  sequence  of  voltage  on  the  high-voltage  aide  ia  in  the  order  of  A  to  5 
to  C,  it  is  in  the  order  of  X  to  y  to  Z,  etc.,  on  the  low-voltage  side.  This 
arrangement  ia  represented  by  the  diagrams  below,  which  ahow  the  variom 
common  angular  displacements  between  bieh-  and  low-voltage  windings  ol 
standard  transformers.  In  addition  it  ahoula  be  distinctly  stated,  preferably 
on  the  rating  plate,  in  which  of  the  groups  given  in  the  following  diagrams 
the  tranaformer  belongs. 


THREB-PHASE IBAMSFOBUEBS                    | 

GBOOr-l 

Aaialu 

DUpIsnmant 

0" 

.A,  A 

B              y 

OBOCr-2 

Aacnlar 

SUptscMneat 

B            Z            X 

,A„V 

XY 

GBODN 

Aagalsr 

IHipIsceBunt 

30" 

B                         /Y 

X< 

BIX-PHABK  TBANSFOBMSBS                       | 

aBODr.4 

Aaialu 

Oltptscemenfc 

t" 

AM. 

z 

B                    W 

OBOCP-I 

Ansalar 
DlipUcement 

A^^ 

60*.  The  rules  given  above  for  single-phase  transformers  in  regard  to  the 
neutral  tap  (see  Par.  606)  ^  and  also  in  regard  to  internal  connectiona  (see 
Par.  Ml  to  W(},  are  applicable  to  three-phase  transformers  and  aiz-i>haaa 
transformers. 
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•10.  AnnlMT  displftcaznant.  Tlie  ang»]ifcr  ^iapUoeznent  between  higb- 
«zid  low-voUace  winoingB,  is  the  angle  in  the  diagram  in  Par.  MS  between  the 
linee  passing  from  the  neutral  point  through  A  and  X  respectively  for  three- 
phase  tranaiormers  and  through  A  and  U  for  eiz-phase  transformers.  Thus, 
m  group  1,  the  angular  displacement  is  zero  degrees;  in  group  2,  the  angular 
displacement  is  180°,  and  in  group  3,  the  angular  dieplacement  is  30**. 

611.  Parallel  operation.  Three-phase  and  six-phase  transformerB 
marked  as  above  may  be  operated  in  parallel,  by  connecting  similarly  marked 
terminals  together,  provided  their  ratios,  voltages,  resistances,  reactances  and 
^ng"^*'^  displacements  are  such  as  to  permit  parallel  operation. 

INFORMATION  ON  THE  RATIWG  PLATE  OP  A  MACHIITE 

6S0.  Itia  reoommanded  that  the  rating  plate  of  macliinea  which  comply 
with  the  Institute  rules  shall  carry  a  aistinctive  special  sign,  such  aa 
••A.  I.  E.  E.  1918  Rating"  or  "A  16"  Rating. 

Ml.  The  absence  of  anjr  statement  to  the  contrary  on  the  rating  nlate  of  a 
machine  implies  that  it  is  intended  for  continuous  service  and  for  toe  stand- 
ard altitude  and  ambient  temperature  of  reference.  See  Par.  M7.  800,  S06, 
udSM. 

MS.  The  rating  plate  of  a  machine  intended  to  work  under  various  kinds 
of  rating  must  carry  the  neoeaaary  information  in  regard  to  those  kinds 
of  ratings. 

CU-WO.  (Deleted  in  the  last  revision  of  the  Standardisation  Buks.) 

STANDARDS  FOR  WIRES  AND  CABUES 

TXRMIHOLOaT* 

m.  Wlrs.     A  slender  rod  or  filament  of  drawn  metal. 

The  definition  restricts  the  term  to  what  would  ordinarily  be  underMood  by 
the  term  "solid  wire."  In  the  definition,  the  word  "slender"  is  used  in  the 
■ense  that  thelengthis  great  in  comparison  with  the  diameter.  If  a  wire  is 
covered  with  insulation,  it  is  properly  called  an  insulated  wire;  while  pri* 
marily  the  term  "wire"  refers  to  the  metal,  nevertheless  when  the  context 
•hows  that  the  wire  is  insulated,  the  term  "wire"  will  be  understood  to 
include  the  insulation. 

SS8.  Gondnetor.  A  wire  or  combination  of  wires  not  insulated  from 
one  another,  suitable  for  carrying  a  single  electric  current. 

The  term  "conductor"  is  not  to  include  a  combination  of  conductors 
insulated  from  one  another,  which  would  be  suitable  for  carrying  several 
different  electric  currents. 

Rolled  conductors  (such  as  bus  bars)  are,  of  course,  conductors,  but  are  not 
considered  under  the  terminology  here  ^ven. 

6ST.  Stranded  conductor.  A  conductor  composed  of  a  group  of  wires, 
or  of  any  combination  of  groups  of  wires. 

The  wires  in  a  stranded  conductor  are  usually  twisted  or  braided  together, 

•M.  Cable.  (I)  A  stranded  conductor  (single-conductor  cable);  or  (2) 
A  oombination  of  conduetora  insulated  from  one  another  (multiple-conductor 
cable). 

The  component  conductor*  of  the  second  kind  of  cable  may  be  either  solid 
or  stranded,  and  this  kind  of  cable  may  or  may  not  have  a  common  insulat- 
inc  covering.  The  first  kind  of  cable  is  a  single  eonduetor,  while  the  second 
kind  is  a  group  of  several  eonduetor^  The  term  "cable"  is  applied  by  some 
manufacturers  to  a  solid  wire  heavily  insulated  and  lead-covered;  this  usage 
ariaea  from  the  manner  of  the  insulation,  but  such  a  conductor  is  not  included 
under  this  definition  of  "cable."  The  term  "cable"  is  a  general  one  and,  in 
practice,  it  is  usually  applied  only  to  the  larger  siies.  A  small  cable  is  called 
a  "stranded  wire"  or  a  "cord,"  both  of  wnich  are  defined  below.  Cablea 
may  be  bare  or  insulated,  and  the  latter  may  be  armored  with  lead  or  with 
ateel  wires  or  bands. 

CM.  Strand.  One  of  the  wires,  or  groups  of  wires,  of  any  stranded  eon- 
duetor. 

•M.  Stranded  wire.     A  group  of  small  wires,  used  as  a  single  wire. 

A  wire  has  been  defined  as  a  slender  rod  or  filament  of  drawn  metal.  If 
such  a  filament  is  subdivided  into  several  smaller  filaments  or  strands,  and  is 


*  From  Circular  No.  37  of  the  Bureau  of  Standard,. 
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used  aaaaingle  wire,  iti*aalleda"Btnuided  win."  There  is  no  shmnxUTid- 
ing  line  of  riie  between  •  "atrftnded  wire"  »nd  a  "  cable."  If  uaed  aa  a  wm, 
for  example  in  winding  induotanoe  ooila  or  ma^neta,  it  is  called  a  atranded  wiM 
and  not  a  cable.  If  it  is  aubatantially  inaulated,  it  ia  called  a  "  cord," 
defined  below. 

Ml.  Cord.  A  amall  and  very  flexible  cable,  aubatantially  inaulated  to 
withstand  wear. 

There  ia  no  sharp  dividing  line  in  respect  to  sise  between  a  "  cord  "  and  a 
"cable,"  and  likewise  no  sharp  dividing  line  in  respect  to  the  character  of 
Insulation  between  a  "cord"  and  a  "stranded  wire.  Rubber  is  used  as  ths 
Insulating  material  for  many  classes  of  cords. 

Mt.  Concantrio  strand.  A  strand  composed  of  a  central  oora  snr- 
rounded  by  one  or  more  layers  of  helically-laid  wires  or  groups  of  wires. 

MS.  Conc«ntric-Iar  oabla.  A  single-conductor  cable  composed  of  a 
central  core  surrounded  by  one  or  more  layers  of  helically-laid  wires. 

Mi.  Bop»-lay  oabla.  A  aingle-oonductor  cable  composed  of  a  eential 
oore  surrounded  by  one  or  more  layers  of  hslically-laid  groups  of  wires. 

This  kind  of  cable  differs  from  the  preceding  in  that  the  main  strands  ara 
thsmaelvea  stranded. 

MC.  K-oonduotor  oabla.  A  combination  of  N  eonduetors  tnanlatod 
from  one  another. 

It  is  not  intended  that  the  name  aa  hen  civea  be  actually  need.  Ons 
would  instead  apeak  of  a  "3-conduotor  cable,"  a  "  13-oonductor  cable," 
etc.  In  referring  to  the  ^eneial  ease,  one  may  speak  of  a  "multiplcHioa- 
ductor  cable"  (as  in  defimtioD  Par.  tM  above). 

MC.  K-oonduotor  ooneentrle  Mbla.  A  cable  composed  of  an  inanlated 
central  conducting  core  with  (N  —  1)  tubular  stranded  conduotora  laid  over  it 
concentrically  and  separated  by  layers  of  insulation. 

This  kind  of  cable  usually  has  only  two  or  three  conductors.  Such  cables 
are  uaed  for  carrying  alternating  currents.  The  remark  on  the  expression 
"N-conductor"  given  for  the  preceding  definition  appliea  here  also. 

MT.  Duplaz  cable.  Two  insulated  single-oonduetor  cables  twisted 
together. 

They  may  or  may  not  have  a  common  Insulating  covering. 

MS.  Twin  cable.  Two  insulated  single-oonduetor  cabiae  laid  parallel, 
having  a  common  covering. 

Mt.  Triplex  cable.  Three  insulated  lin^e-oonductor  cables,  twisted 
tonther. 

They  may  or  may  not  have  a  common  insulating  covering. 

•iO.  Twitted  pair.  Two  small  insulated  oonductois,  twisted  together, 
without  a  common  covering. 

The  two  conductors  of  a  twisted  pair"  are  usually  substantially  insulated, 
to  that  the  combination  ia  a  special  caae  of  a  "cord." 

6S1.  Twin  wire.  Two  amall  insulated  conductors  laid  iiarallel,  having  a 
common  covering. 

snomoATioir  of  suns  of  oohdvotobs 

SSI.  The  sliet  of  loUd  wiret  shall  be  stated  by  their  diameter  in  mils,  the 
American  Wire  Gage  (Brown  and  Sharpe)  sises  beinft  taken  aa  standard. 
The  sises  of  stranded  conductors  shall  be  stated  by  then'  oroareectional  area 
In  circular  milt.  For  brevity,  in  cases  where  the  most  careful  specification  is 
not  required,  the  sites  of  solid  wires  may  be  stated  by  the  gage  number  in  the 
American  Wire  Gage,  and  the  sisee  of  stranded  conductors  smaller  than  2fi0,- 
000  cir.  mils  (i.«..  No.  0000  A.W.O.  or  smaller)  may  likewise  be  ttated  by 
means  of  the  gage  number  in  the  American  Wire  Gage  cf  a  aoBd  wire  having 
the  same  croes-sectional  area.  Furthermore,  an  exception  it  made  in  the 
case  of  "  Flexible  Stranded  Conductors,"  for  which  tee  Par.  SM  below.  In 
stating  large  eron-teetiont,  it  is  sometimes  convenient  to  use  a  dnnilar 
inch  (507  sq.  mm.)  instead  of  1,000,000  dr.  mib. 

BTSAHDIHO 
6SS.  Cables  not  requiring  special  flexibility  ahall  be  stranded  in  aeoacdaaae 
with  the  foltowing  Uble  (Table  XII). 
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Table  Xn. — Standard  Stranding  of  Conoantrie-Iay  OabiM 


SiM 
(Me  note  1) 

Number  of  wires   (see  note  'i)                \ 

A 

Bare,  insulated  or 

weather-proof  cables  for 

aerial  use 

B 

Insulated  cables  for 
other  than  aerial  use 

a .  0  dr.  in. 
1.8  dr.   n. 
1.0  dr.  n. 
0.6  cir.  n. 
0.5  dr.  in. 
0.4  dr.  in. 
0000  A.W.G. 
00      A.W.G. 
2        A.W.G. 
7  and  imaller 

91 
61 
61 
37 
37 
19 
10  or  7  (See  note  3) 

7 

127 
91 
61 
01 
37 
37 
19 
19 
7 
7 

NoTB  1.    For  intermediate  Bisoe,  use  stranding:  for  next  larger  sise. 

NoTB  2.    Conductors  of  0000  A.W.  G.  and  Bmaller  are  often  made  solid  and 
this  table  of  stranding  should  not  be  interpreted  as  excluding  this  practice. 

NoTB  3.    Class  A  cable,  siies  0000  and  000  A.W.  G.,  is  usually  made  of  ■ 
7  strands  when  bare  and  19  strands  when  insulated  or  weatherproof. 


Tabla  Xm.— Pre 

ipoMd  Standard  Stranding  of  n«zible  Cablu 

Nearest 

Circular 

Diameter 

Siie  of 

A.W.G. 

mils 

of  cable. 

Number 

each  wire 

Diameter, 

Make-up 

sise  (see 

(see  note  3) 

mils 

of  wires 

A.w.a. 

mils 

(see  note  2) 

note  1) 

2.039,000 

1,836. 

703 

15.5 

53.9 

37X19 

1,816,000 

1,778. 

703 

16.0 

50.8 

37X19 

1,617,000 

1,680. 

703 

16.5 

48.0 

37X19 

1,440.000 

1,588. 

703 

17.0 

45.3 

37X19. 

1,282,000 

1,495. 

703 

17.6 

42.7 

37X19 

1,103,000 

1,372. 

427 

16.0 

60.8 

61X7 

874,500 

1,223. 

427 

17.0 

45.3 

61X7 

603,400 

1,088. 

427 

18.0 

40.3 

61X7 

550,000 

969. 

427 

19.0 

35.0 

61X7 

436,400 

864. 

427 

20.0 

32.0 

61X7 

345,900 

770. 

427 

21.0 

28.5 

61X7 

274,300 

686. 

427 

22.0 

25.4 

61X7 

264,700 

672. 

259 

20.0 

32.0 

37X7 

0000 

208,800 

699. 

269 

21.0 

28.5 

37X7 

000 

171,300 

639. 

133 

19.0 

35.9 

19X7 

00 

136,900 

480. 

133 

20.0 

32.0 

19X7 

0 

107,700 

428. 

133 

21.0 

28.5 

19X7 

1 

82,780 

332. 

91 

20.5 

30.2 

Concentric 

2 

66,660 

296. 

91 

21.6 

26.9 

Concentric 

3 

68,460 

279. 

91 

22.0 

25.4 

Concentric 

4 

39,100 

229. 

61 

22.0 

25.4 

Concentric 

6 

31.080 

203. 

61 

23.0 

22.6 

Concentric 

6 

24,680 

181. 

61 

24.0 

20.1 

Concentric 

8 

17,400 

152. 

61 

26.6 

16.9 

Concentric 

10 

10,560 

118. 

37 

25.5 

16.9 

Concentric 

12 

6,442 

94. 

87 

27.5 

13.4 

Concentric 

14 

4,177 

74. 

37 

29.5 

10.6 

Concentric 

To  equal 

Smaller 

required 
sise 

30.0 



Bunched 

NOTBl. 

2  per  cent. 

TJOTB  2. 

wires  each. 

NoTi  3. 

vhich  vary 


The  A.W 
In  the  C8 
"61  X  7" 


G.  sizes  except  for  61  strands  arc  approximated  within 

.se  of  61-8trBnd  cables  the  approximation  is  6  per  cent. 

signifies  a  rope-lay  cable  composed  of  61  strands  of 


Circular  mils  are  based  on  theoretical  diameters  of  A.W.G.  sixes 
sbor«  or  b<ilow  valves  giv«n  in  table  by  less  than  0.1  xoil, 
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M4.  f  •otloHAl  araa  of  eftbl«t.  The  eroas-Motional  arem  of  a  cable  shall 
be  oonaidered  to  be  the  sum  of  the  ero6»*«ectional  areas  of  its  oomponent 
vires,  when  measured  perpendicular  to  their  axes. 

M#.  riexible  atrandinff.  Conductors  of  qpedal  flexibUity  ahould  ordi- 
narilv  be  made  with  wires  of  re^ar  A.W.G.  siiea,*  the  number  of  wirea  and 
Bise  being  given.  The  approximate  gage  number  cm*  approximate  circular 
mils  of  such  flexible  stranded  conductoia  mirv  be  stated.  The  stranding  of 
standard  flexible  cables  is  ^ven  in  Table  XIII  and  a  tentative  stranding  for 
apparatus  cable  in  Tabic  XIII-A. 
Table  ZIIZ-A. — ^Propoied  Standard  Btrandlnc  of  Apparatna  Cables 

(This  table  is  offered  for  consideration  but  will  not  be  recommended  for 
final  adoption  until  ratified  by  other  societies  interested.) 


N«areat 

Ciroular 

Diameter 

Siao 

A.W.G. 

mila 

of  cable, 

Number 

of  each 

Diameter, 

Make-up 

aiie  (gee 

(see  note  3) 

mflff 

of  wires 

wire, 
A.W.G. 

mila 

note  1] 

2,053,000 

1,903. 

2,257 

20.5 

30.2 

61X37 

1.829,000 

1,798. 

2,267 

21.0 

28.  S 

61X37 

1,629,000 

1,695. 

2,267 

21.5 

26.9 

61X37 

1,450,000 

1,600. 

2,257 

22.0 

25.4 

61X37 

1,201,000 

1,506. 

2,257 

22.5 

23.9 

61X37 

1,150.000 

1,424. 

2,257 

23.0 

22.6 

61X37 

1,054.000 

1,359. 

1,159 

20.5 

30.2 

61X10 

938,900 

1,283. 

1,159 

21.0 

28.6 

61X10 

836,200 

1,211. 

1,159 

21.5 

26.9 

61X10 

744,500 

1,143. 

1,159 

22.0 

25.4 

61X10 

663,000 

1,076. 

1,169 

22.6 

23.0 

61X19 

590,500 

1,017. 

1,159 

23.0 

22.6 

61X19 

625,800 

958. 

1,159 

23.6 

21.3 

61X10 

451,600 

889. 

703 

22.0 

26.4 

37X19 

402,200 

836. 

703 

22.5 

23.0 

87X10 

358,200 

791. 

703 

23.0 

22.6 

37X10 

319,000 

745. 

703 

23.5 

21.3 

37X19 

284.000 

703. 

703 

24.0 

20.1 

37X10 

253.000 

665. 

703 

24.5 

19.0 

37X19 

"bbbb" 

217,600 

610. 

427 

23.0 

22.6 

61X7 

000 

172.500 

543. 

427 

24.0 

20.1 

61X7 

00 

136,800 

483. 

427 

25.0 

17.0 

61X7 

0 

104,600 

422. 

259 

24.0 

20.1 

37X7 

1 

82.980 

370. 

259 

25.0 

17.9 

87X7 

2 

65,810 

334. 

259 

26.0 

16.9 

87X7 

3 

52,190 

298. 

259 

27.0 

14.2 

87X7 

4 

42,610 

268. 

133 

25.0 

17.9 

19X7 

5 

33,800 

238. 

133 

26.0 

15.9 

10X7 

6 

26,800 

213. 

133 

27.0 

14.2 

10X7 

sec  note  2 

NoTB  1.     The  A.W.G.  BiEea  are  approximated  within  3  per  cent. 

NoTB  2.     For  sises  smallpr  than  No.  6  see  table  XIII. 

Note  3.    Circular  mils  are  baaed  on  theoretical  diameters  ot  A-W.G. 
which  vary  above  or  below  values  given  in  table  by  leas  than  0.1  mil. 

656.  Correction  for  lay.  The  resistance  and  mass  of  a  stranded  con- 
ductor are  greater  than  in  a  solid  conductor  of  the  same  oroas-eeetionalarea, 
depending  on  the  lay  (i.e.,  the  pitch  of  the  twist  of  the  wires).  Two  per 
cent.  shaB  be  taken  as  the  standard  increment  of  resistance  and  of  mass. 
In  cases  where  the  lay  is  deflnitely  known,  the  increment  should  be  calculated 
and  not  assumed. 

The  direction  of  lav  is  the  lateral  direction  in  which  the  strands  of  a  eaUe 
run  over  the  top  of  tnc  cable  as  they  recede  from  an  observOT  looldng  along 
the  axis  of  the  cable. 

*  Where  necessary  to  closely  approximate  a  regular  k***  cable,  the  Btranda 
may  be  made  of  half-aise  wires  from  No..l6J<K2to.30  A.W.G. 
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8TANDARDIZATI0H  RVLSS  See  24-657 

UT.  The  lay  of  any  layer  of  wires  of  a  cable  or  atrand  shall  not  exceed 
13  times  the  mtch  diameter  of  that  layer.  The  lay  of  any  layer  of  strands 
of  rope-lay  0M>lee  shall  not  exceed  12  times  the  pitch  diameter  of  the  layer. 

COMOUCTIVITV  or  COPPEB 
Vff.  The  following  I.  E.  C.  rules  are  adopted:* 

The  following  shall  be  taken  as  normal  values  for  standard  annealed 
copper: 

(1)  At  a  temi>erature  of  20  deg.  cent.,  the  resistance  of  a  wire  of  standard 
annealed  copper  1  m.  in  length  and  of  a  uniform  section  of  1  sq.  mm.  is 
a  ohm -0.017241  .    .    .  ohm. 

(2)  At  a  temperature  of  20  deg.  cent.,  the  density  of  standard  annealed 
copjper  is  B.89  g.  per  cu.  cm. 

(3^  At  a  temperature  of  20  deg.  cent.,  the  "constant  mass**  temperature 
coemeient  of  resistance  of  standard  annealed  copper,  measured  between  two 
potential  points  rigidly  fixed  to  the  wire,  is  0. 00303  i>i,in  ■  •  ■  per  deg. 
eent. 

(4)  As  a  consequence,  it  follows  from  (1)  and  (2)  that,  at  a  temperature  of 
20  deg.  cent.j  the  resistance  of  a  wire  of  standard  annealed  copper  of  uniform 
section,  Im.inlength  and  weighing  Ig.,  is  (A)  X  8.89  •<0.1S328  .    .    .ohm.tt 

•TS.  Copp«r-wlr«  tables.     The  copper-wire    tables  published  by  the  ' 
Bureau  of  Standards  in  Circular  No.  31  are  adopted.     These  tables  are  based 
upon  the  I.  E.  C.  rules  stated  in  Par.  6TS. 

KIATIHa  AHD  TEMPERATITBX  Or  CABLZB 

m.  Kazliiiuin  safe  limitiiic  temperatures.  The  maximum  safe 
limiting  temperature  in  deg.  cent,  at  the  surface  of  the  conductor  in  a  cable 
■haU  be: 

For  impregnated  paper  insulation  (85 — E) 

For  Tarnished  cambric  (75 — E) 

For  rubber  insulation  (60— 0.2SS) 

where  £  represents  the  r.m,8.  operating  e.m.f,  in  kiloTolts  between  con- 
dvetors. 

Th\i8,  at  a  working  pressure  of  3.3  kv.,  the  maximum  safe  limiting  tem- 
perature at  the  surface  of  the  conductor,  or  conductors,  in  a  cable  would  be; 

For  impregnated  paper  81 .7  deg.  cent. 

For  Tarnisnod  cambric  71.7  deg.  cent. 

For  rubber  insulation     59 . 2  deg.  cent. 

ZLICTUCAI.  TUTS 

STS.  Lenffthi  tested.  Electrical  tests  of  insulation  on  wires  and  cables 
shall  be  made  on  the  entire  lengths  to  be  shipped. 

679.  Immersion  in  water.  Electrical  tests  of  insulated  conductors  not 
enclosed  in  a  lead  sheath,  shall  be  made  while  immersed  in  water  after  an 
immersion  of  twelve  (12^  consecutive  hours,  if  in£ulated  with  rubber  com- 
pound, or  if  insulated  mth  varnished  cambric.  It  is  not  necessary  to  im- 
naerse  in  water  insulated  conductors  encloeed  in  a  lead  sheath. 

In  multiple-conductor  cables,  without  waterproof  overall  jacket  of  insula- 
tion, no  immersion  test  should  be  made  on  finished  cables,  but  only  on  the 
individual  conductors  before  sssembling. 

6M.  Dieletrie-ttrencth  teste.  Object  of  testa.  Dielectric  tests  are 
intended  to  detect  weak  spots  in  the  insulation  and  to  determine  whether 
the  dielectric  strength  of  the  insulation  is  sufficient  for  enabling  it  to  with- 
stand the  voltage  to  which  it  is  likely  to  be  subjected  in  service,  with  a  suit- 
able factor  of  assurance. 

*  See  I.  E.  C.  Publication  No.  28  *'  International  standard  of  Resistance  for 
Copper*'  March,  1914. 

t  Paragraphs  (1)  and  (4^  of  Par,  6TS  define  what  are  sometimes  called 
"  volume  resistivity,"  and  'mass  resistivity  "  respectively.  This  may  be  ex- 
pressed in  other  units  as  ftJlows:  volume  resistivity— 1.7241  microhm-cm. 
(or  microhms  in'  a  cm;  cube)  at  20  deg.  cent. —  0.67879  micjrohm-in.  at  20 
deg.  cent.,  and  mass  resistivity— 875.20  ohms  (mile,  pound)  at  20  deg.  cent. 

X  For  detailed  specifications  of  commercial  copper,  see  the  "Standard 
Spedfieations"  of  the  American  Society  for  Teetiag  Materials. 

1859  DigilizedbyV^iUUyiC 


Sm.M-681 


aTANDARDlZATION  SVLBt. 


The  initially-ftppUed  volta(«  must  not  be  greater  thmn  the  woridng  volt- 
see,  and  the  rate  of  inoreue  shall  not  be  over  100  per  oent.  in  10  eeo. 

Ml.  Taetor  of  aHoruioa.  The  factor  of  usuranoe  of  wire  or  esbl« 
imaulation  ahall  be  the  ratio  of  the  voltage  at  whioh  it  is  tested  to  that  at 
which  it  is  used. 

•n.  Tait  TOltac*.  The  dieleetrio  strength  of  wire  and  cable  inaulatioa 
shall  be  tested  at  the  factory,  by  applying  an  alternating  test  voltage  bp 
tween  the  conductor  and  sheath  or  water. 

Ul.  The  magiiituda  and  duration  of  the  teat  voltaca  should  depend 
upon  the  dieleotric  strength  and  thickness  of  the  insulation,  the  length  and 
diameter  of  the  wire  or  cable,  and  the  assurance  factor  required,  the  latter  in 
turn  depending  upon  the  importance  of  the  service  in  which  the  wire  or  cable 
is  employed. 

M4.  The  foUowlnc  teat  TOltafM  shall  apply  unless  a  departure  is  con- 
sidered necessary,  in  view  of  the  above  drcumstances.  Rubbo-  covered 
wires  or  cable  for  voltages  up  to  7  kv.  shall  be  tested  in  accordance  with  ths 
National  Electric  Code,  Standardisation  for  higher  voltages  for  rubber 
insulated  cables  is  not  oonsidered  possible  at  the^preeent  time. 

Varnished  cambric  and  impregnated  paper  insulated  wires  or  caUea 
shall  be  tested  at  the  place  of  manufacture  lor  five  (5)  minutes  in  accordance 
with  the  Table  XIV  below. 

Table  XIV. — Beoommended  Test  KUorolti  Comipondlnf  to  Operat- 
tnc  KUoTolti 


Operating  kv. 

Teet  kv. 

Operating  kv. 

Test  kr. 

Below  O.S 

2.5* 

5 

14 

0.5 

3.0 

10 

25 

1.0 

4.0 

15 

35 

2.0 

6.S 

20 

44 

3.0 

9.0 

25 

53 

4.0 

11.5 

1 

DifTcrent  engineeni  Bprrify  different  thickness  of  insulation  for  the  same 
working  voItaKCS.  Therefore,  at  the  present  time  the  tost  kv.  correspond- 
ing to  working  kv.  given  in  Table  XIV  are  based  on  the  mlnlmunx  thicknees 
of  insulation  specified  by  engineers  and  operating  companies.f 

W5.  The  frequency  of  the  tost  roltaffs  shall  not  exceed  100  cydes  per 
second,  and  should  approximate  as  closely  as  possible  to  a  sine  wave  Th* 
source  of  energy  should  be  of  ample  capacity. 

U6.  Where  ultimate  break-down  testa  are  required,  theae  shall  be 
made  on  samples  not  more  than  6  meters  (20  ft.)  long.  The  maximum 
allowable  temperature  at  which  the  test  is  made  for  the  particular  type  of 
instdation  and  the  particular  working  pressure,  shall  not  be  greater  than  the 
temperature  limits  given  in  Par,  (77. 

M7.  Multiple-oonductor  oablei.  Each  conductor  of  a  multiple-con- 
ductor cable  shall  be  tested  against  the  other  conductors  connected  together 
with  the  sheath  or  water. 

mSlOATIOM  EIBIBTAHOI 

•88.  Definition.  The  insulation  resistance  of  an  insulated  conductor 
is  the  electrical  resistance  offered  by  its  insulation,  to  an  impressed  voltage 
tending  to  produce  a  ieakage  of  current  through  the  same. 

•St.  Insulation  reilttano*  shall  be  expressed  in  megohms  for  a  speci- 
fied length  (as  a  kilometer,  or  a  mile,  or  1,000  ft.),  and  shall  be  corrected  to 
a  temperature  of  15.5  deg.  cent,  using  a  temperature  coefficient  determined 
experimentally  for  the  insulation  under  consideration. 

*  The  minimum  thicknees  of  insulation  shall  be  A  in.  (1.6  mm.). 

t  The  Standards  Committee  does  not  commit  itaen  to  the  principle  of  baa- 
ing teet  voltages  on  working  voltages,  but  it  is  not  yet  in  noeseesion  of  suffi- 
cient data  to  Dase  them  upon  the  dimensions  and  phyviou  properties  of  tha 
insulation. 
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•M.  LinMr  Insnlktioa  rMiitauM,  or  the  iniuUtion  reautance  of  unit 
lensth,  shall  be  exprened  in  term*  of  the  megohm-kilometer,  or  the  megohm- 
mile,  or  the  megohm-thoumod-feet. 

Wl.  Hacohms  oonitaiit.  The  megohma  oooetant  of  an  iniulated 
oonduetor  shall  be  the  factor  "K"  in  the  equation 

A-JTIogitj 

where  ft  •  The  insolation  resistance,  in  megohms,  for  a  specified  unit  length. 
D  —  Outside  diameter  of  insulation. 
d' Diameter  of  conductor. 

Unless  othenrise  stated,  K  will  be  lusumed  to  correapond  to  the  mile  unit 
of  length. 

MS.  Test.  The  apparent  insulation  resistance  should  be  measured  after 
the  dieleetrio-strengtn  test,  measuring  the  leakage  current  after  a  l*min. 
electrification,  with  a  continuous  e.m.f .  of  from  100  to  600  volts,  the  oondue- 
tor being  mainf  inad  negative  to  the  sheath  or  water. 

MS.  Moltiple-eondnotor  oablaa.  The  insulation  resistance  of  each 
conductor  of  a  multiple-conductor  cable  shall  be  the  insulation  resistance 
measured  from  such  conductor  to  all  the  other  conductors  in  multiple  with 
the  sheath  or  water.  .      ■, ,  :"  ^  -,    ^.    . 

OAPACRAHCX  OB  KLBOTBOBrATIO  CATACTTT 

M4.  OwMitaoM  is  ordinarily  ezpreesed  in  microfarads.  linear  ttr 
paeitance,  or  capacitance  per  unit  length,  shall  be  expressed  in  microfarads 
per  unit  length  (kilometer,  or  mile,  or  1,000  ft.)  and  shall  be  corrected  to  a 
temperature  o(  15.5  deg.  cenL 

•tf.  MierofarMli  eonstant.  The  microfarads  constant  of  an  insu- 
lated conducted  shall  be  the  factor  "Jt"  in  the  equation 

Og..g- 

where  C—the  capacitance  in  microfarads  per  unit  length. 
/>Mthe  outside  diameter  of  insulation, 
d^the  diameter  of  conductor. 

Unless  otherwise  stated,  K  will  be  assumed  to  refto  to  the  mile  unit  of 
length. 

tN.  MeamircnMiit  of  e»paeltamM.  The  capadtanee  of  low-voltage 
cable,  shall  be  measured  hy  comparison  with  a  standard  condenser.  For 
long  lengths  oJF  high-voltage  cables,  where  it  is  neceesary  to  know  ths  true 
capacitance,  the  measurement  should  be  made  at  a  frequency  approximating 
the  frequency  of  ox>eration. 

MT.  Faired  oables.  The  capacitance  shall  be  measured  between  the 
two  conductors  of  any  pair,  the  other  wires  l>eing  connected  to  the  sheath  or 
ground. 

AM.  Baetrie  light  and  power  eaUa*.  The  capacitance  of  low-voltage 
eables  is  generally  of  but  little  importance.  The  capacitance  of  high- 
voltage  cables  should  be  measurad  between  the  conductors,  and  also  between 
each  conductor  and  the  other  conductors  connected  to  the  lead  sheath  or 
ground. 

Mt.  Hnltlpto-eondnetor  eablai  (not  paired).  The  capacitance  of 
each  conductor  of  a  multiple-conductor  cable  shall  be  the  capacitance 
measured  from  such  conductor  to  all  of  the  other  conductors  in  multiple 
witii  the  sheath  or  the  ground. 

STAin>ARDS  FOR  SWITCHES  Ain>  OTHER  CIRCUIT- 
CONTROL  APPARATUS* 

BWITCHXS 
TM.  Th*  foUowlnf  mlsi  apply  to  iwltohes  of  above  600  volts.    (For 
600  vdts  and  below,  see  Nalimal  BUctric  Codt.\) 

'These  rulee  do  not  apply  to  magnetically-operated  or  air-operated 
•witches  used  for  motor  control. 

t  By  the  term  "Code"  is  meant  "  National  Electrical  Code  as  reoom- 
msndra  by  the  National  Hre  Protection  Association. 
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7S1.  I>«flnltto&.     A  switch  ia  a  device  far  making  breakinSi  or  chuigjns 

oonneotiona  in  an  electric  circuit. 

TSS.  Katinff.  (a)  By  amperee  to  be  carried  with  not  more  than  30  deg. 
cent,  rise  on  contacts  and  current-carrying  parts.  (6)  By  normal  vc^tace  of 
circuit  on  which  it  may  be  used. 

TSS.  Performance  and  tests,  (a)  Beatl&ff  test  with  rated  current 
applied  continuously  until  temperature  is  constant;  ambient  temperature 
40  dec.  cent.  (6)  Dlalectrio  tMt  at  two  and  one-fourth  times  ratea -roAtacB 
plus  2,000.     See  Far.  009. 

OIBGUIT  BBEAKE^B 

714.  Definition.  A  device  deugned  to  open  a  current-oarryins  circuit 
without  injury  to  itself.  A  circuit  breaker*  may  be:  (a)  An  automatic 
circuit  breaker,  which  is  designed  to  trip  automatically  under  any  pdre- 
determined  condidon  of  the  circuit,  such  as  an  underload  or  ovo-ioad  of 
current  or  voltage,  (b)  A  manually  tripped  circuit  breaker,  which  ia  <^ 
signed  to  be  tripped  by  hand.  Both  types  of  operation  may  be  combimBd  in 
one  and  the  same  device. 

TSt.  Sating,  (a)  By  normal  current-carrying  capacity,  (b)  By  normal 
voltage,  (c)  By  amperes  which  it  can  interrupt  at  normal  voltage  of  the 
circuit. 

756.  Parformance  and  tests.  The  heating  test  shall  be  made  with 
normal  current.  In  oil  circuit  breakers  the  same  oil  must  be  used  for  heating 
tests  as  for  rupturing  tests.  The  rise  of  temperature  at  the  contacts  sh^ 
not  exceed  30  deg.  cent.  The  rise  on  tripping  solenoids  and  accessory  parts 
not  to  exceed  60  deg.  cent.     Ambient  temperature  of  reference,  40  des*  oent. 

757.  Dielectric  test.     Same  as  Par.  lU. 

718.  Rupturing  test  must  be  made  with  the  current  specified  under 
Far.  m  (c),  and  at  normal  voltage. 

Note. — Although  circuit  breakers  should  be  considered  as  devices  sioxw, 
no  account  being  taken,  in  the  rating,  of  the  system  on  which  they  are  to 
be  used:  yet  in  applying  circuit  breakers  to  any  given  senriee,  it  may  be  nec- 
essary to  take  into  account  the  system  on  whidi  they  are  to  be  used,  with  all 
its  characteristics. 

Allowances  must  be  made  for  the  reactance,  resistance,  etc.,  of  the  cirouit 
to  be  controlled,  as  these  have  a  direct  bearing  on  the  maximum  current 
flow. 

In  some  systems  it  has  been  found  that  the  pressure  rises  so  high  during 
switching,  that  higher  insulation  testa  than  that  specified  in  Par.  TIS  ^onld 
be  given. 

ruaxa 

(For  circuits  up  to  and  including  600  volts,  see  NatioruU  SU^rie  Code.) 

719.  Definition.  A  fuse  is  an  element  designed  to  melt  or  dissipate  at 
a  predetermined  current  value,  Mid  intended  to  protect  against  abnormal 
conditions  of  current. 

Note.— (The  terminals,  tubes,  etc.,  which  go  with  the  fuse  proper  an 
included  in  the  definition.) 

no.  Rating.  Fuses  shall  be  rated  at  the  maximum  current  which  tht^ 
are  re9uircd  to  carry  continuously,  and  at  the  normal  voltage  ol  the  circuit 
on  which  they  are  ciesigned  to  be  used. 

Fuses  may  be  divided  into  two  classes:  (1)  Those  designed  to  protect 
the  circuit  and  apparatus  both  against  short  <»rouit  and  against  definite 
amounts  of  overioad  {e.g.,  fuses  of  tha  National Slectric Code  which  open  on 
2fi  per  cent,  overload).  (2)  Those  designed  to  protect  the  system  only  against 
short  circuits;  {e.g.,  expulsion  fusoe,  which  blow  at  several  times  the  current 
which  they  are  designed  to  carry  continuously).  The  line  separating  these 
two  classes  is  not  definitely  fixed. 

7S1.  Texni>erature.  Coils  or  windings  (such  as  accompany  fuses  c^ 
the  magnetic  blow-out  type)  should  not  exoeed  the  limits  tct  for  machine 
coils  having  the  same  character  of  insulation.     (See  Par.  176  to  179.)    The 

*  These  rules  refer  only  to  circuit  breakers  of  above  550  ToltS.  For  550 
volts  and  below,  see  the  National  Electric  Code. 
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hicbcat  tempenture  for  the  fuae  proper  ahoold  not  exceed  the  safe  limit  for 
the  materiaTeniployed  (av-tthe  temperature  of  the  fibre  tube  of  an  enclosed 
fuse  should  not  exceed  the  safe  limit  for  this  material,  but  an  open-link  metal 
fuae  may  be  run  at  any  temperature  which  will  not  injure  the  fuse  material; 
except  that  no  application  of  the  above  rule  shall  contravene  the  NationtA 
BUctrie  Cods). 

m.  Teat.  For  fuses  intended  for  use  on  circuits  of  small  capacity. 
or  in  protected  positions  on  sjrstems  of  large  capacity,  see  National  Electric 
Cod*.  For  large  power  fusea  intended  for  service  similar  to  that  required 
of  circuit  breakers,  see  Par.  714  to  718,  or  the  National  Sltctric  Code,  as  far 
•a  the  latter  applies. 

Nora. — Complete  standardisation  of  these  fuses  above  600  volts,  accord- 
ing to  the  method  of  the  National  EUetric  Code,  is  not  advisable  at  this  time, 
but  is  expected  to  be  accomplished  by  an  eventual  extension  of  the  Natumal 
Electric  Code.  Until  such  extension  is  made,  the  following  definitions  and 
ratings  may  be  followed. 

UQHTNINO  AXKEBTEBS 

flS.  Definition.  A  lightningtarrester  is  a  device  for  protecting  circuits 
and  apparatus  against  lightning  or  other  abnormal  potential  rises  of  idiort 
duration. 

TM.  Bkting.  Arresters  shall  be  rated  by  the  voltage  of  the  cirouit  on 
wliich  they  are  to  be  used. 

lightning  arresters  may  be  divided  into  two  classes:  (a)  Those  intended  to 
disebarge  for  a  very  short  time.  (6)  Those  intended  to  discharge  for  a  period 
of  sereml  mmutee. 

VM.  P*rfonn«nee  and  tmti.     Dielectrio  test  same  as  Par.  TU. 

The  resistance  of  the  arrester  at  double  potential  and  also  at  normal 
potential,  shall  be  determined  by  observing  the  discharge  currents  through 
the  arrester. 

(c)  In  the  case  of  any  arrester  using  a  gap,  a  test  shall  be  made  of  the 
spark  potential  on  either  direct-current  or  6(>-oycle  a-c.  excitation,  (d) 
The  eqtuvalent  sphere  gap  under  disruptive  discharge  shall  also  be  measxired, 
using  a  considerable  quantity  of  electricity,  (e)  The  endurance  of  the  ar- 
rester to  continuous  surges  shall  be  tested. 

PROnCTIVX  BXACTOR8 

TM.  Definition.  A  reactor  (see  Far.  SI  and  114)  is  a  device  for  pro- 
tecting circuits  by  limiting  the  current  flow  and  localising  the  disturbanoe 
under  short-circuit  conditions. 

TIT.  Bating,  (a)  In  kilovolt-amperes  abeorbed  by  normal  current, 
(6)  By  the  normal  current,  frequency  and  line  (delta)  voitaKe  for  which  the 
reactor  is  desired,  (c)  By  the  current  which  the  device  is  required  to  stand 
under  short-circuit  conditions. 

TM.  Psrfonnanee  and  tasti.  The  heat  test  shall  be  made  with  normal 
enrrent  and  frequency  applied  until  the  temperature  is  constant.  The  tem- 
perature should  not  exceed  the  safe  limits  for  the  materials  employed. 
Bee  Par.  ST*  to  STl. 

TM.  Dieleetrle  teit.  Two  and  one-fourth  times  line  voltage  plus  2,000, 
for  1  min.,  from  conductor  to  ground. 

Nora. — The  reactor  shall  be  so  designed  as  to  be  capable  of  withstanding, 
without  mechanical  injury,  rated  current  at  normal  frequency,  suddenly 
applied. 

SI8I8TOK  OR  RHEOSTAT 

TM.  Definition.  Any  device  heretofore  commonly  known  as  a  resist- 
ajkoe,  used  for  operation  or  control.     (Par.  81.)     See  National  Sleelrie  Code, 

IHBTRITMKNT  TRAirSFORMIRS 
TAl.  Definition.     An  instrument  transformer  is  a  transformer  for  use 
with  measuring  instruments,  in  which  the  conditions  in  the  primary  circuit 
aa  to  current  and  voltage  are  represented  with  high  numerical  accuracy  in 
the  secondary  circuit. 

Under  this  heading  and  for  more  general  use;  ^a)  A  current  trans- 
former is  a  transformer  designed  for  series  connection  in  its  primary  circuit 
iritb  the  ratio  of  transformation  appearing  aa  a  ratio  of  currents.     (6)  A 
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potential  (voltase)  tmuformer  is  s  txanoformer  designed  tor  shunt  or  parsllel 
eonneetion  in  its  primary  orcuit,  witli  the  ratio  of  transformation  appeaiinc 
as  a  ratio  of  potential  differences  (roltages) .  For  further  definitions  relative 
to  instrument  transformers,  see  Par.  SOS  to  t07.  For  the  dielectric  test  of 
potenti^  transformers,  see  Par.  500,  and  for  the  dieleetrie  test  of  eoinnt 
transformers,  see  Par.  Wt.  Further  standards  conoeming  instrument  trans- 
formers are  still  under  discussion. 

STANDARDS  FOR  ELECTRIC  RAILWAYS 

DIFnOTIOHB 

TU.  Traniitiiialon  lyitem.  When  the  current  generated  for  an  electris 
railway  is  changed  in  kind  or  voltage,  between  the  generator  and  the  ears 
or  locomotives,  that  portion  of  the  conductor  system  canning  current  of  a 
kind  or  voltage  substantially  different  from  that  received  by  the  cars  or  loco- 
motives, constitutes  the  Iransmiation  system.* 

T61.  Dlitribution  lyitem.  That  portion  of  the  conductor  system  of  aa 
electric  railway  which  carries  current  of  the  kind  and  votCage  received  by 
the  oars  or  locomotives,  constitutes  the  diabribution  system.  * 

nt.  Substation.  A  substation  ia  a  ^oupof  apparatus  or  machinery 
which  receives  current  from  a  transmission  system,  changes  its  kind  or 
voltage,  and  delivers  it  to  a  distribution  system. 

BATma  or  &ailwat  btibbtatioh  lucBmuT 

TO.  Continuous  rating.  The  rating  of  a  substation  machine  shall 
be  the  kv-a.  output  at  a  stated  power  factor  input,  which  it  will  deliver 
continuously  with  temperatures  or  temperature  rises  not  exceeding  the 
limiting  values  ^ven  in  Par.  S7t  and  ST9  and  also  fulfilling  the  other  rcQuire- 
ments  set  forth  m  these  rules  and  summarised  in  Par.  SCO. 

TM.  Momentary  loads.  These  machines  should  be  capable  of  carry- 
ing a  load  of  twice  their  rating  for  1  min.,  after  a  continuous  run  at  rated 
load,  without  disquaUfying  them  for  continuous  service. 

76f.  Nominal  rating.  Where  the  continuous  rating  is  inconvenient, 
the  following  nominal  rating  may  be  used.  The  nominal  rating  of  a  sub- 
station machine  shall  be  the  kv-a.  output  at  a  stated  power-factor  input, 
which,  having  produced  a  constant  temperature  in  the  machine  may  be 
Uoreaaed  60  per  cent,  for  2  hr.,  without  producing  temperatures  or  tempera- 
ture riaee  exceeding  by  more  than  6  deg.  cent,  the  limiting  values  given  in  Par. 
S76  and  379.  These  machines  should  be  capable  of  carrying  a  load  of  twice 
their  nominal  rating  for  a  period  of  1  min.,  without  disqualif^ng  them  for 
continuous  service.     The  name  plate  should  be  marked     nominal  rating.** 

COHDUCTOB  AHD  BAIL  BTSTXKa 

766.  Contact  conductors.  That  part  of  the  distribution  system  other 
than  the  traffic  rails,  which  is  in  immediate  eleotrical  contact  with  the 
circuits  of  the  cars  or  locomotives,  constitutes  the  contact  conductors. 

767.  Contact  rail.     A  rigid  contact  conductor. 

76S.  Overhead  contact  rail.  A  contact  rail  above  the  elevation  of  the 
maximum  equipment  line.t 

76V.  Third  rail.  A  contact  conductor  placed  at  either  side  of  the  track, 
the  contact  surface  of  which  is  a  few  inches  above  the  level  of  the  top  of  the 
track  rails. 

770.  Centre  contact  rail.  A  contact  conductor  placed  between  the 
track  rails,  having  its  contact  surface  above  the  ground  level. 

771.  tTnderground  contact  rail.  A  contact  conductor  placed  beneath 
the  ground  level. 

*  These  definitions  are  identical  in  sense,  although  not  in  words,  with 
those  of  the  Interstate  Commerce  Commisnon,  as  given  in  their  classi- 
fication of  accounts  for  electric  railways. 

t  The  contour  which  embraces  cross-sections  of  all  rolling  stock  under  all 
normal  operating  conditions. 
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TTI.  0>c*  of  third  rail.  The  distanoe,  meaaund  paralM  to  the  idane 
of  running  t«ila,  between  the  cage  line  of  the  neanr  traok  raO  and  the  inaida 
£age  line  of  the  coniaet  tur/ace  of  the  third  rail. 

TTI.  BaTatlon  of  third  rail.  The  elevation  of  the  eontact-eurfaoe  of 
the  third  rail,  with  respect  to  the  plane  of  the  tope  of  running  raila. 

TT4.  Standard  K>Ce  or  third  rail*.  The  gage  of  third  rails  shall  be  not 
leas  than  26  in.  (66  om.)  and  not  more  than  27  in.  (68.6  cm.). 

TTB.  Standard  alavation  of  third  ralla.  The  elevation  of  third  raila 
shall  be  not  lees  than  2}  in.  (70  mm.),  and  not  more  than  3i  in.  (89  mm.). 

TTC.  Third  rail  gprotaotlon.  A  guard  for  the  purpose  of  preventing 
accidental  contact  with  the  third  rail. 

TTT.  Trolley  wire.  A  flexible  contact  conductor,  customarily  supported 
above  the  cars. 

TT8.  Measenxer  wire  or  cable.  A  wire  or  cable  running  along  with 
and  supporting  other  wires,  cables  or  contact  conductors. 

A  primary  messenger^  is  directly  attached  to  the  supporting  system,  A 
aecondarv  messenger  is  intermediate  between  a  primary  messenger  and  the 
wires,  cables  or  contact  conductors. 

TTV.  ClaasM  of  oonstruotlon.  Overhead  trolley  construction  will  be 
classed  as  direct  nupennon  and  metnnffer  or  ealerutry  tutptnaion, 

TSO.  Dlreet  iuipanslon.  All  forms  of  overhead  trolley  construction 
in  which  the  trolley  wires  are  Yittached,  by  insulating  devices,  directly  to  the 
main  supporting  system. 

Ttl.  MMMncor  or  eaXmtaij  nupenalon.  All  forms  of  overhead 
trolley  construction  in  which  the  trolley  wires  are  attached,  by  suitable 
devices,  to  one  or  more  meesenger  cables,  which  in  turn  may  be  carried  either 
in  simpjs  oo/enory,  i.«.,  by  primary  messengers,  or  in  compound  catenary ^  i.e., 
by  secondary  messengers. 

Tn.  Bupportlnx  lystosu  shall  be  classed  as  follows: 

TSS.  Simple  eroii-ipsn  lyitams.  Thcee  systems  having  at  each 
support  a  single  flexible  span  across  the  track  or  tracks. 

TS4.  Msuenxor  erou-span  lystems.  Those  systems  having  at  each 
support  two  or  more  flexible  spans  across  the  track  or  tracks,  the  upper 
•pan  carrying  part  or  all  of  the  vertical  load  of  the  lower  span. 

TW.  Braekot  aTStoms.  Those  systems  having  at  each  support  an  arm 
or  similar  rigid  member,  supported  at  only  one  side  of  the  track  or  tracks. 

TM.  Bildfe  iTitosu.  Those  systems  hanng  at  each  support  a  rigid 
member,  supported  at  both  sides  of  the  track  or  tracks. 

TtT.  Standard  height  of  trolley  wlr*  on  street  and  Intorurbam 
railways.  It  is  recommended  that  supporting  structures  shall  be  of  such 
height  that  the  lowest  point  of  the  trolley  wire  shall  be  at  a  height  of  18  ft. 
(fi.5  m.)  above  the  top  of  rail  under  conditions  of  maximum  sag,  unices  local 
conditions  prevent.  On  trackage  operating  electric  and  steam  road  equip- 
ment and  at  crossings  over  steam  roads.  It  is  recommended  that  the  trolley 
wire  shall  be  not  less  than  21  ft.  (6.4  m.)  above  the  top  of  rail,  under  condi- 
tions of  mazimum  sag. 

RAILWAY  MOTORS 
BATmo 

too.  nominal  ratine.  The  nominal  rating  of  a  railway  motor  shall  be 
the  mechanical  output  at  the  car  or  locomotive  axle,  measured  in  kilowatts, 
which  causes  a  rise  of  temperature  above  the  surrounding  air,  by  thermom- 
eter, not  exceeding  90  dp^.  cent,  st  the  commutator,  and  75  deg.  cent,  at 
any  other  normally  accessible  part  after  1  hr.'s  continuous  run  at  its  rated 
voltage  (and  frequency  in  the  case  of  an  alternating-current  motor)  on  a 
stand  with  the  motor  covers  arranged  to  secure  maximum  ventilation  with- 
out external  blower.  The  rise  in  temperature  as  measured  by  resistance, 
shall  not  exceed  100  deg.  cent.* 

*  This  deflnition  differs  from  that  in  the  1911  edition  of  the  Rules,  prin- 
cipally by  the  substitution  of  a  kilowatt  rating  for  the  horse-power  rating 

(,Cont.  on  next  pat*.} 
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Ml.  The  Btetement  of  the  nomin&l  ratine  shall  abo  inelnde  the  com- 
■ponding  voltage  and  armature  speed. 

801.  Contlnuoui  ratizig.  The  eontinuoos  ratings  of  a  railway  motor 
shall  be  the  inpuU  in  amperes  at  which  it  may  be  operated  continuously  at 
i,  {  and  full  voltage  respectively,  without  exceeding  the  specified  tempera- 
ture rises  (ace  Par.  805).  when  operated  on  stand  test  with  motor  oorers  and 
cooling  syBtem,  if  any,  arranged  as  in  service.  Inasmuch  as  the  same  motor 
may  be  operated  under  different  conditions  as  regards  ventilation,  it  will 
be  necessary  in  each  case  to  define  the  system  of  ventilation  which  is  used. 
In  ease  motors  are  cooled  by  extenud  blowers,  the  flow  of  air  on  which  the 
rating  is  based  shall  be  given. 

80t,  Masimuin  input.  The  subject  of  momentary  loads  fat  raUway 
motors  is  under  investigation. 

TXBIPKKATTrBI  UmTATIOm 
804.  The  allowable  tamparature  in  any  part  of  a  motor  in  service  will 
be  governed  by  the  kind  of  material  with  which  that  part  is  insulated.  In 
view  of  space  limitations,  and  the  cost  of  carrying  dead  weight  on  cars,  it 
is  considered  good  practice  to  operate  railway  motors  for  short  periods  at 
higher  temperatures  than  would  be  advisable  in  stationary  motors,  Ths 
following  temperatures  are  permissible: 

Table  XV. — Operatinf  Tamperaturet  of  Kallvay  Moton 


Class  of  material,  'see 
Par.  ST8  to  879) 

Maximum  observable  temperature  of  windinsi 
when  in  continuous  ssrvice 

By  thermometer 
See  Par.  MS 

By  resistanee 

A 

85 
100 

110 
130 

B 

For  infrequent  occasions,  due  to  extreme  ambient  temperatures,  it  is  permit 
sible  to  operate  at  IS  deg.  higher  temperature. 

SOS.  With  a  view  to  not  exceeding  the  above  temperature  limitations, 
the  continuous  ratings  shall  be  baaed  upon  the  tamparatura  riaea  tabu- 
lated below: 

Table  ZVI. — Btand-test  Teiaperatura  Blaei  of  Kailway  Moton* 


CIms  of  material 
(see  Far.  8T«  to  8T«) 

Temperature  rises  of  windings                1 

By  thermometer 
(see  Par.  S4B) 

By  resistance 

A 

65 
80 

85 
105 

B 

and  the  omission  of  a  reference  to  a  room  temperature  of  2A  deg.  cent.  For 
the  purpose  of  these  Rules  the  horsepower  BfaaU  be  taken  as  746.0  watts.  On 
account  of  the  hitherto  prevoilinK  practise  of  expressing  mechanical  output 
in  horse-power,  it  ia  rccommcndca  that,  for  the  present,  the  capacity  be  ex- 
pressed both  in  kilowBtts  and  in  horse  power,  a  double  rating,  namely, 

kw. approx.  equiv.  h.p. 

In  order  to  lay  stress  upon  the  preferred  future  basis,  it  is  desirable  that  <m 
rating  plates,  the  rating  in  kilowatts  shall  be  shown  in  larger  and  more  prom- 
inent characters  than  the  capacity  in  horse  power. 

*  The  temperature  rise  in  service  may  be  very  different  from  that  on 
stand  teat.  See  Par.  1104  for  relation  between  stand  test  and  aervloe  tem- 
peratures, as  affected  by  ventilation. 
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•M,  n«ld-eoBtrol  moton .  The  nominal  and  oontinuoiu  ratinga  of 
field-contrd  motors  shall  relate  to  their  performance  with  the  operating 
field  which  gives  the  maximum  motor  rating.  Each  section  of  the  field 
windin^EB  shall  be  adequate  to  perform  the  service  required  of  it,  without 
exceeding  the  specified  temperature  rises. 

CHABACTXUBTIC  01TBVE8 

SIO.  Ths  oharaetariatio  ouitm  of  railway  motors  shall  be  plotted  with 
the  current  as  abscissas  and  the  tractive  effort,  speed  and  efficiency  as  ordi- 
nates.  In  the  case  of  a-c.  motors,  the  power  factor  shall  also  be  plotted  as 
ordinates. 

811.  Charaetariitla  eurrei  of  dlreot-ourrent  moton  shall  be  based 
upon  full  voltage,  which  shall  be  taken  as  600  volts,  or  a  multiple  thereof, 

Sl>.  In  the  eaae  of  fleld-oontrol  moton,  characteristic  ourree  shall  be 
given  for  all  operating  field  oonneotiona. 

XmCIXNCT  AND  L08BEB 

815.  The  efflciaii07  of  railway  motors  shall  be  deduced  from  a  determina- 
tion at  the  loasea  enumerated  in  Far.  SIC  to  SM,  (See  also  Far.  1100  and 
1101.) 

816.  The  copper  loM'  shall  be  determined  from  resistance  measurements 
corrected  to  76  deg.  cent. 

817.  The  no-load  core  loii,  brush  friction,  armature-bearing  tHo- 
tlon  and  windage  shall  be  determined  as  a  total  under  the  following  con- 
ditions; 

In  making  the'  test,  the  motor  shall  be  run  without  gears.  The  kind  of 
brushes  and  the  brush  preesure  shall  be  the  same  as  in  commercial  service. 
With  the  field  separateljr  excited,  such  a  voltage  shall  be  applied  to  the  arma- 
ture terminals  as  will  give  the  same  speed  for  any  given  field  current  as  is 
obtained  with  that  fiekieurrent  when  operating  at  normal  voltage  under  load. 
The  sum  of  the  loeses  above-mentioned,  is  equal  to  the  product  of  the 
counter-electromotive  force  and  the  armature  current. 

818.  The  G€>r«  loia  in  direct-current  motors  shall  be  separated  from  the 
friction  and  windage  tosses  above  deeoribod  by  measuring  the  power  required 
to  drive  the  motor  at  any  given  speed  without  gears,  bv  runmugit  as  a  series 
motor  on  low  Tolta^  ana  deducting  this  loss  from  tne  sum  of  the  no-load 
losses  at  corresponding  speed.     (See  Par.  1101  for  alternative  method.) 

The  friction  and  windage  leases  under  load  shall  be  assumed  to  be  the  same 
as  without  load,  at  the  same  speed. 

The  eore  loss  under  load  shall  be  assumed  as  follows; 

Table  ZVII. — Core  Lom  In  D-C.  Kailwajr  Motor*  at  Tarloui  Load! 


Per  cent,  of  in- 
put at  nominal 
rating 

Loss  as  per  cent. 

of  no-load  core 

loss 

Fer  cent,  of  input 

at  nominal 

rating 

Loss  as  per  cent. 

of  no-load  core 

loss 

200 
150 
100 

165 
115 
130 

75 

SO 

25  and  under 

128 
123 
122 

NoTB. — ^With  motors  desiffned  for  Geld  control  the  eve  Iceses  shall  be 
assumed  as  the  same  (or  both  full  and  permanent  field.  It  shall  bo  the  mean 
between  the  no-load  losses  at  full  and  permanent  field,  increased  by  the  per- 
oentagea  given  in  the  above  table. 

819.  The  brush-contact  reilitanoe  lou  to  be  used  in  determining  the 
efficiency,  may  be  obtained  by  aaaumiag  that  the  sum  of  the  drops  at  the 
contact  Burfaoes  of  the  positive  and  negative  brushes  is  3  volts. 

810,  The  loBses  in  gearing  and  nxle  bearinp  for  single-reduction  single- 
■eared  motors,  varies  with  type,  mechanical  finish,  age  and  lubrication. 
The  following  values,  based  on  accumulated  tests,  shall  b«  used  in  the  com- 
parison of  single-reduction  single-geared  motors. 
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Tkbla  XVIU.- 


-Loaai  in  Axle  Baarlnn  and  Slnfla-radaetlon  Otatat 
of  Kallwfty  Xoton 


Per  cent,  of  input 

LoasM  as  per 

Per  cent,  of  in^ut 

Loases  aa  per 

M  nominal  rating 

cent,  of  input 

cent,  of  input 

200 

3.5 

60 

2.7 

ISO 

3.0 

60 

3.2 

12s 

2.7 

40 

4.4 

100 

2.5 

30 

8.7 

T8 

2.5 

25 

8.5 

NoTB. — Further  inveatigation  may  indicate  the  deairability  of  givins  aepa- 
rate  valuea  of  the  loaaea  for  full  and  tapped  fields,  or  low-  and  hisli-aiwed 
raotora, 

ILBCTBIO  LOOOMOnVSS 

8M.  Bating.  Looomotives  ahall  be  rated  in  terms  of  the  washt  on 
drivers,  nominal  I-hr.  tractive  effort,  continuous  traotivs  effort  and  oorre- 
aponding  speeds. 

811.  Weight  <m  drlT«n.    The  weight  on  diivera,  azpreased  in  pounds. 

shall  be  the  sum  of  the  weights  carried  by  the  drivers  and  of  the  driven 
tbemselvea. 

Sn.  Nominal  traetiTa  aflort.  The  nominal  tractive  effort,  expraaaed 
in  pounds,  shall  be  that  exerted  at  the  rims  of  the  diivera,  when  the  motoia 
are  oiierating  at  their  nominal  (1-hr.)  rating. 

8U.  Continuous  traottvs  aflort.  The  continuous  tractive  effort,  ex- 
preeaed  in  i>otmds,  ahall  be  that  exerted  at  the  rims  of  the  diivera  when  the 
moton  are  operating  at  their  foU-voltage  continuoua  rating,  aa  indicated 
in  Par.  801. 

In  the  case  of  locomotives  operating  onintermittent  aervioe,  the  continu- 
ous tractive  effort  may  be  given  for  one-half  or  thiee-fooitlia  voltage,  bat 
in  such  caaea  the  voltage  shall  be  dearly  specified. 

814.  Bpaad.  The  rated  speed,  expressed  in  miles  per  hour,  ahall  be  tliat 
at  which  the  continuous  tractive  effort  is  exerted. 

See  also  Appendix  II  on  Additional  Standards  for  Railway  Moton. 

BATINO  or  AXrrOMOBILB  PBOrmjIIOH  HOTOB8  AHD 
QBHBBATOU 

(BOAS  TimOUS) 
SS(.  Oontinuoui  rating.  Automobile  propulsion  raotots  and  sener- 
ators  shall  be  given  a  continuoua  rating,  expressed  in  Idlowatta  output 
available  at  the  shaft  at  specified  apeed.  The  machinea  shall  be  able  to 
operate  continuously  a*,  their  rated  outputs  without  exceeding  any  of  the 
limitations  referred  to  in  Par.  160. 

886.  Short-time  rating.  Owing  to  the  variety  of  services  which  road 
vehicles  are  called  upon  to  perform,  no  aingle  standard  period  for  ^ort-time 
ratings  is  recommended. 

817.  Nominal  rating.  No  special  nominal  rating  is  required  for  auto- 
mobile propulsion  motora  or  generators. 

SIS.  Temperature  rises.  Owing  to  space  limitationa  and  the  cost  of 
carrying  dead  weight  on  automobiles,  it  is  conaidered  good  practice  to  oper- 
ate the  propulsion  machinery  at  higher  temperaturea  than  would  be  aovia- 
able  in  stationary  machines.  The  rating  of  automobile  motora  and  gener- 
ators shall  be  based  upon  temperature  rise,  on  a  stand  test  and  with  motor 
covers  arranged  aa  in  service,  fifteen  degrees  by  thermometer  or  twenty-five 
degrees  by  resiatance,  above  those  of  Par.  179. 

SIS.  Bflleieney  and  losses.  Unices  otherwise  spedfied  the  effioicBey  of 
automobile  propulsion  machinea  ahall  be  based  upon  the  output  at  the  ahaft, 
using  conventional  losses  as  tabulated  in  Par.  440.  When  auch  machines 
are  of  low  voltage,  the  great  influence  of  brush-contact  losses  on  the  effidenor 
requires  that  these  losses  be  determined  experimentally  {or  the  type  of  brush 
used. 
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ILLUUmATION  AIT  D  PHOTOMBTRT 

The  followiiigiwncnplii,  SM  to  Ml,  an  the  rules  of  the  NomencUture 
and  Standsrda  Cfommittee  of  the  Illuminating  Ensineeilng  Society.  They 
are  here  included  by  permiaion. 

MO.  Lumlnoua  floz  is  radiant  power  evaluated  according  to  its  capacity 
to  produce  the  senaation  of  light. 

Ul.  Tha  itliniilaa  ooaffloiant  K\  for  radiation  of  a  particular  wave- 
length, is  the  ratio  of  the  luminous  fluz  to  the  radiant  power  producing  it. 

■n.  Tha  Buui  Talne  of  tha  stlnmlTU  eoaffleiant,  Kn,  over  any  range 
of  wave-lengths,  or  for  tha  whole  visible  apeetrum  of  any  source,  is  the  ratio 
of  the  total  luminoua  flux  fln  lumens)  to  tne  total  radiant  power  Qa  ergs  per 
•aoond,  but  more  commonly  in  watts). 

Sn.  The  Imnlaoua  intansi^  of  a  point  source  of  light  is  the  solid 
angular  density  of  the  luminous  mix  emitted  by  the  source  In  the  direction 
considered;  or  it  is  the  flux  per  unit  solid  angle  from  that  source. 

Defining  equation: 

Let  /  be  the  intensity,  f  tha  fluz  and  « the  solid  an^ 

Then  if  the  intensity  is  uniform, 

-'. 
SSA.  XnamlnAtioii,  on  a  surface,  is  the  luminous  flux-density  OTor  that 
surface,  or  the  flux  i>er  unit  of  intercepting  area. 
Defining  equation : 
Let  B  be  the  illumination  and  3  the  area  of  the  intercepting  surface. 

Then  when  uniform, 

SU.  Candle,  the  unit  of  luminous  intensity  mdntained  by  the  National 
Laboratories  of  France,  Great  Britain,  and  the  United  States.  * 

SM.  Oandle-powar,  luminous  intensity  expressed  in  candles. 

•IT.  Lnmen,  the  unit  of  luminous  flux,  equal  to  tha  flux  emitted  in  a 
unit  solid  angle  (steradian)  by  a  point  source' of  1  candle-power,  f 

m.  Lax,  a  unit  of  illumination  equal  to  one  lumen  per  sq.  m.  The 
C.O.S.  unit  of  illumination  is  one  lumen  per  sq.  cm.  For  this  unit  Blondel 
haa  proposed  the  name  "  Phot."  One  nullilumen  per  sq.  em.  (milUphot)  is  a 
practical  derivative  of  the  C.G.8.  s^tem.  One  foot-candle  is  one  lumen 
per  aq.  ft.,  and  is  equal  to  1.07M  milliphota. 

■M.  (Deleted  in  the  last  revision  of  the  Standardisation  Rules.) 

■M.  Bpadflo  lumlaous  radlfttioa,  the  luminous  flux-density  emitted 
by  a  surface,  or  the  flux  emitted  per  unit  of  emissive  area.  It  is  expressed 
in  lumens  per  sq.  cm. 

Defining  eauation: 

Let  B'  be  tne  specific  luminous  radiation. 

Ilien,  for  surfaces  obeying  Lambert's  cosine  law  of  emission. 
B'  -wbt 

!S'  I  (Deleted  in  the  last  revision  of  the  Standardisation  Rules.) 

•M.  The  UmlMrt,  tii»  O.a.S.  unit  of  brlghtnaaa,  the  brightneaa  of  a 
perfectly  diffusing  suifsce  radiating  or  reflecting  one  lumen  per  sq.  em. 
This  is  equivalent  to  the  brightness  of  a  perfectly  diffusing  surface  having  a 
coefficient  of  reflection  equal  to  imity  and  illuminated  by  one  phot. 

SM.  ror  moat  purpotas,  tha  mUUlambert  (0.001  lambert)  is  the  pref- 
erable practical  unit.  A  perfectly  diffusing  surface  emitting  one  lumen 
per  sq.  ft.  will  have  a  brightneaa  of  1.076  milUlamberts. 

•  This  unit,  which  is  used  also  by  many  other  countries,  is  frequently 
rifared  to  aa  the  international  candle. 

t  A  uniform  source  of  one  candle  emits  4v  lumens. 
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ttS.  BrlchtnaM  wpraiud  in  oandlaa  p«r  aq.  esa.  nutjr  be  raduoed  to 

Umberts  by  multiplying  by  r. 

Brightneu  expressed  in  candies  per  sq.  in.  may  be  reduced  to  ft.-«aiidle 
brightnees,  by  multiplying  by  the  faetor  144«''452. 

Brightness  expressed  in  candles  per  tq.  in.  may  be  reduoed  to  lamberta 
by  multiplying  by  t/6.4S  -0.4868. 

In  practice,  no  surface  obevB  exactly  Lambert's  coeine  law  of  emisdon; 
hence  the  brightness  of  a  surface  in  lamberta  is,  in  general  not  numericaUy 
equal  to  its  speoifio  luminous  radiation  in  lumens  per  aq.  om. 

Defining  equations: 

tM.  Coefficient  of  reflaetlon,  the  i«tio  of  the  total  luminon*  flux 
reflected  by  a  surface  to  the  total  luminous  flux  incident  upon  it.  It  is  ft 
simple  numeric.  The  reflection  from  a  surface  may  be  regular,  diffuse  or 
mixed.  In  perfect  regular  reflection,  all  of  the  flux  is  reflected  from  the  sur- 
face at  an  angle  of  reflection  equal  to  the  angle  of  incidence.  In  perfect 
diffuse  reflection,  the  flux  is  reflected  from  the  surface  in  all  directions,  in 
accordance  with  Lambert's  cosine  law.  In  most  practical  cases,  there  u  ft 
superposition  of  regular  and  diffuse  reflection. 

tCT.  Coeffleient  of  rerular  reflection  is  the  ratio  of  the  luminous  flux 

reflected  regularly  to  the  total  incident  flux. 

8M.  Coeffleient  of  dlSuie  reflection  is  the  ratio  of  the  luminous  flux 

reflected  diffusely  to  the  total  incident  flux. 
Defining  equation; 

Let  m  be  the  coefficient  of  reflection  (regular  or  diffuse). 
Then,  for  any  given  portion  of  the  surface, 

S' 

so.  Lamp,  a  generic  term  for  an  artificial  source  of  light. 

S70.  Primary  luminoui  •tandard,  a  recognised  standard  luminooa 
source  reproducible  from  specifications. 

STl.  BepratentatlTe  luminous  standard,  a  standard  of  luminoua 
intensity  adopted  as  the  authoritative  custodian  of  the  accepted  value  of 
the  unit. 

■tin.  Baforance  itamdard,  a  standard  calibrated  in  terms  o{  the  unit 
from  either  a  primary  or  representative  standard  and  used  for  the  calibra- 
tion of  working  standards. 

STt,  Working  Itandard,  any  standardised  luminoua  source  for  daily 
use  in  photometry. 

6T4.  Comparison  lamp,  a  lamp  of  constant  but  not  necessarily  icnown 
candle-power,  against  whi^  a  working  standard  and  test  lamps  are  succea- 
sively  compared  in  a  photometer. 

8Tf.  Test  lamp,  in  a  photometer — a  lamp  to  be  tested. 

8T9.  Performance  curve,  a  curve  representing  the  behavior  of  a  lamp 
in  any  particular  (candle-power,  consumption,  etc.)  at  different  perioaa 
during  its  life. 

ITT,  Charaoterlstle  ourre,  a  curve  expressing  a  relation  between  two 
variable  properties  of  a  luminous  source,  as  candle-power  and  volts,  candle- 
power  and  rate  of  fuel  consumption,  etc. 

878.  Borlfontal  distribution  curve.  A  polar  curve  representing  the 
luminous  intensity  of  a  lamp,  or  lightiug  unit,  in  a  plane  perpendicular  to  the 
axis  of  the  unit,  and  with  tne  unit  at  tne  origin. 

878.  Vertical  distribution  curve.  A  iwlar  curve  representing  tba 
lumiuous  intensity  of  a  lamp,  or  lighting  unit,  in  a  plane  passing  through  the 
axis  of  the  unit,  and  with  the  unit  at  the  origin.  Unless  otherwise  specified, 
a  vertical  distribution  cur\'e  is  assumed  to^be  an  average  vertical  distribution 
curve,  such  as  may  in  many  cases  be  obtained  by  rotating  the  unit  about  ita 
axis  and  measuring  the  average  intensities  at  the  different  elevations.     It 
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is  recommended  tliat  in  vertical  distribution  curvee,  aoglee  of  elevstton  ahsll 
be  counted  poeitively  from  the  nadir  as  aero,  to  the  tenith  a<  180  des.  In 
the  caae  of  incandeecent  lampe.  it  ia  assumed  that  the  vertical  diatributioa 
curve  ia  taken  with  the  tip  downward, 

8S0.  Haan  horlsontal  e»iidi»-poyrar  of  a  lamp — the  average  candle- 
power  in  the  horisontal  plane  iwssinK  through  the  luminous  center  of  the 
lamp. 

It  is  here  assumed  that  the  lamp  (or  other  light  source)  is  mounted  in  the 
usual  manner,  or,  as  in  the  case  o{  an  incandescent  lamp,  with  its  axis  of 
symmetry  vertical. 

Mt.  Kaan  iplMilo*!  eMuU«-powar  of  a  lamp — the  average  candle- 
power  of  a  lamp  in  all  directions  in  space.  It  is  equal  to  the  total  luminous 
flux  of  the  lamp,  in  lumens,  divided  by  Aw. 

S8I.  Haan  hemlapharieal  eandla-power  of  a  lamp  (upper  or  lower) — 
the  average  candle-power  of  a  lamp  in  the  hemisphere  oonaidered.  It  ia 
e<iual  to  the  total  luminous  flux  emitted  by  the  lamp,  in  that  hemisphere, 
divided  by  2r. 

8U.  Mean  sonal  oandla-powar  of  a  lamp — the  average  candle-power 
of  a  lamp  over  the  given  sons.  It  is  equal  to  the  total  luminous  flux  emitted 
by  the  lamp  in  that  sons,  divided  by  the  sMd  angle  of  the  sone. 

884.  Bphertoal  radaetion  fastor  of  a  lamp — ^the  ratio  of  the  mean  spher- 
ical to  the  mean  horisontal  candle-power  of  the  lamp.* 

IBS.  Photometrie  taati  in  which  the  results  are  stated  in  candle-power 
ahould  be  made  at  such  a  distance  from  the  source  of  light  that  the  latter 
may  be  regarded  as  practicaUy  a  point.  Where  tests  are  made  in  the 
measurement  of  lampe  with  reflectors,  the  results  should  always  be  given  as 
"apparent  candle-power"  at  the  distance  employed,  which  distance  should 
always  be  specifically  stated. 

8S(,  The  output  of  all  illumlnants  should  be  expressed  in  lumens. 

887.  lUuminants  should  ba  rated  upon  a  lumen  basis  instead  of  a 
eandle-powcr  basis. 

888.  The  ipeelfle  output  of  aleetrlelamps  should  be  stated  in  lumens 
per  watt;  and  the  specific  output  of  illuminants  depending  upon  combustion 
should  be  stated  in  lumens  per  b.t.u.  per  hour.  The  use  of  the  term  "effi- 
ciency" in  this  connection  should  be  discouraged. 

When  auxiliary  devices  are  necessarily  employed  in  circuit  with  a  lamp, 
the  input  should  be  taken  to  include  both  that  in  the  lamp  and  that  in  toe 
auxiliary  devices.  For  example,  the  watts  lost  in  the  ballast  resistance  of  an 
arc  lamp  are  properly  chargeable  to  the  lamp. 

880.  Tha  tpadfle  eoniumptlon  of  an  electric  lamp  is  its  watt  consump- 
tion per  lumen.  "Watta  per  candle"  ia  a  term  used  commercisUyin  con- 
nection with  deetrie  inoandesoeut  lamps,  and  denotes  watta  per  mean 
horisontal  candle-power.  I 

8M.  Life  tests.  Kleotrlo  inoandaaoent  lamps  of  a  given  type  may  ba 
assumed  to  operate  under  comparable  conditions  only  when  their  lumens  per 
watt  consumed  are  the  same.  Life-test  results,  in  order  to  be  compared, 
must  be  either  conducted  under,  or  reduced  to,  comparable  conditions  of 
operation. 

891.  In  comparing  dlflsrant  luminous  soureai,  not  onlv  should  their 
candle-power  be  compared,  but  also  their  relative  form,  brigntness,  distri- 
bution of  illumination  and  character  of  light. 

891.  Lamp  aeceasories.  A  reflector  is  an  appliance,  the  chief  use  of 
w;hich  is  to  redirect  the  luminous  flux  of  a  lamp  m  a  desired  direction  or 
directions. 

89S.  A  shade  Is  an  appliance,  the  chief  use  of  which  Is  to,  diminish  or  to 
interrupt  the  flux  of  a  Tamp  in  certain  directions,  where  such  flux  is  not 
deirirabTe,  The  function  of  a  shade  is  commonly  combined  with  that  of  a 
reflector. 

894.  A  globe  is  an  enclosing  appliance  of  clear  or  diffusing  materials,  the 
chief  use  ot  which  is  either  to  protect  the  lamp,  or  to  diffuse  its  light. 

*  In  ease  of  a  uniform  point-source,  tliis  factor  would  be  unity,  and  for  a 
straight  cylindrical  filament  obeying  the  cosine  law  it  would  be  ir/4. 
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SW.  Table  ax.— Photomatrlo  Unlti  and  AbbrsTUtlona 

Abbrevimtionc, 
Photometric  quantity  Name  of  unit  ajrmbob  and  de&>- 

inj;  equations 

1.  Luminous  fiux  Lumen  F.  * 

2.  Luminous  intensity  Candle  I  —  -j-,F  —  -j-,o^. 

if       I 

3.  Illumination  Phot.,  foot-candle,  lux       S— -j^  —  -^reoat^ 

4.  Exposure  Phot-second  t     E 

Apparent  candles  per  sq.  cm. 

5.  Brightness  k  — 


Apparent  candles  per  sq.  in. 

Lambert  L  >■ 


dS  cos* 


as 

0.  Normal  brightness  (Indies  per  sq.  cm.  ^  ""  j 


Candles  per  sq.  in. 
7.  Specific  luminous  Lumens  per  sq.  cm, 


dS 


radiation  Lumens  per  sq.  in.  B'^thtfi' 

B' 


Coefficient  of  reflec- 
tion 


B 


0.  Mean  spherical  candle-power  Sep 

10.  Mean  lower  hemispherical  candle-power  kp 

11.  Mean  upper  hemispherical  candle-power  uep 
13.  Mean  lonal  candle-power  scp 

13.  1  lumen  is  emitted  by  0.07958  spherical  op. 

14.  1  spherical  candle-power  emits  I2.S7  lumens. 

15.  1  lux  «B  1  lumen  incident  per  sq.  meter  » 0.0001  phot  —0.1  millipkot. 

16.  1  phot  =  1  lumen  incident  per  sq.  cm.  — 10,000  lux  — 1,000  milliphot. 

17.  1  milliphot  -O.OOl  phot  =0.929  foot-candle. 

18.  1  foot-candle  —1  lumen  incident   per  sq.  ft.  -1.076  milliphot  —  10.7t 

lux. 

19.  1  lambert  —  1  lumen  emitted  per  sq.  cm.* 

20.  1  millilsmbert  -0.001  lambert. 

31.  1  lumen,  emitted,  per  sq.  ft.*  —1.076  millilambert. 

22.  1  millilambert  —0.929  lumen,  emitted,  per  sq.  ft.* 

23.  1  lambert  —0.3183  candle  per  sq.  em.  —2.084  candles  per  sq.  in. 

24.  1  candle  per  sq.  cm.  -3.1416  lamberts. 

26.  1  candle  per  sq.  in.  -0.4868  lamberts  -486.8  milliUmberts. 
SS6.  (Deleted  in  the  last  revision  of  the  Standardisation  Rules.) 

STANDARDS  FOR  TELEPHOITT  AITD  TELEGRAPHY 

910.  After  oftreful  conu deration,  it  does  not  seem  that  the  time  U  yet  ripe 
for  a  formal  standar dilation  of  terms  and  definitionfl  used  in  telephony  and 
telefcraphy.  Many  of  the  terms  commonly  employed  are  used  in  mora  than 
a  single  way  and,  ronvcrsely,  many  pieces  of  apparatus  and  many  const&nti 
which  are  essentially  identical  froni  a  physical  standpoint  have  been  and  are 
known  by  more  than  one  designation. 

911.  Dftmplnff  of  a  circuit.  The  damping*  at  a  ^ren  p<HDt.  in  a  circuit 
from  which  the  source  of  energy  has  been  withdrawn,  is  the  progresave  dind- 
nution  in  the  eflfcctive  value  of  electromotive  force  and  current  at  that  point 
resulting  from  the  withdrawal  of  electrical  energy. 

912.  Dampinff  constant.  The  damping  constant  of  a  circuit  depends 
upon  the  ratio  of  the  diaaipative  to  the  reactive  component  of  its  imped -jice 
or  admittance. 

Applied  to  the  admittance  of  a  condenser  or  othtf  umple  circuit  having 
capacity  reactance,  the  damping  constant  for  a  harmonic  electrc  motive 


*  Perfect  diffusion  assamed. 
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force  o(  07en  freouency  is  the  ratio  o{  the  conductance  of  the  condenaer  or 
simple  circuit  at  that  frequency,  to  twice  the  capacity  of  the  condenser  at  the 
same  frequency. 

Applied  to  tne  reactance  of  a  coil  or  other  simple  circuit  having  inductive 
reactance,  the  damping  constant  for  a  harmonic  current  of  given  frequency 
is  the  ratio  of  the  reeistance  of  the  coil  or  circuit  at  that  frequency,  to  twice 
the  inductance  at  the  same  frequency. 

<ll.  BqulTalent  drenlt.  An  equivalent  circuit  is  a  simple  network  of 
series  and  shunt  impedances,  which,  at  a  given  frequency,  is  the  approximate 
electrical  equivalent  of  a  complex  network  at  the  same  frequency  and  under 
steady-state  conditions, 

NoTB. — As  ordinarily  considered,  the  simple  networks  as  defined  are  the 
dectrical  equivalents  of  complex  networks  only  with  reepeot  to  definite  ptita 
of  terminals,  and  only  as  to  sending^nd  impedances  and  total  attenuation, 
A  farther  requirement  is  that  the  only  connections  between  the  pairs  of  ter- 
minals are  those  through  the  network  itself. 

•14.  "T"  aqulTalent  eireiilt.  A  "  T  "  equivalent  circuit  is  a  tiiple-star 
or  "  Y "  connection  of  three  impedances  externally  equivalent  to  a  oomplex 
network. 

•1(.  "V"  •qolTklsnt  oirotiit.  A  " IT"  eouivalent  drouit  is  a  delta  oon^ 
nection  of  three.impedanees  externally  equivalent  to  a  complex  network.  It 
is  also  called  a    n     equivalent  circuit. 


Symbol  for  "T"  equivalent  Bjrmbol  for  "V"  equivalent 

circuit.  circuit. 

IKPSDUrCI 

91>.  Mattial  impadanoa.  The  mutual  impedance,  tor  alternating  eur- 
rents,  between  a  pur  of  terminals  and  a  second  pair  of  terminals  of  a  network, 
wider  any  given  eondltioUj  is  the  negative  vector  ratio  of  the  electromotive 
force  produced  between  either  pair  of  terminals  on  open  circuit,  to  the  cur- 
rent flowing  between  the  other  pair  of  terminals. 

917.  Self  ImiMdanes.  The  self  impedance  between  a  pair  of  terminals  of 
a  network,  under  any  given  condition,  is  the  vector  ratio  of  the  electromotive 
force  applied  across  the  terminals  to  the  current  produced  between  them. 

LIMX  CHAaAOTUUBTICB 

•IS.  Charaeteristle  impedance.  The  characteristie  impedance  of  a 
Hne  is  the  ratio  of  the  appUed  electromotive  force  to  the  resulting  steady- 
state  current  upon  a  line  of  infinite  length  and  uniform  structure,  or  of  peri- 
odic recurrent  structure. 

Nora. — In  telephone  practice,  the  terms  (1)  line  impedance,  (2)  surge  im- 
pedance, (3)  iterative  impedance,  (4}  sending-end  impedance,  (5)  initial 
eending-inid  impedance,  (6)  final  sending-end  impedance,  (7)  natural  impe- 
dance, and  (8)  free  impedance  have  apparently  been  more  or  'ess  indefinitely 
and  indiscriminately  used  as  synonyms  with  what  is  here  defined  as  "char- 
acteristie impedance." 

•!•.  Sendlnff-end  impedance.  The  sending-end  impedance  of  a  line  is 
the  vebtor  ratio  of  the  applied  electromotive  force  to  the  resulting  steady-state 
current  at  the  point  where  the  electromotive  force  is  appUed. 

Non. — See  note  under  "Characteristic  Impedance."  In  case  the  line  is 
of  infinite  length,  of  uniform  structure  or  of  periodic  recurrent  structure,  the 
sendinc^nd  Impedance  and  the  characteristic  impedance  are  the  game. 

•to.  ^Propagation  oonitant.  The  propa^tion  constant  per  unit  length 
of  a  uniform  line,  or  per  section  of  a  line  of  periodic  recurrent  structure,  is  the 
natural  logarithm  of^the  vector  ratio  of  the  steady-etste  currents  at  various 
points  separated  by  unit  length  in  a  uniform  line  of  infinite  length,  or  at 
suoceaiive  corresponding  points  in  a  line  of  reeorrent  structure  of  infinite 
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length.  The  ratio  is  determined  by  dividing  the  value  ot  the  eurrent  at  the 
imint  nearer  the  tranemitting  end  by  the  value  of  the  current  at  the  point 
more  remote. 

Ml.  AttanUfttlon  OOnttant.  The  attenuation  oonatant  is  the  real  part 
of  the  propagation  constant. 

•M.  WaT«-Iencth  oonitent.  The  wave-length  constant  is  the  ima^ 
nary  part  of  the  propagation  constant. 

van  ciBcxnTB 

tSO.  Oround-return  ciretlit.  A  ground-return  circuit  is  a  circuit  eon- 
■istiDg  of  one  or  more  metallic  conductors  in  parallel,  with  the  circuit  com- 
pleted through  the  earth. 

Ml.  KetalUo  oirault.  A  metallic  circuit  is  a  circuit  of  which  the  earth 
forms  no  part. 

MS.  Two-wire  circuit.  A  two-wire  circuit  is  a  metallic  circuit  formed 
by  two  paralleling  conductors  insulated  from  eaeh  other. 

MS.  Buparpoud  olreuit.  A  superposed  circuit  is  an  additional  circuit 
obtained  from  a  circuit  normally  required  for  another  service,  and  in  such  a 
manner  that  the  two  services  can  be  given  simultaneously  without  mutual 
interference. 

9S4.  Phantozn  drouit.  A  phantom  circuit  is  a  superposed  drcuit.  each 
aide  of  which  consists  of  the  two  conductors  of  a  two-wire  oirouit  in  paralleL 

M(.  Side  drouit.  A  side  drctiit  is  a  two-wire  circuit  forming  one  aide 
of  a  phantom  circuit. 

fSS.  Non-phantomed  circuit.  A  non-phantomed  circuit  is  a  two-wire 
circuit  which  is  not  arranged  for  use  as  the  aide  of  a  phantom  circuit. 

9ST.  Slmplaxed  circuit.  A  simplezed  circuit  ia  a  two-wire  telephone 
oirouit  arranged  for  the  super-position  of  a  single  ground-return  signalling 
circuit  operating  over  the  wires  in  parallel. 

Note. — In  view  of  the  use  of  the  term  "Simplex  Operation"  in  telegraph 
practice,  it  is  felt  that  the  designation  "Simplsxed  Circuit"  as  applied  to  the 
arrangement  described  ia  not  a  happy  one. 

SSS.  Oompodtad  dreult.  A  composited  circuit  is  a  two-wire  telephone 
circuit,  arranged  for  the  Buperposition  on  each  of  its  component  metallic 
conductors  of  a  single  independent  ground-return  signalling  circuit. 

•SS.  Qnftddsd  or  phantomed  cable.  A  quadded  or  phantomed  cable 
is  a  cable  adapted  for  tno  use  of  phantom  circuits. 

Norn — The  type  of  cable  here  defined  has  frequently  been  dedgnated  as 
"  Duplex  Cable  " — a  term  which  is  objectionable,  both  on  account  of  its  lack 
of  description  and  its  widely  different  use  in  telegraph  practice. 

LOADnra 

990,  Xaoaded  line.  A  loaded  line  is  one  in  which  the  normal  inductance  of 
the  circuit  has  been  altered  for  the  purpose  of  increaaing  ita  transniiadon 
efficiency  for  one  or  more  frequencies. 

961.  SaridS  loftdcd  line.  A  series  loaded  line  ia  one  in  which  the  normal 
inductance  has  been  altered  by  i  nductance  serially  applied. 

9(9.  Shunt  loaded  line.  A  shunt  loaded  line  is  one  in  which  the  normal 
inductance  of  the  circuit  has  been  altered  by  inductance  applied  in  ahunt 
across  the  circuit. 

9n.  Continuous  loading.  A  continuous  loading  is  a  series  loading  in 
which  the  added  inductance  is  uniformly  distributed  along  the  conduistors. 

954.  Coil  loftdlnff .  A  coil  loading  is  one  in  which  the  normal  inductance 
b  altered  by  the  insertion  of  lumped  inductance  in  the  circuit  at  intervals. 
This  lumped  inductance  may  be  applied  either  in  aeries  or  in  shunt. 

NoTB. — As  commonly  understood,  coil  loading  is  a  series  loading  in  which 
the  lumped  inductance  is  applied  at  uniformly  spaced  recurring  intervals. 

966.  Microphone.  A  contact  device  designed  to  have  its  electrical 
resistance  directly  and  materially  altered  by  slight  differences  in  mechanical 
pressure. 

9S8.  Belay.  A  relay  is  a  device  by  means  of  which  oontactain  one  circuit 
are  operated  under  the  control  of  electriod  energy  in  the  same  or  other 
drcuita. 
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MT.  Sasonanea.  Reaoiuuic«  of  a  .harmonio  alternating  current  of 
giTen  frequeno;r,  in  a  almple  seriev  circuit,  containing  reedatanoe,  inductance 
and  capacity,  la  the  condition  in  which  the  positive  reactance  of  the  induc- 
tance \i  numerically  equal  to  the  negative  reactance  of  the  capacity.  Under 
these  conditions,  tae  current  flow  in  the  circuit  with  a  given  electromotive 
force  is  a  maximum. 

>M.  Batardation  eoU.  A  retardation  coil  is  a  reactor  (reaotance  coil) 
ueed  in  a  circuit  for  the  purpoae  of  aelectively  reacting  on  currents  which 
vary  at  different  ratea. 

Nora. — In  telephone  and  telegraph  usage,  the  terms  "impedance  coil," 
"inductance  ooil,  "choke  ooil"  and  "reactance  coil"  are  sometimes  used  m 
place  of  tlie  term  ''retardation  coil." 

_  9S9.  Skin  effect.  Skin  effect  is  the  phenomenon  of  the  non-uniform 
dietribution  of  current  throughout  the  croea-eection  of  a  linear  conductor, 
occaaioned  by  variations  in  the  intensity  of  the  magnetic  field  due  to  the  cur- 
rent in  the  conductor. 

•M.  Telephone  reMiver,  A  telephone  receiver  is  an  dectrioally  oper- 
ated device  designed  to  produce  soundwaves  or  vibrations  which  correspond 
in  form  to  the  atectromagDetio  wavee  or  vibrations  actuating  it. 

Ml.  Telepfaone  transmitter.  A  telephone  transmitter  is  a  sound-wave 
or  vibration-operated  device  designed  to  produce  electromagnetic  waves  or 
vibrations  which  correspond  in  form  to  the  sound  waves  or  vibrations 
actuating  it. 

•M.  The  ooefflcient  of  coupling  of  a  tranaformer.  The  coefficient 
cl  coupling  of  a  transformer  at  a  given  frequency,  is  the  vector  ratio  of  the 
mutual  impedance  between  the  primary  anci  secondary  of  the  transformer,  to 
the  square  root  of  the  product  of  the  self-impedances  of  the  primary  and  of 
the  secondary. 

MS.  Bepeatinc  ooU.  A  term  used  in  telephone  practice  meaning  the 
same  aa  transformer,  and  ordinarily  a  transformer  of  unity  ratio. 

APPENDIX  I 
STANDARDS  FOR  RADIO  COMMUNICATION 

The  following  Par.  lOW  to  IMS  have  been  abstraoted  from  the  report 
of  the  Standarcliiation  Committee  of  the  Institute  of  Radio  Bogineers,  and 
are  here  included  by  permission  as  an  Appendix,  until  further  revised.  For 
full  particulars,  see  the  I.R.E.  Standardisation  Committee  report. 

1000.  Acoustlo  resonance  device.  One  which  utilises,  in  its  operation, 
resonance  to  the  audio  frequency  of  the  received  signals. 

1001.  Antenna.  A  system  of  conductors  designed  for  radiating  or 
abaorbing  the  energy  of  electromagnetic  waves. 

ion.  Atmospherlo  absorption.  That  portion  of  the  total  loss  of 
radiated  energy  due  to  atmoepnerio  conductivity. 

loos.  Audio  tre<;^ue<lLeies.  .  The  frequencies  corresponding  to  the  nor- 
mally audible  vibrations.  Theee  are  assumed  to  lie  below  10,000  cycles  per 
■ceond. 

1004.  OapadtlTe  coupler.  An  apparatus  which,  by  electric  fields.  Joins 
portions  of  two  radio  frequency  circuits,  and  which  is  used  to  tranafer 
electrical  energy  between  theee  circuits  through  the  action  of  electric  forces. 

loot.  Ooefllclent  of  coupUnc  (inductlTe).  The  ratio  of  the  effective 
mutual  inductance  of  two  circuits  to  the  square  root  of  the  product  of  the 
effective  selfHnductances  of  each  of  those  drouits. 

loos.  Direct  coupler.  A  coupler  which  magnetically  i<as>a  two  circuits 
having  a  common  conductive  portion. 

1007,  Counterpoise.  A  system  of  electrical  conductors  forming  one 
portion  of  a  radiating  oscillator,  the  other  portion  of  wliich  is  the  antenna. 
In  land  stations  a  counterpoise  forms  a  capacitive  connection  to  ground. 

1005.  A  damped  alternating  onirent  is  an  alternating  current  whose 
amplitude  progreasively  diminishea. 
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low,  Tha  dMnpInc  (Mitor  of  an  exponentially  damped  altamstias 
current  is  the  product  of  the  logarithmic  decrement  and  the  frequeney. 
Let  /q  *  initial  amplitude 

It  ■»  amplitude  at  the  time  I 
t    "  baae  of  Napierian  losaiithms 
a    «  damping  factor 
then    It  —  It  «"•' 

1010.  D«t«etor.  That  portion  of  the  reoeiTins  apparatus  which,  eoD- 
nected  to  a  circuit  carrying  currents  of  radio  frequency,  and  in  oonjunctioii 
with  a  self-contained  or  separate  indicator,  translates  the  radio  freqnencx 
ener^  into  a  form  suitable  for  operation  of  the  indicator.  This  tranalatioa 
may  DC  effected  cither  by  the  conversion  of  the  radio  frequency  enersy.  or 
by  means  of  the  control  of  local  energy  by  the  energy  reoeiTed. 

1011.  Klaotromacnetlo  ww*.  A  periodic  electromagnetic  disturbance 
progressing  through  space. 

1012.  Forced  altematinc  euirent.  A  current,  the  frequeney  and 
damping  of  which  are  equal  to  the  frequency  and  damping  of  the  ezeitins 
elec^motive  force. 

lOlS.  Free  (Itematliic  ourrent.  The  current  following  any  eleetnv 
magnetic  disturbance  in  a  circuit  having  capacity,  inductance,  asd  tea  than 
the  critical  resistance. 

1014.  Orltiaal  raatataaee  of  a  drenlt.  That  resistance  which  detemdaea 
the  limiting  condition  at  which  the  oscillatory  discharge  of  a  drouit  pnseee 
into  an  aperiodic  discharge. 

1011.  Oroup  frequency.  The  number  per  second  of  periodic  ehangea 
in  amplitude  or  frequency  of  an  alternating  current. 

Nora  1. — Where  there  is  more  than  one  periodically  recnrrent  change  of 
amplitude  or  frequency,  there  is  more  than  one  group  frequency  preaent. 

Nora  2.^The  term  "group  frequency"  replaces  the  term  "spark  fre- 
quency." 

lOK,  Inductlre  coupler.  An  apparatus  which,  by  magnetic  foreee, 
Joins  portions  of  two  radio  frequency  circuita  and  is  used  to  transfer  electrical 
energy  between  these  circuits,  through  tha  action  of  theae  magnetic  foroea. 

lOlT.  Unear  decrement  of  a  linearly  damped  altematinc  enxrent 
is  the  difference  of  successive  current  amplituoiw  in  the  same  direetaon, 
divided  by  the  larger  of  these  amplitudes. 

Let  /•  and  /•>>  oe  suooessive  current  amplitudes  in  the  same  direction,  of 
a  linearlyKlamped  alternating  current. 

Then,  the  linear  decrement,  &"    *  . — ^- 

Also,     Ii-I,(l-bfl) 

Where  It  —  initial  current  amplitude 

It  —  current  amplitude  at  time  ( 

/    —  frequency  of  alternating  current 

1015.  Logarithmic  decrement  of  an  exponentially  damped  altenuitinc 
current  is  the  logarithm  of  the  ratio  of  successive  current  amplitudes  in  the 
same  direction. 

Note. — Logarithmic  decrements  are  standard  for  a  complete  period  or 
cycle. 

Let  la  and  Jn+i  be  successive  current  ampUtudes  in  the  same  direction. 
d  «  logarithmic  decrement 

Then  d— logir-— 

1019.  Badlo  frequencies.  The  frequencies  higher  than  theae  corre- 
sponding to  the  normally  audible  vibrations,  which  are  generally  taken  aa 
10,000  cycles  per  second.     See  also  Audio  Frequencies  (Par.  lOOS). 

NoTB. — It  u  not  implied  that  radiation  cannot  be  secured  at  lower  fre- 
quencies and  the  distinction  from  audio  frequencies  is  merely  one  of  definition 
based  on  convenience. 

1010.  Reaonanee  of  a  circuit  to  a  given  exciting  alternating  e.m.f .  is  that 
condition  due  to  variation  of  the  inductance  or  oapaoity  in  which  the  reeuK- 
ing  effective  current  (or  voltage)  in  that  circuit  ia  a  maximum. 

lOtl-lOU.  (Deleted  in  the  last  revision  of  the  Standardisation  Rules.) 
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IdM.  A  ituUtMTd  ranmaaoe  enrrs  is  a  ctirve  the  ordiiutes  of  which 
are  the  ratioe  of  the  equ&re  of  the  current  at  any  frequency  to  the  square  of 
the  resonant  current,  and  the  abscissas  are  the  ratioe  of  the  corresponding 
wave  length  to  the  resonant  wave  length;  the  abedssas  and  ordinates  having 
the  same  scale. 

IMS.  (Deleted  in  the  last  revision  of  the  Standardisation  Rules.) 
lOS.  Buitalnsd  radiation  consists  of  waves  radiated  from  a  conductor 
in  which  an  alternating  current  flows. 

IMT.  Tunlnc*  The  process  of  seouring  the  maximum  indication  by 
adjusting  the  time  period  of  a  driven  element.     (See  Resonance.) 

1018.  A.  wave-meter  is  a  radio  frequency  measuring  instrument,  cali- 
brated to  read  wave  lengths. 

ion.   (Deleted  in  the  last  revision  of  the  Standardisation  Rules.) 

IMO.  Z>«ereixt«tor.  An  instrument  for  measuring  the  logarithmie  deo- 
rement  of  a  oircuit  or  of  a  train  of  electromagnetic  waves. 

1011.  Attenuation,  radio.  The  decrease  with  distance  from  the  radiat- 
ing source,  of  the  amplitude  of  the  electric  and  magnetic  forces  accompanying 
(and  constituting)  an  electromagnetic  wave. 

lOM.  Attenuation  eoailleient  of  (radio).  The  ooeffioient,  wliich,  when 
multiplied  by  the  distance  of  transmission  through  a  uniform  medium,  gives 
the  natural  logarithm  of  the  ratio  of  the  amplitude  of  the  electric  or  magnetic 
forces  at  that  distance,  to  the  initial  value  of  the  corresponding  qoantitiee. 

lOU.  Coupler.  An  apparatus  which  is  used  to  transfer  radio-frequency 
energy  from  one  drcriit  to  another  by  aasooiating  portions  of  these  oireuits. 

APPENDIX  n 

ADDITIONAI^  STAin>ARDS  FOR  RAILWAY  MOTORS 

1100.  In  comparing  projected  motors,  and  in  case  it  is  not  possible  or 
desirable  to  make  teste  to  determine  mechanical  loeses,  the  following  values 
of  these  loeees,  determined  from  the  averages  of  many  teets  over  a  wide  range 
of  ^ses  of  single-reduction  single-geared  motors,  will  be  found  useful,  as 
approximatians.  They  include  axle-bearing,  gear,  armature-bearing,  brush- 
friction,  windage,  and  stray-load  loeses. 

Table  XX. — Approximate  LoMes  In  D-e.  Sallway  Hotori 


Input  in  per  cent. 

of  that  at  nominal 

rating 

Losses  as  per 
cent,  of  input 

Input  in  per  cent. 

of  that  at  nominal 

rating 

Losses  as  per 
cent,  of  input 

100  or  over 
76 
SO 

60 

6.0 
5.0 
6.8 
0.6 

40 
30 
25 

8.8 
18.3 
17.0 

1101.  The  core  loss  of  railwajr  motors  is  sometimes  determined  by  separ- 
ately exciting  the  field,  and  driving  the  armature^  of  the  motor  to  be  tested, 
by  a  separate  motor  having  known  losses  and  noting  the  differences  in  loeses 
between  driving  the  motor  light  at  various  speeds  and  driving  it  with  various 
field  excitations. 

not.  Selection  of  motor  (or  tpeetiled  serrioe.  The  following  informa- 
tion relative  to  the  service  to  be  performed,  is  required,  in  order  that  an 
appropriate  motor  may  be  selected. 

(a)  Weight  of  total  number  of  cars  in  train  (in  tons  of  2,(X)0  lb.)  exclusive 
of  electrical  equipment  and  load,  (b)  Average  weight  of  load  and  durations 
of  lame,  and  maximum  weight  of  load  and  durations  of  same,  (c)  Num- 
ber of  motor  cars  or  locomotives  in  train,  and  number  of  trailer  cars 
in  train,  (.d)  Diameter  of  driving  wheels,  (e)  Weight  on  driving  wheels, 
exclusive  of  electrical  equipment.  (/)  Number  of  motors  per  motor 
car.  (ff)  Voltage  at  train  witn  power  on  the  motors — average,  maximum  and 
minimum,     (ft)  Bate  of  acseleration  in  milee  per  hr.  i>er  sec.      (i)  Rate  of 
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braking  (retardation  in  miles  per  hr.  per  eee.).  0*)  Speed  lunitatiaoa,  if  uy 
(including  Blowdowna).  (k)  Distaneee  between  stations,  il)  Duration  of 
station  stops,  (m)  Scheaule  speed  including  station  stops  inzn.p.h.  (a) 
Train  resistance  in  pounds  per  ton  of  2,000  pounds  at  stated  speeds.  («) 
Moment  of  inertia  of  revolving  parts,  exclusive  of  electrical  equipment,  (v) 
Profile  and  alignment  <rf  trace,  (o)  Distance  coasted  as  a  per  cent,  of  tna 
distance  between  station  stops,     (r)  Time  of  layover  at  end  ot  run,  if  any. 

not.  Btand-teit  method  of  compftring  motor  capacity  with  aenrlce 
Fcquirements.  When  it  is  not  convenient  to  test  motors  xmder  actual 
speeifio  servioe  conditions,  recourse  may  be  had  to  the  following  method  of 
determining  temperature  rise. 

1104.  The  esBential  motor  losses  affecting  temperatures  in  servioe  are  those 
in  the  motor  windings,  core  and  commutator.  The  mean  service  conditions 
may  be  expressed,  as,  a  close  approximation,  in  terms  oi  that  continuous  cur- 
rent and  core  loss  which  will  produce  the  same  losses  and  distribution  of  losses 
as  the  average  in  service. 

A  stand  teat  with  the  current  and  voltage  which  will  i^ve  losses  equal  to 
those  in  service,  will  determine  whether  the  motor  has  suffieient  capacity  to 
meet  the  service  requirements.  In  servioe,  tiietempwaAure  rise  erf  an  enclosed 
motor  (Par.  Ift4) ,  well  exposed  to  the  draught  of  air  incident  to  a  moving  ear 
or  looomotive,  will  be  from  76  to  90  per  oent.  (depending  upon  the  character 
of  the  service)  of  the  temperature  rise  obtained  on  a  stand  test  with  the  motor 
completely  enclosed  ana  with  the  same  losses.  With  a  ventilated  motor 
(Par.  IM  and  167),  the  temi>erature  rise  in  service  will  be  90  to  100  per  cent, 
of  the  temperature  rise  obtained  on  a  stand  test  with  the  same  lossea. 

1105.  In  making  a  stand  test  to  determine  the  temperature  rise  inaspeeifio 
service,  it  ia  essential  in  the  case  oi  a  self-ventilated  motor  (Par.  16T),  to  run 
the  armature  at  a  speed  which  eorresponds  to  the  sehedule  apeed  in  aerviee. 
In  order  to  obtain  this  speed  it  may  be  necessary,  while  maintaining  the  aams 
total  armature  losses,  to  change  somewhat  the  ratio  botweea  tm  I*B  and 
coro-loas  components. 

1106.  CalotiUtlon  for  comparinff  motor  oapadtar  .with  acrriet 
roQuiremeiita.  The  heating  oi  a  motor  should  be  determined,  wherever 
possible,  by  testing  it  in  service,  or  with  an  equivalent  duty  cyde.  When 
the  servioe  or  equivalent  duty-cvde  tests  are  not  practicable,  tne  ratin^i  of 
the  motor  may  be  utilised  as  follows  to  determine  its  temperature  rise. 

1107.  The  motorloeses  which  affertthe  heatingof  thewindingsareasstated 
above,  those  in  the  windines  and  in  the  core.  Tne  former  are  {H^Tportional  to 
the  square  of  the  current.  The  latter  vary  with  the  voltage  and  current, 
according  to  curves  which  can  be  supplied  by  the  manufacturers.  The  pn>> 
cedure  is  therefore  as  follows : 

1108.  (a)  Plot  a  time-current  curve,  a  Ume-voltage  curve,  and  a  time-eore 
loss  curve  for  the  duty  cycle  which  the  motor  is  to  perform,  and  calculate 
from  these  the  root-mean-square  current  and  the  average  core  lose. 

1109.  (6)  If  the  calculated  r.m.s.  service  current  exceeds  the  continuous 
rating,  when  run  with  average  service  core  lose  and  speed,  the  motor  is  not 
sufficiently  powerful  for  the  duty  cycle  contemplated. 

1110.  (c)  If  the  calculated  r.m.B.  service  current  does  not  exceed  the  con- 
tinuous rating,  when  run  with  average  service  core  loss  and  speed,  the  motor 
is  ordinarily  Buitable  for  the  service.  In  some  cases,  however,  it  may  not 
have  Bufhcicnt  thermal  capacity  to  avoid  excessive  temperature  rises  during 
the  periods  of  heavy  load.  In  such  cases  a  further  oalculation  is  required, 
the  nrst  step  of  which  is  to  compute  the  equivalent  volta^  which,_  with  the 
r.m.s.  current,  will  produce  the  average  core-loss.  Having  obtained  this, 
determine,  as  follows,  the  temperature  rise  due  to  tiie  r.m.s.  eervice  current 
and  equivalent  voltage. 

^'  *     "  rf??L?*£«  "**    1  with  r.m.B.  service  current,  and  equivalent 
j::^?etow.  I  -vice  voltage. 

P    "  »»  ?^*v'"^  """*"    I  *>*>>  continuous  load  current  correaponding 
F    "  cora  loM  kw  I  ^  '^®  equivalent  service  voltage. 

"^•^  '       t  -  r?^-f;.  .pproiim.teI,. 
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1111.  (d)  The  thermal  capacity  of  .a  motor  ia  ap|)rorimately  measwed  by 
the  ratio  of  the  electrical  loss  in  kw.  at  its  nominal  (1-hr.)  capacity,  to 
the  corresponding  maximum  observable  temperature  rise  during  a  1-hr. 
test  starting  at  ambient  temperature. 

lilt,  (e)  Consider  anv  period  of  peak  load  and  determine  the  electrical 
loaaee  in  kilowatt-hours  during  that  period  from  the  «2erirtca2  efficiency  curve, 
find  the  excess  of  the  above  losses  over  the  losses  with  r.m.s.  service  current 
and  equivalent  voltage.  The  excess  loss,  divided  by  the  coefficient  of  ther- 
mal capacity,  will  equal  the  extra  temperature  rise  due  to  the  peak  load. 
This  temperature  rise  added  to  that  due  to  the  r.m.s,  service  current,  and 
equivalent  voltage,  gives  the  total  temperature  rise.  If  the  total  temi>era- 
ture  rise  in  any  such  period  exceeds  the  siaie  limit,  the  motor  is  not  sufficiently 
powerful  for  the  service. 

HIS.  (/)  If  thetemperaturereaohed.duetothepeakloadspdoesnot  exceed 
the  safe  limit,  the  motor  may  yet  be  unsuitable  for  the  service,  as  the  peak 
loads  may  cause  excessive  sparking  and  dangerous  mechanical  streeses.  It 
is,  therefore,  necessary  to  compare  the  t>eak  loads  with  the  short-period 
ovwload  capacity.  If  the  peaks  are  also  within  the  capacity  of  tlie  motor,  it 
may  be  conmdered  suitable  for  the  given  duty  cycle. 

APFEITDIX  m 

BIBUOGRAPHT  OF  LITERATURE  RELATING  TO 

ELECTRICAL  ENGINEERING 

STANDARDIZATION 

1114.  Engineering  Manual  of  the  American  Electric  Railway  Engineering 
Association. 

Standardisation  Rules  of  the  Electric  Power  Club. 

Report  of  the  Committee  on  Standardisation  of  the  InsUtute  of  Radio 
Engineers. 

National  Electric  Code. 

Meter  Code — Code  for  Electricity  Meters  of  the  A.  E.  I.  C.  and  N.  E,  L.  A. 

Standardisation  Reports  of  the  Association  of  Railway  Electrical  Enipneers. 

Publications  of  American  Society  for  Testing  Matenals. 

The  U.  8.  Bureau  of  Standards'  various  publications  including  Circulars 
15.  22,  23.  29,  31,  34^  and  37. 

Reports  of  Committee  on  Nomenclature  and  Standards  of  Illuminating 
Engineering  Society. 

National  Electric  Light  Association. 

American  Institute  of  Electrical  Engineers,  Specifications. 

FOREIGN  PUBLICATIONS 

Publications  of  the  Engineering  Standards  Committee  of  Great  Britain. 
Inatitution   of  Electrical  EoEineera,   London,   Wiring   Rules   and   other 
publications. 

Verband  Deutscher  Elelctrotechniker. 

British  Electrical  and  Allied  Manufacturers'  Association,  Reports. 

INTERNATIONAL  PUBLICATIONS 

Publications  of  the  International  Eleetrotechnical  Commission. 
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GENERAL  ENGnVEERING  ECONOMICS 
BT  WMMJXK  r.  FOWLS.  S.B. 

OBNBftAL  Dxrannoire 

.1.  Inglnftttrinc  ia  defined  in  its  modern  sense  by  Webster's  New  Inter- 
national Dictionary  as,  "The  art  and  scienee  by  which  the  mechanical 
properties  of  matter  are  made  useful  to  man  in  structures  and  machines." 
A  broader  and   perhaps  better  definition  is,  "The  art  of  organising  and 


directing  men  and  of  controlling  the  forces  and  materials  of  nature  for  the 
benefit  of  the  human  race."  Telford  defined  an  engineer  as  one  who  ap^ies 
the  forces  of  nature  to  the  service  of  man  (rront.  A.  I.  £.  E.,  Vol.  XXU, 


1903,  p.  620). 

t.  Branches  or  subdiTidont  of  «iufine«rinr.  OriginaUy  engineerinc 
was  regarded  as  having  but  two  aubcuviaiona  or  branches:  (1)  military 
engineering,  or  the  design  and  construction  of  offensive  and  defensive 
Military  works;  (2)  civil  engineering,  or  the  design  and  construction  of  puUic 
works,  roads,  bridges,  canals,  tunnels,  lighthouses,  etc.  This  distinctsoa 
has  long  since  become  obsolete,  and  en^neering  is  now  sueh  an  indispensable 
factor  in  our  modern  complex  civilisation,  that  it  ia  necessary  to  recognise  a 

Seat  many  different  fields  or  branches  of  it.  To  classify  these  in  detail  is 
fficult,  because  there  is  frequently  no  sharp  line  of  demarcation  between 
one  field  and  another,  and  different  fields  frequently  overlap  one  anotbo*. 

The  well-recoffnised  major  divisions  of  engineering  are  civil;  mecbanieal, 
electrical,  and  chemical;  each  of  these  broad  fields  is  subdivided  into  many 
branches  and  epccialties,  some  diatinet  and  some  overlapping.  Examples 
of  these  subdivisions  are  hydraulic,  highway,  structural,  steam,  refri|:tfatiiis, 
illuminating,  telephone,  radio,  electrochemical,  sanitary,  metallurgical,  gaa. 
aerial  engineering,  etc.  These  major  and  secondary  classifications  do  not 
define  all  of  the  recognised  fields,  however,  because  th«-e  are  numerous 
industries  which  are  so  important  and  so  broad  in  their  scope  as  to  have 
created  special  en^neering  fields,  combining  in  practically  every  case  two 
or  more  of  the  major  divisions  or  subdivisions  given  above.  Among  these 
can  be  named  railroad,  marine,  mining,  water-works,  central  station,  munici- 
pal, industrial,  naval,  ordinance  engineering,  etc. 

Thus  there  is  no  simple  classification  of  the  different  branches  of  en- 
gineering which  readily  defines  w  embraoes  the  whole  field.  Yet  all  the 
branches  of  engineering  have  much  in  common,  in  the  respect  that  the  under- 
lying technieaifoundation  in  every  case  oonsists  of  a  thorough  knowledge  of 
physics,  chemistry  and  mathematica. 

S.  Boonomlcs  or  poUtloal  economy  is  defined  as  the  science  of  weolth, 
and  is  concerned  with  the  general  laws  affecting  the  production,  distribution. 
exchange  and  consumption  of  wealth.  It  is  not  in  place  to  go  into  the 
abstract  general  principles  of  the  subject  here;  several  of  the  leading 
authorities  are  named  below*  for  the  benefit  of  any  who  wish  to  study  the 

•  Walker,  F.  A.  •'Political  Economy;"  H.  Holt  A  Co..  New  York,  3rd  ed.. 
1888. 

Hadley,  A.  T.     "Economics;*'  G.  P.  Putnam's  Sons,  New  York.  1897. 

Ely,  R.  T.  "Outlines  of  Economics;"  The  MacM]llan  Co.,  New  York. 
1908;  rev.  ed.;  see  Bibliography  in  Appendix  B. 

Taussig,  F.  W.  "Principles  of  Economics;"  The  MaoMiUan  Co..  New 
York,  1911.  2  vol. 

Helisman,  E.  R.  A.  "Principles  of  Economics;**  Longmans,  Green  A  Co.. 
New  York,  3rd.  ed.,  1907:  see  "Suggestions  For  Students  and  Gon«^ 
ReferenceH,"  pp.  XVII  to    L. 

Marshall,  A.  "Principles  of  Economics;*'  The  MaoMillan  Co.,  New  York, 
1907;  5th  ed. 
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general  subject.     Those  principles  of  economicfl  which  are  especially  useful 
to  the  engineer  are  covered  or  touched  upon  in  the  succeeding  treatment. 

4.  Bnyiziearing  economici  may  be  defined  aa  that  field  or  body  of  knowl- 
edge which  is  coDc^ned  with  the  economic  results  of  engineering,  and  the 
i^I>lication  of  the  principlee  and  laws  of  economics  to  enKineenug  under- 
takings. Since  the  purpose  of  all  engineerin^c  is  avowedly  utilitarian,  it 
seema  unnecessary  to  oner  proof  that  engineering  should  invariably  justify 
itself  upon  economic  grounds.  Obviously  no  contemplated  enKineering 
project  can  be  reasonaQy  sure  of  success,  however  sound  it  may  oe  upon 
purely  technical  grounds,  until  it  has  been  most  carefully  considered  on 
economic  grounds  and  the  conclusion  reached  that  barring  unforeseen  casual- 
ties it  will  become  a  paying  and  profitable  enterprise. 

5.  Th«  fundamental  elements  of  en^neerlnff  economlca  may 
be  grouped  into  four  broad^  olassee,  with  certain  subdivisions,  as  indicated 
below.  This  clasnifiration  is  here  presented  for  the  first  time  and  hence  it 
jthould  be  r^ardcd  as  tentative.  The  main  thought,  however,  is  to  make 
as  clear  as  possible  the  principal  economic  considerations  in  engineering 
work  as  they  exist  to-day. 

f  Principles  of  accountancy 
Capital  and  operating  charges 
Total  annual  charges 
Costs  per  unit 
Fixed  and  variable  costs 
Cost  balance 
Traffic  analysis 
Statistics  of  consumption 
Probable  future  development 
Purchase  or  sale 
Rate  making 
Taxation 

Issuance  of  securities 
Adjustinent  of  book  values 
f  Public  utilitiea 
I  Common  carriers 


The  Elements  of  Engi- 
neering Economics 


Cost  Analysis 


Social-Economic 
Investigations 


Valuation  of 
Property 


Rate  Making 


The  skeleton  definition  of  engineering  economics  given  above  should  be 
interpreted  in  a  somewhat  liberal  sense:  the  predominant  idea  to  be  em- 
phasised is  the  unavoidable  contact  of  the  modern  enginefu*  with  countless 
economio  questions  invoJvins  cost,  price  and  value,  and  those sacial-economio 
questions,  connected  with  tne  operation  and  development  of  engineering 
projects  directly  affecting  the  public  or  the  public  wetlare. 

The  subsequent  presentation  of  the  subject  is  not  offered  in  the  sense  that 
it  is  complete  or  exhaustive;  on  the  contrary^  it  is  somewhat  fragmentary, 
but  has  been  prepared  with  the  object  of  making  it  as  useful  as  possible. 

VALm,  PRICK  AKD  0O8T 
6.  TaIuo  defined  in  the  economic  sense  is  power  in  exchange,  or  pur- 
chasing power.  Ely  states  that  value  in  the  generally  accepted  sense  is 
exchange  value,  or  objective  value  as  distinguished  from  subjective  value. 
The  measure  of  importance  attached  to  a  commodity  or  article  by  some  one 
individual  is  subjective  value,  and  obviously  may  differ  in  extreme  degree 
from  the  value  placed  upon  the  same  commodity  or  article  by  some  other 
person.  Hadley  states  that  value  is  essentially  an  ethical  term  and  there- 
fore there  may  oe  as  manv  theorira  of  value  as  there  are  views  of  business 
ethics;  he  also  points  out  that  while  the  term  value  may  be  used  in  the  sense 
of  utility,  it  ordinarily  means  the  proper  and  legitimate  price,  or  an  estimate 
of  what  the  price  ou^ht  to  be.  Walker  drew  a  very  careful  distinction 
between  value  and  utility,  the  latter  being  alwas^s  present  where  there  is 
value,  whereas  utility  alone  does  not  invariably  imply  value  in  the  economio 
sense.  Utility  does  not  imply  value  in  the  economic  sense  until  it  is  coupled 
with  desire.  Among  other  elements  which  go  to  comprise  economic  value, 
the  factors  of  time,  i^ace,  cost  and  demand  are  of  major  importance.  Ther^ 
fore  in  speaking  of  value  it  is  essential  to  employ  such  qualifying  adjectives 
or  phrases  as  will  serve  to  make  clear  the  particular  kind  of  value  in  mind. 
The  term  value  should  never  be  confused  with  the  tenns  price  or  cost, 
tiqce  the  sererftl  meanings  are  distinctly  different, 
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1.  Price  is  exohance  value  or  purchaaing  power  expressed  in  terms  of 
some  one  article  or  commodity,  which  is  usually  money.  It  ia  important 
to  recognise  that  ^rice  and  value  are  not  synonymous  terms,  although  in 
ordinary  commercial  usage  the  term  value  is  quite  generally  used  in  the  aenae 
of  the  reasonable  price,  or  what  the  price  ought  to  bo  under  the  ruling 
conditions.  The  natural  or  normal  price  is  the  price  which  is  proportional 
to  the  cost  of  production;  Adam  Smith  called  the  price  in  terms  of  money  the 
nominal  price,  and  the  price  in  terms  of  units  of  labor  or  services  the  real 
price.  Price  and  coat  are  not  synonymous  terms;  for  instance,  the  price 
paid  for  an  article  represents  the  cost  to  the  purchaser,  but  not  to  the  aeller. 
It  is  therefore  important  to  preserve  this  distinction  in  general.  Generally 
speaking,  price  means  the  amount  of  money  actually  asked  or  paid  for  the 
wticle  or  thing  in  queation. 

8.  GompstitlTs  regulation  of  prices.  Except  for  those  commodities 
or  services  vested  with  a  public  interest,  the  charges  for  which  are  regulated 
by  statute,  prices  are  regulated  by  the  law  of  supply  and  demand,  under 
free  competition.  In  otaer  words,  prices  are  regulated  by  economic  law* 
except  for  certain  classes  of  things  which  have  their  prices  regulated  by 
statute. 

•.  Prico  rsffulatton  by  statute.  In  the  case  of  services  or  commodities 
which,  generally  speakinfc,  are  neoessary  to  the  public  convenience  and  wd- 
fare,  such  as  transportation,  water  supply,  gas,  electrical  energy,  communi- 
cation, etc.,  it  ia  now  universally  accepted  tnat  the  public  has  the  inherent 
right  to  regulate  the  prices  or  rates  tnerefor.  Such  regulation  is  provided 
for  under  the  Interstate  Commerce  Act  and  the  public  utility  laws  of  the 
various  states.  The  broad  general  principles  involved  in  such  regulation 
are  three  in  number:  (1)  every  price  or  rate  ia  subject  to  the  test  of  reason- 
ableness, from  the  standpoint  of  all  the  parties  involved;  (2)  uodtf  like 
conditions  of  service  or  supply  there  shall  be  no  discrimination  as  to  price; 
(3)  all  who  come  must  be  served.  For  references  to  the  extensive  literature 
on  the  subject  of  public  utility  regulation,  see  the  Bibliography,  Par.  88,  IBt. 
10.  OoBt  is  what  the  owner  of  a  thing  actually  paid  for  it,  or  his  total 
outlay  for  the  same,  in  wages,  xiiaterials  and  expenses.  When  the  term  coat 
is  employed  in  its  broadest  sense,  it  is  commonly  understood  to  include  not 
only  wages,  materials  and  expenses,  but  such  charges  as  interest,  taxes, 
insurance  and  depreciation  on  the  plant  required  to  produce  the  article  or 
service  in  question,  and  perhaps  also  a  certain  allowance  for  profits  in  addition 
to  the  foregoing.     Thus  it  is  very  essential,  in  discuraing  the  cost  of  a  thing, 

or  in  comparing  differ»t 
costs,  to  define  the  dements 
which  cost  is  undostood  to 
include.  In  most  cases  it  is 
desirable  to  employ  the  term 
cost  in  connection  with  a  pre- 
fix or  adjective  which  defines 
it  so  dearly  as  to  preclude 
confusion  or  miBunderstand- 
ing:  for  example,  labor  cost, 
fuel  cost,  productive  cost,  sell- 
ing cost,  distribution  cost,  etc 
11.  The  law  of  supply 
and  demand.  The  term 
demand,  in  the  economic 
sense,  means  the  quantity  of  - 
an  article  which  will  be 
purchased  at  a  given  price, 
assuming  free  competition 
among  the  buyers.  If  the 
price  increases,  the  demand  will  diminish,  and  if  the  price  decreases  the 
demand  will  increase.  This  inverse  relation  is  expressed  by  the  demand 
curve  in  Fig.  1,  which  takes  different  positions  and  characteristics  for 
different  commodities. 

The  term  supply,  in  the  economic  sense,  means  the  quantity  of  an  artids 
which  will  be  offered  for  sale,  under  a  given  price,  assuming  free  competiUon 
among  the  sellera;  it  is  therefore  distinct  in  meaning  from  the  stock  of  this 
artide  which  the  producers  or  distributers  have  on  hand,  available  for  offering 


Fig.  1.- 


QuoutUy 

-Graphic  expression  of  the  law  of 
supply  and  demand. 
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ID  the  market.  When  the  price  increftsee,  the  supply  will  increase;  and  con- 
vereeiy.  when  the  price  dropa,  the  supply  will  fall.  This  relation  is  eipreescd 
by  the  supply  curve  in  Fig.  1,  which  occupies  different  positions  for  different 
commodities. 

In  a  stable  market  the  supply  will  equal  the  demand,  at  the  normal  price. 
If  the  price  is  forced  upwara,  the  demand  wtU  fall  and  the  supply  will  in- 
crease; the  attendant  reaction  will  naturally  tend  to  restore  the  normal 
conditions.  If  the  price  is  manipulated  downward  the  demand  will  increase, 
but  the  supply  will  diminish;  and  the  attendant  natural  reaction  is  a^ain 
such  as  to  tend  toward  the  restoration  of  normal  conditions. 

Should  there  come  about  a  permanent  condition  in  the  market,  resulting 
in  greater  normal  demand,  the  position  of  the  demand  curve  will  shift  in 
such  manner  that  the  demand  at  the  former  normal  price  will  be  greater 
than  before.  The  result  will  be  a  higher  normal  price  at  increased  norms! 
quantity  or  sales.  In  like  manner,  a  permanent  reduction  in  demand  will 
result  in  a  lower  normal  price,  at  diminished  normal  quantity.  A  permanent 
change  in  the  supply,  such  as  might  result  from  a  decrease  in  the  sources  of 
raw  materials,  or,  on  the  other  nand,  a  discoverv  of  new  sources  of  raw 
niateriala,  will  likewise  cause  the  supply  curve  to  snift  to  a  new  position. 

Generally  speaking,  a  condition  of  gradually  rising  normal  demand  is 
closely  succeeaed  bjr  a  rise  in  prices,  until  the  demand  reaches  an  even  level. 
A  falling  demand  is  similarly  followed  by  diminishing  prices,  until  the 
demand  strikes  bottom.  8uch  phenomena  will  be  observed  quite  generally 
in  studying  the  prices  of  any  article  through  a  series  of  years. 

CAPITAL,  BENT  AND  INTKaSST 

It.  Wealth  in  the  economic  sense  may  be  defined  as  all  property  which 
possesses  money  value  or  economic  utility.  In  the  broadest  possible  sense 
it  means  an  abundance  of  things  which  are  objects  of  human  desire,  but 
especially  an  abundance  of  world^  estate  or  riches,  such  as  land,  goods,  money 
and  securities. 

18.  Property  is  defined  by  Webster  as  follows:  The  exclusive  right  to 
possess,  enjoy,  and  dispoee  of,  a  thing;  ownership;  in  a  broad  sense,  any 
valuable  right  or  interest  considered  primarily  as  a  source  or  element  of 
wealth;  practically  all  valuable  rights  except,  generally,  those  involved  in 
public  or  family  relations;  various  incorporeal  riEhts,  patents,  copyri^hte, 
rights  of  action,  etc. ;  anything,  or  those  things  coHectively,  in  or  to  which  a 
man  has  a  right  protected  by  law.  Property  is  commonly  regarded  as 
comprising  two  kinds:  real  property,  or  land,  buildings,  fixed  plant  and 
improvements  in  connection  therewith;  personal  property,  or  furniture, 
tools,  implements,  live  stock,  money,  securities,  etc.  There  is  also  a  more 
xnodern  distinction,  as  between  tangible  and  intangible  property:  the  former 
includes  real  and  personal  property  which  exists  in  tangible  physical  form ; 
intangible  property  comprises  rights,  franchises,  good  will,  going-concern 
value,  patents,  copyrights  and  contracts. 

14.  Capital  may  be  defined  in  the  economic  sense  as  a  stock  of  accumu- 
lated wealth;  or  the  amount  of  property  owned  by  an  individual. or  a  corpora- 
tion at  a  specified  time,  in  distinction  from  the  income  received  during  a 
given  period.  Capital  may  be  in  the  form  of  money,  or  some  readily  salable 
article  for  which  there  is  a  constant  and  general  demand,  in  which  case  it  is 
said  to  be  liquid  capital;  or  it  may  be  in  the  form  of  property  which  is  not 
readily  salable  on  sudden  notice,  such  as  land,  buildings,  or  manufacturing 
plant,  in  which  case  it  is  termed  invested  capital.  In  other  words,  liquid 
capital  can  be  readily  and  cjuickly  converted  into  money  if  it  is  not  already 
Buch,  whereas  invested  capital  usually  cannot. 

15.  Honey  is  a  common  medium  of  exchange,  issued  by  duly  constituted 
authorities,  and,  as  such,  is  a  commodity  the  same  as  any  other  article  which 
passes  frequently  from  hand  to  hand  in  trade  or  exchange.  Therefore. 
Deing  a  commodity,  the  price  of  money  is  regulated  by  the  law  of  supply  ana 
demand.  Thus  when  money  is  scarce  and  the  demand  normal,  or  heavy,  it 
will  command  a  premium;  conversely,  if  money  is  overplentiful  and  the  de- 
mand low.  it  can  be  had  at  a  discount.  While  true  in  theory,  such  fluctua- 
tions in  the  price  of  money  from  its  face  or  par  value,  are  disturbing  to  trade 
and  therefore  undesirable;  one  of  the  fundamcntiU  purposes  of  our  present 
currency  system  is  to  provide  elasticity  in  the  supply  of  money,  in  order 
suitably  to  meet  changes  in  the  demand  for  it  and  avoid  both  premiums  and 
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discounts.  To  the  end  that  money  may  be  kept  on  a  stable  basie,  it  m 
usually  founded  upon  a  standard  comprised  of  one  of  the  rare  or  precions 
metals ;  thus  the  gold  standard  of  value  is  recognised  in  the  civilised  countries 
the  world  over,  and  is  the  basis  of  the  money  in  our  own  country. 

16.  Eent  is  defined  as  the  price  paid  for  the  services  or  use  of  land;  this 
is  the  definition  usually  ^iven  in  Economics.  In  the  ordinary  commercial 
sense,  rent  is  the  i>rice  paid  for  the  use  of  real  property,  including  land  and 
the  buildings  and  improvements  thereon.  Under  the  latter  deinition,  the 
term  rent  includes  both  ^ound  rent  and  capit&l  rent.  The  term  capital 
rent  is  synonymous  with  intereet,  defined  in  toe  next  paragraph. 

17.  Interest  is  the  price  paid  for  the  services  or  use  of  capital;  or  the 
rent  for  the  use  of  capital.  Economists  distinguish  two  kinds  of  interest: 
loan  interest,  or  the  rent  for  borrowed  capital;  imputed  interest,  or  that 
increment  in  the  price  paid  for  a  commodity  or  a  service  which  recorapenses 
the  vendor  for  the  use  of  his  capital  in  the  operation.  Universal  custom 
has  established  the  practice  of  basing  the  interest  charze  or  rental  on  a  cM^tain 
percentage,  per  unit  of  time,  applied  to  the  principal  or  capital. 

Ordinary  interest  is  usually  collected  with  the  repayment  of  the  principa], 
or  at  stated  periods  during  the  term  of  the  loan,  say  annually,  or  semi- 
annually. Another  form  of  interest  is  termed  discount,  or  banker's  die* 
count;  this  differs  from  ordinary  interest  in  the  respect  that  it  is  collected  in 
advance  by  deducting  it  from  the  principal  of  the  loan  when  handed  to  the 
borrower. 

18.  The  rUka  of  inTestment.  Capital,  being  a  commodity  in  the 
economic  sense,  is  subject  to  the  law  of  supply  and  demand.  Those  persons 
possessing  idle  capital  are  always  seeking  a  market  for  it,  or  eome  use  io 
return  for  which  it  will  yield  interest;  persons  having  busiDeas  om>ortunitiea 
but  lacking  the  necessary  capital  to  embark  in  their  ventures,  are  natunJly 
seeking  those  who  have  capital  to  invest.  The  investor  or  loaner  of  cftfMtu 
is  concerned  with  both  the  safety  of  his  prindpal  and  the  rate  of  interest 
yield,  and  naturally  seeks  the  highest  obtainable  interest  rate  consistent  with 
the  risk  he  is  willing  to  assume  for  the  return  of  his  capital  at  some  stated 
time  or  on  demand.  It  is  a  fundamental  principle  that  the  interest  rate 
demanded  by  capitalists  increases  with  the  dm-ce  of  risk  aotumcd  on  the 
principal;  and  conversely,  the  less  the  risk,  the  lower  is  the  interest  rate 
tendered  by  borrowers.  Thus  it  can  be  said,  in  general,  that  the  commercial 
rate  of  interest  chared  for  the  use  of  capital  contains  two  components;  one 
of  these  is  the  true  intereet,  and  the  other  is  virtually  a  premium  on  insur- 
ance against  loss  of  the  principal. 


19.  Letral  rat«i  of  iatarait  under  the  numerous  state  laws  are  given  in 
the  appended  table. 

States  and 
territories 

1,    Con- 
e     tract 

States 

1 

Con- 
tract 

States 

1 

3 

Con- 
tract 

Alabama 

Alaska 

Arisona 

Arkansas 

California 

Colorado 

8 
8 
6 
6 
7 
8 
6 
7 
7 
6 
fl 
8 
7 
7 
5 
6 
6 
6 

8 
12 

'?? 
any 
ang 

12 
12 

6 
0 

10 
8 

12 
7 
8 
8 
8 

Kansas 

Kentucky. . . 

Louisiana 

Maine 

Maryland... 

Mass 

Michigan 

Minnesota.. . 
Mississippi. . 
Missoun. . . . 
Montana.. . . 
Nebraska.... 

Nevada 

New  Hamp.. 
N.Jersey.... 
N.  Mexico. . . 

6 
6 
S 
6 
6 
6 
5 
6 
6 

1 

7 
6 
B 
6 

10 

S 

8 

anj 

"? 

10 

10 

8 

»?? 
ang 

6 
12 

New  York... 
N.  Carolina.. 

Ohio 

Okla.  Ter. . . 

Oregon 

Penna 

R.  Island.... 
S.  Carolina.  . 
Tennessee. . . 

Texas 

Utah 

Vermont. . . . 

Virginia 

Wash't'n 

W.  Virginia.. 
Wisconsin... 
Wyoming . . . 

6 
6 
6 
7 
6 
6 
6 
7 
6 
8 
7 
6 
6 

e 

6 
S 
8 

6 

8 

8 

12 

10 

8 

any 

8 

10 

ang 

8 
12 

6 
10 
12 

Dakota,  N.... 

Dakota,  S 

Delaware 

Dist.  of  Col... 

Florida 

Georgia 

Idaho 

Illinois 

Indian  Ter 

Indiana 
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SO.  Interest  rates  vary  to  a  considerable  extent,  depending  upon  the  class 
of  investment.  U.  8.  Government  bonds  pay  different  rates,  from  2  per 
cent,  to  4  per  cent.;  savings-banks  deposits,  from  3  to  4  per  cent.:  checking 
deposits  in  banks,  above  a  certain  minimum  amount,  frequently  draw  2  per 
cent,  on  daily  balances;  certificates  of  bank  deposit,  or  time  deposits,  3  per 
cent.;  railroad  and  public  utility  bonds,  from  3.5  to  6  per  cent.;  industrial 
bonds,  5  to  7  per  cent.;  short-term  notes  of  railroads  and  public  utilities, 
5  to  6  per  cent.;  real-estate  mortgagee.  5  to  6  ocr  cent.;  railroad  and  public 
utility  stooks*  whatever  may  be  earnedt  but  seldom  in  excess  of  8  per  cent. 

91.  Conpoond  Interest  is  based  upon  the  computation  of  simple  interest 
for  stated  periods  and  the  addition  of  the  interest  to  the  principal  at  the  end 
of  each  period,  thus  enlarging  the  principal  for  each  consecutive  period, 
progressively.     Let 

P  ~  the  principal  in  dollars. 

n  » the  number  of  years  for  which  the  compound  interest  is  to  be  com- 
puted, 
f  — the  ratio  of  1  year  to  the  period  during  which  simple  interest  is  com- 
puted: thus  if  compounded  annually,  <  —  1  and  if  compounded  semi- 
annually. (  —  0.5. 
r«*tbe  annual  percentage  rate  of  interest  expressed  as  a  decimal;  thus  if 

the  rate  is  6  per  cent.,  r  —  0.06. 
5«'the  amount  oiPdollarsat  compound  interest  fern  years,  compounded 

at  intervals  of  t  years,  at  the  annual  rate  r 
The  formula  for  calculating  S  is  as  follows: 

n 

S-P(l+tr)i  (dollara)  (1) 

This  can  also  be  expressed  in  another  form 

logS-logP+yIog.(l+Jr)  (2) 

The  latter  form  indicates  the  manner  of  calculating  problems;  in  most  eases 
the  interest  ia  compounded  annually,  which  makes  1—1. 

13.  Preiant  worth  of  •  futur*  lamp  paymant.  If  the  sum  of  S 
dollars  is  due  at  the  end  of  n  years,  the  amount  which  would  have  to  be  set 
aside  at  the  present  date,  compounded  at  intervals  of  t  years  at  the  annual 
interest  rate  r  (decimally  expressed),  is  expressed  by  the  following  formula: 

P- (dollars)  (31 

(l+«r)"< 
This  can  also  be  expressed  in  a  form  suitable  for  numerical  calculation; 

log  P-log  S — '^  log  (1  +  It)  (4) 

The  symbols  uaedhave  the  same  signiflcanee  as  stated  in  Par.  tl. 

SS.  Annuities.  An  annuity  is  a  fixed  sum  of  money  payable  at  equal 
intervals  of  time  (secWells,  W.  ^'College  Algebra;**  chapter  on  "Compound 
Interest  and  Annuities").  In  most  discussions  of  the  subject  it  is  assumed 
that  the  payments  are  made  annually  and  the  interest  compounded  annually. 
When  an  annuity  ia  defined  as  beginning  at  a  certain  date,  the  first  payment 
will  fall  due  1  year  from  that  date. 

14.  The  prasent  worth  of  sin  annuity  of  A  dollars  per  annum,  commenc- 
ing at  once  and  continuing  for  n  years,  allowing  interest  compounded 
annually  at  the  annual  rate  r  (decimally  expressed),  may  be  calculated  from 
the  following  formula: 

--^[^^]  (-.r.)  (3, 

The  present  worth  of  a  perpetual  annuity,  commencing  at  once,  is  equal 
to  A/r. 

The  present  worth  of  an  annuity  to  commence  after  m  years  and  then 
continue  for  n  years,  is  expressed  by  the  formula, 

^-^m;^'  (dollars)  (6) 
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The  prewnt  worth  of  a  perpetual  annuity  to  commence  after  m  years,  is 

19.  A  tinUnflC  fund  ia  one  to  which  equal  annual  payments  are  made, 
compounded  at  stated  intervals,  for  the  purpose  of  producing  a  cwriain 
predetermined  sum  at  the  end  of  a  siven  period,  linking  funds  are  quite 
commonly  established  for  the  purpose  of  retiring  bond  issues  or  loona  at 
maturity  J  they  are  also  established  occasionally  for  the  purpose  of  creating 
depreciation  reserves. 

If  it  is  desired  to  have  a  sum  of  8  dollars  at  the  end  of  n  yemr^,  created 
from  n  equal  payments,  one  at  the  end  of  each  year,  compounded  annually 
at  the  annual  interest  rate  r  (decimally  expressed),  the  amount  of  each  annaw 
payment  must  be  that  found  from  the  following  formula: 

P"(l+'f.-l  W"""")  «) 

Such  a  fund  does  not  accumulate  uniformly,  but  at  a  progresaivdy  in- 
creasing rate,  slowly  at  first,  and  rapidly  toward  the  end  of  the  period ;  this 
effect  becomes  more  pronounced  as  the  period  lengthens.  At  the  end  of 
m  years  the  total  amount  in  the  fund  beaiv  to  the  ultimate  fund  (n  years) 
the  ratio  expressed  by  the  formula, 

(l+r)--l  ^*^ 

This  formula  is  sometimes  made  use  of  in  determining  the  percentage  of 
present  condition  in  appraising  depreciated  properties  (Par.  64). 

S6.  Sinkinir-fund  table.  The  table  given  below  is  based  on  £q.  8  in 
Par.  IS,  and  snows  the  sum  which  must  be  set  aside  at  the  end  of  eaeh  year, 
for  n  years,  at  varioxis  rates  of  interest,  compounded  annually,  to  [voduce  the 
total  sum  of  one  dollar  at  the  end  of  the  period.  The  values  given  in  the 
table  were  taken  from  a  more  comprehensive  table  given  by  Henry  Floy  in 
his  work,  "  Valuationof  Public  Utility  Properties"  (McGraw-HUl  Book  Co.* 
New  York,  1912),  Ghap.  VIII. 

(Amounts  stated  in  dollars) 


Years 

Annual  rate  of  interest;  per  cent. 

2 

3 

4 

5 

6 

1 
2 
3 

4 

1.000 
0.4950 
0.3268 
0.2426 

1.000 
0.4926 
0.3235 
0.2390 

1.000 
0.4902 
0.3203 
0.2355 

1.000 
0.4878 
0.3172 
0.2320 

1.000 
0.4864 
0.3141 
0.2288 

5 

6 

8 

10 

0.1922 
0.1585 
0.1165 
0.09133 

0.1884 
0.1546 
0.1125 
0.08723 

0.1846 
0.1508 
0.1085 
0.08329 

0.1810 
0.1470 
0.1047 
0.07A50 

0. 1774 
0.1434 
0.1010 
0.07587 

12 
15 
20 
25 

0.07466 
0.05783 
0.04116 
0.03122 

0.07046 
0.05377 
0.03722 
0.02743 

0.06656 
0.04994 
0.03358 
0.02401 

0.06282 
0.04634 
0.03024 
0.02095 

0.0S928 
0.04296 
0.02718 
0.01823 

30 
40 
50 
75 
100 

0.02465 

0.01656 

0.01182 

0.005855 

0.003203 

0.02102 

0.01326 

0.008866 

0.003668 

0.001647 

0.01783 

0.01062 

0.006650 

0.002229 

0.0008080 

0.01605 

0.008278 

0.004777 

0.001322 

0.0003831 

0.01265 

0.000462 

0.003444 

0.0007687 

0.0001774 

tXtnjMi.  CHAROia 
27.  Two  gmettl  eluira  of  OOStl.     In  most  enterprisee  there  are  two 
general  classes  of  expenditures  or  costs,  namely:  (1)  en>enditures  for  plant 
or  property,  or  improvements  thereto,  all  constituting  addltioiui  to  cmpit*!; 
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(2)  expendituree  for  salaries,  wages,  rents,  taxes,  insurance,  depreciation, 
repairs,  supplies,  etc.,  all  coDstitutiDg  charges  to  operation,  or  operating 
ezpttnMB.  The  distinction  between  these  two  classes  of  costs  is  funaamental 
in  Its  importance. 

tt.  Colt  eomparUoni  are  of  two  kinds:  (1)  eomparisons  of  capita]  ooste, 
or  construction  costs;  (2)  comparisons  of  operaUng  ooata.  When  comparing 
one  plant  with  another,  as  to  overall  results,  it  Is  necessary  to  reduce  all 
coats  to  one  basis;  this  is  most  frequently  done  by  comparing  the  total  annual 
charges  (Par.  19},  but  in  some  instances  the  operating  expenses  (excluding 
interest  aikd  profits)  are  capitalised  at  the  prevailing  interest  rate  and  added 
to  the  coital  or  investment.     The  latter  method  is  rarely  used. 

St.  The  total  annual  oharges  may  be  defined  as  the  sum  of  all  operating 
expenses  (Par.  ST)  plus  interest  and  profit  on  the  investment  or  capital;  or 
the  total  charge  for  operation.  The  total  annual  charges  may  be  classified 
as  shown  below. 


Total  annual  charges  for  operation 


Investment  costs 


Tazee 

Insurance 

Depreciation 

Maintenance 

Interest 

Profits 


I  Traffic 
Transportation 
Operating 
Commercial 
General 

These  charges  are  defined  in  the  succeeding  paragraphs. 

SO.  Taxes  constitute  a  charge  based  on  the  assessed  value  of  the  property 
and  require  no  explanation.  This  charge  varies  from  about  1  per  cent,  to 
2  per  cent,  per  annum  on  the  capital  invested  in  physical  or  tangible  property. 

81.  Insurance  can  be  defined  as  a  cooperative  method  of  distributing 
the  burden  of  losses  or  casualties.  The  annual  assessments  or  rates  are 
determined  by  actuaries  who  apply  the  theory  of  probability  to  the  problem 
of  determining  the  probable  risk  of  loss  or  damage,  based  upon  the  statistics 
of  a  large  number  of  past  losses.  There  are  many  different  kinds  of  insur- 
ance, such  as  life,  health*  fire,  boiler,  accident,  marine,  employers'  liability* 
automobile,  plate  glaso,  burglar,  hurricane,  cyclone,  etc.  Tne  insurance  rate 
is  usually  based  on  a  percentage  of  the  investment  in  insured  property,  or 
face  value  of  the  total  risk,  per  unit  of  time  or  per  annum. 

SS.  Deiwaciation  ih  fully  covered  in  another  p(»tion  of  this  section;  see 
Par.  41,  9t  »eq.  It  is  quite  as  much  an  expense  of  operation  as  the  cost  of 
labor,  supplies  and  other  items  which  are  currently  paid  by  the  day,  week  or 
month. 

SS.  Maintenanee  defined  in  its  broadest  sense  means  upkeep  of  all  kinds, 
including  both  repairs  and  renewals,  but  in  the  technical  sense  in  which 
■t  is  usually  employed  it  means  repairs  exclusively.  The  repair  charge  is 
frequently  reduced  to  terms  of  a  percentage  of  the  capita]  invested  in  plant, 
or  the  original  cost  of  the  plant. 

54.  Interest  has  been  defined  at  length  in  Par.  17  to  SO,  and  need  not  be 
further  considered  here. 

55.  Profits  represent  a  return  on  the  investment  over  and  above  the 
nc^mal  rate  of  interest.  For  instance,  a  return  of  8  per  cent,  has  been  held 
reasonable  in  the  cose  of  certain  public  utilities,  on  tne  theory  that  in  addi* 
tion  to  interest  at  a  rate,  say,  of  6  per  cent.,  the  investor  is  entitled  to  a 
profit  of^2  per  cent,  as  an  inducement  to  himself  and  others  to  engage  in 
the  particular  class  of  business  in  question.  The  term  profit  is  often  em- 
ployed, however,  in  the  sense  of  including  true  interest  in  addition  to  true 
profit. 

SS.  InTSStment  eosti  are  those,  as  the  name  implies,  which  bear  some 
direct  ratio  or  proportion  to  the  investment.  They  are  defined  in  Par.  S9 
Co  S9,  above.  In  the  case  of  maintrnauce  expense,  there  is  probably  some 
portion  of  it,  but  not  all,  which  is  more  nearly  a  production  expense  tnan  an 
investment  ezpense;  this  seems  to  be  obviously  true,  because  of  tlae  fact  that 
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certain  repaura  d^end  upon  the  amount  of  uae,  and  ineroue  therevith,  ts 
in  the  case  of  m&ohinery.  The  iDvestment  coets  are  aometimes  termed 
fixed  otLare«t> 

ST.  Produetion  eotttj  defined  in  Par.  ft  aa  including  traffic,  transporta- 
tion, operating,  commercial  and  seneral  expensea,  can  be  aaid  to  include  in 
^nerai  all  other  operating  expensea  not  included  under  the  definition  of 
inveetment  costa.  The  claaaincation  of  production  costs  will  follow,  aa  a 
rule,  the  accouuting  clasaLfication  for  the  utility  or  common  carrier  under 
consideration. 

as.  How  to  determine  the  annual  chargea.  The  determination  of 
annual  charges,  for  the  purposes  of  coat  analysis,  rate  making,  or  comparison, 
should  be  made  as  far  as  possible  with  the  aid  of  the  corporate  accounts  or 
books  of  the  company,  snowins  every  detail  of  the  business.  This  will 
usually  insure  that  no  element  of  cost  is  overlooked,  and  will  substitute  fact 
for  assumption  in  every  case  where  dependable  facts  are  available.  When 
the  corporate  books  are  not  available,  general  experience  and  special  knowl- 
edge of  the  class  of  business  in  question,  arc  the  only  means  at  hafid. 

•9.  Constant  and  variable  expensea.  For  the  purposes  of  rate  makiog 
it  in  frequently  convenient  to  treat  all  operating  charges  as  dirinble  into  two 
claasra:  (1)  constant  expenses,  or  all  expenses  which  do  not  vary  with  the 
rate  of  production  or  output;  (2)  variable  expensea,  or  all  expenses  which 
change  substantially  in  direct  proportion  with  the  output. 

40.  Oost  balance.  ^  One  of  the  moat  important  problems  in  engineerinK 
economics  is  to  determine  whether  a  given  operation  or  service  is  secured  in 
the  moat  economical  manner.  Otherwise  expressed,  this  is  the  problem  of 
determining  the  particular  set  of  conditions  which  makes  the  total  annual 
ohari^  a  minimum.  Such  a  problem  is  usually  complicated  by  the  presence 
of  numerous  variables,  and  it  becomes  impracticable  to  lay  down  any  brief 
general  rules;  each  problem  is  likely  to  represent  a  class  by  itself. 

A  good  example  of  this  problem  is  that  of  determining  the  particular  rise 
of  conductors  which  will  insure  the  transmission  of  eleetneal  energy,  under  a 

Siven  set  of  conditions,  at  a  minimum  annual  charge.     This  pr<H>lem  was 
rst  solved  by  Sir  William  Thompson  (Lord  Kelvin)  and  the  theorem  n^iieh 
he  deduced  is  known  as  Kelvin's  Law;  see  Sec.  11, 12  and  13. 

DKPKBCIATIOH 

41.  Depreciatl9n  is  defined  by  Webster*  as  follows:  A  falling  of  value; 
of  money,  a  reduction  or  loss  in  exchange  value  or  purchasing  power,  espe- 
cially with  reference  to  the  face  value;  a  lessening  in  price  or  estimated  value, 
lowering  of  worth.  In  the  case  of  property,  there  are  some  kinds  whose 
exchange  value  neldom  decreases,  and  is  more  Ukely,  perhaps,  to  increase; 
there  are  other  kinds  which  inevitably  depreciate,  and  finally  reach  a  certain 
small  minimum  value  or  possibly  cease  to  possess  any  value  whatever. 
The  engineer  is  concerned  for  the  most  part  with  those  kinds  of  propnty 
which  are  perishable,  in  the  ultimate  sense,  and  which  deteriorate  through 
physical  causes,  or  through  the  loss  of  economical  usefulness. 

4S.  The  necessity  for  reoogniaing  depreeiatlon  is  two-fold.  In  the 
firat  place,  perishable  property  will  ultimately  reach  a  point  at  which  it 
poraessee  only  a  certain  minimum  or  residual  value,  or  else  it  will  cease  to 
nave  any  value  whatever,  in  oonsequenoe  of  having  outlived  its  uaefuloess. 
Then  replacement  will  become  necessary,  and  in  order  to  provide  the  requisite 
funds  without  increasing  the  investment  or  drawing  upon  capital,  or  making 
an  excessive  charge  against  operating  expenses,  it  is  desiraSle  to  lay  aside 
each  year  a  uniform  amount  for  the  creation  of  a  depreciation  reserve  which 
will  equal  the  total  coat  of  renewal  at  the  end  of  the  life  period. 

In  the  second  place,  when  perishable  property  is  bought  or  sold  during  its 
life  period,  it  is  not  as  a  rule  considered  to  be  worth  its  original  value,  because 
it  has  depreciated  in  the  meantime;  the  present  worth,  on  any  given  date,  is 
said  to  be  the  original  worth  less  the  accrued  depreciation  to  such  date. 

The  two  phases  of  the  depreciation  problem  are,  therefore:  (1)  To  ascw- 
tain  the  annual  rate  of  depreciation;  (2)  to  ascolain  the  accrued  depreoiation 
on  any  given  date,  or  at  any  given  age. 

•  New  International  Dictionary. 
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45.  The  two  daues  of  dei>reciaUon  usually  recogniied  ar«  physical 
depreciation  and  functional  depreciation.  These  are  defined  in  the  next 
succeeding  paragraphs. 

44.  Physical  depreoiatlon  is  the  result  of  age,  wear  and  tear,  corrosion, 
and  decay.  This  form  of  depreciation  is  lunatantly  in  progress;  the  rate  of 
its  progress  depends  upon  the  conditions  of  service  or  use,  protection  from 
ravi^ng  elements,  and  the  degree  of  care  exercised  in  making  prompt 
•repairs  when  necessary.  This  rate  of  course  varies  greatly  with  different 
forms  of  machinery,  apparatus,  plant,  etc. 

4V.  functional  depreciation  is.the  result  of  failure  to  function  properly, 
in  consequence  of  lack  of  adaptation  to  the  service  demanded.  It  has  two 
principal  causes,  inadequacy  and  obsolescence. 

46.  Inadeqaaey  is  the  result  of  unexpected  or  premature  growth  in  the 
demand  for  service,  requiring  enlarged  capacity  which  can  be  provided  only 
by  removing  the  old  plant  or  equipment  to  make  way  for  new  before  physical 
depreciation  has  run  its  full  course.  Dei>reciation  resulting  from  this  cause 
usually  makes  it  imperative  to  replace  equipment  or  plant  sooner  than  other- 
wise, but  the  displaced  equij>ment  is  sometimes  useful  for  a  furtho*  |)eriod 
if  re-inatalled  in  a  new  location  or  in  some  other  plant  where  its  capacitor  is 
suited  to  the  demands  for  service.  One  of  the  functions  of  sound  engineermg, 
of  course,  is  to  study  the  probable  future  demands  and  so  arrange  a  plant 
or  installation  that  new  units  can  be  provided  as  occasion  may  demand, 
without  disturbing  the  units  already  in  oi>eration.  In  other  words,  part  of 
the  inherent  economy  in  efficient  engineering  consists  in  securing  if  i>o6sible 
the  maximum  physical  life  from  any  piece  of  plant  or  apparatus,  unless,  of 
course  it  appears  conclusively  that  the  total  annual  cfaarges  (Par.  M)  will  be 
actually  lessened  by  deviating  to  some  other  plan  or  policy.  It  is  conceiv- 
able, for  instance,  that  the  maximum  physicallifewiirexceed  the  economical 
life,  but  this  is  predicated  upon  the  assumption  of  a  progressively  diminish- 
ing efficiency  with  increasing  age,  attended  by  a  marked  increase  in  the  total 
annual  charges  per  unit  of  production  or  output  before  approaching  the  end 
of  the  maximum  physical  life. 

4T.  Obioleieenee  is  that  form  of  functional  depreciation  which  results 
from  new  inventions  or  radical  improvements  in  the  art,  causing  a  set-back 
of  present  methods  or  machinery  in  the  scale  of  efficiency,  or  creating  new 
demands  which  it  was  not  possible  to  serve  under  the  past  state  of  the  art. 
.Whether  all  forms  of  obsolescence,  or  allowances  for  tneir  probable  occui^ 
rence  and  effect,  should  be  included  in  depreciation  is  perhaps  an  open  ques- 
tion. Many  advances  in  the  art  relate  wholly  to  improvements  in  efficiency 
or  reductions  in  the  cost  of  production.  When  comparing  a  new  and 
improved  machine  with  one  of  obsolete  type  but  not  yet  worn  out  in  the 
physical  sense,  the  question  whether  the  new  shall  immediately  supplant 
the  old  is  usually  regulated  by  the  consideration  whether  the  saving  in  total 
annual  charges  (Par.  S9)  resulting  from  the  substitution  will  extinguish  the 
remaining  service  value  of  the  old  machine  within  a  reasonable  period,  or 
much  sooner  than  the  expiration  of  the  probable  life  period  of  the  new 
machine.  Thus  there  are  certain  types  of  cases  in  which  obsolescence  is  not 
a  proper  charge  against  depreciation,  but  should  be  amortiied  (Par.  M) 
throufh  the  application  of  ttiose  annual  charges  which  represent  the  savings 
in  tmeration  secured  by  discarding  obsolete  machinery  or  plant.  Cases  of 
the  latter  type  are  probably  typical,  as  a  rule,  of  the  greater  oumbw  of  ad- 
ranoes  in  the  art;  whereas  that  type  of  obsolescence  which  makes  it  almost 
imperative  to  disieard  the  old  for  the  new,  spriags  into  existence  with  the 
relatively  infrequent  advances  in  the  arts  which  are  fundamental  or  rev<^u- 
tionarv  in  character,  as  distinguished  from  those  advances  which  can  be 
classea  as  mere  improvements  of  things  which  are  already  old  in  the  arts. 

4t.  The  insurance  element  in  depreciation.  It  is  almost  self-evident 
that  any  provision  in  depreciation  for  probable  future  inadequacy  and  obso- 
lesoenoe  partakes  of  the  nature  of  insurance  to  cover  a  risk.  In  this  sense, 
therefore,  provisions  for  future  inadequacy  and  obsolescence  are.  in  reality, 
insurance  charges,  and  not  depreciation  in  the  technical  sense — at  least  not 
in  the  physical  sense.  Such  provisions  should  be  based,  therefore,  upon  the 
law  of  probability  applied  to  the  statistics  of  nn!«t  occurrences  with  respect 
to  the  abandonment  of  plant  or  machinery  strirtlv  on  account  of  inadequacy 
and  obeolesoenoe.     This  mode  of  procedure  will  develop  the  monetary 
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value  of  the  riak.  and  the  annual  insurance  charge  in  terms  of  a  p^oeotan 
of  the  invefltment  or  coat  of  the  plant;  the  insurance  charge  shouldDe 
added  to  the  annual  percentage  charge  for  depreciation  of  a  purdy  physical 
character. 

Another  element  sometimes  included  in  the  gross  charge  for  depraeiAtioD, 
is  the  insurance  increment  to  cover  losses  from  probable  plant  oa^umltiea, 
such  as  fires,  floods,  cyclones,  storms,  earthquakes,  etc.  This  again  involves 
the  application  of  the  law  of  probability,  to  the  statistics  of  past  casuaJtiea 
to  plant;  the  necessary  annual  insurance  charge,  determined  in  terms  of  a 
percentage  of  the  plant  investment  or  coat,  should  be  added  to  the  other  per- 


centage elements  compriBing  the  gross  annual  allowance  for  depreciation. 
Of  course  these  charges  which  partake  purely  of  insurance,  can  be  BegreEatcd 
from  the  charges  for  physical  depreciation,  if  desired,  and  there  would  be 


some  advantage  in  so  doing,  from  the  standpoint  of  cost  keeping  and  buaa- 
ness  administration. 

49.  The  terms  employed  In  dlseustlng  d«pr«eUtton  are  de6ned  ia 
the  following  Par.  fO  to  W. 

•0.  Origtnal  ooit  or  Inveitment  (/}  means  the  total  actual  outlay  or 
expenditure  for  the  physical  plant,  instaUed  and  in  readiness  for  service;  it 
ia  also  known  as  the  physioal  cost.  It  includes  as  a  rule  all  ex^nditures 
which  can  be  classed  as  construction  costs,  but  none  of  the  so-called  intangible 
property  such  as  franchises,  good  will,  patent  rights,  licenses,-  contracts, 
cost  of  establishing  the  business,  or  going  value. 

SI.  8alvM«  or  serap  valutt  (5)  is  the  amount  reaHsed  from  the  sale  of 
worn-out  or  abandoned  plant  for  what  it  will  bring  as  junk  or  second-hand 

materials. 

n.  Cost  of  removal  {R)  is  the  cost  of  labor  and  other  expense  incidental 
to  the  removal  of  worn-out  or  discarded  plant,  to  make  way  for  the  new 
plant  which  will  replace  It. 

W.  Serrloe  or  wearing  value  {W)  is  the  sum  of  the  original  cost  phis 
the  cost  of  removal,  less  the  salvage  value,  expressed  by 

W~I^R-S  (dollars)  (10) 

This  is  the  net  depreciable  value  of  the  plant,  or  the  sum  of  monev  which 
will  be  required  to  replace  the  plant  when  it  becomes  useless,  proviaed  thst 
the  cost  oi  labtM",  materials  and  equipment  remains  unchanged. 

M.  ftealiiod  dOlM^eiartlon  is  the  term  applied,  in  accounting,  to  the  ac- 
tual sum  or  amount  charged  to  the  depreciation  reserve  when  plant  is  actually 
displaced  or  abandoned.     In  amount  it  is  identical  with  the  wearing  value,  IT 

95.  Accrued  depreciation  (A)  is  the  total  or  cumulative  depreciation  in 
the  plant  on  any  given  date,  expressed  tn  the  same  units  of  vailue  measure 
as  the  original  cost,  or  in  dollars.  The  accrued  depreciation  increases  in 
amount  as  the  plant  grows  older,  and  finally,  at  the  end  of  the  physical 
life,  becomes  equal  to  the  wearing  value,  W. 

99.  Present  worth  iP)  is  the  difference  between  the  original  coet  (/) 
and  the  accrued  depreciation  {A),  expressed  by  P^l  —  A. 

9T.  The  life  (0  of  s  plant  is  always  expressed  in  years.  Unless  oth»^ 
wise  qualified,  the  estimated  life  is  usually  stated  for  the  conditions  of  ser- 
vice which  the  plant  or  apparatus  in  Question  will  be  required  to  meet. 
In  some  eases,  the  estimated  life  includes  allowances  for  probable  inade- 
quacy and  obsolescence,  and  in  such  instances  will  be  less  than  the  phvaical 
life  which  ought  to  be  expected.  For  tables  of  life  ezpootnncv  of  differait 
kinds  of  machinery  and  plant,  see  other  soctions  of  the  Handbook  dealing 
with  the  same:  n\*o  Foster.  H.  A.  "Engineering  Valuation  of  Public  Utilities 
and  Factories;"  and  Floy,  H.  "Valuation  of  Public  Utility  Properties;" 
also  see  Sec.  10,  subsection  on  "Power  Plant  Economics.** 

99.  The  ago  (a)  of  a  plant  ia  always  expressed  in  years,  and  needs  no 
definition  except  to  .sny  that  it  ia  usually  reckoned  from  the  date  the  plant  or 
machine  is  a  completed  structure,  installed  and  ready  for  service. 

99.  Present  condition  (p)  is  the  ratio  of  wearing  value  less  accrued 
depreciation,  to  wearing  value.     This  can  be  expressed  as 
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€0.  The  ftnnuml  depr«oimtton  ebarfe  (d)  u  the  ratio  of  the  number  of 
dollars  which  must  be  set  aside  every  year  and  placed  in  the  depreciation 
reserve,  to  the  original  cost  or  ioveetment;  it  is  usuallv  expressed  as  a 
percentage.  The  yearly  (or  monthly)  accretions  to  tne  dsnreoiation 
r«Mrve  are  calculated  in  such  manner  as  to  produce,  at  the  end  of  the  life 
expectancy,  a  total  fund  equal  to  the  wearing  value.  The  annual  sum  (D), 
in  dollars,  charged  to  expense  and  credited  to  the  depreciation  reservo.,  can 
then  be  expressed  by  i>  » dl. 

61.  Segreration  of  plant  into  dasiai,  for  the  purpose  of  computing 
the  annual  depreciation  charge,  is  very  eraential  for  the  reason  that  dineient 
kinds  and  types  of  plant  have  diFTerent  life  ex^ctanciea,  and  therelore 
depreciate  at  difTereat  rates.  After  the  segregation  process  is  completed 
and  the  annual  depreciation  is  determined  for  each  class  or  type,  the  sum  of 
the  annual  charges  for  all  the  classes*  in  dollars,  will  give  the  total  charge  in 
dollars;  the  latter  sum  divided  by  the  original  cost  or  physical  value  of  the 
whole  plant  will  give  the  compotit*  depreciation  chtfffe  for  the  physical 
property  as  a  whole. 

•S.  Theoriei  of  depreciation.*  There  is  no  agreement  at  present 
concaning  the  question  as  to  how,  or  in  what  manner,  depreciation  accrues 
from  year  to  year  during  the  life  period.  The  discussion  centres  for  the 
ntost  part,  in  this  country,  around  two  well-known  theories,  one  known  as 
the  straight-line  method  and  the  other  as  the  sinking-fund  method.  There 
is  also  the  method  of  diminishing  values  or  reducing  balances,  and  the  an- 
nuity method.  The  first  two  methods  are  preseniea  briefly  in  the  following 
paragraphs. 

^  9S.  The  ttraiffht-line  method  is  based  on  the  assumption  that  deprecia- 
tion aecrues  according  to  a  straight-line  law,  in  the  simple  ratio  of  age  to 
life,  as  shown  in  Fig.  2.  The  formulas  expressing  the  several  relationships 
among  the  foregoing  quantities  or  values  (Par.  80  to  60}  are  as  follows; 


II 


(per  cent.) ; 


p-1 — J  -1  — ^  (percent.); 

The  values  of  W  and  /  are 
expressed  in  dollars  and  a  g 
and  I  in  years.  This  method,  Sl 
as  ordinarily  applied,  de- 
pends in  no  way  upon  the 
amount  or  rate  of  interest 
earned  by  the  depreciation 
reserves,  pending  their  use 
for  renewals.  The  straight- 
iine  method  of  computi  ng 
depreciation  is  in  wiae  use 
and  has  received  the  ap- 
proval of  several  Public 
Utility  Commissions. 

M.  The  linkinff-fund 
method  is  based  on  the  as- 
sumption that  depreciation 
accrues  according  to  the  law 
which  expresses  the  accumu- 
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Fia.  2. — Depreciation  diagram;  straight- 
line  theory. 


lation  of  a  sinlciDg  fund  at  compound  interest  (Par.  15),  as  shown  in  Fig.  3. 
The  formulas  for  use  in  this  case  arc  as  follows: 

.''■"7[(l+r)'-l] 
(l+r)'-(l+r). 
'^"      (l  +  r)'-l 

P-I-A-pW-R+S 


(per  cent.) 

(per  cent.) 

(dollars) 
(dollars) 


(13) 


•  Eriokson,  H.     "Depreciation;"  address  before  Central  Water  Works  As- 
sociation, Detroit,  Mich.,  Sept.  26,  1912.     Also  see  Bibliography,  Par.  M. 
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The  values  of  W  and  /  are  expreaaed  in  d<^lani,  a  and  I  in  ye&ra,  and  r  ia 
the  annual  rate  of  intereat  on  the  fund,  decimally  expressed.  This  oaethod 
requires  that  the  depreciation  reserves  be  left  unduturbed  tor  the  entire 
period  of  life  expectancy,  in  order  that  the  full  amount  or  sum  required  to 
extinguish  the  wearing  value  may  be  realised;  otherwise  the  sums  received 
as  interest  will  be  impaired.  The  sinking-fund  method  has  been  employed 
by  the  Railroad  Commission  of  Wisconsin:  also  see  Floy,  H.,  "Valuation  of 
Public  Utility  ProperUea;"  New  York.  1012;  Chap.  VIII. 
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LUa  lo  Yesrt 
Fia.  8. — Depreciation  curves;  based  on  S  per  cent,  sinking  fund, 

U.  The  mttthod  of  reducing  bal&ncei  is  rarely  used  in  this  country. 
It  consists  briefly  in  reducing  the  nook  value  or  worth  of  the  plant  each  year 
by  a  fixed  percentage.  If  tnia  figure,  for  instance,  is  10  per  cent.,  the  value 
at  the  commencement  of  the  second  year  will  be  90  per  cent.;  the  third  year, 
81  per  cent.;  the  fourth  year,  72.9  per  cent.,  etc.  Tnis  method  is  interesting 
theoretically,  but  is  not  regarded  as  very  practical. 

M.  KeMrret  for  aoorued  depreoiatlon.  Expert  opinions  differ  as  to 
whether  it  is  necessary  to  lay  aside  depreciation  reeerves  for  future  use.  In 
the  case  of  a  new  property,  just  starting  operations,  there  is  no  doubt  that 
it  is  very  essential  to  lay  aside  something  for  accruing  depreciation,  unless 
low  finances  make  it  absolutely  impossible;  unquestionably  the  time  will 
arrive,  at  some  future  date,  when  replacements  in  this  plant  become  neces- 
sary and  the  current  revenues  will  be  inadequate  to  meet  the  outlay,  so  that 
the  wisdom  of  setting  up  a  reserve  is  almost  self-evident.  The  case  just  cited 
represents  one  extreme,  in  the  range  of  possible  or  probable  cases;  the  next 
illustration  will  be  at  the  opposite  extreme.  Conceive  a  very  lar^  property. 
highly  diversified  as  to  different  kinds  and  types  of  plant  or  equipment,  ain 
built  up  by  piecemeal  growth  extending  over  a  very  long  eeriee  of  years; 
in  this  cose  the  renewaU  from  year  to  year  probably  will  not  vary  to  any 
great  extent  in  number  and  cost,  but  perhapts  increase  slightly  from  year  to 
year,  on  the  whole,  as  the  property  increases  in  total  bulk  or  sise.  Thoe 
are  many  properties  which  are  intermediate  between  these  two  extremes, 
and  a  reserve  for  accrued  depreciation  is  therefore  a  very  wise,  if  not  a  necea- 
sary  provision;  at  the  same  time,  this  ia  not  the  universally  accepted  view. 

From  another  standpoint,  however,  there  is  a  very  strong  reason  for 
creating  depreciation  reserves.  Quite  aside  from  the  question  as  to  whether 
a  reserve  is  necessary  in  order  to  distribute  the  cost  of  renewals  uniformly 
from  year  to  year  in  the  expenses  of  operation,  it  is  unquestionably  true  that 
plants  of  practically  every  kind  depreciate  with  age;  that  is  to  say,  deprecia- 
tion is  always  going  on,  beyond  any  power  to  prevent  it.  This  being  so,  it 
becomes  evident  that  the  present  worth  of  almost  every  kind  of  plant  com- 
mences to  decrease  from  the  first  day  it  enters  service;  therefore  it  is  essential 
from  the  standpoint  of  the  stockholder  or  investor,  to  protect  the  original 
investment  by  creating  a  reserve  to  offset  the  accrued  depreciation.  If 
the  depreciation  which  accrues  annually  is  offset  by  charging  an  equal  sum 
to  expenses  and  crediting  it  to  the  reserve,  each  year,  ana  if  the  coat  of  re- 
newals as  they  occur  is  charged  to  the  reserve,  the  whole  matter  of  protecting 
the  investment  will  take  care  of  itself,  In  theory.     In  other  words,  under  this 
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ilan,  the  sum  of  the  present  worth  of  the  property  plus  the  total  reaerve  on 
and,  at  any  date,  will  always  equal  the  original  investment;  this  will  be 
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true,  whether  the  property  growa  rapidly,  or  slowly,  and  without  regard  to 
the  aise  of  the  ezpeoditurea  for  renewals,  provided  only  that  the  life  ezpect- 
ADoy  of  each  inerement  or  fragment  of  the  property  is  realised  with  substantial 
accuracy. 

ST.  InTeetinent  of  depredation  reMrres.  The  proper  disposition  of 
depreciation  reserves,  pending  their  use  for  the  purpose  originally  intended, 
is  a  subject  which  has  received  much  discussion  without  evolving  any  hard- 
and-fast  rule  that  meets  with  general  approval.  If  the  funds  are  not  in- 
Teated  in  some  form  of  security,  or  in  a  business  enterprise,  they  can  hardly 
draw  a  rate  of  interest  in  excess  of  the  usual  rates  on  time  deposits,  or  say 
3  per  cent,  per  annum.  If  invested  in  conservative  bonds,  the  rate  may  be 
as  high  as  5  pw  cent.  If  the  pro[>ert/  is  one  which  earns  mpre^  than  5  per 
oent.,  there  will  be  some  advantage  in  investing  the  depreciation  reserve, 
or  some  portion  of  it,  in  extensions  of  the  plant.  The  last  plan  also  possesses 
the  advantage  of  reducing  the  requirements  for  fresh  capital  in  extending  the 
business;  indeed,  in  some  cases  it  has  become  the  policy  to  invest  the  whole 
depreciation  reserve  in  this  manner. 

When  the  depreciation  reserve  is  set  up  on  the  basis  that  the  total  reserve 
should  always  equal  the  accrued  depreciation  on  the  entire  property,  and  the 
entire  reserve  is  invested  in  the  property,  there  is  one  consequence  which  it 
is  important  not  to  overlook;  namely,  the  present  worth  of  the  property  will 
always  be  equal,  in  theory,  to  the  total  investment  in  it  by  the  stockholders 
or  owners,  assuming  that  the  property  is  free  of  debt  of  any  kind.  The 
propriety  of  investing  the  whole  depreciation  reserve  in  this  manner  is 
prooably  open  to  some  question:  in  new  plants  just  commencing  operations, 
this  procedure  may  possibly  lead  to  financial  embarrassment  some  years 
later,  when  extensive  renewals  become  necessary  during  some  particular 
year,  and  the  necessary  cash  is  not  available  except  through  the  sale  of  new 
securities;  in  properties,  however,  of  a  highly  oiversified  character  as  to 
types  and  kin(U  of  plant,  built  up  by  piecemeal  growth  through  a  long  series 
of  yMin,  the  funds  required  for  renewals  during  any  particular  year  are  not 
likuy'to  exceed  the  total  sum  set  aside  that  year  for  accrued  depreciaUon, 
and  therefore  this  plan  is  not  very  likely  to  lead  to  difficulties  in  such  cases. 
Between  these  extremes,  nevertheless,  there  are  many  intermediate  situations, 
and  the  ruling  local  conditions  in  each  instance  must  largely  determine  the 
best  course  to  pursue. 

In  the  case  of  public  utilities,  or  quasi-public  corporations,  the  deprecia- 
tion reserve  is  virtually  a  trust  fund  created  by  pubuc  contribution  through 
the  assessments  or  charges  for  service,  and  the  income  from  the  fund  is 
properly  returnable  to  the  fund  and  belongs  thereto;  but  whether  this  in- 
come is  treated  as  a  credit  against  current  charges  (expense)  for  accrued 
depreciation,  or  whether  it  is  treated  as  part  of  the  total  corporate  income, 
makes  no  difference  in  fixing  the  amount  ot  the  reasonable  return  on  the 
investment. 

Those  who  are  particularly  interested  in  tlus  question  should  read  the 
literature  which  is  to  be  found  in  the  transactions  of  engineering  societies, 
the  technical  press,  the  literature  of  accountancy  and  the  authorities  cited 
in  the  Bibliography,  Par.  tS. 

M.  Amcn'Uxatlon  is  a  term  used  in  finance  and  accounting  in  the  sense 
of  extinguishment:  for  example,  to  amortise  a  debt  by  means  of  a  sinking 
fund  (Par.  tS) ,  or  to  amortise  the  principal  of  an  issue  of  bonds,  or  an  indebt- 
edness represented  by  an  issue  of  notes.  The  term  should  not  be  confused 
with  depreciation,  ft  can  be  correctly  said,  however,  that  the  annual  sums 
set  aside  for  depreciation,  and  placed  in  a  reserve  fund,  are  for  the  purpose 
of  amortising  the  wearing  value.  Amortisation  means  merely  the  extin- 
guishment of  a  parcel  of  value  or  money  equivalent,  by  means  of  periodical 
charges  spread  over  a  period  of  time. 

69.  Depreciation  aceottntlnff  is  too  extended  a  subject  to  explain 
briefly.  In  general,  the  periodical  sums  necessary  to  cov^  depreciation  are 
charged  to  operating  expenses  and  concurrently  credited  to  the  reserve  for 
accrued  depreciation.  When  plant  is  displacea,  its  original  cost  is  credited 
to  the  fixed  capital  account  and  charged  to  the  reserve;  the  reserve  is  also 
charged  with  the  cost  of  removal  and  credited  with  the  salvage,  the  latter 
being  concurrently  charged  to  supplies.  The  new  plant,  which  displaces  the 
old.  is  charged  to  the  fixed  capital  account,  under  the  appropriate  sub- 
accounts.    Some    authorities  hold  that    accrued  deprwiation  should  be 
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deducted  from  the  plant  invMtment,  and  the  reserve  for  seemed  dmrei 

tioD  carried  aa  an  asset:  others  hold  that  no  deduction  should  be  made,  and 
that  the  reserve  should  be  carried  as  a  liability.  The  aocountinx  rules  of  the 
Interstate  Commerce  Commission,  and  those  of  the  State  Public  Service 
Commissions  should  be  consulted  by  those  who  wish  for  more  infcH-mation, 
as  well  as  the  text-book  authorities;  also  see  files  of  the  Journal  oj  Account 
oncy,  for  articles  on  depreciation  and  its  treatment  in  aocountins. 

TO.  Appreciation  may  be  defined  aa  an  increase  in  worth  or  exchange 
vUue:  the  converse  of  depreciation.     In  the  ph3rBical  sense,  most  kinds  of 

Eropeity  depreciate;  but  in  the  sense  of  market  value,  when  reculatcd  by  the 
iw  of  supply  and  demand,  many  kinds  of  property  may  appreciate.  A 
familiar  example  of  appreciation  is  found  in  the  case  of  land,  lo  a  fertile  or 
productive  countrv  of  increasing  population.  The  market  value  of  land 
which  18  useful  fw  p)i8iness  purposes  often  rises  very  rapidly. 

SOCXAL-BCOKOmC  mVSSTIOATIOini 

71*  Cl«neral.  Lack  of  space  forbids  any  extensive  treatment  of  this 
subject,  or  more  than  a  few  referencea  to  its  fundamental  features.  It  forms 
the  essential  connecting  link  between  engineering  in  the  purely  technical 
sense,  and  the  social  service  rendered  by  engineering  projects  designed  to 
satisfy  public  needs.  Thus  it  occupies  a  position  of  the  highest  importance 
in  every  type  of  public  utility  engineering,  and  typifies  the  close  relation  of 
engineering,  as  a  whole,  to  the  social  welfare. 

71.  Trafflo  aaalTsii  and  considerations  having  to  do  with  the  handling 
of  traffic,  and  the  determination  of  traffio  loads  and  ddays,  form  an  easential 
part  of  public  utility  and  transportation  engineering.  Traffic  questions  are 
of  prime  importance  in  all  forms  of  transportation  and  communication.  In 
each  type  of  case,  the  unit  of  traffic  is  different;  it  may  be  a  passenger,  or  a 
unit  of  bulk  or  weight,  or  a  message.  But  in  every  case  the  traffic  itself  may 
be  defined  as  the  flow  of  these  units  past  a  given  point.  The  minute-to- 
minute  or  hour-to-hour  variations  in  the  flow  constitute  the  traffic  load  curve, 
which  is  UHuftlly  extended  to  further  limits  in  order  to  reveal  the  day-to-day, 
week-to-week  and  month-to-month  variations  throughout  a  period  of  a  year. 
Other  types  of  curves  show  the  delajrs  to  the  traffio  before  it  moves,  and  indi- 
cate the  quality  of  the  service  in  this  particular. 

Traffic  data  are  fundamental,  of  course,  in  determining  the  required  sched- 
ule of  traffio  vehicles,  or  the  facilities  needed  to  aoeommodate  the  traffic  at 
any  period.  The  volume  of  traffic,  the  quality  of  service  and  the  net  in- 
come on  the  investment  are  so  intimately  related  that  they  cannot  be  inde> 
pendently  considered  in  any  successfully  managed  transportation  or  com* 
munication  enterprise.  For  example,  see  a  paper  by  the  author,  entitled, 
"Toll  Telephone  Traffic,"  Proc.  A.  I.  E.  E.,  June.  1914. 

TS.  StatUticB  of  demand  and  conBumption  are  to  electric,  ^as  and 
water  utilities  what  traffio  analysis  is  to  common  carriers  (transportation  and 
communication).  This  analogy,  while  true  in  the  broad  sense,  is  somewhat 
imperfect  as  to  detail.  In  the  case  of  utilities,  the  statistics  of  demand  and 
consumption  relate  wholly  to  the  quantity  of  service,  whereas  the  quality  of 
the  service  depends  upon  both  the  quality  of  the  delivered  commodity  and  the 
continuity  and  uniformity  of  its  supply.  In  other  words,  transportation 
S3id  communication  partake  wholly  of  the  nature  of  a  service,  whereas  a 
utility  furninhes  both  commodity  and  service.  It  is  hardly  necessary  to 
dwell  upon  the  importance  of  preserving  continuous  statistics  of  demand  and 
consumption,  from  the  standpoint  of  the  financial  results  to  the  utility,  be- 
cause it  is  so  evident.  Electric  central  station  statistics  are  given  more 
elaborate  consideration  in  another  portion  of  this  Section,  see  Par.  89  to  117. 

74.  Probable  future  development  of  the  business  of  a  public  utility 
or  a  common  carrier  concerns  itself  with  projecting  or  extrapolating  the 
past  and  present  experience  into  the  future,  for  the  purpose  of  forming  a 
guide  in  shaping  present  policies  of  management.  Investigations  made  lor 
this  purpose  are  somctiinea  termed  development  studies.  The  desired  end 
in  all  such  invcfltigtitioiM  is  to  forecast  the  probable  future  demand  and 
consumptiun.  The  methods  employed  are  sometimes  elaborate,  and  lack 
of  Hpare  forbids  any  attempt  to  go  into  details  here.  Passing  reference  will 
be  made,  however,  to  the  usefulness  of  the  law  of  probability  in  makiog 
uivestigatioQs  of  this  general  character. 
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TS.  Appllofttion  of  th«  Iftw  of  probftbiUtr.  Enperienoe  shows  that 
demand  and  consumption  fluctuate  to  some  extent,  undiEir  similar  conditions 
as  to  time.  tocaJity,  weather,  etc..  even  when  the^  periods  compared  are 
aeparatcd  by  no  more  than  a  day  or  a  week  intervemng.  Given  a  sufficient 
number  of  observations  on  demand  or  consumption,  taken  under  precisely 
similar  conditions  but  on  successive  occasions,  it  becomes  quite  evident 
that  the  mathematical  law  of  probability  may  be  useful  in  computing  the 
most  probable  demand  or  consumption,  and  also  in  computing  the  probability 
that  tne  demand  or  consumption  will  deviate  by  a  specified  amount  from  the 
most  probable  value.  The  tneory  of  probability  constitutes  the  entire  founda- 
tion loj"  the  discussion  of  precision  of  measurements  (Sec.  3),  and  has  been 
applied  in  a  number  of  other  connections  in  engineering,  among  them  being 
the  analsrais  of  telephone  traffic.  It  also  forma  the  whole  basis,  of  course, 
of  every  form  of  insurance. 

TALTTATXON  AHD  BATE  MAKINO 

7C  CI«lMrAl.  Valuation  and  rate  making  have  become  so  important 
that  at  least  five  important  and  authoritative  works  dealing  with  tnts  field 
liavebeen  published  since  1911.  Only  the  barest  outlines  of  the  subject  can 
be  given  here,  with  references  in  the  succeeding  paragraphs  and  the  BioHogra- 
phy  to  some  of  the  principal  authorities.  Central-station  valuation  and  rate 
making  are  treated  at  some  length  in  Par.  118  to  ISS*  which  should  also  be 
consulted  for  a  more  detailed  exposition  of  the  fundammtalsof  the  subject. 

7T.  Btandards  of  Tslue  by  which  to  measure  the  fair  value  of  a  public 
utility  have  been  the  subject  of  extended  discussion  and  litigation,  without 
establishing  up  to  this  time  any  well-defined  conclusions  except  of  the  broadest 
character.  Although  the  matter  is  still  in  its  formative  phases,  the  general 
principle  that  investors  in  public  utility  enterprises  are  entitled  to  fair  and 
reasonable  treatment  at  the  hands  of  the  public  is  well  recognised.  An 
excellent  discussion  of  the  present  status  of  the  matter  will  be  found  in 
Dr.  R.  H.  Whttten's  "  Valuation  of  Public  Service  Corporations;"  Supple* 
ment,  1014,  Chap.  II. 

The  courts  have  held  that  orif^nal  cost,  estimated  present  reproduction 
cost,  and  outstanding  securities  issued  against  the  property,  are  all  com- 
petent evidence  on  the  question  of  value;  but  the  conclusion  in  every  case 
must  be  tempered  by  a  consideration  of  all  the  facts  and  circumatanoea. 
This  is  very  well  expressed  by  the  decision  in  the  Minnesota  Rate  Cases 
(230  U.S.  352.  33  Sup.  Ct.  729,  June  0,  1913),  "It  is  not  a  matter  of  formulas, 
but  there  must  be  a  reasonable  judgment  having  ita  basis  in  a  proper  consid- 
eration of  all  relevant  facts." 

T8.  V&Iuationa  under  the  ooat-of-rax>roductlon  theory  resolve 
themselves  into  two  main  questions:  (1)  What  is  the  value  of  the  tangible 
property;  (2)  what  is  the  value  of  the  intangible  property? 

79.  Tui|rible  property  consists  of  physical  plant,  such  as  right-of-way, 
land,  building,  machinery,  distribution  system,  meters,  etc..  organisation 
and  engineering  expense,  interest  and  taxes  during  construction;  supplies 
and  materials  on  hand,  and  working  capital. 

80.  Intaaglble  property  consists  of  franchises,  licensee,  rights,  contracts, 
good  will  and  going  value.  The  modern  rule  is  to  allow  nothing  for  frail- 
ohisa  Tslue  unless  something  was  or  is  actually  paid  for  it,  or  unless  some 
value  for  it  has  been  capitalised  in  the  past  with  public  approval.  Under 
monopoly,  good  will  has  been  held  to  have  no  value  for  rate-making  pur- 
poses. Oomg  value,  or  goin^-concern  value.  Has  been  extensively  dis- 
cussed by  engineers  and  commissions,  but  no  recognised  or  authoritative 
rule  is  yet  in  existence;  an  excellent  summary  of  the  theorif»  of  goinj^  value, 
and  the  tendencies  of  courts  and  commissions  with  respect  thereto,  is  con- 
tained in  Dr.  Whitten's  two  volumes  on  "Regulation  of  Public  Service 
Corporations."    See  also  Par.  186. 

81.  Tmluatlon  of  tanffible  property  under  the  cost-of-reproduction 
theory  involves  two  separate  steps  or  procedures:  (1)  The  prepsrationsof 
mnlnTantory  of  the  property;  (2)  the  determination  of  unit  costi  and  their 
application  to  the  quantities  in  the  inventory,  for  the  purpose  of  computing 
the  total  renroductiOD  cost-value,  new  or  undepreciated.  The  unit  costs 
should  be  those,  if  possible,  determined  from  the  actual  current  construction 
costa  shown  by  the  corporate  books,  unless  known  to  be  objectionable  for 
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»orne  good  and  aufficicnt  reason,  and  therefore  unreasonable  for  the  purpose 
in  hand.  Unit  costs  which  are  unusually  high  or  low  by  reason  of  exceptional 
prevailing  prices  for  labor  or  materials  should  be  avoided;  for  this  reason 
average  costs  covering  a  period  of  several  years  p^t  sro  sometimes  employed. 

SI.  Dsductio&  o(  mocruad  dsprsciatioa,  or  cost  new  less  depreciation. 
is  the  generally  accepted  rule  in  preparing  valuations.  This_  has  no  immedi- 
ate reuition  to  the  question  whether  a  reasonable  return  mil  be  permitted 
on  the  cost  new,  or  tne  same  less  accrued  depreciation:  the  proper  or  reason- 
able course  in  connection  with  the  latter  question  will  develop  in  the  sub- 
sequent consideration  of  the  merits  of  each  case. 

SI.  A  raaionabia  ratumoii  the  tocltinutts  inTMtlBant  in  property 
used  and  useful  in  thepublio  service,  consideringtheriskinvolvea  and  the 
usual  return  on  other  investments  involving  simiUr  desrees  of  risk,  must  in 
the  long  run  be  the  guiding  rule  in  fixing  rates.  If  leas  than  a  fair  return,  as 
determined  by  this  rule,  is  allowed  in  fixinc,  rates,  the  securities  of  public 
utility  enterprises  cannot  compete  successfully  in  the  investment  market  with 
other  classes  of  investment  and  money  will  not  be  forthcoming  for  the  ex- 
tensions of  such  properties.  On  the  other  band,  if  more  than  a  fair  return 
is  allowed,  the  price  of  service  to  the  publio  or  the  consumers  will  be  unjustly 
high. 

54.  Theories  of  rats  maUnc.  There  are  two  fundamental  theories  of 
rate  making,  known  respectively  as  the  value-of-eervioe  theory  and  the  coat- 
of-serviee  theory.  There  has  been  much  controversy  between  the  advocates 
of  these  theories,  the  literature  of  which  is  very  extensive.  Since  the  whole 
subject  is  yet  in  the  formative  stage,  it  seems  unwise  to  attempt  more  than 
a  brief  statement  of  each  theory,  in  the  two  succeeding  parsgraphs. 

55.  The  cost-of-serrlee  thaoir  is  based  on  the  declaration  of  principle 
that  every  rate  for  service  shall  be  equal,  no  more  or  less,  to  the  cost  of  ren- 
dering the  service.  This  definition  comprehends  such  an  interpretation  of 
the  term  cost  as  to  include  a  reasonable  return  (interest  and  profit)  on  the 
investment,  in  addition  to  all  the  other  elements  of  cost  or  expense  embraced 
in  the  term  total  annual  oharge  (Par.  H).  The  oorrectness  of  this  theory 
in  its  broader  aspects  is  very  generally  recognised,  but  there  are  numerous 
differences  of  opinion  as  to  how  far  it  can  be  applied  in  determining  individual 
or  class  rates. 

SS.  The  Talus-of-isrrlos  theory  is  the  older  theory,  and  cornea  down 
from  the  early  days  before  public  utuity  regulation  had  become  an  accepted 
institution.  Under  this  theory  the  rates  are  regulated  by  what  the  traffic 
will  bear.  (Competition  was  largely  relied  upon,  before  the  days  of  regulation, 
to  prevent  tne  rates  from  becoming  oppressive.  It  is  not  contended  at  the 
present  time  that  the  total  profits  of  a  publio  utility  should  be  regulated  by 
the  value-of-service  theory,  but  it  is  frequently  contended,  however,  that  this 
theory  should  be  employed  to  temper  the  cost-of-senrice  theory,  in  fixing 
individual  or  class  rates. 

ST.  Cost  anatoiU  for  rat*  malrliit  involves  the  problem  of  determining 
the  cost  of  each  class  of  service.  The  diffleulties  in  this  process  are  numerous 
and  it  is  invariably  necessary  to  adopt  certain  assumptions  as  to  how  differ- 
ent kinds  or  elements  of  cost  should  be  distributed  or  prorated  among  differ- 
ent classes  of  expense.  Those  who  are  seeking  detailed  information  should 
consult  the  extensive  literature  on  the  subject,  including  the  opinions  and 
decisions  of  Public  Utility  Commissions;  also  see  the  treatment  of  oentral- 
ststion  rate  making,  Far.  ilS  to  ISS, 

BnUOORATHT 

SS.  The  Uteraturs  on  Knglneerint  Keonomies  is  so  extensive  that  it 
cannot  be  given  in  full,  but  must  be  merely  indicated  in  large  part. 

Whitten,  R.  H. — "  Valuation  of  Publio  Service  Corporations.**  Banks 
Law  Pub.  Co.,  New  York,  1912;  Supplement,  19U. 

Foster,  H.  A. — '*  Eninneering  Valuation  of  Publio  Utilities  and  Factories." 
D.  Van  NoBtrand  Co.,  New  York,  1912. 

Floy,  H.—"' Valuation  of  Public  Utility  Properties.*'  McGraw-Hill 
Book  Co.,  New  York,  1912. 

Hates,  H.  V. — "  Publio  TTtilities,  Their  Cost  New  and  Depreciation.** 
New  York,  D.  Van  Nostrand  Co.,  1913. 
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WraB,  S.  8. — "  Regulation.  Valuation  and  D^>reoiation."  Columbua,  O., 
The  Sean  and  Simpaon  Co.,  1013.  • 

Kino,  C.  L. — "The  Regulation  of  Municipal  Utilitiea."  New  York,  D. 
Anpleton  A  Co..  1912. 

HuuPHRETa,  A,  C. — "Lecture  Notes  on  Busineea  Features  of  Engineering 
Practice."     Hoboken,  N.  J.,  1S12. 

DicKSEE,  L.  R. — "  Bookkeeping  for  Accountant  Studenta."  Seventh  edi- 
tion. 1914. 

DicKaEB,  L.  R. — ^"Advanced  Accounting."    191 1. 

BATnELD,  H.  R. — "  Modern  Accounting."     1912. 

NiCHOXiow,  J.  L. — "Cost  Accounting— Theory  and  Practice."     1913. 

Meade,  E.  8. — "Corporation  Finance."     1912. 

DcitHAM,  H.  P. — "The  Buainegs  of  Insurance."     1912. 

LSAKB,  P.  D. — "  Depreciation  and  Wasting  Asaeta."     1912. 

MaTBesok,  E. — "Depreciation  of  Factories."     1910. 

Also  see  the  Transactions  of  the  national  enginserinf  aocieties;  files  of  the 
technical  and  engineering  periodicals;  files  of  accounting  periodicals;  other 
sections  of  this  book,  including  Sec.  10, 11,  12  and  13. 
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89.  DsAziitlon.  In  all  engineering  study  of  the  economics  of  central 
stations  for  the  supply  of  electric  light  and  power  for  various  purposes  in 
a  community,  it  is  convenient  and  customary  to  use  certain  factors  or  unit 
values  derived  from  other  similar  plants.  The  factors  given  here  apply  to 
electric  generating  and  distribution  systems  only  and  do  not  include  other 
utilities  such  as  electric  railways,  water  works,  gas  works,  ice  plants  and  steam 
beating  systems  sometimes  operated  in  connection  ilidth  electric  light  and 
power  plants  and  included  in  their  reports. 

M.  Ooat  of  plant  par  kw.  of  yaarly  maxiinum  load.  Since  the  cost 
of  a  plant  depends  so  much  upon  the  maximum  load  it  must  carry,  this  is 
an  important  factor  as  showing  tbe_  amount  of  money  actually  invested  to 
create  a  plant  sufficient  to  carry  a  given  maximum  load.  This  cost  usually 
varies  between  S200  and  S500  per  kw.  The  average  is  probably  somewhere 
between  S250  and  S300  per  kw.  Of  this  50  to  75  per  cent,  is  usually  in  the 
distribution  systems  leaving  25  to  50  per  cent,  for  the  power  plant.  The 
ooat  of  the  distribution  system  part  will  be  highest  with  underground  dis- 
tribution or  where  the  consumers  are  scattered,  and  will  be  the  least  with 
overhead  construction  or  in  those  localities  where  the  density  of  consumption 
per  mile  of  distribution  mains  is  greatest.  The  cost  of  steam  power  plants 
will  be  from  S55  i^cr  kw.  up  to  S150.  The  lower  figure  is  for  the  largest  steam- 
turbine  stations  in  locations  where  land  is  cheap  and  there  are  no  expensive 
preparations  of  the  site.  The  higher  figure  is  for  reciprocating-engine 
plants  on  expensive  land,  with  all  rennements,  so  situated  that  the  labor  cost 
of  eoDstruction  is  high.  If  a  plant  has  a  very  large  reserve  amount  of  appa- 
ratus in  excess  of  that  required  to  carry  the  maximum  load  of  the  year,  tnia 
first  coat  per  kw.  of  peak  load  will,  of  course,  be  higher  than  if  there  is  little 
or  no  reaerve. 

M.  Cost  of  pl«nt  par  kw.  of  maztmum  Gkpaeity.  This  item  is  similar 
to  the  foregoing  item  except  that  it  is  based  on  the  maximum^  capacity  of  th^ 
plant  rather  than  the  maximum  load  on  the  plant, _  It  will  consequently 
vary  within  about  the  same  limits  as  the  previous  item.  In  general  it  is 
not  a*  useful  a  unit  of  comparison  as  the  previous  item  because  it  is  more 
likely  to  be  affected  by  increase  of  the  power  plant  from  time  to  time  in  excess 
of  we  aetnal  maximum  demand, 

tl.  Orou  annual  aaralnn  pm  kw.  of  yearly  maximum  load. 
These  usually  are  between  the  limits  of  $60  and  S140.  They  are  most  fre- 
quently between  $80  and  $100.     This  factor  indicates  whether  the 

1895 


SeC.8&-93  CENTRAL  STATtON  ECONOMICS 

parnin0i  are  high  or  low  for  a  given  maximum  load,  and  ronsequeotly  whether 
the  plant  ia  Bplltng  ita  output  to«its  best  financial  advantage.  This  factor  is 
likely  to  be  lowest  when  the  annual  load  factor  ia  lowest,  hence  the  impor- 
tance of  improving  the  load  factor. 

M.  (^rou  yearly  eamlnfft  imt  kw.  of  maximum  plant  eapactty. 

This  factor  is  similar  to  the  previous  one  except  that  it  oependa  on  plant 
capacity  rather  than  the  actual  maximum  load. 

M.  GroM  yearly  eamlmn  per  $100  cost  of  plant.  This  factor  varies 
between  $17  and  (56.  Asauming  the  plants  under  consideration  to  have 
been  well  manased  and  developed  for  a  number  of  years,  the  lowest  vaJuea 
wilt  be  found  in  itome  of  the  large  plants  where  the  operating  expenses  are 
correspondingly  low  but  the  investment  is  high  on  account  of  the  expenaive 
distribution  sybtem  construction  necessarv  to  serve  large  areas.  A  low 
factor  for  this  value  niay  also^  be  caused  oy  overbuilding  a  plant  for  the 
territory  it  is  to  serve.  The  highest  values  are  usually  found  in  small  and 
medium  sixed  plants  in  new  territory  where  the  growth  has  been  rapid,  the 
construction  inexpensive  and  the  rates  high.  The  operating  expenses  may 
be  correspondingly  high  but  this  is  not  always  the  case. 

98.  Operating  expenies  in  per  cent,  of  grots  eamlnci.  Under  oper- 
ating expenses  are  here  included  all  expenses  except  depreciation,  interast 
diviclends  and  new  construction  chargeable  to  pmnt  or  capital  account. 
Operating  expenses  of  central  stations  operated  with  water  power  or,  occa- 
sionally, with  very  economically  operated  steam-turbine  plants  may  be  as 
low  aa  45  per  cent.  Good  practice  usually  rangee  between  50  and  65  per 
cent. 

M.  Connaoted  load  per  kw.  of  maximum  station  load.  This  is  a 
rombination  of  the  demand  and  diversity  factors.  These  factors  (treated 
in  Par.  106  to  118)  are  chiefly  of  practical  importance  in  making  rates, 
as  they  show  the  maximum  demand  made  upon  the  station  and  consequently 
the  relative  amount  of  investment  requireci  by  different  classes  of  business. 
The  total  connected  load  per  kw.  of  maximum  station  load,  ranges  from  1.5 
to  3,6.  On  the  majority  of  systems  it  will  range  between  2  and  3  correspond- 
ing to  a  combined  demand  and  diversity  factor  of  33  to  50  per  cent. 

•7.  Kilowatt*  of  transformer  capacity  per  kw.  of  maximuin  sta- 
tion load  in  an  alternating-current  lyitem,  usually  ranges  from  1  to  3. 
It  is  lowest  in  systems  where  transformers  arc  large  and  serve  a  large  number 
of  customers  each.  It  is  highest  where  the  transformers  are  small  and  serve 
only  a  few  customers  each.  In  the  majority  of  central  stations  if  the  trans- 
former arrangement  is  well  planned  it  is  not  necessary  to  have  this  factor 
more  than  1.2  to  1.5  kw. 

M.  Kilowatts  of  maximum  load  per  employee  in  all  departments. 
In  a  large  number  of  stations  this  ranges  from  30  to  70.  It  seldom  exceeds 
100  excepting  where  a  considerable  output  is  sold  wholesale.  That  the  large 
stations  do  not  show  figures  much  higher  than  the  small  ones  is  probably 
due  to  the  fact  that  the  number  of  employees  engaged  on  the  distribution 
syiitem  and  in  looking  after  the  wants  of  consumers  and  the  perfection  of 
the  service  is  greater  in  proportion  in  the  large  than  in  the  small  s^'stems. 

M.  Par  cent,  of  kilowatt- hours  lost  and  unaccounted  for.  This 
factor  is  the  difference  in  per  cent,  between  the  kilowatt-hours  sent  out  from 
the  station  bus  bars  and  the  kilowatt-hours  registered  on  meters  or  otherwise 
accounted  for.  This  loss  includes  loss  in  lines,  loss  in  slow  meters,  core  and 
copper  losses  in  transformers  and  leakage  through  defective  insulation. 
This  seldom  is  less  than  15  per  cent.,  and  it  is  most  commonly  between  20  and 
30  per  cent.  It  msy  bo  over  30  per  cent,  in  alternating-current  systems 
with  a  large  number  of  smalt  transformers  and  with  a  very  small  amount  of 
energy  sold  per  mile  of  line  and  per  transformer.  Obviously  if  a  sj'stem  were 
operated  without  selling  any  electrical  energy,  these  losses  would  be  100 
per  cent. 

100.  Yearly  load  factor.  This  is  the  average  load  of  the  vear  divided  by 
the  maximum  load  and  expressed  in  per  cent.  A  purely  lighting  load  in  a 
sniall  town  will  yield  a  yearly  load  factor  under  20  per  cent.  In  a  large 
city  it  will  be  uouer  25  per  cent.  Addition  of  motor  and  heating  appliance 
load  has  improved  these  low  load  factors  from  year  to  year  during  the  history 
of  the  central  station  business.    A  load  factor  between  30  and  35  per  cent. 
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is  now  oommon  in  the  smalltf  plants  barine  a  moderate  amount  of  power 
busmefla.  In  some  manufacturing  oitiea  load  factors  over  50  per  cent,  have 
aometimes  been  att&inod,  but  such  cases  are  rare.  A  combination  of  lighting. 
powtf,  and  railway  loads  in  a  large  city  gives  a  load  factor  between  40  and 
45  per  cent.  The  load  factor  indicates  the  percentage  of  time  which  the 
irfant  apparatus  ia  lying  idle,  and  it  is  the  constant  aim  of  central  station 
companies  to  increase  the  load  factor  and  reduce  the  idle  time,  because  inter- 
est must  be  paid  on  the  investment  whether  the  apparatus  is  in  use  or  not. 

CXNTBAL    STATION    rACTORB    BSLATIHO    TO    TIBBITOBT 
8XSVID  BT  BT8TUS 

101.  Oroas  yearly  eaminn  per  capit*  of  population.  This  factor 
varies  through  a  large  range.  Ten  dollars  per  capita  may  be  considered  near 
the  maximum  at  the  nresent  writing.  This  factor  is  usually  higher  in  the 
Western  part  of  the  United  States  than  in  the  Eastern.  Some  eogineers  in 
making  preliminary  estimates  on  the  possibilities  of  future  gross  earnings, 
ado|>t  a  step-by-step  schedule  which  increases  from  East  to  West.  Gross 
earnings  of  (6  to  S7  per  capita  may  now  be  considered  reasonably  attainable 
under  ordinary  conditions  in  most  towns  on  the  western  side  of  the  Mississ- 
ippi Valley. 

lot.  Coat  of  plant  per  capita.  This  is  a  factor  used  by  some  engineers 
to  indicate  whether  an  excessive  amount  of  plant  has  been  put  in  for  the 
population  to  be  served.  Aside  from  this  it  is  evidently  dependent  upon  the 
groes  earniDgs  per  capita  and  the  degree  to  which  the  territory  has  been 
developed  for  electric  service.  An  investment  of  $40  per  capita  in  an  electric 
plant  might  be  justified  if  the  gross  earnings  were  SIO  per  capita.  In  prac- 
tice we  find  this  varying  from  S3  to  $35  per  capita. 

105.  Watts  maximum  load  per  capita.  This  faetor  is  also  an  indicar 
tion  of  the  extent  to  which  the  territory  has  been  developed.  If  excessive 
in  i^oportion  to  gross  earnings  per  capita,  it  would  indicate  bad  management. 
It  UBiuUly  ranges  from  30  to  100. 

104.  Population  per  consumer.  This  will  range  from  5  to  an  indefinite 
figiu'e.  Of  course  6  represents  near  saturation.  Such  a  condition  can  only 
be  attained  in  a  prosperous  country  or  suburban  town. 

lOi.  Oross  earnings  per  consumer.  This  factor  when  taken  in  con- 
nection with  a  knowledge  of  the  territory  served  may  help  to  indicate  whether 
the  large  manufacturing  power  business  or  the  small  residential  business 
has  been  neglected.  This  factor  may  vary  between  $18  and  $169,  but  its 
most  usual  range  is  between  $40  and  $70. 

106.  Demand  faetor.  This  is  tl}e  actual  maximum  demand  divided  by 
the  connected  lotul,  expressed  in  per  cent.  It  may  be  applied  to  a  system,  a 
group  of  oonsumers  or  any  individual  consumer.  It  is  useful  in  determining 
the  apparatus  which  must  be  provided  and  the  rates  which  can  be  made  for 
serving  any  given  class  of  business.  These  factors  can  be  determined  only  by 
actual  measurement  for  different  classes  of  customers  with  maximum-demand 
meters. 

For  examine,  suppose  we  find  by  inserting  maximum-demand  meters  in 
the  servieee  supplying  a  number  of  drug-stores  that  the  total  maximum 
demand  made  by  these  stores  during  a  year  is  75  per  cent,  of  what  it  would 
have  been  had  the  total  connected  load  been  turned  on  by  each  consumer  at 
some  ^me  during  the  year.  We  would  then  say  that  the  demand  factor  of 
these  drug-store  oonsumers  is  7.5  per  cent.  In  figuring  on  the  amount  of 
apparatus  needed  to  serve  other  drug-stores  we  would  multiply  the  connected 
load  by  the  demand  factor  which  would  give  the  probable  maximum  demand. 

Mr.  E.  W.  Lloyd  in  a  paper  entitled  "Compilation  of  Load  Factors,** 
heiote  the  National  Electric  Light  Association  in  1909,  ^ave  the  results  of 
the  experience  of  the  Commonwealth  Edison  Co.  of  Chicago  with  a  large 
numbo-  of  consumers  equipped  with  maximum-demand  meters.  The  de- 
mand factors  of  some  of  the  most  important  classes  of  small  and  medium 
lighting  oonsumers  given  by  Mr.  Lloyd  are  shown  by  the  table  in  Par.  10T» 
woere  the  classification  is  according  to  business,  without  regard  to  the  sise 
of  the  installation.  Some  of  the  more  important  demand  factors  of  power 
consumers  taken  from  the  same  paper  are  also  given  in  Par.  109,  where  the 
dassification  is  by  siie  of  installation.  The  load  and  demand  factors  of  a 
number  of  larger  consumers  using  both  power  and  light  as  given  by  Mr. 
Lloyd  appear  in  Par.  10$, 
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Some  years  aeo  all  conaumen  in  Chioaco  were  aerved  through  mazimum- 
demand  meters.  This  practice  waa  later  changed  ao  that  eonaiunera  having 
leas  than  1  kw.  connected  have  their  maximum  demanda  eatimsted  aceordiog 
to  a  table  prepared  by  averaging  the  previous  experience  of  the  company 
with  consumers  of  this  claaa.  A  table  lo  Par.  110  givea  the  demand  factors 
used  for  estimatini^  maximum*demand  in  Chicago  for  such  small  commercial 
and  reaideaoe-lighting  customers. 

This  paper  by  Mr.  Lloyd  gives  curves  showing  that  the  demand  factor 
of  residence  customers  having  more  than  1  kw.  in  Ismpa  connected,  falk 
gradually  from  about  47  per  cent,  with  1.5  kw.  connectea  load  to  about  35 
per  cent,  with  4.5  kw.  connected  load.  Small  stores  and  offices  are  shown  to 
nave  a  demand  factor  of  about  63  per  cent.,  with  1.5  kw.  connected  load, 
which  gradually  falls  to  about  SO  per  cent,  at  4.5  kw.  connected  load.  The 
curve  in  both  cases  following  a  straight  line  from  1.5  to  4.5  kw. 

The  Wisconsin  Railroad  and  Public  Service  Commiasion  in  rendering  its 
decision  in  the  ease  of  the  Madison  Gas  and  Eleotrio  Company's  rates  in 
1910  assumed  demand  factors  aa  indicated  by  the  table  in  Par.  111.  These 
demand  factors,  in  turn,  were  derived  from  figures  obtained  bv  tests  in  Msdi- 
son,  taking  also  into  consideration  demand  factors  oompilea  by  companies 
using  Wright  demand  meters,  summarised  in  Par.  lit. 


ItT.  Damuxd  Tactort  and  Load  Tactort  of  Small  and  Medium  Ugbt- 

ing  Cuitomen  in  Chicago.  ClaiiUed  by  Bualnaia 

(E.   W.  Lloyd) 


Kind  of  buainen 

Load  factor 

Demand  factor  (ratiu 

of  maximum  to    roo- 

neetedload) 

Per  cent. 

Per  cent. 

Banks 

16.1 

12.4 

24.4 

7.8 

9.2 

6.7 

17.4 

14.7 

23.4 

20.8 

11.5 

8.7 

8.4 

22.2 

11.7 

16.8 

8.2 

19.3 

6.0 

10.3 

10.6 

7.8 

15.0 

9.8 

6.6 

26.0 

10.3 

17.2 

12.0 

66.8 
56.0 
28.0 
43.0 
64.2 
64.0 
64.5 
50.0 
52.3 
62.6 
70.4 
37.2 
59.3 
52.3 
66.4 
64.7 
76.5 
78.8 
09.7 
73.0 
40.0 
.52.0 
64.1 
66.5 
52.9 
67.4 
67.5 
49.0 
41.4 
46.6 
53.5 
42.3 
54.1 

Hotels 

Offices  (business)     

Saloons 

Shops  (barber) 

Shops  (machine) 

Shops  (tailor) 

Stables  (livery) 

Stores  (book  and  stationery) 

Stores  (cigar) 

Stores  (jewelry) 

Stores  (clothing) 

Small  hotels  and  rooming  houses. . . 

wholesale  houses 

19.4 
9.5 

12.5 
6.9 

Manufacturers 

Hospitals 

Flats 
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IM.  Damaiul  and  load  faoton  of  Urn  CUeaco  ooiuumen;  eom- 

r  and  U  -  - 


binad 


I  powi 
(E.  W, 


.  Uoyd) 


[Ucht 


Kind  of  biisineas 


Load  factor 

8,760-hr.  year, 

per  oent. 


Demand  factor 

(ratio  of  actual  max 

to  connected  load, 

per  cent.) 


Butter  and  creamery 

Breweriee 

Bran  and  iron  beda. .« 

Biactiit  manufacturers 

Boot*  and  abo«* 

BraM  mannfaeturing 

Boiler  shopa 

Can  manufacturers 

Candy  manufacturers 

Clothinc  manttfaeturera 

Clubs  (large) 

Department  stores  Oarge) 

Electrical  manufacturing 

Ezprsas  companies 

Electroplating 

Engraving  and  printing 

Fertiliser  manufacturing 

Fomitnre  manufacturing 

Fonndries 

Forge  shops 

Oram  derators 

Olore  manofaeturing 

Qrooers  (wholesale) 

Hotels  (small) 

Hotels  (large) 

Ice  geam  manufacturing 

Jewelry  manufactoring 

Lanndriss 

Machine  shops 

Newspapers 

Packing  houses 

Paint,  lead  and  ink  manufacturers. . 

Paper-box  manufacturers 

Plumbing  and  pipe  fitting 

Post  offices 

Power  buildings 

Refrigeration 

Railroad  depots 

Pneumatic  tube 

Soap  manufacturers 

Seed  cleaners 

Screw  manufacturers 

Spice  mills 

Saw  manutaeturers 

Stmotnral  steel 

Sbaet-metal  manufacturers 

Stone  cutters 

Twine  milk 

Theatres 

iMtgf  restaurants 

Small  restaurants 

Woolen  miOs 

Wood-working 

Textile  mills 


20 
46 
20 
3S 
25 
28 
18 
30 
18 
15 
40 
30 
25 
40 
25 
19 
76 
28 
16 
30 
10 
25 
20 
35 
50 
45 
18 
25 
28 
20 
30 
23 
25 
26 
50 
27 
50 
50 
50 
25 
26 
30 
20 
30 
22 
18 
17 
30 
16 
50 
30 
27 
28 
20 


60 
60 
60 
65 

66 
60 
46 
70 
45 
55 
85 
56 
56 
60 
75 
60 
40 
65 
76 
49 
76 
65 
65 
50 
40 
76 
60 
70 
65 
75 
75 
45 
50 
55 
30 
40 
90 
60 
90 
60 
55 
76 
56 
66 
40 
70 
65 
60 
60 
60 
70 
80 
66 
65 
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IM.  Dcnuuid  tMton  of  Ohieaco    pow«r 
b7  ttM 


oMunnMn;    eUnUsd 


H.p.  instBlled 

No.  of  consumers 

Demand  factors, 
per  cent. 

1  to    S 

StolO 

11  to  20 

over  20 

2.900 
456 
237 
307 

75.4 
64.5 
64.7 
42.9 

ttO.  Oamuid  faeton  uiad  tor  eomputtzur  rktei  of  unail  Ohieafo 
Ufhtlnc  oomuman;    clauinsd  by  lize 


KUowatt 

eonDeeted 

load 

Demand  factors 

Kilowatt 

connected 

load 

Demand  lactors        i 

Commercial 
(per  cent.) 

Residence 
(per  cent.) 

Commercial 
(per  cent.) 

Residence 
(per  cent.) 

0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 

100 
100 
95 
91 
89 
87 
85 
83 

100 
89 
86 
83 
74 
73 
67 
87 

0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 

82 
81 
80 
79 
78 
78 
77 

61 
61 
57 
57 
55 
55 
53 

ill. 


OonxMkd  factors  auumed  by  Wiiconsin  Commiulon  tor  axlnc 
ratal  at  MadUon 


Per  cent. 


Residence  lighting  first  10  lamps 

Residence  lighting  over  10  lamps  or  500  watts 

Stores  and  offices 

Restaurants  and  saloons 

Lodge  and  dance  balls. 

Laundries 

Depots 

Theatres 

Hall  lamps 

Factories 

Livery  stables 

Churches 

Hotels  and  clubs 

Schools 

County  and  federal  building 

University  of  Wisconsin 

Sign  and  outline  lighting 

One  motor  under  10  h.p 

10  h.p.  installation  with  more  than  one  motor 

Motor  installations  with  more  than  10  and  less  than  20  h.p.. . 

Motor  installations  20  to  50  h.p 

Motor  installations  50  to  1(X)  h.p 

Motor  installations  100  h.p.  or  over 


60.0 
33.3 
70.0 
70.0 
70.0 
70.0 
70.0 
70.0 
70.0 
55.0 
55.0 
55.0 
55.0 
55.0 
S&.O 
30.0 
100.0 
90.0 
80.0 
70.0 
£0.0 
58.0 
SO.O 
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Its.  OsaMBd  taeton  eonpUad   bj    Wlaooniln    oommliilon  from 
oompuiiM  asmc  WHsht  demand  matari 


Per  cent. 

Per  cent. 

Stores 

40  to  100 
57  to    87 
62  to    82 

52  to    62 

53  to    56 
56  to    85 

28 

28 

37  to    52 

60  to  75 
52  to  58 

68 
75  to  95 
49  to  89 

55 
37  to  54 

66    . 
33  to  31 

Offices 

Saloons 

Lodge  and  dance  halls 

Depots ,. . . 

Theatres 

Restaurants 

Churches 

Shops 

Hoteb 

Clubs 

Blacksmith  shops , 

County  and  federal  building. 

Schools 

Its.  JMvMtl^  factor,  as  here  used  is  the  maxiinuni  simultaneous  demand 
of  a  number  of  individual  services  for  a  specified  period,  such  as  1  hr., 
divided  by  the  sum  of  the  individual  maximum  demands  of  these  services 
for  the  same  period,  tliis  result  being  expressed  in  per  cent.  For  example, 
suppose  two  consumers  each  have  a  maximum  demand  of  60  kw.  The  sum 
of  their  maximum  demands  would  therefore  be  100  kw.  Suppose,  however, 
these  maximum  demands  do  not  occur  at  the  same  time  so  tnst  a  maximum 
demand  indicator  connected  to  supply  both  services  would  indicate  a  maxi- 
mum of  only  75  kw.  The  diversity  factor  would  then  be  75  kw.  divided  by 
100  kw.  or  76  per  cent.  In  other  words,  the  actual  maximum  demand  on  a 
feeder  or  power  plant  suppling  these  two  consumers  would  be  only  76  per 
cent,  of  their  combined  maximum  demands. 

If  the  consumer's  maximum  demand  is  known  and  the  diversity  factor 
for  that  class  of  business  is  also  known,  the  maximum  effective  demand  of  the 
consumer  at  a  given  point  (such  as  transformers  or  power  station)  is  deter- 
mined by  multiplying  the  consumer's  actual  maximum  demand  by  the  diver- 
sity factor  (expressedin  per  cent.)  l>etween  the  consumer  and  the  point  under 
eonsideration. 

The  diversityfaetor  is  a  most  important  element  in  central  station  electric 
supply;  in  fact  it  is  one  of  the  economic  foundation  stones  upon  which  the 
csntoal  station  industry  is  built.  But  for  the  fact  that  the  various  combined 
maximum  demands  of  various  consumers  do  not  coincide,  greater  plant 
caiMMsity  would  be  required  to  serve  them  and  rates  for  service  would  nece^ 
sarily  be  high,  because  of  the  higher  investment  required.  One  hundred  per 
cent,  less  the  diversity  factor  represents  the  percentage  of  apparatus  which 
can  be  dispensed  with  by  combining  the  supply  of  the  consumers  onto  one 
•jrstem. 

Thorough  study  of  diversity  factors  can  be  made  only  where  maximum- 
ilemand  meters  are  used  for  each  consumer.  Mr.  H.  B.  Gear,  distribution 
eneneer  of  the  Chicago  central-station  system  hss  reported  the  results  of 
sudi  investigations  at  various  times  as  indicated  in  the  Bibliography  at  the 
end  of  this  section.  The  accompanying  table  gives  a  summary  of  Mr. 
Gear's  figures  on  diversity  factors  for  lighting  and  power  load*  (Par,  tlB). 

114.  ClauiAmtlon  of  divenlty  factor.  In  an  electric  light  and  power 
distribution  system  there  is  first  a  diversity  factor  between  The  individual 
consumers  and  the  transformer  serving  a  group  of  such  consumers  because 
the  maximum  demands  of  the  individual  consumers  do  not  come  at  the  same 
time.  There  is  next  a  diversity  factor  between  different  transformers  and 
their  feeders  for  similar  reasons.  Going  back  another  step  there  is  a  diversity 
factor  between  various  feeders  entering  a  power-house  or  substation  and  the 
bos  bars  and  on  large  systems  there  is  a  diversity  factor  between  various 
substations,  and  the  power  station  bus  bars. 

Par.  lis  gives  the  diversity  factor  for  each  step  from  the  consumer  to  the 

Senerating  station  in  the  first  four  items,  while  the  last  four  items  give  th« 
iversity  factors  step  by  step  from  consumer  to  generator. 
To  combine  the  demand  and  diversity  factors  so  ss  to  determine  the  maxi- 
mum demand  on  a  transformer,  feeder  or  station,  as  caused  by  a  given  con- 
nected load,  multiply  the  diversity  factor  by  the  demand  factor  and  multi- 
ply their  product  b^  the  connected  load. 

The  yearly  diversity  factor  between  lighting  and  power  load,  and  electric 
street  and  elevated  railway  loads  in  Chicago  is  reported  by  Mr.  Samuel 
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Inaull  u  allowtns  a  aaving  in  generating  equipment  of  8.1  per  eent.  for  tlie 
period  of  heavy  winter  load  of  1011  and  1912,  by  oombining  tlieir  aourcea 
of  power  supply.  The  diversity  factor  in  this  case  would  thua  Im  100  per 
cent. — 8.1  per  cent,  or  01.9  per  cent. 


111. 

DiTantty  Faeton 

(H.  B.  Gear) 

Residence 

Commercial 

Qeneral 

Large 

light. 

Ught. 

power, 

users. 

per  cent. 

per  cent. 

per  cent. 

per  cent 

Between  oonsumera 

29.8 

«8.S 

60.5 

Between  transformers 

77.0 

77.0 

74.0 

87.0 

Betwaen  feeders 

.87.0 

87.0 

87.0 

87.0 

Between  substations 

91.0 

01.0 

91.0 

91.0 

Consumer  to  transformer. . . 

29.8 

S8.5 

69.5 

Consumer  to  feeder 

23.0 

52.6 

51.3 

87.0 

Consumer  to  substation 

20.0 

48.7 

44.7 

75.8 

Consumer  to  generator 

18.1 

41.5 

-40.7 

60.0 

11 


^ 

\ 

y 

y 

^ 

^ 

^ 

/ 

1 

1 

> 
"t 

*1 

S 

i 

Fio.  4. — Variation  of  central  station 
station  earnings  by  months. 


IK.  Variatiama  in  •amtncB 
from   month  to  montb  by  a 

central  station  are  caused  by  in- 
creased demand  for  light  during 
the  winter  season.  In  making 
estimates  for  the  future  it  is  fre- 
qnently  desirable  to  know  about 
bow  these  montlily  Tariationa  run. 
The  eurra  of  Fig.  4  showa  how  the 
earnings  vary  from  month  to 
month  as  taken  from  a  number  of 
typical  electric  light  and  power 
systems  of  various  siaea,  witn  nor- 
mal yearly  growth. 

UT.  Tearly  incraaM  in  ont- 
ptlt.  The  output  and  consequent 
generating  capacity  of  the  central 
stations  of  the  Umted  Statea  as  a 
whole  is  such  as  to  double  about 
every  5  years.  Thisoorreapondato 
an  increase  each  year  of  about  IS 
per  cent,  over  the  year  previous. 
This  being  an  average  figure,  due 
allowance  must  be  made  for  local 
conditions  in  making  eatimates. 


TTnOAL   KAUnNOS    OF   UilCTKIC    UOHT   AITD   POWXK 
COMPAHU8 

lU.  FInancM.  The  following  typioal  earnins>  of  eleetrio  light  and 
power  companies  in  the  United  States  are  given  as  showing  in  a  general  way 
the  relative  values,  of  capital  account,  gross  income,  operating  expenaea, 
depreciation,  and  net  earmngs  available  for  interest  and  dividends,  in  deetiie 
lignt  and  power  companies  of  sevwsl  sixes,  not  oi>erated  in  oonitection  with 
any  other  public  utility.  While  the  figures  given  are  tyi>ical  vi  the  siaea  of 
plants  named,  considerable  variation  from  them  is  found  in  praotiee.  Soma 
plants  make  a  better  showing  than  indicated  in  these  typioal  caaea,  while 
others  make  a  less  favorable  showing. 

119.  Tha  item  of  intangible  Talna  in  the  cases  given  represents  what- 
ever market  value  there  may  be  in  the  plant  over  ana  above  first  ooat  of  the 
physical  property.  It  includes  working  capital,  expenses  of  getting  buaineaa 
started  and  worked  up  to  a  profitable  basis,  and  any  reasonable  loeaea  in 
connection  therewith  such  as  are  allowed  under  the  head  of  rolng  value  by 
the  Wisconsin  Commission.  It  may  in  some  esses  include  some  value  baaed 
altogether  on  earning  power.  The  intangible  value  of  a  property  when 
determined  for  rate-making  purposes  by  a  public  serviee  oonuniasion  ia 
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usually  the  amount  of  capital,  over  and  above  the  ooat  of  the  phjnieal  plant, 
upon  which  the  proiwrty  will  be  permitted  to  pay  common  current  intereat 
or  dividend  rates. 

UO.  The  market  Talue  of  lueh  s  proper^,  if  it  baa  such  value  over 
and  above  its  pbysieal  value,  is  evidently  its  value  to  a  prospective  purchaser, 
and  the  purchaser  usustly  pays  a  price  based  on  present  and  prospective 
earninsB.  What  these  earmngs  will  be  depends  on  the  poesibilities  of  the 
territory  served  and  if  there  be  a  rate  regulating  public  service  commission, 
it  will  also  depend  on  the  rate  of  return  on  the  investment  which  will  be 
allowed  by  the  public  service  eommiasion, 

111.  Central-station  opanttion  in  eonneetlon  with  toe  plant.  As 
many  of  the  smaller  light  and  power  central  stations  are  operated  in  eonneo- 
tioD  with  ice  plants  the  effect  upon  the  first  cost  and  earnings  by  adding  such 
a  idaDt  is  given  in  two  cases.  The  amount  of  ice  manufactured  per  jrear, 
which  determines  the  groes  and  net  income,  depends  so  much  on  the  latitude 
in  which  the  plant  is  locfited  that  oonsidersble  allowance  must  be  made  for 
thkfaet. 

loe  plants,  such  ss  are  mentioned  in  cases  4  and  S  (Par.  IM  and  iXt), 
might  earn  double  the  gross  and  about  double  the  net  earnings  if  located  in 
the  extreme  southern  part  of  the  United  States.  The  income  from  ice 
depends  also  a  great  deal  on  whether  it  is  sold  wholesale  or  retail,  or  whether 
it  simply  supplies  the  population  in  its  own  town,  or  in  addition  ships  to 
other  nearby  points. 

In  comparing  the  typical  caaee  given  for  the  various  sises  of  plants,  it  will 
be  seen  that  in  general  the  gross  earnings  per  $100  invested  are  larger  in  the 
Bocoeasful  small  plants  than  in  the  large  ones,  but  in  the  smaller  plants  the 
operating  expenses  are  likely  to  be  a  larger  percentage  of  the  gross  receipts. 
The  larger  plants  can  also  obtain  capital  at  a  lower  rate  of  interest. 

Ths  larger  the  plants  the  smaller  the  ratio  of  gross  earnings  to  capital 
invested.  This  is  mainly  due  to  the  higher  coet  of  transmission  and  distri- 
bution plants  necessary  to  serve  the  larger  territories  supplied  from  the 
larger  generating  stations.  In  some  cases  it  is  sJso  due  to  the  higher  cost 
of  undern'ound  as  compared  to  overhead  distribution,  and  to  a  more  sub- 
stantial character  of  construction. 

lit.  TyiM  of  pluit  aSeetinc  various  Itenui.  The  topics]  examples 
given  are  for  steam-driven  stations  where  the  coet  of  fuel  is  near  average. 
Higher  fuel  coet  will,  of  course,  raise  the  percentage  of  operating  expenses, 
or,  if  more  expensive  machinery  is  put  in  to  Iceep  the  fuel  cost  down,  the 
capital  account  will  be  increased  per  kilowatt  of  peak  load.  Hydroelectrio 
l^nts  operating  central-station  lighting  and  power  systems  frequently 
involve  higher  first  ooat  per  kilowatt  of  peak  load,  and  a  consequent  low  ratio 
of  gross  esrnings  to  capitalisation.  Such  high  first  cost,  of  coarse,  can 
only  be  justified  by  the  decreased  operating  expenaes  caused  by  fuel  saved 
by  water  power  operation. 

Vl».  Typleal  eamlnci  of  eentral  station*.    Cms  1. 

Pint  eost  of  physical  property $37,500 

Intangible  value 12,800 

Total  capitalisation $fiO,000 

Gross  earmngs  (40  per  cent,  of  capital) $30,000 

Operating  expenses  (60  per  cent,  of  front) $12,000 

Depreciation  at  6  per  cent,  on  physical  value 2,230 

Net  earnings  for  interest  or  dividends ■  ..^ 5,7S0 

$20,000  $20,000 

IM.  Tjpieal  saminct  of  esntral  itotioni.    Oaas  t. 

First  cost  of  physical  property $75,000 

InUngible  value 25,000 

Total  capitalisation $100,000 

Gross  earmnci  (33  per  cent,  of  capiUI) $33,000 

Operating  expenses  (68  per  cent,  of  gross) $19,140 

Depreeiation  at  6  per  cent,  on  physical  value 4,600 

Net  earninci  for  intereet  or  dividends 9,360 

$33,000  $33,000 

Peak  load  of  plant  300  kw. 
Gross  income  per  kw.  of  peak $110 
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ISi.  Typieal  •amines  of  ovntral  iteUoni.    Oam  S. 

First  coat  of  phyaicid  property $750,000 

Intangible  value 250.000 

Total  capitalisation $1,000,000 

Grofls  carmnKa ^.      $230,000 

Operating  expenses  (50  per  cent,  of  gross) T $115,000 

Depreciation  at  6  per  cent,  on  physical  property 45,000 

Net  earnings  for  interest  or  dividends 70,000 

$230,000  $230,000 
1$$.  Tjpioal  earning  of  centr«l  atetioiu*     Case  4. 

Effect  of  10-ton  ioe  plant  with  electric  plant  like  that  in  Case  1.  Ice  sold 
at  wholesale.     Latitude  of  central  AIo.     Compression  plant. 

Cost  of  ice  plant $0,000 

Gross  income  from  ice $5,800 

Extra  operating  expenses  for  ice $3,600 

Depreciation  at  6  per  cent 540 

Net  for  interest  and  dtviciends 1,660 

$5,800  $5,800 

Note. — With  sufficient  cooling  water  available  an  absorption  plant  could 
be  put  in  and  would  operate  with  much  greater  coal  economy.     Its  first  cost 
would  be  considerably  higher. 
1>7.  Typical  earning  of  central  itationi.     Case  $. 
Effect  of  15-ton  ioe  plant  operated  with  electric  plant  like  that  in  Case  2. 
Ice  ftc^d  at  wholesale  and  retail.     Latitude  of  southern  Iowa. 

First  cost  of  ice  plant $13,000 

Oroes  earning,  ice $13,000 

Extra  operating  expenses  for  ice $6,500 

Depreciation  at  6  per  cent 780 

Net  for  interest  and  depreciation 5,720 

$13,000  $13,000 

PRIN0IPLX8  or  BATK  MAKING 

1S8.  Daterzni&ing  factors.  The  rates  for  service  charged  by  a  corporap 
tion  giving  central  station  electric  light  and  power  service  must  be  such  as 
to  yield  a  gross  revenue  sufficient  to  pay  operating  expienses,  interest, 
depreciation,  and  a  fair  profit  on  the  enterprise.  This  constitutes  the 
general  problem  of  rate  making.  There  are  two  general  theories  which  have 
been  used  as  a  basis  of  rate  making;  these  are  given  in  Par.  129  and  ISO. 

119.  The  value- of -lenrioe  theory  of  rate  making  is  that  the  rate  of  eharn 
should  be  based  on  the  value  to  the  consumer  of  the  service  rendered.  In 
railroad  rate  makinKtbis  theory  has  been  commonly  referred  to  as  '*Chor^- 
ing  what  the  traffic  wlU  bear."  Under  this  theory  if  a  consumer  is 
unable  to  obtain  service  except  from  some  other  very  costly  source,  the  rate 
to  such  a  consumer  could  be  made  very  high  because  of  the  absence  of 
competition.  Other  consumers  might  be  able  to  serve  themselves  or  to 
get  other  services  at  such  a  low  rate  that  their  business  could  not  be  obtained 
except  at  a  very  close  margin  ofprofit  for  the  central  station,  and  to  such  a 
very  low  rate  would  be  given.  Tne  value-of-service  theory  has  undoubtedly 
had  much  to  do  with  the  making  of  central-station  rates  in  the  past,  but 
present  tendencies  are  to  abandon  this  theory  in  favor  of  the  cost-of-eenrice 
theory,  explained  later.  The  value-of-service  theory,  or  charing  what  the 
traffic  will  bear,  if  carried  to  an  extreme  logical  conclusion  might,  in  some 
cases,  result  in  the  central -station  enterprise  deriving  an  unreasonable  profit 
from  some  of  its  customers  and  insufficient  profit  from  others.  In  ordinary 
lines  of  trade  and  industry  where  there  is  free  competition,  the  value  of  service 
theory  is  necessarily  the  basis  of  prices.  An  electric  central  station,  however, 
is  a  public  utility  which  is  in  the  majority  of  cases  a  monopoly,  at  least  as 
far  as  electric  service  in  a  given  community  is  concerned.  Because  of  the 
fact  that  it  is  a  monopoly,  both  public  sentiment  and  public  service  com- 
missions generally  are  opposed  to  the  principle  of  allowing  a  larger  profit 
from  one  class  of  consumers  than  from  another.  For  this  reason  the  value- 
of-service  theory  is  being  abandoned.     Its  use  in  the  past  baa  not  given 
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rise  to  BO  great  abus«8  in  the  rates  of  central  atation  enterpriaee  as  mi^ht  be 
at  firat  suppoeed,  because,  although  the  central  atation  frequently  has  a 
monopoly  of  eleetrlo  service  in  a  oommunity,  it  has  on  every  hand  to  meet 
the  competition  of  other  methods.  Electric  lighting  comes  into  competi- 
tion with  gas  and  oil.  and  electric  power  with  gaa,  steam  and  oil  engines. 
However,  as  electric  servieo  becomes  more  and  more  of  a  necessity  and  less 
of  the  nature  of  a  luxury,  the  tendency  to  regulate  its  rates  in  accordance 
with  the  cost  of  service  to  the  producer  rather  than  according  to  the  value 
of  service  to  the  more  or  less  h^plees  consumer,  becomes  stronger. 

liO.  The  coit-of-ierrlce  theory  of  rate  making  is  that  all  rates  should 
be  i^roportioned  among  the  various  consumera  according  to  the  cost  of 
serving  them.  The  term  "Cost"  in  this  case  is  assumed  to  include  a  rea-- 
aonable  profit.  The  cost-of-sorvice  theory  is  the  one  now  generally  used 
by  the  various  public  service  commissions  intrusted  h}r  law  with  the  work  of 
r^ulating  and  adjusting  the  rates  of  public  service  enterprises.  The 
theory  upon  which  the  majority  of  such  commissions  are  proceeding  is  that. 
on  account  of  the  monopolistic  character  of  a  public  utility^  iterates  should 
be  regulated  in  accordance  with  the  cost  of  service  inoluoing  a  fair  return 
upon  the  capital  invested  in  the  public  utility. 

ISl.  Deflnltlonji.  The  following  definitions  used  in  oonneotion  with 
electric  central-station  rates  have  been  adopted  by  the  Rate  Research  Com- 
mittee of  the  National  Electric  Light  Association.  (Examplee  of  all  the 
forms  of  rates  defined  are  given  in  Par.  IVl.^ 

Tltkt  rate.  The  term  "Flat  rate"  is  apphcable  to  any  method  of  charge 
for  electric  service  which  is  based  on  the  consumer's  installation  of  energy- 
consuming  devices  or  on  a  fixed  sum  per  consumer.      Meters  are  not  used. 

Demand  rate.  The  term  "Demand  rate"  is  applicable  to  any  method 
of  char^  for  electric  service  which  is  based  on  the  maximum  demand  dur- 
ing a  given  period  of  time.  The  demand  is  expressed  in  such  units  as 
kilowatts  or  horse-power.  Maximum-demand  indicators  or  graphic  meters 
are  used. 

Meter  rate.  The  term  ** Meter  rate'*  is  applieabte  to  any  method  of 
charge  for  electric  service  which  is  based  on  the  amount  used.  This  amount 
is  expressed  in  units,  as  kilowatt-hours  of  electricity.  Integrating  meten 
or  graphic  meters  are  used. 

Conaumer'a  output  rate.  The  term  "Consumer's  output  rate"  is 
applicable  to  any  method  of  charge  for  electric  service  baaed  on  the  consumer's 
output.  The  unit  of  the  consumer's  output  may,  for  example,  be  a  gallon 
of  water  pumped,  a  barrel  of  flour,  or  a  ton  of  ice  made. 

Two-enarga  rate.  The  term  "Two-charge  rate"  is  applicable  to  any 
method  of  charee  for  electric  service  in  which  the  price  per  unit  of  metered 
electric  energy  for  each  bill  period  is  based  upon  both  the  actual  or  assumed 

3uantity  of  electric  energy  consumed  and  the  actual  or  assumed  capacity  or 
emana  of  the  installation. 

Three-charge  rate.  The  term  "Three-Charge  rate"  is  api^cable  to 
any  method  of  charge  for  electric  service  in  whicn  the  charge  made  to  the 
consumer  for  each  bul  period  consists  of,  (a)  a  sum  baaed  upon  the  quantity 
of  electric  energy  consumed,  (b)  a  sum  baaed  upon  the  actual  or  assumed 
capacity  or  demand  of  the  installation,  ^c)  a  charge  {ler  consumer. 

Btraiflrht  line.  The  term  "  Straight  hne,"  as  used  in  connection  with  and 
as  applied  to  any  method  of  charge,  indicates  that  the  price  charged  per 
unit  is  constant,  i.e.,  does  not  vary  on  account  of  any  increased  or  decreaaod 
number  of  units.  The  total  sum  to  be  charged  is  obtained  by  multiplying 
the  total  number  of  units  by  the  price  por  unit. 

Block.  The  term  "Block,"  as  used  in  connection  with  and  as  applied 
to  any  method  of  charge,  indicates  that  a  certain  specified  price  |>er  unit 
is  charged  for  all  or  any  part  of  a  block  of  such  units,  and  reduced  prices  per 
unit  are  charged  for  all  or  any  part  of  succeeding  blocks  of  the  same  or  a 
different  number  of  such  units,  each  such  reduced  price  per  unit  applying 
only  to  a  particular  block  or  portion  thereof.  The  total  sum  to  be  charged 
is  obtainea  by  multiplying  the  number  of  units  in  the  first  block  by  the  price 
per  unit  for  tnat  block  and  adding  thereto  the  number  of  units  in  the  second 
Block  times  the  price  per  unit  for  that  block,  and  so  on  until  the  sum  of  the 
units  falling  within  tne  dificrent  blocks  equals  the  number  of  units  to  be 
charged  for. 

Step.     The  term  "Step,"  as  used  in  connection  with  and  as  applied  to 
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any  method  of  ehwce,  indioatw  that  a  eertain  specified  pruM  per  nnit  b 
oharged  for  all  or  any  part  of  a  specified  number  of  units,  with  reduetioiH 
in  the  price  ptf  unit  baaed  upon  inoreaeee  in  the  number  of  unite  aeoortfins 
to  a  given  aohedule.  The  total  sum  to  be  charged  is  obtained  by  mnltiplyinK 
the  total  numbw  of  unite  by  the  price  applying  for  this  numb^  of  units,  or 
by  tlie  inimary  prioe,  and  deducting  the  oiscount  appljring  for  this  number  of 
units. 

lis.  Thi*  fl*t  nte  consisting  usually  of  a  fixed  rate  pa-  month  per  lamp 
was  the  common  rate  in  the  early  days  of  the  electno-lishting  industry. 
Its  chief  advantage  is  dimfdioity,  as  it  requires  no  meter.  It  is  still  md 
generally  for  street-lighting  contracts  whwe  a  flat  rate  per  lamp  per  year  is 
chari^.  It  is  also  used  to  a  limited  extent  ita  other  classes  of  buuness  where 
the  kdo watt-hours  used  can  be  definitely  determined  from  the  hours  at  which 
the  supply  is  turned  on  and  off  or  where  the  oonsumws  connected  load  is 
too  small  to  justify  a  met^.  It  is  also  used  to  some  extent  where  thoe 
is  no  check  upon  the  consumption  of  electricity  but  its  use  in  this  wajr  can 
hardly  come  under  the  head  of  scientific  rate  making  as  it  has  no  juatifiea- 
tion  on  economic  grounds. 

US.  The  itralffht-line  znetar  rftt«,  that  is  a  rate  under  which  a  uniform 
prioe  per  kilowatt-hour  is  charged  to  all  consumws,  regardless  of  the  quantitr 
used  or  the  oonditionsof  use,  was  at  one  time  popular  and  is  still  used  in  many 
placee  but  is  now  reooguised  as  being  utterly  unfair  because  it  takes  no 
account  of  the  great  differences  in  the  cost  of  serving  different  classes  of 
consumers.  The  reason  for  these  differences  is  ax^ained  later  under  the 
Two  Charge  or  Hopkinson  Rate  (Par.  IM).  In  effect  it  makes  aome  con- 
sumers pay  the  loss  incurred  in  the  supply  of  other  oonsumers.  Further- 
more it  has  a  very  dwarfing  effect  upon  the  growth  of  the  central-etatum 
business  because  of  the  impouibility  of  building  up  a  large  power  businea 
or  securing  large  customers  with  such  a  uniform  rate  in  vogue.  Failure  to 
secure  suon  consumers  means  that  the  exisUng  consumers  must  be  chaz^ged 
higher  rates  than  if  a  larger  business  were  conducted  by  the  central  station. 

IM.  The  block  meter  rata  and  the  it«p  meter  rata  have  been  u»ed 
to  a  considerable  extent  and  represent  an  unsueoeMful  attempt  to  adjust 
properly  the  cost  of  service  among  different  oonsumers  by  giviac  the  con- 
sumers of  a  large  number  of  kilowatt-hours  per  month  a  lower  |»ice  per 
kilowatt-hour  than  the  consumers  of  a  smaller  number  of  kilowatt-hours. 
These  two  ratee  are  bMed  upon  the  general  law  of  commerce  that  it  eosta  lea 
to  handle  large  or  wholesale  quantities  of  anjr  oommodity  than  to  handle 
small  retail  quantities.  Howevw.  these  rates  fail  to  take  into  account  certain 
factors  of  the  central-station  supply  business  which  affect  the  cost  of  service 
even  more  than  quantitjr*  as  explained  in  Par.  IM.  Thdr  principle  advaiH 
tage  is  that  they  are  easier  to  understand  than  some  of  the  rates  BaenUfically 
based  on  cost  of  service.  They  are  used  as  a  matter  of  expediency,  legu 
necessity  or  ignorance.  They  cannot  be  classed  as  scientine  rates  uimer 
the  coet-of-service  theory. 

ISI.  Hopkincon  two-eharge  rata.  Dr.  John  Hopkinson  in  an  addresa 
before  the  Junior  Enjsineering  Society  in  England,  1802,  appears  to  have 
been  the  first  to  publish  and  make  clear  a  thorough  analj^ais  of  the  various 
elements  which  should  go  to  make  up  a  rate  baaed  upon  the  cost  of  service. 
The  Hopkinson  method  of  estimating  rates  is  now  generally  recognised  by 
all  authorities  as  correct  where  ratee  are  to  be  based  on  cost  of  service. 
Various  modifications  and  refinements  of  Hopkinson^s  original  an^ysis  have 
been  introduced  from  time  to  time  as  mentioned  later.  The  Hopkinson 
rate  is  one  which  would  come  under  the  head  of  a  two-charge  rate  undo*  the 
foregoing  definitions. 

The  two-charge  or  Hopkinson  rate  is  based  on  the  facts  that  some  of  the 
costs  of  rendering  service  to  a  given  customer  are  fixed  annual  exi>ensea 
regardless  of  the  kilowatt-hours  actually  consumed  by  such  customu-, 
wmie  there  are  other  costs  which  vary  in  accordance  with  the  kilowatt-hours 
taken  by  the  customer.  As  a  simple  example,  take  a  consumer  who  makes  a 
maximum  demand  of  1  kw.  at  the  time  of  the  maximum  or  peak  load  on 
the  central-station  plant.  To  serve  this  consumer  a  generating  plant  and 
distribution  system  must  be  provided,  suflBcient  to  supply  that  1  kw. 
maximum  to  the  consumer.  To  accomplish  this  end  requires  a  certain  invest- 
K°eft  upon  whichinterest and  a  fair  profit  must  bepaid  continually,  and  upon 
which  depredation  is  continually  taking  plaoe.     lliere  are,  also,  other  minor 
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fixed  it«ms,  tuoh  aa  tazn  and  insuranoe,  which  are  deiwndent  entirely  upon 
the  siae  of  the  plant  and  which  go  on  continually  without  regard  to  the  kilo- 
wstt-houra  output  of  the  plant.  Such  fixed  chari^  are  evidently  propor- 
tional to  the  maximum  demand  of  the  cuatomer  without  any  regard  to  his 
oODBumption  of  electrical  energy.  If  we  find,  for  example,  that  the  cost  of 
the  power  statioD  and  distribution  system  per  kw.  of  maximum  load  ia 
S300^  then  that  consumer  who  reauiree  1  kw.  maximum  should  pay 
continuously,  per  month  or  per  year,  tne  interest,  profit,  taxes,  depreciation, 
insurance,  etc.,  upon  this  S300  investment.  This  should  be  paid  without 
regard  to  whether  he  usee  a  large  or  small  amount  of  electrical  energy  in 
kilowatt-hours,  because  the  investment  has  been  made  to  serve  him.  In 
addition  to  this  he  should  pay  a  meter  rate  or  charge  per  kilowatt-hour. 
This  latter  is  to  pay  for  the  variable  cost,  principally  fuel  and  labor,  which 
varies  according  to  the  output  of  the  station.  As  a  matter  of  fact  there 
are  some  labor  and  fuel  coeta  which  are  dependent  more  upon  the  peak 
load  of  a  station  than  upon  the  kilowatt-hours  output  and  some  authorities 
would  include  some  of  these  costs  in  the  fixed  yearly  or  mouthl^r  maximum 
demand  charge.  However  these  are  details  aside  nom  the  main  principle 
involved.  Plant  conditions  change  with  increasing  load  and  it  is  more  cus- 
tomary to  count  these  fuel  and  laoor  items  as  variable  in  proportion  to  the 
kilowatt-hours  output  than  as  charges  in  proportion  to  the  maximum  de- 
mand. We  see  then  that  the  cost  of  serving  a  customer  is  divided  into  two 
distinet  elements,  vis.,  maximum  demand,  and  kilowatt-hours,  which 
should  be  combined  in  making  up  a  rate.  The  dammnd  oharge  is  sometimes 
called  a  raadinaaB  to  Urre  charge. 

Following  up  our  specific  example;  in  the  case  of  the  customer  making  a 
maximum  demand  of  1  kw.  upon  the  system  at  the  time  of  maximum 
ayatem  load,  the  fixed  or  maximum  demand  charges  against  such  a  customer 
might  then  be  found  to  be  per  year  as  follows: 


Interest  and  profit  on  S300  per  kilowatt  plant  and  distribution 

system  investment  at  8  per  cent 

Taxes  and  insuranoe,  2  per  cent,  on  $300 

Depreciation  at  6  per  cent,  on  S300 

Total  fixed  annual  charges  per  kilowatt  demand 


S24.00 

6.00 

18.00 


$48.00 
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Fia.  5. — Typical  form  of  cost  curve  for  electrical  energy  supply. 
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We  will  assume  without  itetnixing  that  the  variable  expenses  such  as  labor« 
fuel,  etc. ,  amount  to  5  cents  per  k w-hr.  of  output.  That  is  to  say,  the  vari- 
able expensee  divided  by  the  kilowatt-hours  output  equal  5  cents.  We 
then  have  the  two  elements  of  the  cost  which  in  practice  are  either  billed  to 
the  consumer  as  separate  items  or  added  together  and  converted  into  a  charge 
per  kw-hr.  If  we  desire  to  determine  the  total  cost  of  the  two  charges  per 
kw-hr.  it  is  determined  by  taking  the  sum  of  the  maximum  demand  and 
kilowatt-hour  charges  and  dividing  this  by  the  number  of  kilo  watt 'hours 
used. 

The  cost  curve,  Fig.  5,  shows  the  sum  of  the  maximum  demand  and 
kilowatt-hour  charges  under  the  foregoing  assumptions  of  a  demand  charge 
of  $48  per  kilowatt  maximum  demand  plus  5  cents  per  kw-hr,  for  the 
equivalent  of  various  numbers  of  hours  use  per  year  of  a  1-kw.  maxi- 
mum demand.  It  will  be  noted  that  the  fixed  or  maximum-demand 
charges  constitute  a  very  large  proportion  of  the  total  when  the  electrical 
energy  is  used  but  a  short  time  per  day  or  per  year,  while  with  electrical 
energy  used  continuously  the  maximum-acmand  portion  is  relatively 
small  because  it  is  divided  among  a  large  number  of  kilowatt-hours.  This 
cost  curve  form  is  typical  of  all  cost  curves  for  electric  supply. 

In  order  to  overcome  the  objections  of  many  consumers,  especially  small 
consumers,  to  paving  a  6xed  maximum-demana  charge  per  month  regardless 
of  whether  any  electrical  energy  is  used  or  not.  it  is  common  practice  to  a^ 
complish  practically  the  same  ends  by  combining  in  some  way,  the  maximom- 
demand  and  kilowatt-hour  or  output  charges.  The  moat  common  method 
of  doing  this  is  to  charge  a  relatively  high  rate  pa*  kw-hr.  until  a 
given  consumer  has  used  enough  electrical  energy  per  month  to  pay  for  most 
of  his  maximum-demnnd  charges  plus  the  output  charges,  and  after  this 
amount  or  block  of  electrical  energy  has  been  used  to  make  a  much  lower  rata 
for  additional  blocks.  This  might  be  technically  designated  as  a  two-charge 
block  rate. 

IM.  The  Wiiffht  demand  rate  ia  such  •  two-charre  block  rate. 
Mr.  Arthur  Wright  put  such  a  rate  in  force  in  Brighton,  England,  and 
described  it  in  1896  before  the  Borough  Electrical  Engineers'  Convention. 
He  invented  a  simple  meter  for  measuring  the  consumer's  maximum  demand, 
which  has  been  extensively  used  on  Chicago  consumers.  This  meter  is  not 
used,  however,  in  the  majority  of  cases  where  a  two-charge  block  rate  is  in 
force. 

An  example  of  a  common  way  of  stating  such  a  Wright  demand  or  two- 
charge  block  rate  is  as  follows:  14  cents  per  kw-hr.  until  the  consumer 
has  taken  an  amount  of  electrical  energy  equivalent  to  30  hr.  use  per 
month  of  his  maximum  demand  and  7  cents  per  kw-hr.  for  idl  elec- 
trical energy  used  in  excess  of  aforesaid  amount.  Of  course  such  a  rate 
does  not  guarantee  to  the  central  station  a  minimum  payment  by  the  con- 
sumer per  month  sufficient  to  cover  the  fixed  maximum-demand  charges 
which  the  customer  should  jufitly  pay  but  in  practical  effect  it  provides  s 
sufficient  annual  revenue  in  the  great  majority  of  cases  to  cover  these  costs 
even  though  there  is  a  loss  on  some  consumers.  In  connection  with  any 
two-charge  rate  the  determination  of  the  consumer's  maximum  demand 
at  the  time  of  the  maximum  demand  on  the  central  station  system  becomes 
of  great  importance  and  this  is  discussed  later. 

1S7.  Doherty  three-charge  rate.  The  Doherty  rate,  proposed  by 
Henry  L.  Doherty  in  a  paper  before  the  National  Electric  Light  Association 
at  Chicago  in  1900,  differs  from  the  Hopkinson  rate  or  two-charge  rate  only 
by  the  addition  of  a  third  element  commonly  called  a  consumer  charge. 
The  Doherty  rate  is  thus  a  three-charge  rate.  In  Doherty's  analysis  of 
the  rate-making  problem  he  recognised  that  there  is  a  certain  fixed  expense 
per  consumer  without  regard  to  either  the  maximum  demand  or  the  kilo- 
watt-hours required  by  such  consumer.  These  are  the  expenses  of  bookkeep* 
ing.  meter  reading,  etc.,  which  are  practically  the  same  for  large  and  small 
oonsumers. 

IM.  The  demand  rate  with  no  meter  rate  In  conjunction  haa  Iti 
principal  application  in  sale  of  wholesale  power  from  some  hydrodectric 
plants  where  the  investment  and  operating  costs  are  fixed  or  constant,  re- 
gardless of  the  number  of  kilowatt-hours  used  per  year.  The  kilowmtt-hour 
output  in  some  cases  is  immaterial  to  the  owner  of  the  plant  and  the  sum  of 
the  simultaneous  demands  of  the  different  consumers  at  time  of  station  maxi- 
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mum  load  determinefl  the  amount  of  business  whioh  oan  be  carried  and  the 
consequent  groes  revenue.  A  demand  rate  in  effect  is  y&y  similar  to  a 
flat  rate.  The  only  difference  is  that  the  consumer's  maximum  demand 
instnkd  of  being  contract«l  for  in  advance  is  measured  continuously  and  can 
be  varied  by  the  consumer  from  time  to  time  without  violation  of  contract. 

in.  Demand  factor  or  the  mazlznnzn  demand  made  by  the  eon- 
■umer  is  determined  for  rate-making  purposes  in  various  ways.  The  most 
common  method  with  small  consumers  is  to  assume  the  consumer's  demand 
factor  orin  other  words  to  assume  that  the  consumer's  maximum  demand  is 
a  certain  percentage  of  the  connected  load.  Such  demand  factors  may  be 
determined  for  different  classes  of  consumers  by  test  of  a  sufficient  number  of 
consumers  with  maximum  demand  meters  and  the  results  of  such  testa  then 
taken  as  the  basis  of  assumptions  for  all  similar  consumers.  Such  a  method  is 
of  course  somewhat  inaccurate  but  it  avoids  the  investment  expense  of  a 
maximum  demand  meter  for  each  consumer;  whioh  is  an  important  item  with 
small  consumers.  Demand  factors  as  determined  by  varioua  authorities 
f<»'  some  claases  of  business  are  given  in  Par.  107  to  111. 

With  large  consumers  it  is  frequently  the  practice  to  measure  the  maxi- 
mum demand  for  a  comparatively  short  pmod  of  time  by  means  of  an  indi- 
cating instrument  inserted  at  times  of  greatest  load  and  assume  that  the  maxi- 
mum demand  thereafter  is  the  same  as  that  measured. 

140.  Mazixnum-demaad  metan.  In  the  Wright  demand  system  of 
charging  (Par.  ISO)  the  maximum  demand  is  detMmined  b^  a  Wrifhi 
demand  meter  kept  continuously  in  circuit  alongside  the  kilowatt-hour 
meter.  The  Wright  demand  meter  is  an  instrument  for  recording  the  maxi- 
mum current  which  has  passed  and  operates  by  the  expansion  and  pouring 
orer  of  a  liquid  by  the  heating  effects  of  the  current,  it  measures  maximum 
amperes,  not  kilowatts. 

A  printing  attachment  on  a  recording  watt-hour  meter  can  be 
arraiwed  to  print  at  regular  intervals  the  reading  of  the  meter  at  that  instant. 
The  aifference  between  two  succeeding  reading  divided  by  the  hours  elapsed 
between  readinss  ^ives  the  average  demand  m  kilowatts  between  readings. 
By  arranging  the  instrument  to  print  at  intervals  of  a  few  minutes,  peak 
loads  of  very  short  duration  can  be  measured.  Such  an  instrument  also 
shows  the  time  at  which  the  maximum  demand  is  taken,  thus  showing 
whether  at  the  time  of  the  maximum  load  on  the  system  or  not;  which  in 
some  cases  is  important  as  explained  later  in  connection  with  off  petik  or 
limited  hour  rates.     The  paper  rolls  need  be  removed  but  once  a  month. 

Watt-hour  meters  with  attachments  for  reoordlnc  *"****""«" 
demand  are  available,  such  attachments  depending  upon  the  torque 
exerted  upon  the  meter  at  any  instant;  this  torque  being  fffoportional  to 
the  maximum  demand. 

A  eurre-drawinff  watt-meter  which  draws  a  curve  of  the  load  upon  a 
roll  of  paper  is  sometimes  used  for  determining  maximum  demand  where  the 
meters  can  be  looked  after  with  sufficient  frequency.  It  ia  usually  con- 
sidered practicable  only  in  large  installations. 

141.  The  maximum  demand  in  the  case  of  residences  Is  sometliDes 
assumed  to  be  proportional  to  the  room  area  or  to  the  number  of 
certaii}  kinds  of  rooms  in  a  house.  This  is  sometimes  called  the  Detroit 
nstem,  having  been  first  used  in  America  at  Detroit.  Under  this  system 
toe  residence  consumer's  maximum  demand  is  assumed  to  be  a  certain 
number  of  watts  for  each  different  kind  of  room.  Not  all  rooms  are  counted 
as  only  those  rooms  termed  active  are  included  and  the  number  of  watta  (»er 
room  is  varied  according  to  a  schedule  believed  from  experience  to  corre- 
spond to  the  average  actual  demand  of  such  rooms.  While  such  a  method 
of  figuring  maximum  demand  would  appear  peculiar  at  first  sight  it  is  never- 
theless probably  as  fair  as  an  assumption  that  the  maximum  demand  is  a 
certain  proportion  of  the  connected  load.  Basing  assumed  maximum  de- 
mand upon  connected  load  in  a  residence  has  the  serious  drawback  that  it 
practically  puts  a  penalty  on  the  wiring  of  a  house  with  a  larfce  number  of 
cloeet  lights  and  similar  conveniences.  These  have  but  little  influence  upon 
the  maximum  demand  but  are  nevertheless  very  convenient  for  the  con- 
sumer and  have  much  to  do  in  persuading  him  to  use  electric  light.  Basing 
the  mazimum  demand  upon  the  active  rooms  in  a  house  or  upon  the  sise  of 
the  house  eliminates  this  unfairness  and  helps  to  cultivate  the  residence 
business. 
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la  England  the  tuubl*  (rfttoabto)  TAlne  of  a  rnidence  has  been  Ulcen  mm 
a  basis  for  the  sssumod  demand  in  a  few  oases. 

Whtfe  the  maximum  demand  is  assumed  rather  than  measured  it  is 
eustomary  in  residence  business  under  a  two-charge  block  rate  to  include  no 
eleotrio  heating  devices,  Tseuum  cleaners,  washing-machine  motors  and  the 
like  in  the  oonneoted  apparatus  counted  as  the  basis  of  maximum  demand. 
This  is  done  upon  the  theorv  that  such  devices  are  not  <vdinarily  used  during 
the  maximum  or  peak  load  of  the  station,  or  of  the  residence  distributioa 
system,  so  that  there  need  be  no  investment  or  maximum-demand  charge 
against  them.  The  practical  effect  of  such  a  policy  is  to  give  such  heating 
devices  a  low  rate  because  the  ordinary  residence  consumer  will  consume 
enough  electricity  for  lighting  to  exceed  the  primary  or  hish-rate  portion  of 
his  bul  so  that  eiectrioity  used  for  heating  and  other  housdold  conveniences 
comes  in  on  the  low-rate  portion  of  the  bill. 

141.  Acttye-room-iockat  laathod  of  6»tiin>ting  mKrimqm  demand. 
(GleYttland  method.)  A  furthor  modification  of  the  active-room  plan  of 
estimating  demand,  used  at  Clev^nd.  consists  in  counting  the  demand  as 
being  a  certain  number  of  watts  per  lamp  socket  connected  in  the  active 
rooms.     This  is  cidled  the  active-room-eocket  system. 

141.  XMTenity  of  znaximuin  demand,  affecting  tnTaatmant  cha 
8o  far  we  have  considered  only  the  simple  <»se  of  a  consumer  i 
maximum  demand  comes  at  the  same  time  as  the  peak  load  on  the  station  or 
system.  If  the  consumer's  maximum  demand  is  at  a  different  time  the 
problem  is  much  more  elaborate. 

The  maximum  demands  of  different  consumers  do  not  all  coincide  as  ex- 
plained in  Par.  IIS.  On  account  of  the  diversity  between  the  demands  of 
different  consumers  it  must  not  be  assumed  that  each  consumer  should 
be  charged  with  the  full  station  investment  per  kw.  corresponding  to  the 
maximum  kilowatt  demand  of  such  oonsumu*.  In  orda*  to  determine 
doBnitely  how  much  power-station  investment  should  be  charged  against  a 
given  consumer,  it  is  essential  to  know  the  diversity  facttn*  oetween  the 
consumer  and  the  power  station  or  the  maximum  demand  of  such  a  consumer 
at  the  time  of  the  maximum  load  upon  the  power  station.  As  far  aa  the 
power-station  sise  and  investment  is  concerned,  the  maximum  demand  of 
the  consumer  at  times  other  than  that  of  maximum  power-station  load  is 
immaterial.  Likewise,  to  determine  the  amount  of  feeder  inveetmoit 
which  should  be  charged  against  a  consumer,  it  is  essential  to  know  the  maxi- 
raum  demand  of  cerUun  consumers  at  the  time  of  the  maximum  load  upon  the 
particular  feeder  on  which  the  consumer  is  located.  The  same  process 
must  be  applied  to  mains  and  transformers. 

A  study  of  demand  and  divwsity  factors  is  therefore  eas^itial  to  scientifie 
rate  making  in  order  that  the  proper  rdative  amount  of  investment  be 
charged  against  a  given  class  of  consumer.  Demand  and  diversity  faetors 
are  given  id  Par.  106  to  118. 

IM.  To  determine  the  inveitment  which  ihould  be  charged  ac^inst 
the  eerrioe  of  a  given  consumer  the  method  of  applying  demand  and 
divenrity  factors  is  as  follows:  We  will  assume  the  case  of  a  consumer  with 
a  connected  load  of  10  kw.  We  will  also  assume  that  the  fi^owing  demand 
and  diversity  factors  have  been  found  to  apply  to  this  class  of  consupiers. 

(a)   Demand  factor  80  per  cent. 

ib>  Diversity  factor  consumers  to  transformers  70  per  oent. 

fc)   Diversity  factor  transformers  to  feeders  80  p«r  cent. 

(d)  Diversity  factor  feeders  to  power  station  bus  bars  00  per  cent. 

The  investment  required  for  various  parts  of  the  plant  to  aorve  this 
oonsumes*  will  then  be  as  follows: 

10  kw.  in  connected  load  X  80  per  oent.  demand  factor  ■■  8  kw.  maxi- 
mum demand  at  consumer's  service,  or  8  kw.  meter  investment. 

8  kw.  in  consumer's  demand  X  70  pra*  oent.  divwsity  factor,  consumer  to 
transformer  ■-6. 6  kw.  transformer  investment. 

5.6  kw.  in  transformers  X 80  per  cent,  diversity  factor,  transformers  to 
feeders* 4.48  kw.  feeder  investment. 

4.48  kw.  feeders  X  90  per  cent,  diversity  factor,  feeders  to  powcr-etatioa 
bus  bars  — 4.03  kw.  power-station  investment.  It  is  of  course  necessary  in 
such  an  analysis  that  the  ooet  of  the  various  parts  of  the  system  from  the 
power  station  to  the  consumer  be  known,  and  the  more  exact  such  aa 
analysis  of  cost  the  more  equitable  the  rates  that  can  be  calculated  there* 
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from.  It  is  not  however  ouBtomary  to  attempt  to  charge  each  consumer 
with  the  exact  feeder  investment  neoessary  to  serve  him.  Some  consumers 
are  a  considwable  diBtanoe  from  the  power  station  and  others  are  near,  and 
making  an  exact  analyais  would  oomplioate  matters  to  such  an  extent  that 
it  is  oustomary  to  take  the  complete  feeder  and  pole-line  equipment  reduced 
to  a  coet  pw  Kw.  of  demand  basis  and  to  charge  this  investment  equally 
among  all  consunLers. 

lis.  Ofl-p«ak  rates,  aomatlmu  e&lled  limited  rates  are  sometimes 
made  for  classes  of  business  where  the  maximum  demand  of  th6  consumer  is 
limited  to  certain  hours  of  the  day  so  that  all  or  a  large  portion,  of  the 
oonsumer's  load  is  turned  off  during  the  hours  of  maximum  central  station 
load.  In  thk  way  the  power  station  and  distribution  system  investment 
wbioh  is  installed  to  provide  for  the  demands-of  ordinary  oonsum^v  can  be 
made  to  do  double  duty  and  the  demand  charge  is  considerably  reduced. 
There  is  a  difference  of  opinion  among  rate  experts  as  to  how  much  of  the 
demand  charge  should  be  b<vnebythe  off-peak  consumer  in  such  cases. 
Some  argue  that,  inasmuch  as  the  station  and  meter  capacity  are  already 
installed  ttx  serving  the  peak-load  consumer,  it  is  proper  to  eliminate  a 
considerable  percentage  of  the  demand  charge  for  the  off-peak  consumer, 
because  the  power-station  capacity  service  supplied  to  such  a  customer 
is  in  the  nature  of  a  by-product  which  would  not  otherwise  be  utilised. 
The  general  practice  is  to  divide  such  charges  between  the  peak  and  the 
off-peak  consumers.  However,  in  cases  where  it  is  necessary  for  competitive 
reasons  to  remove  the  demand  charge  of  the  off-peak  consumers  in  so  far 
as  it  applies  to  investment  already  made  for  peak  consumers,  and  allow 
it  to  be  borne  altogether  by  the  peak  consumers,  the  by-product  theory  offers 
an  excM^lent  argument.  Further,  the  taking  on  of  such  off-peak  business, 
even  though  it  bears  but  a  small  percentage  of  the  maximum-demand  charge. 
increasee  the  net  income  of  the  company  and  assists  in  a  more  economical 
production,  so  that  ultimatdy  reduced  rates  can  be  instituted  for  all  con- 
sumers. As  a  general  policy  the  loaders  of  the  central-station  industry  as 
well  as  public  service  commissions  recognise  fully  that  any  rates  which  help 
to  increase  and  build  up  the  volume  of  central-station  business  help  ulti- 
mately to  reduce  the  coet  of  servioe  to  all  consumers. 

Ii6.  The  practical  devlAUons  of  ratea  from  tho  coit-of-Mrvica 
tbo<n7  are  necessarily  numerous.  It  is  not  feasible  to  determine  the  exact 
investment  required  to  serve  each  consumer.  Consumers  must  rather  be 
taken  by  classes.  Furthermore,  the  rate  per  kw-hr.  to  each  consumer  using 
electricity  but  a  few  hours  per  month  based  upon  the  cost  of  service,  would 
be  astomshingly  high.  If  the  rates  charged  on  this  business  were  based 
strictly  on  cost  of  service,  there  would  be  so  ,  much  public  protest  that 
both  central-station  companies  and  rate-i;egulating  commissions  apoarently 
have  concluded  that  it  is  best  to  allow  this  class  ofbusineas  to  be  taken  at  a 
loes  and  let  the  losses  be  made  up  by  other  consumers,  inasmuch  as  the 
gross  revenue  from  such  business  is  a  small  proportion  of  the  whole. 

147.  Limited- demand  flat  ratei  are  sometimes  used  for  small  residence 
lighting  where  it  is  desired  to  cut  out  the  expense  of  meter  investment. 
meter  readLngs  and  bookkeeping.  Such  rates  also  appeal  to  a  certain  class 
of  small  consumers  who  wish  to  know  definitely  what  their  lighting  bills  will 
be  per  month  without  the  uncertainty  of  a  meter.  One  trouble  with  flat 
rates  has  been  that  consumers  put  in  larser  lamps  or  other  devices  than  they 
contact  to  pay  for.  Under  tne  limited-demand  flat  rate  system  the  con- 
sumer is  served  through  a  limiting  device  of  some  sort  which  periodically 
interrupts  the  current  and  flioktfs  the  lamps  ^  whenever  the  contracted 
maximum  demand  is  exceeded.  The  oonsumw  is  thus  warned  to  turn  <^ 
One  or  more  lamps  and  prevented  from  using  an  excess  demand  over  that 
eontracted  for. 

The  limited-demand  flat  rate  has  some  of  the  disadvantages  of  all  flat 
rates  namely  that  consumers  waste  electrical  energy  by  keeping  lights  on  when 
not  needed.  Where  such  rates  are  in  use,  however,  this  tendency  is  some- 
what restricted  by  making  the  consumer  pay  for  lamp  renewals,  and  if  lamp 
renewals  are  sufficiently  expensive  there  »  some  incentive  to  turn  out  lamps 
when  not  needed  in  order  to  save:  renewal  costs.  However  such  flat  rates 
must  always  be  made  high  enough  to  allow  for  considerable  waste  on  the 
part  of  the  consumer.  The  principal  use  for  such  a  rate  is  in  the  supply  of 
Yvry  small  residences  where  the  cost  of  bookkeeping,  meter  reading  and 
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met«r  maintenftnoe  would  be  a  ooiiud«r«Ue  peroentase  of  the  total  monthly- 
bill.  A  very  common  rate  for  this  class  of  business  in  the  Unit«d  States  for 
small  residences  is  1  cent  per  watt  of  demand  per  month.  In  calculating 
such  rates  it  must  be  remembered  that  the  diversity  factor  of  this  elaas  of 
busineaa  as  expressed  in  per  cent,  is  higher  than  for  ordinary  resideaoe  busi- 
ness, because  when  service  is  supplied  through  a  meter  lamps  are  turned 
on  and  oCF  as  needed  by  the  various  consumers.  The  peaks  of  the  various 
consumers  thus  do  not  coincide.  Under  the  fiat  rate  ssrstem  there  is  likdy 
to  be  but  little  diversity  between  consumers  because  the  Uchts  are  left  on 
continuously  durins  the  evening.  The  maximum  demand  of  a  group  of 
such  flat  rate  consumers  per  kw.  of  connected  load  will  therefore  bo  con- 
siderably more  than  for  a  group  of  consumers  served  through  meters. 

148.  Batoi  for  anerffy  anpplled  for  power  purpoaaa  to  eleetrie 
motors  are  generally  lower  than  those  paid  for  eleotrio  lighting  purposes. 
The  scientific  juBtification  of  such  a  policy  is  usually  found  in  the  fact  that 
the  maximum  demand  for  electric  power  docs  not  coincide  with  the  maximum 
demand  for  electric  light  and  the  maximum  demand  for  electric  light  is  at 
the  time  of  the  maximum  demand  on  the  central  station  system.  The 
motor  load  is,  therefore,  to  a  certain  extent,  an  off-peak  business  even 
though  it  be  not  definitely  stipulated  in  the  contract  that  motors  are 
not  to  be  operated  during  the  i>eak-Ioad  hours  of  the  system. 

149.  Free  laxnp  ranewals.  Some  central-station  companies  Ki\'c  free 
lamp  renewals  of  certain  kinds  of  lamps  and  the  cost  of  lamp  renewals  is 
included  in  the  kilowatt-hour  lighting  rate. 

150.  A  minimum  bill  or  minimum  charir*  Ptf  montb  is  generally 
recogniicd  as  just  by  public  service  commissions  and  courts.  These  mim- 
mum  charges  are  in  the  nature  of  a  consumer  charge  to  cove-  the  cost  of 
meter  reading,  meter  and  service  maintenance  and  bookkeeping  and  to  serve 
aa  a  partial  offset  to  the  losses  which  inevitably  occur  under  most  rate 
schedules  where  the  conaumf^r  uses  electricity  but  a  short  time  each  month. 
Minimum  charges  arc  from  SI. 60  per  month  down  for  small  consumers  where 
such  charges  are  in  force.  Some  companies  have  no  minimum  charge,  be- 
lieving it  18  a  deterrent  to  some  would-be  consumers,  and  the  loss  on  some 
small  consumers  is  assumed  as  a  part  of  the  expense  of  developing  the  busi- 
ness, popularising  the  service,  and  securing  public  good  will 

161.  Bzampl«S  of  rata  aehodulei.  The  following  rate  schedules  are 
given  as  specific  examples  of  the  rates  defined  and  discussed  in  this  section. 
The  actual  figures  given  are  simply  selected  at  random  but  they  are  within 
the  range  of  ordinary  practice  and  a  number  of  the  rates  given  are  those 
actually  in  force  in  various  cities. 

Flat  rata.  One  dollar  per  month  for  each  50-watt  incandescent  lamp  or 
equivalent  in  commercial  service.  Fifty  cents  per  month  for  each  50-watt 
incandescent  lamp  or  equivalent  in  residence  service. 

nat  rate  for  street  lighting.  Seventy-five  dollars  per  arc  lamp  (type  of 
lamp  being  specified)  per  year,  operating  all-night  every-night  schedule,  or 
about  4,000  hr. 

Demand  rato.  Fifty  dollars  per  kw.  of  maximum  demand  per  year; 
the  maximum  demand  being  measured  by  a  ourve-drawing  watt-hour 
meter. 

Stralrht-Une  meter  rate.  Ten  cents  per  kw-hr.  for  all  electrit-al 
energy  used.      No  discounts  for  quantity. 

Consumers'  output  rate.  Six  cents  per  1,000  gals,  of  water  pumped. 
(In  such  a  cane  the  conditions  of  pumping  are  of  course  d^nitriy  known 
in  advance  of  the  contract.  This  is  a  form  of  rate  sometimes  used  for  water- 
works pumping.) 

Two-charge  rate  also  known  as  the  HopUnaon  rate.  Thirty-siz 
dollars  per  year  per  kw.  of  maximum  demand  plus  6  cents  per  kw-hr.  for 
electricftl  energy  consumed. 

Two-charge  block  meter  rate  with  measured  demand;  also  known  ss 
Wright's  demand  rate.  A  primary  rate  of  14  cents  per  kw-hr.  for  elec> 
tricity  u»(*d  up  to  nn  amntint  equivalent  to  or  less  than  the  first  30  br. 
w»p  per  month  of  the  maximum  demand,  and  a  secondary  rate  of  8  cents  per 
kilowatt-hour  for  additional  electrical  energy. 

Where  the  maximum  demand  is  not  actually  measured  the  following  is  a 
typical  form  of  expression  of  the  two-charge  block  meter  rate:  Primary  rate. 
14  cents  per  kw-br.  for  energy  used  up  to  an  amount  equivalent  to  or  Isss 
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than  the  first  30  hr.  lue  per  month  of  the  active  connected  load.  Secondary 
rate,  8  cents  per  kw-hr.  for  additional  energy  used.  (In  this  case  the  active 
oonaected  load  is  the  assumed  maximum  demand.) 

Where  the  active  room  plan  is  used  as  a  basis  of  eetimatins  manmum 
demand  of  residences,  the  following  is  an  example  of  one  metnod  of  esti- 
mating: multiply  the  number  of  rooms  in  the  house  by  0.04  kw.,  but  do  not 
count  oathrooma,  basements;  cellars,  porches,  stairways,  attics,  store  rooms, 
small  halls,  entrances,  woodsheds,  or  barns. 

niree-oharge  rate.  Six  dcllars  per^ear  per  consumer  (as  a  oonsumo* 
cluu'ge)  plus  S30  per  year^r  kw.  of  maximum  demand  (as  a  demand  charge 
sometimes  callea  a  readiness  to  serve  charge)  plus  6  cents  ptf  kw-hr.  for 
electrical  energy  used. 

Block  meter  rate.  For  the  first  250  kw-hr.  monthly  consumption, 
10  cents  per  kw-hr.;  for  the  next  250  kw-hr.  monthly^  consumption,  9  cents 
per  kw-hr.;  for  the  next  250  kw-hr.  monthly  consumption,  8  cents  per  kw-hr. 

Step  meter  rate.  For  the  first  250  kw-hr.  of  monthly  consumption  12 
cents  per  kw-hr.;  for  a  monthly  consumption  between  250  -and  500  kw- 
hr.,  11  cents  per  kw-hr.;  for  a  monthly  consumption  between  500  and 
750  kw-hr..  10  cents  per  kw-hr.  (Note  that  under  the  foregoing  schedule  a 
consumer  of  249  kw-hr.  per  month  would  pay  more  than  a  consumer  of  251, 
in  actual  dollars  and  cents.  There  is  evident  injustice  in  this  and  also  in 
the  fact  that  the  discount  is  applied  in  sharp  steps  rather  than  gradually.) 

in.  Disoounta  for  prompt  payment  are  sometimes  allowed  and  as  the 
majority  of  consumers  will  take  advantage  of  such  discount  the  rate  should 
be  adjusted  so  that  they  will  yield  the  owners  of  the  property  a  fair  profit 
after  the  discount  is  taken  off.  In  order  that  a  discount  for  prompt  payment 
may  be  legally  sustained  it  is  necessary  that  it  should  not  be  a  very  large 
discount.  About  10  per  cent,  is  common.  Discounts  in  excess  of  this  are 
in  danger  of  being  set  aside  by  courts  or  commissions  as  being  unfair  to  the 
consumw  who  does  not  take  advantage  of  the  discount. 

VALUATIONS  rOB  BATI-HAXINq  PUKPOSI8 

ISS.  Olasslfleatlon  of  purposes  for  which  Talnationa  are  made. 
The  laws  of  manv  states  where  public  service  or  public  utility  commissions 
have  been  created  for  the  purpose  of  public-utility  regulation,  provide  for  the 
valuation  of  public  utility  properties  for  purposes  of  establishing  reasonable 
rates.  The  toeorv  upon  which  these  laws  are  based  (although  it  is  not  alwajn 
expressly  so  stated)  is  that  of  allowing  the  investor  in  public  utility  propertiee 
a  fair  and  reasonable  rate  of  return  (interest  and  profit)  upon  his  investment. 

Valuations  made  for  rate-makyig  purposes  may  be  very  different  from 
valuations  made  for  other  purposes.  If  a  property  is  to  be  appraised  or 
valued  for  the  purposes  of  an  ordinary  business  purchase,  the  fundamental 
question  to  be  solved  is  the  probable  earning  power  of  the  property  both 
present  and  prospective.  In  valuations  for  rate  making^  however,  the 
earning  power  of  the  property  should  receive  no  consideration,  because  the 
earning  power  is  dependent  upon  the  very  rates  which  it  is  proposed  to  regu- 
late, ana  to  value  a  property  on  its  earmngs  would  defeat  the  entire  ena  in 
view. 

IM.  The  purpose  of  a  valuation  to  be  used  in  rata  maklnct  should 
be  to  determine  as  nearly  as  possible  the  actual  fair  investment  in  tibe 
property  to  the  end  that  rates  may  be  so  adjusted  that  a  fair  annual  return 
(interest  and  profit)  will  be  made  to  the  investor  upon  the  amount  invested 
in  the  property  after  all  expenses  are  paid.  If  this  end  were  kept  constantly 
in  view  many  of  the  disputes  and  discussions  in  connection  with  such 
valuations  would  be  obviated. 

If  the  actual  cost  of  a  public-utility  property  could  always  be  obtained 
from  the  construction  or  property  accounts,  the  problem  would  be  simple. 
However,  it  is  frequently  the  case  that  construction  costs  are  not  kept  in  such 
shape  that  they  can  be  accepted  unquestionably  by  the  appraiser.  It  may 
idso  happen  that  part  of  the  books  and  records  of  the  enterprise  is  destroyed 
or  unavailable.  In  any  case  the  engineer  making  the  valuation  must  be 
prepared  by  knowledge  of  other  plants  to  check  the  accuracy  of  any  figures 
submitted  to  him  or  even  to  value  a  plant  entirely  in  accordance  with  costs 
of  similar  plants  elsewhere  if  no  figures  whatever  are  available  on  the  actual 
cost  of  the  plant  under  consideration.  The  value  of  a  public  utility  property 
is  usually  classified  under  two  heads,  tangible  and  intangible. 
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IH.  TIm  tenglbU  phyitotl  propwtj  oan  be  seen  and  appraUed  by  as 

engineer  familiar  with  the  eoeU  ol  aimilar  plant  and  equipment  as  instaUad 
ready  to  run.  Aa  we  are  eeekins  for  the  actual  first  cost  of  suoh  plant  and 
equioment,  the  cost  of  building  the  plant  at  the  time  and  in  the  manner  in 
wnicD  it  was  actually  built  must  be  sought,  rather  than  the  cost  of  repro- 
duction of  such  a  plant  at  the  present  time.  In  this  connection  a  reasonable 
allowance  may  be  made  for  ever  present  mi^or  nustakes  in  oons^^cUon, 
and  the  coat  of  their  correction^  unless  such  mistakes  are  such  as  to  show  a 
lack  of  ordinary  good  business  judgment  or  management  on  the  part  of  the 
'  constouctor  and  investor.      Depreciation  should  be  deducted. 

IM.  Intanfible  valuea  are  those  not  represented  by  risible,  or  tancible 
physical  property.  They  are  a  prolific  source  of  controversy.  Keeping  in 
mind  the  fundamental  principle  of  allowing  a  fair  interest  and  profit  on 
actual  cost  of  a  property  we  see  that  under  intangible  value  should  be  in- 
cluded all  money  put  into  the  property  at  any  stage  of  its  development  for 
whatever  purpose,  from  whatever  source,  aftw  deducting  that  coming  undCT 
the  following  desoriptiona: 

(A)  Cost  less  depreciation  of  tangible  property  already  listed. 

(B)  Interest,  profits  or  dividends  paid  in  the  past  in  excess  of  a  fair  rate 
of  return. 

(C)  Money  invested  as  a  result  of  extravagance,  diahoneetyt  bad  manage* 
ment  or  lack  of  ordinary  reasonable  business  judgment. 

Note  that  if  these  deductions  are  large  enough  to  leave  no  intangible 
value  the  tangible  property  cost  leas  dqtreoation  becomes  the  fair  value 
upon  which  a  fair  return  should  be  paid.  In  such  a  case  the  owners  would 
either  have  had  the  amount  spent  on  intansibles,  including  an  amount  equal 
to  the  depreciation,  returned  to  them  in  dividends  or  the  intangible  value 
including  depreciation  would  have  vanished  through  dishonesty  or  bad 
management. 

Under  the  foregoing  method  of  arriving  at  intangible  value  (termed 
going'  value  by  the  Wisconsin  Commission)  the  investOTS  are  permitted  a 
return  on  mone^  put  into  a  plant  to  pay  operating  losses  befwe  ^tting  it 
on  a  paying  basis  as  well  aa  monev  put  into  permanent  i^lant,  providing  the 
money  was  honestly  and  carefully  spent  ae  Oefore  specified,  and  provided 
they  have  not  already  been  reimbursed  for  such  losses.  Manifestly,  to 
determine  such  intangible  or  going  valu^  an  investigation  must  be  made. 
not  only  of  present  conditions  out  of  the  financial  history  of  the  entenvise. 

Among  items  of  intangible  or  going  value  which  are  uurly  allowable  are 
discounts  on  sale  of  bonds,  notes  and  stock  and  all  reasonable  expenses  of 
financing  and  promotion^  and  interest  during  construction.  Sufficient  wtM'k- 
in^  capital  must  be  provided  to  pay  running  expenses  pending  the  collection 
of  income  and  a  fair  rate  of  annual  return  should  be  allowed  upon  such  wcvk- 
ing  capital  as  well  aa  upon  the  capital  permanently  inveeted  in  plant  and 
equipment. 

After  intangible  or  going  value  is  determined  it  may  either  be  figured  in 
aa  a  part  of  the  capital  upon  which  a  fair  interest  and  profit  shoula  be  per- 
petually earned,  or  it  may  not  be  figured  in  as  a  part  of  the  permanent  in- 
veutment  and  sufficient  net  earnings  may  be  allowed  the  investors  to  amortise 
or  wipe  out  such  intangible  or  going  value  at  the  end  of  a  period  of  years. 
Both  methods  are  in  vogue, 

187.  Treatment  of  depreciation.  In  snob  valuations  a  determination 
of  the  actual  depreciation  as  well  as  a  fair  depreciation  on  properties  of  this 
class  are  of  mucn  importance  for  the  following  reasons.  If  the  owners  have 
been  receiving  dividends  or  interest  in  excess  of  a  fair  interest  and  profit 
and  these  excess  dividends  were  taken  out  of  funds  which  should  have 
been  put  back  into  the  plant  to  make  up  depreciation  and  maintain  the 
property  is  an  unimpaired  condition  which  would  represent  full  security 
for  the  capital  invested,  auch  excess  dividends  should  be  deducted  from  the 
valuation  of  the  plant,  because  this  amount  of  value  has  already  been  re- 
turned to  the  owners.  Depreciation  due  to  gross  carelessness  or  neclect  or 
miamanaKement  will  not  ordinarily  be  allowed^  but  a  fair  rate  of  deprecia- 
tion should  be  allowed  and  set  aside  or  spent  in  renewals  and  if  the  enter- 
prise has  not  been  able  to  earn  enough  to  pay  such  fair  depreciatioo  |Jus 
a  fair  profit  under  reasonably  good  maniwement  any  such  deficit  can  be 
reasonably  put  in  as  a  part  of  the  intang^le  or  going  value  of  the  plsAt. 
In  other  words  depreciation  is  simply  one  of  the  expenaee  of  the  op^ation 
which  should  be  recognized  and  provided  for,  even  though  i>art  of  it  ia  not 
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pft^able  until  somo  time  in  the  future  (see  Par.  4S).  If  the  earninsB  in 
the  paet  here  not  been  sufficient  to  pay  ail  such  expenses  and  a  loss  has  re- 
sulted from  operation,  suoh  losses  should  be  included  in  intangible  or  going 
ralue  after  making  the  proper  deductions  as  stated. 

IBS.  The  per  cent,  upon  the  tnveatment  whleh  a  pubUe  atlUtr  !■ 
allowed  to  earn  as  a  fair  and  reasonable  annual  intwest  and  profit  upon  its 
value  as  taken  f<w  rate-m^dng  purposes  is  a  matter  for  commissions  and 
courts  to  decide  in  accordance  with  the  prevalent  or  market  interest  rate 
upon  investments  in  sindlar  securities.  Public  utility  securities  must  com* 
pete  in  the  financial  market  with  other  securities  or  they  will  not  be  sold. 
These  are  financial  rather  than  engineering  questions,  but,  since  the  engineer 
must  frequently  deal  with  them  in  the  course  of  his  business,  the  following 
points  are  given  as  presenting  current  practice. 

Where  part  of  the  money  to  pay  for  the  construction  of  a  plant  is  raised 
by  a  bond  issue,  it  is  customary  to  sell  the  bonds  at  a  discount  below  par,  a 
part  or  all  of  wnieh  discount  if  taken  by  the  bond  broker  as  his  eomnussiott 
for  finding  purohas««  for  the  bonds.  As  the  bonds  must  be  redeemed  at 
par  when  they  are  due,  the  discount  ui>on  the  bonds  must  be  added  to  the 
total  annual  interest  paid  on  the  bonds,  in  order  to  determine  the  actual 
^tinyttl  cost  to  Uic  pubUc  Utility  for  the  use  of  the  money.  This  is  a  point 
sometimes  overlooked  in  figuring  the  fixed  charges  which  a  public  utility 
must  carry.  The  principal  question  is  to  determine  what  rate  of  interest 
and  profit  a  public  utility  must  pay  after  discounts  or  commission  on  sale 
of  securities  are  included.  It  is  not  a  question  of  theory  but  of  market 
conditions. 

Mr.  Halford  Erickson  member  of  the  Railroad  and  Public  Service  Com- 
misaion  of  Wisconsin  in  a  public  address  1914  (see  Bibliography)  gives  the 
following  figures  as  to  rates  actually  paid  by  public  ututties  for  money: 
Ten  representative  first  mortgage  boncf  issues  covoini^  electric-lighting  and 
street-ridlway  plants,  brought  out  in  1Q13  and  bearing  interest  at  A  per  cent, 
on  par  value,  were  placed  on  the  market  at  prices  at  which  they  would  yield 
the  investor  an  income  of  from  6  to  6  per  cent.  The  cost  to  the  issuing 
company  of  obtaining  this  capital  amounted  to  from  1  per  cent,  minimum 
to  over  11  per  cent,  maximum  for  discount  and  about  3  per  cent,  for  sdUng 
expenses.  The  total  average  was  about  6.2  per  cent.  During  the  same 
period  10  representative  second  mortgage  bond  issues  covering  gas,  eleotrio- 
ughting,  and  railway  plants,  bearing  interest  at  5  per  cent.,  were  offered 
at  prices  that  would  net  investors  an  income  of  6  to  6.2  per  cent.  On  these 
issues  the  discount  varied  from  1  to  over  12  per  cent,  ana  the  selling  expense 
stood  at  about  3  per  cent.  The  total  cost  to  the  companies  for  this  financing 
ranged  from  5.3  to  about  7  per  cent.,  the  average  being  about  6.4.  per  cent. 
Twdve  note  issues  were  offered  to  the  public  at  prices  which  placed  them 
upon  a  6.2  per  cent,  income  basis  to  the  investors.  When  the  discounts 
and  selling  exi>enses  were  taken  into  account,  the  cost  to  the  companies  of 
the  bonds  thus  obtained  was  found  to  be  about  9.4  per  cent,  per  annum. 
In  this  case  the  discounts  ranged  from  less  than  1  to  about  2.34  per  cent. 
The  aelling  costs,  however,  were  rather  heavy  since  they  appear  to  have 
ranged  from  about  5  to  over  8  per  cent.  Five  preferred-stock  issues  were 
sola  on  a  basis  whose  average  yield  to  the  investor  was  about  7.3  per  cent. 
I^oe  the  discounts  varied  from  3  to  12.5  per  cent,  and  the  selling  expense 
abo  had  to  be  met,  the  cost  to  the  companies  was,  of  course,  much  greater 


than  the  prioe  to  the  public.  For  about  40  plants  in  Wisconsin  whose  ap- 
praised value  varied  from  about  120.000  to  about  $2,000,000  per  plant,  the 
bonds,  when  discounts  and  selling  expenses  are  included,  have  of  late  years 


been  selling  at  prices  under  which  the  cost  of  financing  on  the  plant  ranges 
from  about  5.5  to  fully  0.5  per  cent,  per  annum.  In  these  cases  the  bonds 
covered  from  50  pw  cent,  to  more  than  85  per  cent,  of  the  values  of  the  plants 
and  their  business,  wliile  the  net  earnings  of  the  plant  did  not  amount  to 
less  than  twice  as  much  as  the  interest  on  the  bonds. 

In  further  explanation  of  Mr.  Eriokson's  figures  it  should  be  said  that 
this  is  in  a  state  where  most  of  the  public  utility  companies  are  protected 
from  competition  as  a  recompense  for  commiasion  regulation  of  rates  and 
serriee,  and  that  such  securities,  therefore,  would  present  to  the  investor  the 
minimum  amount  of  hasard  to  be  found  in  public  utilities  of  any  given  sixe. 
Mr.  Erickson's  figures  probably  represent  minimum  interest  rates  obtainable 
by  the  public*utnity  properties  in  the  United  States  of  the  kind  and  at  the 
times  stated. 
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Abbreviations,    eleotrioal    engineer- 

ins,  (24)  9a 
Acoelerstion,     angular,     definition, 
•ymbol,  unit,  (1)  36. 

definition,  (16)  31. 

energy  calculations,  (16)  88. 

linear,    definition,    symbol,    unit, 

(1)  33. 
ships,  (18)  6. 

train,  efficiency.  (16)  95. 
limits.  (16)  69. 
problem,  (16)  40. 
Aoeuraoy,     stream     measurements, 
rod  floats,  (10)  645. 
watt-hour  meter,  (3)  211,  224. 
Aoeto-oeUuloee,  dielectric  strength, 
(5)  159. 
power-factor,  (S)  159. 
speeifio    inductive    capacity.    (5) 
159. 
Acheson  furnace,  (19)  95. 
Acid  elements,  thermo-ehemical  eon- 
stanU,  (19)  183. 
radicals,     tfaermo-chemical     con- 
.  stants,  (19)  182. 
Acids,  decompoeition  voltage,  table, 

(19)  177. 
Adhesion  coefficient,  (10)  26. 
Admittance,  connections,  equations, 

(2)  173. 

definition,  sjrmbol,  unit,  (1)  66. 
Aetna,  dielectric  strength,  (4)  310. 
properties,  (4)  310. 
tensile  strength,  (4)  310. 

cUwiing,  (10)  732. 

and  eooUng,  (7)  137. 
composition,  (4)  436. 
eompressors  (see  oompressors), 
oonductivity,  thermal,  (4)  368. 
dielectric  strength,  (4)  367. 
insiUating  properties,  (4)  367. 
meters,  (3)  413  to  419. 
specific  heat,  (4)  437. 
temperature,  (4)  435. 
washer,  (10)  732. 
washing,  (7)  138. 
Ajaz  properties,  (4)  347. 


test- 


(19) 


Alarms,  fire,  (21)  135. 

Solice,  (21)  140. 
en  dynamometer  turbines, 

ing,  (10)  713. 
Alloys, 

ferro,  (10)  131. 

fusible  composition,  (4)  144. 
melting-point  table,  (4)  144. 
Alozite.  general  data,  (19)  122. 
Alphabet,  Greek,  (1)  153. 
Alternators  (see  generators). 

defintion,  (24)  134. 

inductor  definition,  (24)  130. 

life  expectsney,  (10)  900. 
Altitude  eSeet  on  temperature, 

166. 
Alumina,  oonductivity,  heat, 

84. 
Aluminum, 

atomic  weight.  (10)  170. 

commercialgraaee,  (4)  80. 

composition.  (4)  81. 

oompreesive  strength,  (4)  399. 

conductivity,    thwmiat,     (4)     98, 
399. 

conductors  (see  conductors). 

density,  (4)  83.  399. 

elastic  limit,  (4)  93. 

electroMihemiaal  eqiUvalent,    (19) 
170. 

electrolytic  reduction,  (19)  246. 

elongation,  (4)  95. 

expansion,  temperature  coefficient, 
(4)  91,  399;  (11)  104, 

fuung  euirent,  (4)  145;  (12)  133; 
(13)  47. 

general  properties,  (4)  79. 

methods  of  working,  (4)  82. 

modulus  of  elasticity,  (4)  90. 

plating  upon,  (19)  204. 

reajsUvity,  electric,  (4)  84. 

resistivity,    electric     temperature 
coefficient,  (4)  85. 

skin-effeot.  table,  (12)  41. 

specific  heat,  (4)  97. 

stress-strain  diagram,  (4)  94. 

tensile  stren^h,  (4)  92,  399. 

wires,  (see  wires). 
Aluminum-cell  lightning    arresters, 

(10)  862. 
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AJundom,  ganenl  data,  (10)  131. 
Ambtoin, 

compreniTs  itrength,  (4)  Sll. 

density,  (4)  311. 

dielMtru  itrensth,  (4)  811. 

maziznuzn  tamperatura,  (4)  311. 

propertiea,  (4)  311. 

tensile  itrencth,  (4)  311. 
American  Steel  a  wire  Company, 

ga^  definition,  (4)  IS. 
Amenean  wire  gase  basis,  (4)  14. 

definition,  (4)  13. 
Ammeters,  a.  a.,  (3)  100. 
eoat,  (10)  824.    r 

calibration,  (3)  98. 

oonstant-euTTent,    series,   nfitoh- 
boards,  (10)  704. 

definition,  (24)  231. 

eleotria  vehicles,  operstioi>,(17)  07. 

precision,  (3)  5. 

recordinc,  definition,  (24)  231. 

switchboard,  (3)  02. 

temperature  errors,  reduotloD,  (3) 
05. 

Weston,  (8)  91. 
Ammonia  recovery,  gas  plants,  (lOX 

540. 
Amortisseur  windings,  (see  damper). 
Amortisation,  (25)  08. 
Ampere-hour  meters,  (8)  227  to  231. 
electric  vehicle  operation,  (17) 

69. 
eleotrochemical,  (3)  220. 
electromotor  type,  (3)  231. 
Amplitude  factor,  definition,  (2)  200. 

various  waves,  (2)  208. 
An^e,    plane,    definition,    symbol, 

unit,  (1)  34. 
Angles,  right  spherical,  (I)  131. 

solid,  table,  (1)  131. 
Anions,  typical,  (10)  142. 
Annual  charges,  classification,  (25) 

20. 
Annuities,  definition,  (25)  28. 

formula,  (26)  24. 
Antenna,  (21)  268. 

capacity,  (21)  278. 

directive,  advantages,  (21)  806. 
Marconi,  (21)  307. 

energy  rating,  (21)  271  to  274. 

excitation,  (21)  279. 

ground  connections,  (21)  283. 

radiation  resistance,  (21)  276,  277. 

reodving,  (21)  284. 

wave  length,  (21)  275. 
Anthony  Mdge,  (3)  110. 
Antimony, 

atomic  weight,  (19)  170. 

electrochemical   equivalent,    (10) 
170. 

resistivity,  dectrie,  (4)  138. 

temperature  coefficient,  (4)  138. 
Apparatus  electrical,! nduction  sta- 
tionary, definition,  (24)  200. 


Appntel,  (sea  valuation). 
Arc  outting,  (22)  60. 

deetrio,  (14)  84. 

(umacea,  (seefurnaoee). 

lighting  mercury-vapor  reetifisah 

metalUe  natore,  (14)  108. 
wddioc,  (see  wdding). 
Area,  deCmtion,  symbol,  omt,  (1)  27, 
Argon,  atomio  wdght,  (10)  170. 
dectroehamieal   •qnivalsnt,    (10) 
170. 
Armalao  properties,  (4)  347. 
Armature,  armaturss, 
copper  loss,  oalenlatian,  (8)  ISO. 
oore,  heat  oondnotion,  (^  121. 
d.H).,  240-volt  insulation,  examplst 
(8)  107. 
650-volt    insulation,    inramplw, 

(8)  108. 
design,  proeedure,  (8)  07. 
diameter  relation  to  gap  den- 
sity, (8)  02. 
e.m.f.  equation,  (8)  00. 
output  equation,  (8)  SO. 
reactance  voltam,  (8)  43. 
formula,  (8)  45. 
heating  converters,  synebronous, 

losses,  synehronons  machines,  (7) 

reactions,  (8)  30  to  35. 

oonvertars,  synchronous,  (0)  14. 
dynamotors,  (9)  127. 
resistance  measurements,  (8)  301. 
windings,  (also  see  windincs). 
d.-«.,  equaliseis,  (8)  10. 
general,  (8)  18  to  20. 
Oramme  tug,  (8)  13. 
pitchy  (8)  31. 
shop  instruetiona,  (8)  SO. 
turbo-generaton,  (8)  27. 
types,  (S)  14. 
heating,  (8)  124. 
temperature  Badienta,  (8)  120. 
troubles,  (8)  851. 
Army,   uaea  of  deotrieity,   biUiog- 
raphy,  (g2)  1*4. 
general,  (22)  134. 
Arnold  motor,  (7)  300. 
Arresters,  choke  coils,  (10)  852. 

cost,  (10)  808. 
ArBenic,  atomic  weight,  (10)  170. 
dectroohemioal   equivalent,    (lO) 

170. 
resistivity,  deottle,  (4)  138. 
temperature  coemdent,  (4>  138. 
Asbestos, 
oonduotivitar,  thermal,  (4)  308. 
insulation  for  macnet  wires,  (4) 

301. 
molded  with  binder  eompresdve 
strength.  (4)  813. 
dendty,  (4)  818. 
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Aibeitos,  molded — oontinued. 

dielectrio  ■trength.  (4)  313. 
msximam  t«mp«rature,  (4) 

313. 
properties,  (4)  313. 
redstivity,  dectric,  (4)  313. 
tensile  strength,  (4)  313. 
properties,  (4)  264. 
Asbestos-mics, 
(Uelectrio  strength,  (4)  312. 
maximum  temperature,  (4)  312 
properties,  (4)  312. 
tensile  strength,  (4)  312. 
Asbeetoe-tapes,  (4)  308. 
Asbestoe-wood, 

ebony,  (see  ebony), 

Eroprrties,  (4)  314. 
■ansite,  (see  transite). 
Ash,  ashes, 

conveyors,  (10)  146. 
handling  (10)  139  to  162. 

machines,  depreciation,  (10)  898. 
plant,  cost,  (10)  914. 
Ashcroft  sodium  process,  (10)  249. 
Anhalt,  density,  (4)  349. 
dielectrie  constant,  (4)  349. 
dielectrio  strength,  (4)  349. 
properties,  (4)  349. 
Atkinson  repulsion  motor,  (7)  292. 
Atomio  woifbt  of  elements,  (4)  432. 
Air,  composition,  (4)  436. 
Attenuation  constant,  (21)  182. 
Atwater-Mahler     calorimeter,     (3) 

388. 
Autooonverter,  (9)  124. 
Automobile,  automobiles, 

auxiliaries,  storage  batteries,  (20) 

135. 
cranking  tests,  (22)  79. 
electric,  (see  Tehioles). 
gas-eleotrio  equipment,  (22)  67  to 

97. 
gasoline    performance    compared 
with  electric,  test,  (17)  88. 
maintenance  cost,  (l7)  90. 
ignition  systems,  (22)  91  to  97. 
lighting  systems,  (22)  86. 
starters,  electric,  (22)  73. 
wiriog  systems,  (22)  84. 
Auto-transformers,        (see       trans- 
formers), 
distribution,  (12)  124. 
Avogadro's  law,  (10)  6. 
Ayrton-Perry  inductance  standards, 

(3)  241. 
Ayrton  shunt,  (3)  30. 


Bakelite, 

bibliography,  (4)  317. 
compressive  strength,  (4)  317. 
oonduotivity  thermal,  (4)  368. 
density,  (4)  317. 


Bakelite — continued. 

dielectric  constant,  (4)  317. 
dielectric  strength,  (4)  317. 
expansion,  temperature  ooe£Beient, 

li)  317. 
properties,  (4)  317. 
tensile  strength,  (4)  317. 
Bakelixed  paper,  dielectric  strength, 
(6)  1 59. 
power-factor,  (5)' 159. 
specific  inductive  capacity,  (5) 
159. 
Baking,  electric,  cost,  (22)  33. 
Balance  coils,  (6)  176. 
Balance  factor,  definition,  (2)  216. 
Balancer,  d.-c.,  definition,  (24)  106. 

sets,  (8)  224. 
Balbach     process,     silver    refining, 

(19)  213. 
Ballistic  differential  galvanometers, 
(3)  18 
galvanometers,      (see    galvanom- 
eters). 
Bar  mills,  definition,  (15)  240. 
Barium,  atomio  weight,  (19)  170. 
electrochemical    equivalent,    (10) 
170. 
Barreter,  (3)  40. 
Bases,  decomposition  voltage,  table, 

(19)  177. 
Battery,  batteries, 
for  automobile  starters,  (22)  74. 
charging  a.c,  sources,  (17)  77. 

rheostats,  (see  rheostats), 
chromic-acid,  (20)  22. 
internal  resistance  measurements, 

(3)  142. 
primary,  (20)  1  to  42. 
Bunsen,  (20)  21. 
carbon,  (20)  27. 
classification,  (20)  17. 
Daniell,  (20)  18. 
definition,  (20)  1. 
dry,  construction,  (20)  30. 
definition,  (20)  29. 
life,  (20)  34. 
teats,  (20)  35. 
Edison  I.nlande,  (20)  26. 
e.m.f.  calculation.  (19)  61. 

equation,  (20)  10. 
gravity,  (20)  19. 
Grove.  (20)  21. 
Leclanch6  (20)  25. 
local  action,  (20)  9. 
poles,  (20)  2. 
Batteries,  storage,  (20)  43  to  232. 
alkaline,  (20)  210  to  232. 
boosting  charges,  (17)  64. 
charging  curves,  (20)  218. 
classification,  (20)  210. 
depreciation,  (20)  232. 
dtacharging  curves,  (20)  219. 
operation.  (20)  226. 
temperature  effect,  (20)  222. 
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Batterias,  storue— continued, 
toitinc,  (20)  224. 
theory,  (20)  213. 
applioationa,  (20)  16S-177. 
automobiles,  auxiliary,  (20)  135: 

(22)  87. 
bibliography,  (20)  233. 
booiteri,  (20)  149  to  167. 
capaoity  definition,  (20)  48. 

teating,  (20)  102. 
eall  iwitohee,  (20)  IBS. 
oharciag,  initial,  (20)  193. 
methoda,  (22)  08. 
motor-gcneratora,  (17)  79. 
ratea,  (20)  190. 
■•ts,  (S)  338. 

aynohronoua  oonTertera,  (17) 
78. 
olaaaifioaUon,  (20)  45. 
ooil,  (20)  180. 

aounter-«.m.{.  cells,  (30)  148. 
definition,  (20)  43. 
depreciation,  (10)  898. 
•conomics,  (20)  195  to  209. 
electric  vehicle,   (17)  82  to  S6; 
(20)  118  to  129. 
depreciation,  (20)  204. 
electrolyte,  (20)  78. 

quantity,  calculation,  (20)  79. 
e.m.f.  equation,  (30)  65. 
e.m.t.  test,  (20)  68. 
end-cell  ■  witches,  (12)  79. 
(arm  lighting  plant.  (20)  173. 
floating  on  line,  (20)  166. 
freeiing,  (22)  69. 
hydrometer,  (20)  84. 
isolated  plant,  (20)  169 
lead,  charge  and  discharge  curve, 
(20)  U3. 
depreciation,  (20)  65. 
electric  vehicle,   (20)   118  to 
129. 
boosting  charges,  (17)  64 
construction  (20)  122 
plate    dimensions,     (20) 
119 
performance,  (20)  129. 
•iMitroIyte,  (20)  83. 
^avity  table, J20)  86. 


impurities,  (20)  93,  96. 
testing,  (20)  99. 
water  supply,  (20)  95. 
Mparators,  ^0)  109. 
specific  gravity  table,  (20)  86. 
stationary  depreciation,  (20) 

198. 
temperature  coefficient,  (20) 

116. 
train  lighting,  (20)  130  to  134. 
life  expectancy,  (10)  900. 
load  regulating,  (20)  166. 
locomotive,  (20)  176. 
Manchester  positive,  (20)  71. 
operating  equipment,  (20)  161. 


Batteries,  storage — sontinued. 
operation,  (20)  178  to  194. 
ovareharn  periodic,  (20)  181. 
jieak-load  service,  (20)  168. 
plates  box  type.  (20)  74. 

buekling,  (20)  68. 

e«nt«r-web  type,  (30)  70. 

oonstruction,  (20)  313. 

grids,  (20)  73. 

ironclad,  (20)  75. 

pasted  types,  (20)  63. 

Flant«  V.S.  pasted,  (20)  77. 

polarity  definition,  (20)  46. 

Tudor  type,  (20)  69. 
poww-plant  reserve,  (20)  170. 
rectifier    charging  equipments, 

(6)  280. 
rooms  dedgna,  (20)  138  to  146. 
stand-byTlsO)  171. 
sUtionary,  (20)  106. 

dspreciation,  (20)  196. 

installation,  (20)  111. 

life,  (20)  197. 
street  cars,  (20)  175. 
telephone  exchanges,  (20)  172. 
temperatures    operating,     (20) 

184. 


testing,  (20)  101  to  103. 
u  ughtin 
(22)  397. 


train  Ughting,  (20)  130  to  134; 


use  in  substations,  (12)  77. 
voltage  regulation,  (20)  147  to 

160. 
windmill  operation,  (22)  178. 
train  lighting,  (20)  130,  308. 
transmitter,  (21)  18. 
Battleships  propulsion,  (18)  48. 
Bauxite,    conductivity,    heist,    (19) 
84,  86. 
resistivity,  heat,  (19)  86. 
Basin's  formula,    water  flow,    (10) 
629. 
weir  formulas,  (10)  615. 
Beams, 
bending  moment  calculation,  (23) 

7 
calculations,  (23)  9 


cantilever  design,  (23)  8. 
•    •wii.(2S)  12. 
reinforced    allowable 


(23) 
deeig 


concrete,  design 


17. 
leeign.  (23)  13  to  17. 
meohanics,  (23)  3  to  17. 
steel,  safe  stresses,  (23)  10. 
various  daseea  dedgn,  (23)  8. 
mathematical  properties,  (23) 
8. 
wood,  safe  stresses,  (23)  11. 
Beardsley's  formula,  water  flow,  (10) 

628. 
Bearinn,  engines,  lubrications,  (10) 

friction,  determination,  (24)  450, 
loss,  oalonlatioB,  (8)  140. 
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seneraton,  (8)  98. 

fonea.  (7)  lie. 

lubrioation,  (7)  143. 

unbalaneea  magnetic  pull,  calcu- 
lation. (8)  i^r 

water  cooled,  (7)  143. 
Beoketein  photometor,  (14)  284. 
Beekmann  thermometer,  (3)  343. 
Beeswax,  density,  (4)  355. 

dielectric  atrensth,  (4)  358. 

melting  point,  (4)  356. 

reaiativity,  eleotno,  (4)  356. 
Beet-flugar  inilla,  motor  applications, 
(16)  373  to  382. 
power  requirements,  (16)  373. 
Bellini  directive  antenna,  (21)  300. 
BeU,  bells, 

ringing,  transformers,  (6)  200. 

telephones,  (21)  24. 
resistance,  (21)  25. 
Belting  classification,  (23)  35. 

depreciation,  (10)  898. 

design,  (23)  37. 

power  transmitted,  (23)  36. 

splicing,  (23)  39. 
Belts,  differential  factor  definition, 
(7)  28. 

leather,  tensile  strength,  (4)  430. 
weight,  (4)  430. 


Bench  boards,  types,  (10)  835. 
Benolite  properties,  (4)  347. 
Berthelot  calorimeters,  (3)  388. 


Betts  process,  lead  refining,  (19)  217. 
Billet  mills  definition,  (15)  240. 
Billitor-Leykam  cell,  (19)  233. 
Birkeland-Eyde     nitrogen    process, 

(19)  260. 
Birmingham  gage  definition,  (4)  16. 
Bismuth,  atomic  weight,  (19)  170. 

eleotroHihemioal  equivalent,  (19) 
170. 

refining,  electrolytic,  (19)  222. 

resistivity,  elecmo,  (4)  138. 
temperature  coefficient,  (4)  138. 
Bitumen,    dielectric    strengtii,     (4) 
350. 

properties,  (4)  350. 
Black-body  definition,  (3)  359. 
Blasting  electric,  (22)  153. 
Bleaching    liquor,  electrolytic    pro- 
duction, (19)  240. 
Bleeder  turbines,  (10)  243. 
Blooming  mills  definition,  (15)  240. 
Blondel  diagram  synchronous  motor, 
(7)  70. 

loading-back  methods,  (8)  264. 

lumeter,  (14)  279. 
Blowers,  characteriatiog,  (15)  187. 

cost  (10)  111. 

definition,  (16)  186. 

motor  applications  (15)  186  to  205. 

power  requirements,  (15)  287. 

pressure  calculation,  (10)  106. 


Boilers, 
air  leakage,  (10)  23. 
B.  &  W.  setting,  (10)  7. 
chimney,  (see  chimney), 
classification,  (10)  7. 
cleaning,  (10)  64. 
oorroeion,  (10)  48. 
coat,  (10)  910,  914. 
deiveciation,  (10)  898. 
design  general,  (10)  29. 
draft  mechanical,  (10)  106  to  113. 
cost,  (10)  111. 

natural,  (see  chimneys), 
evaporation  calculation,  (10)  19. 
exceas  air,  (10)  23. 
feed  water,  (see  feed  water), 
field-tube,  (10)  10. 
lire-tube,  (10)  8. 

cost,  (10)  60. 
flash,  (10)  11. 
flue  gas,  (see  Sue  gas), 
furnaces,  (see  furnaces), 
gage  glasses,  (10)  39. 
heat  transformation,  (see  heat), 
heat  transmission  coefficient,  (10) 

4. 
heating    surface    definition,    (10) 

14. 
horixontal    return-tubulars,    (10) 
28 
setting,  (10)  6. 
horse-power,  value,  (10)  18. 
installation  cost.  (10)  57,  010. 
insurance,  (10)  63. 
life  expectancy,  (10)  900. 
losses,  (10)  20. 
manholes,  (10)  41. 
pressure  measurement,  (10)  45. 
safety  plugs,  (10)  47. 
Scotch  marine  setting,  (10)  6,  28. 
settings,  (10)  30. 

cost,  (10)  68. 
Stirling  setting,  (10)  9. 
temperature    measurement*    (10) 

testing,  (10)  415. 

heat  balance,  (10)  418. 

water  weighing,  (10)  437. 
water-tube,  (10)  9. 

coat,  (10)  67. 

rating,  (10)  28. 
Bolometer,  (3)  41. 
Bonds, 

chemical  definition,  (19)  30. 

depreciation,  (10)  898. 

rail  contact  resistance,  (16)  34S. 

types,  (16)  340. 
resistance,  (16)  346. 
Booster,  boosters, 

automatic  regulating,  (20)  150. 
combined  dynamotor,  (9)  130. 
constant-current,  (20)  166. 
oonatant-potantial    systanos,    (8) 
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Booster,  booatan — ^Bmili,  fanuhai 


Booater,  bonter* — continued, 
eounter.e.in.f.  regulator,  (20)  164. 
de&nition,  (24)  103. 
diOerentiBl,  (20)  156. 
direot-ourrent,  (i)  34. 
feeder,  railway  batteriea,  applioa- 

tion.  (20)  IM. 
reversible.  (8)  184. 
shunt,  (20)  149. 

storage  batteries,  (20)  14B  to  167. 
■ynohronoua,  types,  (9)  21. 
transformer,  (12)  121. 

installation    preoautions,     (12) 
122. 
use  in  substations,  (12)  76. 
Boron,  atomio  weight,  (19)  170. 
eleotroohemioal   equivalent,    (19) 

170. 
resistivity,  electrio,  (4)  138. 

temperature  coefficient,  (4)  138. 
Bowls,  (see  reflectors). 
Bo^le-Mariotte-Oay-Lusaao  law,(10) 

Bradley-Iioveioy    mtrogen    prooaas, 

(19)  269. 
Brake,  brakes, 
air,  depreoiation,  (10)  898. 
dynamic,  (IS)  83. 
elaarifieation,  (IS)  464. 
hoisting  machinery,  (15)  405. 
motors,  a.  c.  (IB)  467. 
electrical,  (15)  459. 
elevator,  (15)  126. 
magnetic,  (15)  459. 

torn  operation,  (16)  70. 
railway  air,  (16)  208. 
automatic,  (16)  218. 
electropneumaiio  system,  (16) 

228. 
straight  and  automatic  com- 
bined, (16)  227. 
straight  system,  (16)  209. 
railway  track,  (16)  230. 
Braking, 
dynamic,  elevators,  (16)  129. 
dynamic  regenerative,  (16)  114. 
effort,  definition,  (16)  33. 
energy,  power  oalculatioDs,  (16) 

railway,  (16)  194  to  230. 
design,  (16)  201  to  206. 
emergency,  (16)  202. 
friction  coefficient tests,(16)  195, 
retarding  faotora,  (16)  194. 
Btress-diagrsm,  (16)  204. 
uniform,  (16)  201. 

regenerative  economy,  (16)  116. 

train  rates,  (16)  60. 
Brass, 

compressive  strength,  (4)  399. 

conductivity,  thermal,  (4)  399. 

densitjr,  (4)  399. 

expansion,    temperature    coeffici- 
ent, (4)  399. 


Brass — continued. 

plating,  practisal  rule*,  (19)  202. 

power  required  to  out,  (15)  10. 
to  dnll,  (16)  10. 

tensile  strength,  (4)  399.^ 
Bread  mixers,  power  oonsnmDtioc. 

(15)  427. 
Breathing,  artifioial,  (22)  3. 
Brick,  bricks, 

crushing  strsogth,  various  Idnda, 
(4)406. 

refractory,  (19)  70  to  81. 
Bridge,  bridges, 

Carey-Foeter,  (3)  122. 

conductivity,  Ho<»e's,  (3)  127. 

Kelvin.  (3)  123. 

measurements,  precision,  (3)  5. 

slide-wire,  (3)  121. 

Wheatstone.  (3),  118,  243. 
resistance  pyrometry,  (3)  3S3. 


(see      loga- 


use,  (3)  120. 
Briggi'     logarithms, 

rithms). 

Brightness,     definition.    (14)     205; 
(24)  865. 
symbol,  unit,  (1)  86. 
Briquettes,  definition.  (10)  126. 
Bristol  reccuxiing   instruments.    (3) 

236. 
British    standard    gage,  definition. 

(4)  17. 
Bromine,  atomio  weight,  (19),  170. 
eleotro-ohemioal  equivalent,    (19) 

170. 
potential,  electrie,  (19),  175. 
Bronse,  compressive  strength,    (4) 

conductivity,  thermal,  (4)  399. 

definition,  (4)  132 

density,  (4)  399. 

expansion,  temperature  eoeffiidant, 

(4)  390. 
silieon  propertiee,  (4)  134. 
tensile  strength,  (4)  899. 
Brooks     deflection    potentiometer, 

(3)  54. 

Brown    A   Sharp    gage,   definition. 

(4)  13. 

Brush  arc  generator,  (8)  307. 
Brush,  brushes, 
carbon,  current  eapaeity,  (4)  156. 

current  density,  (8)  42. 

hardness,  (4)  155. 

peripheral  speed,  (4)  165. 

pressure,  (4)  155. 

properties,  table,  (4)  155. 


strength,  (4)  155. 
deteri 
454. 


contact  loas 


mination,   (34) 


resistance  loss,  d.-o.  maehine, 
(8)  189. 
variation  with  oorrent,  (8)  38. 
variation  with  tempermtare, 
(8)30. 
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Brush,  brushes — oontinued. 
eoppsrleaf,  ourrent  density,  (8)  43. 
current  density,  (8)  40. 
dssisn,  d.-o.  msohine,  (8)  6S. 
friction  determination,  (24)  451. 

loss,  calculation,  (8)  141. 
speed  briishes,  carbon  resistance. 


(4)  16S. 
oiloins 


Boiluinc,  buildin2B, 
brick,  cost,  OO)  586. 
concrete,  cost,  (10)  587. 
cost,  (10).  014. 
depreciation,  (10)  898. 
life  expectancy,  (10)  000. 
power-plant,  ooet,  (10)  586. 
radiation  coefficient,  (10)  00. 
water-power  plants,  (10)  704. 


cost,  (10)  705. 
I,  coal.  (10)  149. 
Bunaan  cell,  (20)  21 


Bunkers,  oou. 


photometer,  (14)  260. 
Bureau     of     Standards    resistance 

standard,  (3)  112. 
BuTKess  process,  iron  refinins,  (10) 

220. 
Burns,  Brst  care,  (22)  4. 

Roentgen  rays   protection,    (22) 
243. 
Burrows  measurement,  double  bar 

method,  (3)  306. 
Bus-bars, 
compartment,  dimension,  (10)  878. 
connections,  current  density,  (10) 

777. 
cost,  (10)  778. 
current  capacity,  (10)  778. 
design,  (10)  778. 
high-tension,  (12)  81. 
substation,  (11)  210. 
Bushing  condenser  type, substation, 
(U)  211. 
high  tension,  (11)  214. 

0. 

Cables, 
sluminum  ohms  per  mile,  (11)  38. 

steel  centre,  (4)  90. 

tables,  (4)  80. 
Ubliography.  (11)  245. 
eapaoitance  definition,  (24)  604. 

standard,  (24)  605. 
capacity,  equation,  (12)  44, 
ooneentne,     capacity,     formulas, 
(2)  lis. 

inauctanee,  formulas,  (2)  75. 

la/,  definition,  (24)  643. 
eonauotor,  capacity,  formulas,  (2) 

118. 
eopper,  hemp  oenter,wujiht8,(4)  61. 

ohms  per  mile,  (11)  38. 

table  of  properties,  (4)  62. 

tensile  strength,  (4)  65. 
oost,  (11)  241. 
ourrentKiarryuig  capacity,  (12)  47. 


Cables — oontinued. 

definition,  (4)  55;  (13)  20:  (24)  638. 
depreciation,  (10)  898;  (12)  225. 
distribution,    bibliography,     (12) 
240. 

installation,  (12)  216. 

insulation,  (12)  213. 

types,  (12)  210. 
duidez,  definition,  (24)  647. 
effect  of  stranding  upon  reeistauoe, 

(4)  58. 
electrical  (ests,  (24)  678. 
equivalent  solid  conductor,  (4)  65. 
faults,  location,  (21)  259  to  261. 
fibre  core,  (13)  36. 
fixed  charges,  formula,  (12)  230. 
In-nii'ng  and  tetiiptrature,  (24)677. 
high-tonsion,  (11)  200  to  206. 

test,  (11)  205. 

three-conductor,     installations, 
table,  (12)  217. 

types,  (11)  201. 
insulation,  (see  insulation). 

definition,  (24)  688. 

resistance  standard,  (24)  689. 
jointing,  (12)  210. 
lead-sheathed,  cost,  (12)  233. 
messenger,  telephone   Unss,   (21) 

236. 
K-«onductor,  definition,  (24),  645. 
pitch-lay  definition,  (4)  67. 
pole  terminals,  (12)  220. 
rope-lay  definition,  (24)  644. 
rubber  insulated  weighU,  (13)  23. 
Sfdieing,  (11)  100. 
standards,  (24)  636. 

concentric  strands,  (4)  56. 
steel,  copper  clad  table,  (4)  105. 

gaiTanued,     strength     various 

Sades,  (4)  307. 
e  of  i>roperties,  (4)  397. 
subway  junction  boxes,  (12)  221. 
telephone,  (21)  143  to  151. 

properties,  Uble  (31)  147. 

supplies,  (21)  241. 
terminology,  (13)  2a 
potential,  electric,  (10)  175. 
training  through    manholes,  (12) 

218. 
transmission,  insulation,  (12)  213. 
triplex  definition,  (24)  640. 
twm  definition,  (24)  648. 
underground,        current-carrying 
capacity,  (12)  48. 

fixed  ohargea,  (12)  227. 
Cadmium,  atomic  weight,  (10)  170. 
electrochemical  equivalent,    (10) 

170. 
refiniuK  electrolytic,  (It)  233. 
resistinty  electrig,  (4)  138. 

temperature  coefficient,  (4)  138. 
Caesium,  atomic  weight,  (10)  170. 
electrochemical    equivalent,    (10) 

170. 
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Calcium,  atomio  weicht,  (19)  170. 
eleotroehemioal    eqiuTtUent,    (19) 

170. 
eleotrol^tio  produotioo,  (It)  251. 
resistivity,  eleotrio,  (4)  138. 

temperature  coefficient,  (4)  138. 
(Taloium  carbide,  general  data,  (19) 

129. 
Calcium  oyanamide,  general  data, 

(19)  129. 
Calibration  instruments,  (see  instru- 
ments) (3).' 
Callender  recorder,  (3)  239. 
Calorimeters,  (3)  388. 
Cambric,     varnished,     (see     cloth, 

varnianed)  (4). 
Casals  design,  (10)  675. 
CTandle,  definition,  (24)  855. 

international,  definition,  symbol, 
unit,  (1)  83. 
Candle-power  definition,   (24)   856, 
880. 
symbol,  unit,  (I)  82. 
mean  spherical  calculations,  (14) 
173  to  179. 
Candy  mixers,  power  conaumptioa, 

(15)  427. 
Capacitance,      definition,      symbol, 

unit,  (1)  57. 
Capacity,  definition,  (24)  80. 

dectno,  definition,  symbol,  unit, 
(1)  67. 

formulas,  (2)  108. 
factor  definition,  (10)  890. 
formulas,  (2)  113. 
measurement8,  (3)  254  to  266. 
specific  inductive,  (2)  112. 
measurement,  (3)  264. 
symbol,  unit,  (1)  69. 
Capital,  definition,  (26)  14. 
Car,  oars, 

bodies,  classification,  (16)  240. 

depreciation,  (10)  898. 

gas  motors,  (16)  248. 

gas-electric,  (16)  249. 

seating  arrangements,  (16)  241. 

self-propelled    classification,    (16) 

246. 
storage  battery,  (16)  247;  (20)  175. 
Carbon, 
are  lamp  resistance,  (4)  166. 
atomic  weight,  (19)  170. 
bisulphide,  general  data,  (19)  126. 
compound  refractories,  (10)  72. 
thermal,  ^4)  159;  (19)  105. 
diamond  density^  (4)  153. 
dioxide    dielectric    strength,    (4) 

369. 
electrochemical   equivalent,    (19) 

170. 
forms.  (4)  153. 
gas-retort,     conductivity,      heat, 

(19)  84. 
graphite  density,  (4)  163. 


Carbon — continued. 

reducing  agent,  (19)  115. 

resistivity  eleetno,  (4)  154. 

reciativity     dectoic     tempeiaUif 
coefficient,  (4)  157. 
Carborundum,  (19)  76. 

oonduetivitr,  heat,  (10)  84,  86. 

maximum  temperature,  (19)  81. 

resistivity,  heat,  (19)  86. 
Carey-Foster  bridge,  (3)  122. 
Castnsr-Keltner  process,  (19)  230. 
Catenary  construction.  (16)  303. 


system,  definition,  (24)  781. 
Cathode  stream,  (22)  233. 
Cations,  typical,  (19)  143. 


Cella.     alkaU-eUorine,    data,     (19) 

235.  236. 
aluminum,  properties,  (19)  247. 
Balbaoh,  (19)  213. 
Billiter-Leyltam,  (19)  233. 
Castner-Kellner,  (19)  230. 
Cilarlc,  (20)  28. 
dry,  definition,  (20)  29. 
electrolytic,  (19)  138. 

diaphragm,  (19)  234. 

energy,  equation,  (10)  140. 

silver,  refining,  (19)  212. 
e.m.f.  definition,  (20)  3. 
.     galvanic,  (19)  138. 

energy,  equation,  (19)  130. 
hypochlorite,  table,  (19)  230. 
Moebius,  (19)  214. 
poles,  definition,  (20)  2. 
primary,  (also  see  batteries), 
standard,  (3)  42  to  48;  (20)  28. 

e.m.f.  formulss,  (3)  43  to  46. 
Weston,  (20)  28. 
Celluloid  density.  (4)  318. 
dielectric  constant,  (4)  318. 
dielectric  strength,   (4)   318;   (5) 

159. 
power-factor,  (5)  150. 
properties,  (4)  318. 
resistivity,  electric,  (4)  318. 
specific    inductive    capacity,    (S) 

150. 
Cellulose  dideotrio  constant,  (4)281. 
maximum  temperature,  (4)  281. 
properties,  (4)  281. 
reaistivityi  electric,  (4)  281. 
Cement, 
conductivity,  heat,  (19)  84. 
manufacture,  power  requirements, 

J  15)  257. 
Is,     motw    applications,     (15) 
255  to  271. 
Portland  composition,  (4)  400. 

manufacture,  (15)  255. 
testing,  (4)  401. 
Central  stations, 
annual  earninoB,  (25)  02. 
cost  of  plant,  (25)  90. 
earninci  relating  to  territory,  (25) 
101  to  117. 
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CentnJ  stations — continued, 
eoonomios,  (26)  89  to  160. 
biblioeraphy,  (25)  169. 
atatistics,  (25)  90  to  100. 
unita    -of     zAeasurement,     (25) 
90  to  100. 
operating  expense,  (25)  95. 
service  costs  relating  to  torritory, 

(25)  101  to  117. 
typical  earninga,  (26)  118  to  127. 
CcntrifuBal  pumpa,  (see  pumps). 
Cereain,  properties,  (4)  353. 

reaiativity,  sleotrio,  (4)  3-53. 
Cerium,  atomic  weight,  (19)  170. 
electrochemical    equivalent,    (19) 
170. 
Chain  drive.  (23)  34. 
Chalk,  conductivity,  heat,  (19)  84. 

propertiea,  (4)  255. 
Chamberlain   A    Hookum    ampere- 
hour  meter,  (3)  231. 
Charcoal,    conductivity,  heat,    (19) 
84 
density,  (4)  163. 
Chaaaia  dengn,  (17)  11. 
Cheiy  formula,  water  flow  (10)  625. 
Chimneys,  (10)  91  to  104. 
brick,  (10)  98. 
coat,  (10)  102. 
foundation,  (10)  101. 
reinforced  concrete,  ooat,   (10) 
103. 
cost.  (10)  910. 
damper     regulatora,     automatic, 

(10)  80. 
depreoiation,  (10)  898. 
design,  (10)  91. 
dimensions  taUe,  (10)  96. 
draft  formulas,  (10)  92. 
flue  area  calculation,  (10)  36. 
flue  gas,  (see  flue  gas), 
material,  (10)  97. 
reinforced  concrete,  (10)  100. 
atael,  (10)  99. 

uptakes  calculation,  (10)  34. 
'   Chlorine,  atomic  weight,  (19)  170. 
electrochemical    equivalent,    (19) 
170. 
I  electrolytic,  usee,  (19),  238. 

I  potential,  electric,  (l9)  175. 

Choke  coils,  (see  arresters^. 

substetion     installation,     (11) 
209. 
Chrome  steel,  (4)  388. 
Chromite,  conductivity,  heat,  (19) 
84,  86. 
resistivity,  heat,  (19)  86. 
Chromium,  atomic  wei^t,  (19)  170. 
dectroohemical    eqmvalent,    (19) 
170. 
Chronographs,  (3)  336. 
Circle  iQagram,  (2)  178;  (7)  199. 
bibliography,  (7)  209. 
exact,  motors  induction,  (7)  206. 


Circuit,  circuits, 
alternating  euirent,  (2)  161. 
calculations,  (18)  61,  65. 
circle  diagram,  (2)  178. 
complex  imaginary   quantitiea, 

(2)  184. 
current  components,  (2)  169. 
e.m.f.  components,  (2)  155. 
energy  measurements.  (3)  207. 
polypnaae  balanced,  (2)  216. 
transformation  (2)   213;   (6) 
132. 
unbalanced,  (2)  225. 
power  equations,  (2)  189. 
power  loss,  (13)  72. 
ring  connection,  (2)  217. 
series  parallel,  calculation,  (2) 

176. 
atar  connection,  (2)  217. 
three-phase,  star-and-delta  con- 
nections, (2)  218. 
transformation  to  two-phase, 
(6)  136,  138. 
two-phsse,    star-and-ring    con- 
nections, (2)  219. 
three-wire,  (2)  220. 
transformation  to  three-phase 
(6)  134. 
six-phase,  (6)  137. 
vector  diagrams,  (2)  164. 
armature,  dementanr,  (8)  7. 
continuous-current,  (2)  19. 
dielectrio,  (2)  106. 
direct-current,  three-wire  calcula- 
tions, (13)  60. 
dectric,     general    equation,     (2) 
144. 
and  magnetic,  (2)  1  to  233. 
electromagnetic   caloulations,    (2) 

66. 
equivalent,  motors,  induction,  (7) 

175,  199. 
equivalent  single-phase,  (2)  224. 
magnetic,  (2)  43. 

ampere-turns     calculation     for 

generators,  (7)  39. 
ealeulations,  (2)  55. 
design,  d-c.  machines,  (8)  73. 
^nerators  a.o.  (7)  35  to  42. 
iron  and  air,  (2)  60. 
Maxwell'a  sidution,  (2)  33. 
merchant   marine  practice,    (22) 

103. 
non-oaeillatory,  (2)  145. 
oscillatory,  (2)  146. 
phantom  telephone,  (21)  81. 
series-parallel,  (2)  26. 
telegraph  nomenclature,  (24)  910. 
thermal,  abrupt  transition  points, 

(19)  89. 
uniformly  distributed,  properties, 
equations,  (2)  227. 
Cireuit-breakers,  (10)  784. 
cost.  (10)  787. 
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Circuit-breakers — continued, 
current  capacity,  (10)  784. 
deanition,  (24)  724. 
vs.  fuses,  (13)  104. 
oil,  (10)  80«. 

rating,  (10)  807. 
ratincr(24)  72fi. 
remote  control,  (10)  785. 
rules,  (24)  724. 

use  in  distribution  systems,  (12) 
140. 
Circular  eages,  definition,  (4)  12. 
CXrcular  loom,  dimensions,  (l8)  12. 
Clark  cell,  (3)  43;  (20)  28. 
Claus  process,  tin  refining,  (19)  221. 
Cleaning  solutions  for  electroplating, 

(19)  191. 
Clement  automanual  telephone  sys- 
tem, (21)  74. 
Canker,  conductivity,  heat,  (19),  84 
Clotli,  dielectric  strength,  (4)  294. 
impregnated,   dielectris  strength, 

.  (4)  295. 
oil,  properties,  (4)  294. 
resistivity  thermal,  (4)  368. 
varnished,  dielectric  constant,  (4) 
203. 
dielectric  strength,  (4)  293. 
properties,  (4)  293. 
COi  recorders,  (3)  397. 
Coal, 

analysis,  (3)  385;  (10)  434. 
various  kinds,  (10)  119. 
anthracite,  cost,  (10)  130. 
definition,  (10)  114. 
destructive     distillation,      (10) 

444. 
draft  required,  (10)  78. 
bibliography,  (3)  398. 
bituminous,  cost,  (10)  130. 
definition,  (10)  lie. 
destructive     distillation,     (10) 

446. 
draft  required,  (10)  77. 
fire,  (10)  71. 
gasification,  (10)  456. 
bunkers,  (10)  149,  685. 
calorific  teat,  (10)  424. 
conveyors,  (lO)  142. 
crushers,  (10)  141. 
dock,   power  requirements,    (15) 

223 
handling  (10)  139  to  162. 
machinery,  (15)  206. 

application,  (IS)  206  to  226. 
depreciation,  (10)  898. 
motors  selection,  (16)  207. 
power  requirements,  (15)  215 
plant,  cost,  (10)  914. 
hoppers,  (10)  161. 
mineral    calorific    value    various 

kinds,  (10)  119. 
mince,     electric    power,    bibliog- 
raphy, (15)  301. 


Coal — continued. 

generators,  choice,  (15)  278. 

rating,  (15)  279. 
power     development     praetiee, 
,    (15)  272. 
mining    machinery    motor    ftpfJi- 
cations,  (15)  290. 
power  apphcations,  (15)  272  to 
301. 
moisture  test,  (10)  423. 
propertiea  various  beds,  (10)    119. 
sampling,  (3)  388;  (10)  423. 
semi-anthradte    definition,     (10) 

115. 
Semi-bitamiDoaa  definition.    (10) 

115. 
Bpouting.  (10)  155. 
stokers  cost,  (10)  74. 
storage.  (10)  148. 
unloading,  (10)  140. 
weighing,  (10)  152. 
automatic,  (10)  153. 
Cobalt,  atomic  weight,  (19)  170. 
coefficient,  (4)  207. 
electrochemical    equivalent,    (19) 

170. 
potential,  deetrio,  (19)  176. 
resistivity  eleottio, J[4)  138. 
temperature  ooemcient,  (4)  138. 
Coercive  force,  (2)  90. 

definition,  (4)  171. 
Coffee  grinders,  power  oonsomption, 

(15)  427. 
Coffer  dams,  (10)  672. 

cost,  (10)  706. 
Coils  induction  (see  induction  coils). 
for  telephones,  (21)  19. 
loesea  synohronous  manhines,  (7) 

116. 
reactance,  (see  reaotors). 
repeating,  telephone,  (21)  57. 
retardation,  telephone,  (21)  57. 
Coke,  definition,  (10)  117. 
density,  (4)  153. 

powdered,     conductivity,     heat, 
(19)  84. 
Collector   temperature   limits,  (24) 

389. 
Colliers  propulsion,  (18)  52. 
Color  variation  sensationa,  (14)  208. 
Ckilorimeters,  (14)  287. 
Columbia    watt-boor    meter,  a.-c., 
technical  data,  (3)  206. 
d.-o.  technical  data.  (8)  198. 
Columbium,  atomic  weight,  (19)  170. 
electrochemical    equivalent,    (19) 
170. 
Columns,  concrete,  calculation,  (13) 
24. 
mechanics,  (23)  18  to  24. 
steel,  allowable  stresMS,  (23)  31. 

formulas,  (28)  21. 
wood,  (23)  23. 

unit  stresses,  (23)  23. 
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Combustion  ait  requirod,  (10)  70. 

efficient,  reqmrementa,  (10)  83. 

affidency,  (10)  31. 

•ia«n  iJr,  (10)  23. 

prineipln,  (10)  ei. 
Commutation, 

eonTcrten  lynolironous,  (9)  16. 
(ynohronou*,  (B)  83. 
buekins,  (B)  83. 
'  d.-o.  machines,  (8)  SO  to  68. 

dynsmotors,  (B)  128. 

•ffeot  of  brush  shifting,  (8)  47. 

TMcitsnee  roltaca  formula,  (8)  46. 

resistance  method,  (8)  36. 

sparkleas,  ourrent  density,  (8)  40. 

troubles,  (8)  260. 
Commutator,  eommutators, 

desisn    oonTerteiB    synclironous, 
(fl)40. 

diameter,  determination,  (8)  08. 

beatinc,  (8)  127. 

Inmilatlan,  (8)  112. 

motors,  (siee  motors). 

peripheral  speed,  (8)  08. 

segments,  number,  determination, 
(8)  23. 

temperature  limits,  (24)  3B0. 

ventilation,  (9)  41. 
Compensator  line^op,  (6)  1B4. 
Complex  imaginary  quantities,  (2) 

ComprtasiTe  strength,  various  ma- 
I  tenals,  (see  name  of  material) . 

Compressors, 

air.  belt  drive,  (16)  178. 

depreciation,  (10)  898. 

d.-e.  connection  power  reqiure- 

ments.  tests,  (16)  173. 
effieiency,  ^16)  170. 
motor  applications,  (16)  107  to 

186. 
power  requirements,  (IC)  172. 
rating,  (16)  167. 
regulation,  (16)  180. 
starting  and  stopping,  (15)  184. 
ammonia,   standard   rating,  (16) 

307. 
coal  mines,  applications,  (16)  286. 
Ck>nant  bond  tester,  (3)  131. 
Concentration,  equiviuent-ionic,(lB) 
I4B. 
table,  (19)  166, 166. 
CoDoentne  strand,  (see  cable). 
Concrete  beams,  (see  beams), 
crashing  strength  various  kinds, 

(4)403. 
electrolysis,  (16)  486. 
weight,  (4)  404. 
Condensance,   (see  reactance,  eon- 

dansive). 
0>ndeDsen,  electric,  (6)  166  to  182. 
aluminum,  critical  voltage,  (6) 

176. 
bibUography,  (6)  182. 

(BefersnoM  ar*  to  Metfoni  aod 
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Condensers— continued. 

capacity,  formulas,  (2)  113. 
charging  and  discharging,  equa- 
tions, (2)  142. 
compressed  air.  (6)  164. 
connections,  (3)  256. 

series  and  parallel,  formulas, 
(2)  110. 
dielectrics,  proposes,  table,  (5) 

169. 
effect  on  Induction  coil  opera- 
tion, (5)  129. 
energy   capacity,   formula,  (2) 
187. 

stored,  (6)  167. 
frequency  effect,  (6)  170. 
dass,  (6)  164. 
Induction  coils,  (6)  169. 

rating,  (6)  172. 
mica,  (5)  166. 
paper,  (6)  166. 

ratins,  (6)  171. 
plate    mmensions,    calculation, 
(6)  160. 

losses  and  leakage,  (6)  161. 

types,  (6)  166. 
sUndard.  (3)  255  to  257. 
synchronous,  bibliography,  (11) 
250. 

use  as  phase  modifiers,  (7)  319. 
teleohone,  (21)  80. 

rating,  (6)  168. 
temperature  effects,  (6)  187. 
types,  (5)  156. 
voltage  limiU,  (6)  168. 
electrolytic,  capacity  charaoteri^ 
tics,  (6)  177. 

critical  voltage,  (6)  174. 

definition,  (5)  Vfy. 

losses,  (5)  181. 

manufacture,  (6)  179. 
properties,  (18)  247. 
■team,  (10)  276  to  808. 
auxiliaries  power,  (lO)  393. 
circulating  water  quantity,  (10) 

284. 
condensate  water  volume,  (10) 

277. 
cost,  (10)  303,  914. 
depreciation,  (10)  898. 
evaporation,  (10)  299. 
gas  producer  plants,  (10)  474. 
let,  circulating  water  quantity, 
(10)  287. 

properties,  (10)  285. 
piping,  (10)  302. 
properties,  table,  (10)  288. 
pumps,  (10)  292. 
starting  and  stopping,  (10)  800. 
surface  circulating  water  quan- 
tity, (10)  289. 

performanFe  tests,  (10)  295. 

properties,  (10)  286. 
thermodynamics,  (10)  275. 


PMM) 

Digiiizr.lbjV^jUUyle 


INDMX 


CoadwuTi    OonT«rt«r.  ooavwrttn 


CondeiiMn— eoatinuad. 
typ«a,  (10)  378. 
vacuum  pump*,  (10)  2M. 
tvUnB.  (10)  431. 
CoDdeniite,    oomprcMiTC   stmisth, 
(4)  319. 
dennty,  (4)  819. 
dielectric  Btreosth,  (4)  319. 
maziinum  temperature,  (4)  319. 
propertiee,  (4)  319. 
reiietivity,  electric,  (4)  319. 
teneile  •trength,  (4)  319. 
ConduetaDoe« 

definition,  symbol,  unit.  (1)  67. 
dielectric,  definition,  (2)  13/. 
deetrie.  definition,  (2)  19. 
■ymlxd,  unit,  (1)  54. 
formida,  (2)  20. 
parallel  oonnectioa,  formula,  (2) 

23. 
■eriea  connection,  formula,  (2)  22. 
Conduction, 

electric  definition,  (4)  1. 

effect  of  chemical  compoeition, 

(4)8. 
effect  of  mechanical  treatment, 

(4)9. 
effect  of  temperature,  (4)  6. 
electronic  theory,  (2)  IS. 
caa  definition,  (4)  4. 
heat.  (22)  18. 

armature  core.  (8)  121. 
kaaea,  electric  furnacai,  (19)  87. 
liouid,  definition.  (4)  3. 
solid,  definition,  (4)  2. 
Conductivity, 
electric,  aqueous  solutions,  table. 


(19)  156. 
efinition 


definition,  symbd,  unit,  (1)  55. 
electrolytic,  equivalent,  (19)  152. 

relation  to  mobility,  (19)  147. 
equivalent,  table,  (19)  154,  ISO. 
heat,  (3)  381. 

definition,  unit;  (1)  90. 

transformer  cotlsj  (6)  73. 

various  refractories,  (19)  84  to 
86. 

various  substances.  (19)  83,  84. 
measurements,  (3)  124. 

precision,  (3)  5. 
measuring  methods,  (3)  120. 
salt   solutions   for   rheostats,    (5) 

222. 
Conductor,  conductors. 

current-carryins    capacity,     (12) 

46. 
definition,  (2)  14;  (24)  636. 
distribution,     bibliography,     (12) 

240. 
economical  use,  (12)  223. 
electric,  bibliography,  (4)  107. 
iron,  inductance,  formula,  (2)  78. 
reactance,  (see  reactance) . 
resistance,  (see  resistance). 


Conductor,  conductors — oontianed. 
sas-tenaion  tables,  use,  (12)  187. 
steel-armored  flexible,  (13)  18. 
stranded,  definition,  (24)  637. 
inductance,  formula,  (2)  79. 
wire,  (see  vrircs). 
Condiut,  eondttits, 
conatruetion,  (12)  300. 

cost,  (12)205. 
east  installation.  (13)  100. 
depreciation,  (10)  808. 
duet,  forms,  (12)  203. 
"   "    (13)  107. 


raUi 


bstaUaUon,  (12)  204. 
nanholea,  (12)  202. 

cost,  (12)  Mi,  209. 
•tMidard  suea,  (13)  17. 
telephone,  eonstruetion,  (21)  345. 
Consonance,  definition,  (2)  183. 
Conatanta,  mathematical,  table,  (1) 

146. 
Contactors,  a.-e.,  (IS)  438. 

d.-c.,  (15)  437. 
Contracta,  engineerinf ,  (22)  305. 

bibUography,  (22)  307. 
Control  blowers,  (15)  193.       * 
•levators,  (15)  127. 
fans,  (15)  193. 

moton,  induction  eonoatanatini, 
(16)  113. 
sUway,  (16)  145  to  184. 
multipla-unit.  General  Elee- 
trie,  (16)  157. 
Westinghouse,  (10)  168. 
r^enerative,  (16)  117. 
aeriea  parallel,  (18)  147. 
dngl»-phase    and    d.-c.  com- 
bined, (16)  182. 
multiple  unit,  (16)  186. 
tap  potential,  (16)  180. 
straight  rheoaUt,  (16)  146. 
sted  mills.  (15)  263. 
Controllers, 
electric  vehiolea,  (17)  S3  to  61. 
merchant    marine^    practice,  (22) 

109. 
railway,  multiple-unit,  (16)  156. 
railway,  auxiliary  contactor,  (16) 
153. 
cylinder  classification,  (16)  150. 
multiple-unit.  (16)  156. 
series-parallel    standard,     (16) 
152. 
Convection  beat,  (32)  17. 

laws,  (10)  3. 
Converter,  converters, 
bibUography,  (9J  139. 
booster  types,  (9)  21. 
easeade.  definition,  (34)  111. 
definition,  (24)  108. 
d.-o.  ocst,  (9)  120. 
definition.  (24)  109. 
theory,  (9)  118. 
frequency,  (see  frequency). 
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Conrarter,  oonTerten — Copper 


Converter,  conTertere — oontinued. 

definition,  (24)  112. 
inverted,  (0)  Sfi  to  102. 
motor.  (9)  103  to  117. 

biblionaphy,  (9)  139. 

oort,  (9)  113. 

definition,  (9)  103;  (24)  111. 

effldenoy,  (9)  114. 

equations,  (9)  108. 

starting,  (9)  115. 

voltage  control,  (9)  112. 
name  plates,  standard,  (24)  620. 
phase,  definition,  (24)  113. 
rssolation,  definition,  (24)  606. 
•ynolironous,  25-eyele  m.  eO-oyele, 
(»)  37. 

».-e.i  motor  startini;,  (9)  70. 

appUoationa,  genera],  (9)  65  to 

armature  reaotion,  (9)  14. 
bibliography,  (9)  139. 
eharaotortsUcs,  (9)  46  to  54. 
commutation,  (9)  16,  82. 
compounding  automatic,  (9)  23. 
oodi^,  (9)41. 
cottr(12)e3. 
current  ratio,  (9)  5. 
definition,  (24)  70. 
design,  general,  (9)  36  to  44. 
d.-c.  starting,  (9)  69. 
efficiency,  (12)  63. 

tables,  (9)  88. 
excitation,  (9)  2. 
field  break-up  switch,  (0)  66. 
floor  space,  (12)  63. 
heating,  (9)  8. 

effect  compounding,  (9)  24. 
life  expectancy,  (10)  900. 
load-division,  (9)  77. 
losses,  (9)  13,  48. 

classification,  (24). 
M.  motoi^enerator  sets,  (9)  55 

to  64. 
parallel  operation,  (9)  74. 
ratio  of  conversion,  (16)  372. 
■elf.«tarting,  (9)  66  to  84. 

reversal  polarity,  (9)  68. 
series-field  switch,  (9)  67. 
■ingle-phase  .rating  table,  (17) 

81. 
speed-limiting  devices,  (12)  145. 
speed,  tables,  (9)  38. 
split-pole  types,  (9)  32. 

voltage  control,  (0)  30. 
starting,  (9)  66  to  73;  (16)  364. 

methods,  (12)  69. 
synchroniung,  (9)  72. 
testing,  (9)  86  to  94. 
theory,  general,  (0)  1  to  35. 
voltage  ratio,  (9)  3. 

regulation  testa,  (9)  91. 
weights,  table,  (9)  38. 
Conveyors,  (10)  142. 
belt,  (10)  143. 


Conveyors — continued. 

power  requirements,  (10)  156; 
(16)  217. 
bucket,  (10)  144. 

power  required,  (10)  168. 
cost,  (10)  162. 
life  expectancy,  (10)  900. 
scraper,  power  required,  (10)  157. 
screw,  power  required,  (10)  160. 
suction,  (10)  146. 
Cooking  electric,  (22)  11  to  43. 

cost,  (22)  29. 

energy  consumption,  (22)  32. 

meat  shrinkage,  (22)  31. 
Cooling, 
artificial,  d.-o.  machines,  (8)  132. 
axial  system,  (7)  136. 
drcunuerential  system,  (7)  136. 
commutators,     converters,    syn- 
chronous. (9)  41. 
by  conduction,  (6)  65. 
by  convection,  (o)  58. 
oooverters,  synchronous,  (9)  44. 
d.-c.  machines,  (8)  116  to  132. 
efficiency  test,  (6)  212. 
forced  oU  cost,  (10)  846. 
forced,  synchronous  maohines,  (7) 

132. 
gas  engine  cylinders,  (10)  504. 
generators,  air  required,  (10)  731. 
radial  system,  (7)  133. 
rotor,  (7)  131. 
stator,  (7)  130. 
systems,  calculations,  (6)  54. 
towers,  (10)  298. 

evspwation,  (10)  298. 
transformers,  (10)  841. 

cost,  (10)  843,  816, 849. 
Copper, 

annealed  international  standard, 

(4)  41. 
atomic  weight,  (19)  17a 
easting,  (4)  38. 
dad  steel,  (see  sted). 
dad  wire,  (see  wire), 
deaniog  solution,  (19)  191. 
commerdal  grades,  (4)  32. 
compressive  strength,  (4)  399. 
conductivity    calculation   in    per 
cent.,  (4)  46. 

deotrio  effect  of  impurities,  (4) 
63,  64. 
standard,  (3)  125;  (24)  676. 

thermal,  (4)  75,  399;  (19)  106. 
conductors,  (see  conductors), 
density,  (4)  33,  147,  399. 
elastic  limit,  (4)  71.  , 
electrochemical    equivalent,    (10) 

170. 
dectrolytic  purity,  (4)  34. 

refining,  (19)  22,  23. 

oalculationa,  (19)  22  to  30. 
expansion,  temperature  coefficient, 

(4)  54,  899;  (11)  104. 
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Copper — continued, 
{atifue,  (4)  73. 
fuaing  current,  (4)  145;  (12)   183: 

(13)47. 
■eneral  propertiee,  (4)  31. 
hard-drawn  oonduotivity,  aleotrie, 

(4)  83. 
lake,  purity,  (4)  36. 
km  meaaurementa,  (6)  211. 
manganeae  alloy,  (4)  149. 
man  reeiativity,  (3)  12j. 
maximum  working,  (4)  147. 
modulus  elaiticity,  (4)  73. 
nickel  alloy,  (4)  180. 
plating,     practical      rulea,      (19) 

201. 
potential,  electric,  (19)  176. 
radiation  ooeffidenta,  (22)  IS. 
refining,     electrode     eonneotiona, 
(19)  209. 
electrolytic,  (19)  208. 
literature  referenoea,  (19)  211. 
reaiativity,  electric,  (4)  147. 

temperature   coefficient,    (4) 
147. 
■tandarda,  (4)  39,  40. 
temperature  coefficient,  (4)  40, 
42,  43. 
akin  effect,  table,  (12)  41. 
•pacific  heat,  (4)  74. 
atreaa-atrain  diagram,  (4)  70. 
temperature    melting-point,     (4) 

147. 
tanaile  atrength,  (4)  65,  399 
effect olheating,  (4)  67. 
effect  of  impuritiea,  (4)  68. 
volume  resistivity,  (3)  I2fi, 
wire,  (aee  wire). 
Cord  definition,  (24)  641. 
Core-Ioaa, 

definition,  (4)  206. 
meaaurementa,  (3)  318. 
no-load  determination,  (24)  4S2. 
testa,  (6)  209. 
Cork,  conductivity,  heat,  (19)  84. 
Corona,  altitude  correction   factor, 
(11)  SO. 
bibUography,  (11)  244. 
definiuon,  (2)  136. 
loaa  calculationa,  (11)  62. 
tranamiasion  line  calculation*,(ll) 

48  to  62. 
volUge  limits,  (II)  49. 
(Torroeion  of  boilers,  (10)  48. 
iron,     electrolytic     theory,    (19) 
144. 
Coeine  cubed,  table,  (14)  202. 
natural,  table,  (I)  147. 
squared,  table,  (14)  202. 
Coat,  costs, 

ammeters,  a.c,  (10)  824. 
blowers,  (10)  111. 
boUera,  (10)  910,  914. 
installation,  (10)  67. 


Cott,  eoata— oontinned. 
brick  work,  (10)  680. 
buUdinga.  (10)  914. 

rower  plants,  (10)  598. 

water  power  plantB,  (10)  705 
bus-bars,  (10)  778. 
cables,  (U)  241. 

lead-sheathed,  (12)  232. 

central  station  plant.  (26)  00. 
chimneys,  (10)  102,910,  914. 
choke  coils,  (10)  868. 
circuit  breakers,  (10)  787. 
coal,  anthracite,  (10)  130. 

bituminous,  (10)  130. 
concrete  work,  (10)  587. 
condensers.  (10)  914, 

steam,  (10)  303. 
conduit  construction,  (12)  205. 

installation,  (13)  100. 
conver-ter  motor,  (9)  113. 
conveyors  for  coal   handling,  (10) 

162: 

of  ortMS  arms,  (11)  232. 
definition.  (36)  10.  . 

d-c.  motors,  small  sise,  (8)  178. 
diatributiun  circuits,   coal    mineSt 
(15)  283. 

overhead,  (12)  104. 

underground,  (12)  105. 
draft  fans,  (10)  111. 
cconomiiers,  (10)  327,  910,  914. 
electrical  equipment  for  boats  and 

ships,  (22)  132. 
engines,  (10)  914. 

gaaolino,  (10)  575. 
exciters,  (10)  747,  914. 
feed-water  heaters,  (10)  910,  914. 

pumps,  (10)  910,  914. 
of  feeder  regulators,  (10)  760. 
foundations,  (10)  914. 
fuel  oU,  (10)  131. 
fuses.  (10)  783. 
gns  engines,  (10)  526. 

power  plants,  (10)  645. 

producers,  (10)  468. 
f^onerators,  (10)  914. 

marine,  (22)  122. 
hydraulic  plante,  (10)  919. 
hydroelectric  planU,  (10)  919. 
induction    motor-generator,    (12) 

63. 
instrument*,    switohboarda,    (10) 
789. 
»-o.,  (10)  834. 

transformera,  (10)  827. 
inaulator  pii»  (11)  233. 
lightning  arrestan,  (10)  867. 
manholes,  (12)  208,  209. 
marble  panels,  (10)  776. 
motora,  a-e.  induction,  (7)  317, 
364. 

d-o.,  (8)  in. 

230  volts,  (8)  178. 
660  volU,  (8)  178. 
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Coat,  coflta — oontinued 

overhead     trolley     conatruotion, 

(16)  3Sg. 
piping.  (10)  392,  910,  914. 
CM  plants,  (10)  533. 
oil  plants,  (10)  577. 
poles,  setting,  (11)  231. 
steel  tripartite,  (II)  234. 
wooden,  butt  treatment,   (11) 
230. 
power  plants,  (10)  914. 

comparison  method,  (10)  923, 
hydraulics,  (10)  680. 
oil,  (10)  579. 
pumps,  (10)  342. 
relays.  (10)  818. 
residence  wiring.  (13)  08. 
slate  panels,  (10)  776. 
steam  engines,  (10)  217. 
steam  plant,  (10)  411. 

operation,  (10)  414. 
stokers,  (10)  74,  88,  910,  914. 
subrtations,  (U)  240. 
superheaters,  (10)  910. 
switchboards,  (10)  914. 
s-o.,  (10)  829. 
panels,  (tO)  776 
switches,  oil,  (10)  819. 
single-throw,  (10)  781. 
structures,  (10)  876. 
synchronous  converter,  (12)  63. 
synchronous     motor-generator, 

(12)  63. 
thermometers,  electric,  (10)  736. 
third-rail  construction,  (16)  355. 
Tirrill  regulators,  (10)  759. 
towers,  steel,  (11)  235. 
transformers,  (11)  239. 

cooling,  (10)  843,  846,  849. 
transmisRion  lines  per  mile,   (It) 
237. 
preUminary  work,  (11)  228. 
■ingle-phase,  (16)  362. 
three-phase,  (16)  363. 
turbines,  steam,  (10)  269. 
voltmeters,  a-c,  (10)  824. 
watt-hour  meters  a-c,  (10)  824. 
wattmeters  a-c.,  (10)  824. 
wire  conduit,  (13)  99. 

steel,  galvanixed,  (II)  238. 
wiring,  (13)  97. 
power  plant,  (10)  881. 
various  methods,  (13)  19. 
wooden  poles,  (11)  229. 
Cotangents,  natural,  table,  (I)  148. 
Cotton,  conductivity,  heat,  (19)  84. 
insulation  for  magnet  wires,  (4) 

299. 
mills  machinery,  power  consump- 
tion, (15)  332. 
Cranes, 

bridge  drive,  (15)  87. 
electric  locomotive,  (l.">)  7a. 
gantry,  (15)  72. 


Cranes — continued 

power    requiremeDts,    calcula- 
tion, (15)  223. 
hoist  motors,  selection,  (15)  78. 
jib,  (15)  74. 

traveling,  motor  applications,  (15) 
71  to  90. 
Crest-factor  definition,  (24)  15. 
Cross-arms,  construction,  (12)'  177. 
coat,  (11)  232. 
depreciation,  (10)  898. 
fittings.  (12)  179.- 
steel,  (11)  172. 

telephone,    weights    and    dimen- 
sions, (21)  215. 
wooden,  (U)  169. 
Current,  currents, 
absolute  measurements,  (3)  82. 
alternating,  definition,  (2)  12;  (24) 
4. 
detectors,  (3)  38. 
high-frequency    measurements, 

(3)  107. 
measurements,  (3)  97  to  109. 
small  values,  (3)  106. 
capacity  cables,  -fibre  cored,  (13) 
37. 
carbon  brushes,  (4)  155. 
human  body,  (22)  10. 
motor   starting   rheoatats,    (5) 

208. 
trolley  wheel,  (16)  311. 
wires,  aluminum,  (13)  27. 
insulated,  (13)  22. 
charging,  equation,  (2)  142. 
conUnuous,  definition,  (2)  11;  (24) 

3. 
collection,    double    trolley,    (16) 
335. 
sliding  bow,  (16)  316. 
sliding  shoe  trolley,  (16)  315. 
third-rail,  (16)  317. 
location  table,  (16)  320. 
maintenance,  (16)  332. 
shoes,  current  capacity,  (16) 
327. 
three-phase  trolley,  (16)  336. 
three-wire  systems,  (16)  337. 
trolley  rollers,  (16)  314. 
trolley  wheel,  (16)  310. 
capacity,  (10)  312. 
underground  trolley,  (16)  334. 
density,    bismuth    refining,    (10) 
222. 
brushes,  (8)  40. 
busbars,  (10)  778. 

connection,  (10)  777. 
cadmium  refining.  (19)  223. 
carbon  brushes,  (8)  42. 
circuit  brealiers,  (10)  784. 
copper  leaf  brushes,  (8)  42. 
copp<»'  refining.  (10)  208. 
electric,  definition,  symbol,  unit, 
(1)  51. 
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Currents  ouxT«nt»-— continued. 

•Iwtro-plmtinc,    eathode,    (19) 

18S. 
lead  reSninc.  (19)  217. 
nickel  plating,  (19)  197. 
nickel  rafinins,  (19)  218. 
platins  upon   aluminum,    (19) 

204. 
iwitchea,  (10)  780. 

»tud»,  (10)  779. 


tin  refininc,  (19)  221. 
lino  platinc,  (19)  203. 
direct,  definiUon,  (2)  11;  (24). 

>)r      - 


meaiurementa,  (3)  82  to  96. 
diiohar^inc,  equation,  (2)  142. 
dynanuo  braking,  (Ifi)  4oA. 
earth,  meaaurement,  (16)  448. 
eSeottTO  Talue,  (24)  10. 
dectrio,  definition,  (2)  9. 
aymbol,  unit,  (1)  SO. 
exciting,  diatortion,  (2)  92. 
funng,  (12)  133. 
meaaurement,  predaion,  (3)  8. 

radiotelegraphy,  (21)  311. 
oecillating,  definition,  (24)  S. 
pulaating,  definition,  (2)  11;  (24) 

2. 
rectifier  meaaurementa,  (3)  108. 
reiulatora,  (aee  regulatoia). 

Bruah,  (8)  209. 

Thomson    and    Houaton,    (8) 
212. 

Thury,  (8)  217. 
root-mean-aquare,  definition,  (24) 

10. 
standard,  (sea  reaiatance). 
standard,  (3)  84. 

telephone  meaaurementa,  (8)  109. 
tranaformera,     (see    tranaformara, 

instrument), 
tranaient,  (2)  138. 

definition,  (2)  13. 
Current-carrying  capadty,  determi- 
nation, (12)  46. 

international     eleotrieal    ooda, 
table,  (12)  47. 
Curtia  turbine,  (10)  236. 
Cycle,  definition,  (7)  2;  (24)  6. 


Dampen,  types,  (7)  77. 

windings,  (9)  43. 
Damping  galvanometers,  (3)  20. 
Dams,  (10)  667  to  674. 

clsasification,  (10)  669. 

design  (10)  673. 

gravity,  (10)  674. 
DanieU  ceU,  (20)  18. 

e.m.f.,  calculation,  (19)  51. 
D'ArsonvfU  galvanometers,  (3)  14. 

voltmeter,  (see  Weston). 
Decimal  gage,  definition,  (4)  27. 


Decomposition  voltage,  variooa  aoln- 

tions,  (19)  177.  . 
Decrement,    logarithmio    equation, 

(2)  147. 
Definitions,    electrical    engineering 
(Quantity,  (24)  1  to  83. 
yanoua  quantitiss,  (see  name  <d 
quantity). 
DaForeat  audion,  (21)  302. 
Degrees,  electrical  definition,  (7)  4; 
(24)7. 
nutgnetio,  definition,  (7)  4;  (24) 
64. 
DeLaval  turUne.  (10)  236. 
Demand,  definitioa,  (24)  57. 
factor,  (24)  W^XW,)  106. 
Chicago,  (25)  110. 
dafiniSon,  (10)  889:  (34)  W. 
lighting  serrica,  (12)  113. 
motor  serrioe,  (12)  118. 
▼arious  rlsssra  of  boaiaess,  (25) 

107,  108. 
variona  siia,  inataUationa,  (25) 

109,  110. 
Wiaoonain,  rarioiis  types  of  in- 
stallation, (25)  111. 
maximum  defimtion,  (24)  58. 
maters,  (3)  233. 
Density,  definition,  aymbol,  unit,  (1) 
29. 
elements,  table,  (4)  432. 
Depolarizers  losses,  definition,  (20)  6. 

mechanical,  (20)  7. 
Depreciation  accounting,  (25)  69. 
calculations,  (10)  905. 
classification.  (25)  43. 
definition,  (25)  41. 
distribution  B>;stems,  (12)  225. 
electrical    equipment   legally    ap> 

proved,  (10)  898. 
functional  definition,  (10)  899. 
fund  definition,  (10)  904. 
method  of  caring,  (10)  902. 
power  plant,  (10)  896. 
reserves,  (25)  66. 
sinking-fund  method,  (25)  64. 
storage    batteries    alkaline,    (3(Q, 
232 
cost,  (20)  196. 
plates,  (20)  65. 
straight  line  method,  (25)  63. 
terms,  (25)  49. 
theory,  (25)  62. 
valuation  estimates,  (25)  157. 
Depth  hydraulic  pressure,  (10)  599. 
Deri  motor,  (7)  308. 
Detectors,  types,  (21)  288. 

vacuum,  (21)  302. 
Detinning,  (19)  205. 
Dettraar  and  Rothert  split-pole  d-e. 
coavATicr,  (9>  123. 
threa-wire  genvator,  (8)  192. 
Dictating    maenina,    talegrapboae, 
(22)  285. 
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Dieleetris,  dialaetrici, 

sbaorption  definition,  (4)  243. 
bibUocrapby,  (4)  370. 
clawifioation,  (4)  233. 
•ecording   to  appUostion,    (4) 

236. 
by  heat  reaistivity,  (4)  234. 
pnyaieal  properties,  (4)  236. 
cloth  and  mioa  limited,  (4)  298. 
eomposite  materials,  (4)  286. 
constant  definition,  (4)  242. 
Bjrmbol,  unit,  (1)  SO.   - 
various  materials,  (see  name  of 
material), 
hysteresis,  definition,  (4)  2S1 
mioa  and  sloth  limited,  (4)  208 
mioa  and  paper  limitad,  (4)  307. 
molded,  (4)  300. 
paper  and  mica  limited,  (4)  307. 
power-faotor,  (4)  253. 
propertiee,  (4)  238. 
Btroicth,  definition,  (4)  244. 
eSeet  of  eleotrodes,  siae,  (4) 
246. 
frequency,  (4)  340. 
knunation,  (4)  248. 
temperature,  (4)  263. 
thiokneas,  (4)  247. 
time  element,  (4)  250. 
Tarious  materials,  (see  name  of 
material), 
thermal  conductivity,  table,  (4) 

360. 
various  materials,  (see  name  ma- 
terial). 
Dieleotrite,  reaistivity,  electric,  (4) 

320. 
Dicael  encine,  (10)  663. 
Dimmers,  (S)  200. 
Dissociation,  electrolytic,  difference 
compared  with  chemical  dis- 
aodation.  (10)  28. 
method  of  caleulation,  (XO)  20. 
theory,  (10)  15. 
theory,  (10)  150. 
Distillation  destructive^  (10)  444. 
Distortion  faetor,  defimtion,  (24)  17. 
Distribution, 
a-c.  circuits,  calculation,  (12)  30. 
desisn,  (12)  28. 
seeondanr  aystem,  (12)  96. 
system  clasnfioation,  (13)  77. 
thnM>hase,  (13)  81. 
two-phase,  (13)  80. 
eoal  mines,  (16)  381. 


-.  (13)  34. 
types,  (12)  14. 
conductor  costs,  (12)  237. 
cost,  miDimnm,  (12)  100. 
d-c.  circuit,  deaisn,  (12)  25. 
low-tension,     general    spplio 
tions,  (12)  11. 
eeonomics,  (12)  223. 
feeders  and  mains,  (13)  16. 


Distribution'— continued 
frequencies,  (13)  21. 
lines,  (see  lines). 

arrancement  of  wires,  (12)  105. 

drop  compensator,  (6)  194. 
Ices  factor  cost,  (12)  236. 
losses,  calculation,  (12)  236. 
multiple,  (12)  16. 
overhead,  cost,  (12)  104. 
poles,  (see  poles), 
polyphase,  drop  oaculations,  (12). 

36. 
potential    regulaton,  (6)  238  to 

248). 
railway,  600  volt  d-c.,  cost,  (16) 

catenary  construction,  (16)  303. 

coat,  (16)  369. 
city  system,  (16)  381. 
d-c,  (16)  266. 
electrification  classification,  (16) 

263. 
feeder  calculations,  (16)278. 
permissible  drop,  Q6)  273. 
rail  bonding,  (16)  339. 
single-phsse,  (16)  364. 

generation  and  transmission, 

J  16)  286. 
[    two-phase    generation, 
(16)  289. 
systems,  (16)  267  to  363;  (34) 
761. 
classification,  (16)  270. 
third  rail  construction  cost,  (16) 

355. 
thre»-phaae,  (16)  265,  201. 
track  resistance,  (16)  293. 
track  return,  (16)  338. 
trolleys,    (see    current    eollee- 

tion). 
trolley  construction,  (16)  209. 
trolley  wire  construction,  clas- 
sification, (16)  209. 
and  feeders,  relation,  (16) 

274. 
impedance,  (16)  207. 
resistance,  (16)  202. 
underground  trolley,  (16)  283. 
series,  (12)  14. 

sin^e-phase,    drop    calculationa, 
(12)  34. 
general  apnfiention,  (12)  7. 
systems,  (1^1  to  240. 

alternating-current     regulation 

batteriee,  (20)  167. 
bibUocrapby,  (13)  240. 
classificatioa,  (12)  1. 
cross  arms,     (see     cross 
fixsd  charges,  (12)  224. 
floating  batteriee,  (20)  165. 
pounded  secondary,  (12)  103. 
insulators,  (seeinsulatora). 
load-regulating  batteries,    (30) 
166. 
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DistributioD— continued . 

peak-ioad  batteries,  (20)  168. 
protective  apparatue,  (12)  129. 
railways,  (24)  761. 
■kin    effect,  oalculations,   (12) 

40. 
standard  sac-temperature  table, 

(12)  180. 
taxes  and  insurance,  (12)  226. 
wind  pressure,  (see  wind  pre*- 
sure), 
three-phase,  general.  appUeation, 

(12)  8. 
three-wire,  (13)  83. 
two-phase,    general    application, 

(12)  8. 
onder-ground,  (12)  22. 
cable0|  (see  cables), 
conduit,  (see  conduits). 

system,  (12)  199. 
construction,  (12)  107. 
cost,  (12)  105. 
■ectionalising,  (12)  136. 
voltages,  (12)  21. 
Diversity  (actor,  (25)  118. 
classification,  (25)  114. 
definition,  (10)  887;  (24)  60. 
various  types  of  load,  (25)  115. 
Dobrowolsky  three-wire  generator, 

(8)  193. 
Dooley  slip  measurement,  (8)  284. 
Draft  tubes,  (10)  690. 

coat.  (10)  705. 
Duddell-Mather  wattmeter,  (3)  156. 
Duddell  osciUograph,  (3)  273. 
Duncan    watt-hour     meter,     a-e., 
technical  data,  (3)  206. 
d-c,  technical  data,  (3)  198. 
Dust     precipitation,     electrostatic, 

(19)  267. 
Duty  cycle,  definition,  (24)  284. 
Dynamometer  absorption,  (3)  324. 
cradle,  (3)  332. 

instruments,     (see    instruments), 
torsion,  (3)  331. 
transmission,  (3)  330. 
Dynamotora,  (9)  126  to  183. 
cost,  (9)  133. 
definition,  (24)  106. 
regulation,  definition,  (24)  666. 


Earth,  bearing  power,  (10)  590. 

current  measurement,  (16)  448. 

potential  measurement,  (16)  447. 
Ebonite, 

compressive  strength,  (4)  341. 

density,  (4)  341. 

dielectric  constants,  (4)  341. 

dielectric  strength,  (4)  341. 

properties,  (4)  341. 

reaistirity,  electric,  (4)  341. 

tensile  strength,  (4)  341. 


Ebony,    asbestos   wood'  propertiaa, 
(4)  316. 

conductivity,  thermal,  (4)  316. 

densitjr,  (4)  316. 

expansion,     temperature     coeffi- 
cient, (4)  316. 

maximum  temperature,  (4)  310. 

mechanical  stren^h,  (4)  316. 

resistivity,  deotne,  (4)  316. 
Economies,    central    stations,    (25) 
89  to  160.  ■^ 

definition,  (26)  8. 

engjinsering  btbUocraphy,  (25)  88. 

social  investigations,  (25)  71. 
Eeonomiters,  (10)  817. 

coat,  (10)  327,  910,  914. 

(Umendons,  (10)  324. 

draft  leas,  (10)  322. 

heat  transfer  losa,  (10)  817. 

operation,  (1())  326. 

rating,  (10)  323. 

surface  determination,  (10)  810. 

temperature  rise,  (10)  320. 

types,  (10)  318. 
Economy,  steam  planta,  (10)  304. 
Eddy-current, 

effect  of  lamination.  (2)  09. 

equivalent  resistanoea,  (2)  103 

losses,  (2)  98. 
formula,  (2)  09. 

separate   from    hysUaesis,    (3) 
^20.  r 

prindplea,  (2)  98. 

■eparatioD   from    hystereaia,    (2) 
104. 
Edison  gsge,  definition,  (4)  23. 

storage  battery,  (20)  212. 

tube  system,  underground  distri- 
bution, (12)  197. 
Edison  Lalande  oeU,  (20)  28. 
Effidency, 

all-day,  transformers,  (12)  102. 

eombustion,  (10)  21. 

eomprceeors,  air,  (15^  170. 

conventional,  definition,  .(7)   125; 
(24)  423. 

converters,  motor,  (0)  114. 
aynchronoua,  (12)  63. 
determination,  (0)  04. 
Uble,  (0)  38. 

deBnition,  (t)  122;  (34)  88. 

d-o.  maehinea,  (8)  133  to  143. 

directly  measuiM,  (34)  432. 

electric  hoist,  (16)  05. 

electrical  machinery,  (24)  490. 

enginea,  gas,  (10)  613.    . 
gssolins,  (10)  570. 
steam,  (10)  188. 

frequency     enangara,  motor-gen- 
erator, (7)  363. 

furnaoe,  (10)  84. 

gas  producers,  (10)  458. 

gears,  (15)  221. 

generators,  a-«.,  (7)  116  to  138. 
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lamps,  ineandeeoent,  (14)  17. 
•  light  production,  (14)  13  to  17. 
luminoui,  (14)  9. 
macliine,  deflnition,  (24)  420. 
motor-generator,    iaduotion,    (12) 
63. 
nynchronoui,  (12)  63. 
iQotora,  a-c.,  m  115  to  128. 
electric  veluele,  (17)  48. 
induction,  (7)  216. 

determination,  (7)  210. 
railway,  (24)^816. 
do..  (16)  79. 
■ingle-phaBe,  (16)  109. 
three-phaae,  (16)  118. 
plant,  deBnition,  (24)  421. 
pumpa,  centrifugal,  (10)  841. 
jet,  (10)  3fi2. 
remprocating,  (IS)  164. 
rotary,  (16)  167. 
steam,  (10)  338. 
triplex,  (10)  840. 
thermal,  (10)  164. 

engines,  oil,  (10)  666. 
train  acceleration,  (16)  96. 
transformers,  (12)  101. 
constant-current,  (6)  171. 
lighting  25  cycles,  (6)  121. 
60  cycles,  (6)  120  to  122. 
oil  insulated,  (6)  94. 
single-phase,  (6)  103. 
turbine,  steam,  (10)  258. 

water,  (10)  685. 
windmUls,  (22)  170. 
Egg   beaters,    power   consumption, 

(15)  427. 
Ejectors,  (10)  348. 
Elastance,  definition,  symbol,  unit, 

(1)60. 
Elasticity,  definition,  symbol,  unit, 
(1)  61. 
modulus,  definition,  symbol,  unit, 
(1)  44. 
Electricity  units,  (see  units). 
Eleotroanslysis,  (19)  184. 
Electrochemical     equivalents,     (see 
equivalents), 
units,  (see  units). 
Electrochemistry,  (19)  I  to  269. 
bibliography,  (19)  369. 
definition,  (19)  I. 
units,  (see  units). 
Electrodes, 

carbons,  dectria,  (4)  166. 

prop^ties,  (4)  169. 
furnace,  (19)  104. 
heat  loss,  (19)  105. 
various  materials,  loss,  (19)  106. 
graphite  properties.  (4)  169. 
Electrodynamometers   instruments, 

(see  instruments). 
Electrolysis,  (16)  430  to  474. 
alkaUne  chlonde,  (19)  228. 


Electrolysis — continued, 
alternating  currents,  (16)  468. 
bibliography,  (16)  474. 
cast-iron,  (16)  436. 
cause,  (16)  430. 
chlorides,  copper,  nickel  and  sine, 

(19)  242  to  245. 
from  concrete,  (16)  466. 
current  survey,  (16)  442. 
electrical   propierties  of  soil,  (16) 

fused  chloride,  (19)  243. 
grounded     distribution     system, 

(16)  462. 
lead  and  tin,  (16)  439. 
mercury    cathode    process,    (19) 

230. 
Municipal  and  State  regulations, 

(16)  468. 
Peoria  decision,  (16)  473. 
potential   distribution,  rails   and 

earth,  (16)  434. 
potential  survey,  (16^  441. 
prevention    by    insulated    return 
feeders,  (16)  469. 
insulation  of  pipes,  (16)  464. 
rails,  (16)  453. 
methods,  (16)  450. 
production  of  hydrogen  and  oxy- 
gen, (19)  225. 
regulation  American  cities,    (16) 
471. 
British  Board  of  Trade,   (16) 

469. 
German  Society,  (16)  470. 
steel,  (16)  437. 
surveys,  (16)  440. 
water,  theory,  (19)  226. 
Electrolytes, 

conductivity,  electric,  (19)  168. 
properties,  (IB)  136. 
resistance  measurements,  (3)  140. 
types.  (19)  137. 
Electroiytio    processes,    (see    proc- 
esses). 
Electromagnet,  (see  magnet). 

electron  theory,  (22)  221. 
Electrometers,  (3)  19. 
Electromotive  force, 
alternating  measurements,  (3)  03 
to  81. 
large  values,  (3)  76. 
small  values,  (3)  75. 
precision,  (3)  64. 
busbar  regulation,  (12)  94. 
control,  (10)  761  to  760. 

automatic,  (10)  752. 
counter,  definition,  (2)  19. 
decomposition,  various  solutions, 

table,  (19)  177. 
definition,  symbol,  unit,  (1)  47. 
effective  value,  definition,  (24)  10. 
formulas,  electromagnetio  genera- 
tion, (7)  24. 
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Electromotive  force — continued, 
generation,    eleotromunetio,    (7) 

23. 
high-frequency  measurement,  (21) 

817. 
meuurement,  dideotrio  teat,  (24) 
£30. 
instrument  transformera,  (3)  77 

to  70. 
naedle  point  and  sphere  sap, 

(aj  77. 
precision,  (3)  5. 
magnetic  induction,  (8)  3. 
periodic,  equation,  (2)  141. 
regulation,  TirriU,  (12)  95. 
aouroes,  (2)  4. 
atandards,  (3)  42. 
thermal,  bibUocnudiy,  (2)  6 
equations,  (2)  T. 
explanation,  (2)  5. 
Electron,  (22)  218. 
bibliography,  (22)  225. 
theory,  (22)  218  to  225.  . 

apphoation,    electrolytic    proc- 
ess, (19)  30. 
Klectroplating  upon  aluminum,  (19) 


i 


cathode,  current  density,  (19)  189. 
general  prindplea,  (19)  186. 
function  between  metals,  (19)  190. 
plating  bath,  (19)  192. 
practical  rules,  (19)  190  to  195. 
process,  (19)  186. 
small  articles,  (19)  188. 
Electrose,    dieleotrio   strength,    (4) 

321. 
maximum  temperature,  (4)  321. 
properties,  (4)  321. 
resistivity,  electric,  (4)  321. 
Elements,  properties,  (4)  432. 

radioactivity,  (22)  203. 
Elevators, 

control,  (15)  127. 
counter-balancing,  (15)  112. 
eotric,     automatic     stop*     (15) 
134. 

dsKiiacstion,  (15)  111. 

d-o.  motors,  (15)  121. 

energy  calculations,  (15)  147. 
consumption,  (15)  141,  145. 

gearlesB  machines,  (IS)  118. 

machines,     claasincation,     (15) 
114. 

aafety  devicea.  (IS)  134. 

slack-cable  switch,  (15)  135. 

spur-gear  machines,  (15)  116. 

testing,  (15)  146. 

worm-gear  machines,  (15)  115. 
equipment,  number  required,  (15) 

140. 
motors,  a-e.  motors,  (1)  122. 

application,  (15)  111  to  147. 
roping  arrangement,  (15)  112. 
speed,  (15)  130. 


Elevator* — continued. 

traction,    aheave   counter-balanc- 
ing, (15)  113. 
roping,  (15)  113. 
Elliott  apparatus,  (10)  85. 
Emery,  arafieM  ceneral  data.  (19) 

121. 
Emissivity,  deBnition,  unit,  (1)  96. 
Empire  cloth,  (see  cloth,  oiled). 
Enamel, 

maximum  temperature,  (4)  351. 
propertiea,  (4)  351. 
resistivity,  electric,  (4)  351. 
virtrified  properties,  (4)  280. 
Enclosing  glassware,  (see  reflectora). 
EndoemoaiB,  deotrie,  (19)  167. 
Energy, 

alternating,  equation,  (2)  195. 
balance  for  refractories,  (19)  63. 
chemical,     relation     to     electrie 
energy,  (19)  48. 
to  heat,  (19)  38. 
to  meobaniesl  energy,  (19) 
44. 
definition,  symbol,  unit,  (1)  37. 
dielectric,  density,  (2)  128. 

stored  in  field.  (2)  132. 
electric,   cost,   influence   of  load 
/actor,  (10)  921. 
N.  E.  L.  A.  ehasifioation,  (10) 
918. 
definition,  (2)  2,  26. 
relation  to  chemical  energy,  (19) 
48. 
hydraulic,  (10)  604. 
magnetic,  (2)  62. 
density,  (2)  64. 
measurements,  (3)  186  to  234. 
a-c.  circuits,  (3)  207. 
precision,  (3)  5. 
mechanical,  relation  to  ehemioal 

energy,  (19)  44. 
of  steam,  (10)  163. 
transformation,  chemical,  (19)  38. 
Engine,  engines, 
cost,  (10)  914. 
cycles,  (10)  166. 
depreciation,  (10)  898. 
Diesel,  ship    propulsion,  (18)  27. 
gas,  (10)  495  to  598. 

compression  pressure,  (10)  497. 

cost.  (10)  526. 

cycles,  (10)  495. 

cylinder  jackets,  (10)  504. 

effective  pressure,  (10)  606. 

efficiency,   mechanical,  (10)  513. 

tUeriiial,  (10)  o22. 
explosion  pressure,  (10)  498. 
iour-oyole,  (10)  603. 
{rietion,  (10)  618. 
fuel  oonsumption.  (10)  616. 
horse-power,  (10)  612. 

testa.  (10)  619. 
ignition,  (10)  609. 
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Engjne,  ansinea— oontinued. 

storage  batteries,  (20)  130. 

lubriution,  (10)  614. 

operation,  (10)  625. 

ratine,  (10)  615. 

apeedoontrol,  (10)  624. 

startint  and  stopping,  (10)  &25.- 

testing,  (10)  547. 

thermo-dynamios,  (10)  495. 

two-eyole,  (10)  603. 

wdght,  (10)  628;  (18)  28. 
gasoline,  (10)  661. 

oast,  (10)  575. 

effieuney,  (10)  670. 
kerosene,  (10)  660. 
life  expeotancy,  (10)  800. 
loss,  definition,  (24)  668. 
oUcost,  (10)  575. 

erode,  (10)  562. 

eyeles,  (10)  664. 

effeetiTe  pressure.  (10)  558. 

effieienoy,  thermal,  (10)  566. 

Falk  kerosene  test,  (10)  668. 

fuel  oonaumption,  (10)  667. 

low-eompression  test,  (10)  676. 

rating,  (10)  666. 

ship  propulsion,  (18)  24. 

testing,  (lO)  580. 

tbermo-dynamics,  (10)  564. 
steam,  (10)  163  to  218. 

automstio  stops,  (10)  215. 
baok-pressure  effeot,  (10)  206. 

classification.  (10)  167. 

clearance,  (10)  193. 

compound  definition,  (10)  167. 

consumption  measurement,  (10) 
428. 

costs,  (10)  217. 

cylinder  condensation,  (10)  191. 
dimensions,  (10)  182. 
lubricants,  (10)  189. 
radiation.  (10)  197. 

deai^n.  meonanioal,  (10)  186. 

efficiency,  mechanical,  (10)  186. 

exliaust  regenerators,  (lO)  207. 

framee  typee,  (10)  170. 


friction  foss,  (10)  187. 
orernors,    oil 
177. 


governors,    dassification,    (10) 


horse-power  determination,  (10) 

184 
leakage,  (10)  192. 
locomobile  type.  (10)  200. 
losses,  classification,  (10)  190. 
multiple  expansion,  definition, 

(10)  167. 
non-condensing,  definition,  (10) 

169. 
operation,  (10)  216. 

data,  various  types,  (10)  204. 
perfect  efficiency,  (10)  164. 
performance,     various     types, 

(10)  202. 
rating,  (10)  199. 


Engine,  engines — continued. 

reoeivers,  definition,  (10)  176. 
regulation,  definition,  (24)  568. 
ship  propulsion  (18)  20. 
single  expansion,  definition,(10) 

167. 
sUde  valve,  olaasifioation,  (10) 
172.- 
definition,  (10)  172. 
specifications,  (10)  212. 
speed,  classification,  (10)  170. 
starting  and  stopping,  (10)  216. 
water-rate  curves,  (10)  203. 
stoker,  (10)  83. 

valves,  Corliss  valve,  definition, 
(10)  173. 
raston  valve,  definition,  (10)  172. 
Poppet  valves,  definition,  (10) 

Kngincering  classification,  (25)  2. 
definition,  (2.5)  \. 
economics,  bibliography,  (25)  88. 
classification.  (25)  5. 
definition,  (25)  4. 
English  legal  standard   gage,    defi- 
nition, (4)  17. 
Entropy,  definition,  unit,  (1)  94. 
Ent!  booeter,  (20)  151. 
Envelope  sealers,  power  consump- 
tion, (15)  427. 
Epstein  core-loss  testing  outfit,  (3) 

318. 
Equaliser  bus,' (8)  239. 
Equations,  chemical,  interpretation, 
(19)  5. 
Johnson's  rule,  (19)  35. 
significance,  (19)  2. 
thermo-chemical,  (19)  39. 
Equivalents,      electro-chemical      of 
elements,  table,  (19)  170. 
of  ions,  table,  (19)  166. 
Erbium,  atomic  weight,  (19)  170. 
electro-chemical  etimvalent,  (19) 
170. 
Errors,  electric  and  magnetic  meas- 
urements, (3)  6. 
Esterline  recording  instruments,  (3) 

236. 
Europium,  stomio  wei|;ht,  (19)  170. 
electro-chemical  equivalent,  (19) 
170. 
Evaporation  boilers,  (10)  19. 
cooling  towws.  (10)  298. 
water  storage,  (10)  667. 
Evershed  Megger,  (3)  139. 
Ewing  h^tereus  meters,  (3)  317. 
Excavation  under  water,  cost,  (10) 

705. 
Exoitation,    a-o.    machines,    calcu- 
lation, (8)  81. 
d-c.  machines,  calculation,  (8)  81. 
equipment,  (10)  738. 
generators,  induction,  (7)  226. 
losses,  d-c.  machines,  (8)  137. 
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Excitan. 

coutant'potontutl     aystem,     (8) 
185. 

cent,  (10)  747,  914. 

life  •xpaetanoy,  (10)  900. 

aiie.  ofaoioe,  (10)  74S. 
Expansion  ooaffirieat,  t«mperatur«, 

definition,  unit,  0)  96- 
Eye,  proteotire  equipment,  (14)  309. 


Factor  of  SMurnnce,  definition,  (24) 

881. 
Fane, 
oentrifugal,  oonetant  table,   (16) 
201. 
power  oonaumptian,  caloulation, 
(15)  301. 
eharaoteriatica,  (IS)  187. 
definition,  (15)  188. 
draft  preaaure,  oaloulation,   (10) 

108. 
motor  applieatione,   (IS)   180  to 

305. 
n<dee  euppreacion,  (16)  198. 
power  requirements,  (IS)  187. 
propeller,  power  consumption,  eal- 

culation,  (16)  203. 
testins,  (10)  435. 
Faraday,  definition,  <19)  31. 
law,  (3)  88;  (19)  18. 
exaetneaa,  (19)  37. 
notation,  use,  (19)  32. 
Feeder,  feeders, 
a-c.,   automatic  reculation,    (12) 
93. 
line-drop    compensator,    calcu- 
lation, (13)  SO. 
depreciation,  (10)  898. 
potential  icsulatora,  (8)  248. 
regulators,  ooat,  (10)  760. 
Feed-water.  (10)  133. 
analysis.  (10)  134. 
heaters,  (10)  304  to  318. 
eost,  (10)  910,  914. 
heat  transfer,  (10)  304. 
operation,  (10)  314. 
pump  connection.  (10)  315. 
rating.  (10)  313. 
surface  calculation,  (10)  311. 
temperatures   obtainable,    (10) 

310. 
temperature  rise,  (10)  309. 
impuntiea,  (10)  136. 
pumps,  (10)  336. 
eost,  (10)  910,  914. 
performance  test.  (10)  339. 
steam      pumps      testing,    (10) 
432. 
treatment,  (10)  60. 
Felt,  conductivity,  beat,  (19)  84. 


Ferro-niokal  density,  (4)  147.       ' 

maximum  working,  (4)  147. 

tensile  strength,  (4)  147. 
FCry     absorption     pyrometer,    (3) 
369. 

pyrometer,  (3)  383. 
Feasenden  heterodyne,  (31)  JOl. 
Fiber, 

bakalised,  properties,  (4)  291. 

bituminised,  properties,  (4)  393. 

oompressiTe    strength,     (4)    290, 

denaity,  (4)  290. 

dieleetnc  strength,  (4)  290,  291, 

293. 
msximam  temperature,   (4)  291, 

393. 
resistinty,  eleotito,  (4)  390,  391. 
tMHUe  strength,  (4)  390,  391. 
rolcamsed,  properties,  (4)  290. 
Field  ooils,  dimensions,  calculation, 
(8)  87 

basting.  (8)  128. 

insidaCon.  (8)  109. 

resistanoe    measurements.    (8) 
363. 

temperature  measurement,  (8) 

troubles,  (8)  263. 

wire    aiie.  determination,    (8) 
86. 
copper    losses   synchronous    ma- 

ohinea,  (7)  118. 
distorfion.  (8)  31. 
alaetrie,  intendty,  formula,   (21) 

M9. 
iatanrity,     masnetio,     definition, 
symbol,  unit,  (1)  74. 
formula,  (3)  46. 
magnetio,  loop  eondnetor,  (2)  60. 

measurements,  (3)  292,  296. 
.  aoleaaid,  (2)  61. 

stnight  coDduetor,  (3)  80. 

strength  formula.  (S)  397. 
pole    ampere-turns,    calculation, 

(7)  39;  (8)  81. 
ravolving,  definition,  (7)  156. 
rheostats,  (see  rheostata). 

stray   effect  on  ai-o.   Toltmaters, 
(8)  74. 
waUmetan,  (3)  166. 
ahielda.  (3)  69  to  60. 
struetura,  d-e.  machimiw.  design, 

(8)  73  to  89. 

Fire  pdnt,  cila,  testinc,  (3)  393. 
restating  compound,  (13)  31. 
rialcs  power  plants,  (10)  607, 
relation  to  wiring,  (13)  1. 
Fire-alarm,    merohant-maiijie  prac- 
tice, (32)  116. 
systems,  (21)  136. 
Fire-brick,  ooDduetivity,  beat,  (19) 
84,86. 
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Fire-brick— oontinued. 
properties,  (4)  407. 
resistivity,  lieat,  (19)  86. 
Fire-clay,  properties,  (4)  256. 
Fiacliex^Hinnea  wave  anslyBis,  (2) 

210. 
Flasli  point  oils,  tcstinc,  (3)  393. 
Flemins's  left-hand  role,  (8)  5. 
risht-hand  rule,  (8)  4. 
rulei.  (2)  67. 
noata,  stream  measurements,  (10) 

642. 
flood  nrovision*  for  power  plaats, 

(10)  702. 
Floor  gpsoe,  induction-motOF-gene- 
rstor,  (12)  63. 
syndu-onous  converter,  (12)  03. 
motor-generator,  (12)  63. 
Flour-mills  machinery  for  heat  con- 
sumption, (IS)  272. 
motor  applications,  (16)  868  to 

372. 
power  requirements,  (16)  871. 
Flow,  heat,  calculations,  (19)  86. 
through  plates,  formulas,  (19) 
88. 
Flue  area,  (10)  86. 

gas  analysis.  (3)  396;  (10)  86. 
properties.  (10)  114  to  132. 
Flumes,  (10)  676. 
fluorine,  atomic  weight,  (19)  170. 
etectroehemioal    equivalent,    (19) 
170. 
Flux, 

density,  dieleotrie,  (2)  107. 
d-o.  armature  cores,  (8)  123. 
teeth,  (8)  123. 
machines,  (8)  77. 
generators,  a-e.,  (7)  42. 
magnetic,     definition,    symbol, 
unit,  (1)  72. 
formula,  (2)  47. 
dielectric,  (2)  106. 

critical    density,    formula,    (2) 
134. 
luminous,  (34)  860. 

definition,  ^mbol,  unit,  (1)  81. 
,    magnetic,  definition,  symbol,  unit, 
(1)  71. 
representation,  (8)  1. 
Fluzmeter,  (3)  298. 
Fly-wheels  calculation,  (16)  347. 
Force, 

eentrifusal,     definition,    symbol, 

unit,  0)31. 
definition,  symbol,  unit,  (I)  30. 
eleetromagnetio,  (8)  6. 

formula,  (2)  40. 
magnetic,  osplaocroent,  (2)  60. 
iinbalancea  pull  on  armatures, 
(8)  103. 
tractiTe,  magnetis,  (2)  65. 
units,  (1)  31. 
Forebay  design,  (10)  681. 


Form-factor,    definition,    (2)    307: 
(24)  10. 
various  waves,  (2)  308. 
Formulas,  dimensional,  (1)  98. 
Fort  Wayne  watt-hour  meter,  a-c, 

technical  data,  (3)  206. 
Foster  superheater,  (10)  12. 
Foundation,  foundations, 
ooet,  (10)  914. 
depreciation,  (10)  898. 
drainage,  (10)  694. 
Iowls.(10)6g2. 
soils  bearing  power,  (10)  690. 
Fonrier's  series,  (2)  209. 
Francis  flow  formulas,  (10)  613. 
Freeman's     formu  a     nossles     dis- 
charge, (10)  634. 
French  psge  definition,  (4)  31. 
Frequency,  frequencies, 
changers,  (7)  346  to  370. 
application,  (7)  346. 
bibliopaphy,  (7)  369. 
induction  type,  (7)  354. 

driving  motor   choice,   (7) 

361. 
speeds,  table,  (7)  868. 
motoHr.generator,  fnquency,  (7) 

353. 
non-reversible,  induction  motor 

drive,  (7)  363. 
parsllel  operation,  (7)  349. 
regulation,      definition,       (34) 

666. 
subsution,  (13)  60. 
synchronising  equipment.  (12) 
61. 
eottverter,  definition,  (24)  112. 
definition.  (7)  3;  (24)  9. 
symbol,  unit,  (I)  62. 
measurements,  (3)  378  to  282. 

precision,  (3)  5. 
meters,  reed  type,  (8)  279. 
oscillation,  equation,  (3)  147. 
regulations,  (see  regulations). 
Friction, 
coefficient  laws,  (16)  200. 
testa,  (16)  196  to  198. 
engines,  gas,  (10)  613. 
iournal,_a6)  6. 
losses,  (7)  119. 

machine  tools,  (16)  3. 
■yoohronous    machines,    meas- 
urement, (7)  153. 
prony  brakes,  (3)  328. 
rolling,  (16)  6. 
steam  ennnes,  (10)  187. 
water  in  fittings,  (10)  633. 
water  pipes,  (10)  636. 
FWnging   constant,   d-c.   machines, 

(8)74. 
Fteley  and  Steams'  weir  formulas, 

(10)  616. 
Fuel,  analysis,  (3)  383  to  397. 
bibliography,  (3)  398. 
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•toUurty,  (19)  118  to  130. 

typJeaTav)  »3. 

meroUl  produete,  (IS)  118. 


Fullerboard,  oonduotivity,  thermal, 
(4)  3«S. 
propertie*.  (4)  280. 
Furnaoe.  furoMta, 
draft,  (10)  77. 
efficienoy,  (10)  24. 

definitioii.  (10)  84. 
electric,  application  in  non-ferrous 
metalluri      ""         " 
•".tj,  _ 

commercial  iiiuu«»w,  v>'/  "•>■ 
compared    with    coal    furnace, 

(IB)  117. 
eonatruction   and   deaicn,    (19) 

93. 
electrodes,  (aee  electrodes), 
enersy  loss,  (19)  101. 
heat  Teases,  (19)  67. 

necessary  to  start,  (19)  04. 
production   regulation,    (19) 
106. 
induction,  (19)  108. 
power-factor,  (19)  102. 


pi^oh  effect,  (19)  97. 
reactions,  (19) 


I  60. 


lions.  (19)      . 
resistance,    claaaifiaation,    (19) 
96. 
dssicn  and  construction,  (19) 

113. 
operation,  (19)  107. 
typical,  (19)  96. 
Sehoenherr,  (10)  261. 
thermo-chenueal  reactions,  (19) 

63. 
tube,  (19)  110. 

use  in  steel  industry,  (19)  183. 
grate,  surface,  (10)  16. 

type,  (10)  69. 
hand  stokiiig,  (10)  70. 
life  expectancy,  (10)  9(X>. 
typ€»,  (10)  64. 
Fuse,  fuses, 
cartridge,  (13)  43. 
M.  circuit  breaker,  (13)  104. 
clsasification,  (12)  180. 
cost,  (10)  783. 
definition,  (24)  729. 
electric  operation,  (22)  162. 
expulsion  type,  (10)  806. 
open-link,  (13)  42. 
operation  law,  (12)  132. 
rating,  (24)  730. 
refilling  cost,  (10)  783. 
standard  rules,  (24)  720. 
telephone  drouits.  (21)  156. 
use,  (13;  103. 
in    distribution   systems,    (12) 

136. 
lightning  arresters,  (10)  8S5. 
wire  melting-p<»nts,  (13)  45. 
Fusing  current,  different  wires,  (4) 
146. 
heat,  various,  tables,  (4)  146. 


O. 


Gadolinium,    atomio    weight,    (10) 
17a 
electro-eheinieal  equiTalent.  (19) 
170. 
Gallium,  atomic  weight,  (19)  170. 
eleetro-ohemical    equivalent.  (l9) 
170. 
Galvanometers,  (3)  8. 
slternating-ounant,  (3)  31. 
bsnisticT^)  16. 


[cation,  »)  9. 
constants,  (3)24. 
damping,  (8)  26. 
D'Arsonvat,  (3)  14. 
eleetrcstatie,  (3)  37. 
Kelvin,  (8)  13. 
reflecting,  (3)  21. 
scalesTTs)  ». 
saDrfbiUbr,  (3)  38. 
■huntiL  (3)  39. 
•iaa,^)  13. 
tai«ent,  (3)  11. 
thermo,  (8)  36. 
vibration,  (3)  38. 
Owage,  dectrio  vehicle,  (17)  71  to 

84. 
Oarton-Daniels,  lightning   arrester, 

(12)  149. 
Oas,  gases, 
■ir  analysis,  various  kinds,   (10) 

123. 
analyaia,  (3)  383  to  397. 
artineial,  analysis,  various  kinds, 

(10)  122. 
Utumittous  eoal,  calorific  value, 

(10)  486  to  466. 
Uast  furnace.  (10)  404. 

analyaia,  various  kinds,  (10) 
183. 
carbon  dennty,  (4)  163. 
cleaning,  (10)  478. 
coke  oven,  various  Unda,  (10)  123. 
discharges,  electric,  (19)  253. 
engines,  (see  engines), 
•volution,  work  performed,  (II) 

46. 
expansion,  constant-pressure,  (It) 

46. 
constant-tsmperature,  (19)  47. 
flow  through  nossle,  (10)  333. 
fuels,  biblio^aphy.  (3)  398. 

nroperties,  00)  490. 
holdos.  (10)  486. 
iUumlnating  properties,  (10)  493. 
insulating  pronrtias,  (4)  360. 
manufacture,  (10)  444. 
meters,  (3)  413  to  419. 

dry,  (3)  414. 

electnc,  (3)  416. 

rotary,  (3)  419. 

Venturi  (3)  417. 

wet,  (3)  416. 
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Qm,  gaH0— -oontinued. 
noztures,  compoataon,  definition, 

(W)  10. 
mutures,  equation,  (19}  9. 
natural,    analyeie,   Tanoxu  kinds, 
(10)  121. 

eoet,  (10)  132. 

propertiea,  (10)  492. 
power  plant,  ipace  required,  (10) 

467. 
power,  production,  (10)  128. 
producers,  (10)  444  to  468. 

oapadty,  (10)  453. 

cost,  (10)  468. 

down-draft,  definition,  (10)  450. 

efficiency,  (10)  468. 

heat  baTanee,  (10)  469. 

operation,  (10)  467. 

Otto  suoUon,  tests,  (10)  460. 

preasure,  definition,  (10)  447. 

properties,  (10)  491. 

suction,  definition.  (10)  446. 

testing,  (10)  546. 

up-draft,  definition,  (10)  448. 

Westinghouse  double-sone,  test, 
(10)  461. 

Wood,  pressure,  (10)  462. 
purifier*,  (10)  477. 
retort  coal,  anslysis,  (10)  122. 
scrubbers,  (10)  477. 


storage.  (10)  486. 

waaUng,  (10)  478. 

Sears,  (23)  28  to  33. 


Gears, 

cast-iron,  cut,  power,  (23)  33. 
design,  (23)  28. 
efficiency,  (15)  221. 
speed,  (23)  31,  32. 
steel,  cut,  iwwer,  (23)  30. 
transmission,     electric     vehicles, 
(17)  35  to  44. 
Qebhardt  steam  meters,  (3)  424. 
Qdatine,  dielectric  strength,  (6)  160. 
power-factor,  (5)  159. 
si>ecifio    inductive    capacity,    (5) 
159. 
General    Electric,    demand    meter, 
(3)  233. 
ground  deteetcws,  (3)  81. 
power-factor  meter,  (3)  185. 
recorc^ng  iDstruments,  (3)  236. 
repulsion,  induction  motor,  (7) 

304. 
synchroscope,  (3)  291. 
watt-hour  meters, 

a-c.  technical  data,  (3)  206. 
d-c.,    technical    data,    (3) 
108 
wattmeter!  (3)  158. 
Generator,  geoeratora, 

a-o.  ampere-turnsi  calculation,  (7) 
39. 
armature    windings    (slso     see 

windings).  (7)  16  to  22. 
artificial  loading,  (7)  148. 


Generator,  generator*— continued, 
belt  differential  factor,  defini- 
tion, (7)  28. 
classification,  (7)  7,  10. 
design,  bibliography,  (7)  147. 
efficiency,  (7)  116  to  128. 
e.m.f.  formulas,  (7)  24. 
engine  type,  definition,    (7)  13, 
excitation,  (7)  9. 
field  form,  distributed  windings, 
(7)  83. 
of  saUent-pole,  <7)  32. 
flax  densitiee,  (7)  43. 
heating  test,  (7)  148. 
induction,  appbcation,  (7)  241. 

bibliography.  (7)  242- 

circle  diaigram,  (7)  223. 

ecat,  (7)240,  254. 

derign,  (7)  243  to  260. 

excitations,  (7)  225. 

frequency  regulation,  (7)  231. 

general  theory,  (7)  155. 

heating,  (7)  250. 

losses,  classification,  (24)  442. 

output  equation,  (7)  246. 

power^aotots,  definition,  (7) 
226. 

on  short  drouita,  (7)  238. 

theory,  (7)  222. 

voltage  reguUUon,  (7)  230. 
leakage,  (7)  36. 
load     saturation     eurve     lero 

powM^factor,  (7)  56. 
losses,  (7)  116  to  128. 
magnetic  circuit,  (7)  36  to  42. 
phase  belt,  definition,  (7)  27. 
phase  differential  factor,  defini- 
tion, m  81. 
pitch   differential  factor,    defi- 
nition, (7)  30. 
quarter-phase,  definition,  (7)  5. 
regulation  definition,  (24)  562. 
saturation     curve     calculation, 

(7)  36. 
aingle-phaae  use,  (7)  8. 
synchronous,  air  gap,  (7)  106. 

armature  reaction,  (7)  44. 

classification,  (24)  441. 

design,  (7)  92  to  107. 
constants,  (7)  94. 
limiUtions,  (7)  95  to  103. 

excitation  characteristics,  (7) 
59. 

insulation  design,  (7)  108  to 
114. 

leakage  reactance,  (7)  45. 

mechanical  construction,  (7) 
140  to  146. 

output  equation,  (7)  94. 

parallel  operation,  (7)  87  to 
91. 

regulation,  (7)  43. 
calculation,  (7)  52. 
ytlae  of  close,  (7)  61. 
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Qanantor,  cMTatori    0«Der»tcc,  gaiwrfttora 


Qvurator,  (•nwatori — continued. 

(hort-drouit  ounont.  (7)  63. 

•tnur    loaMi,  detormioation, 
(24)  2SS. 

Ttotor  disgnm,  (7)  SI. 

TWitUation,  (7)  12tt  to  139. 
three-phHe,  definition,  (7)  6- 
turbinesliiTen  type,  dennitioD, 

(7)  18.  *^ 

turbo-,  fristion  loem,  (7)  120. 

wdshta,  (7)  14fl. 

windage  loBMi.  (7)  120. 
two-phue,  definition,  (7)  6. 
water   wheel  type,    diennition, 

(7)  14. 

wave  form  determination,  (7) 
25  to  34. 
are  wave,  (21)  297. 
battery-onarging,  telephone,  (21) 

61. 
cooling,  (aee  cooling), 
coet,  (10)  014. 
current,  direction,  (8)  6. 
definition,  (34)  101. 
depredation,  (10)  898. 
d-o.  arc  lighting,  (8)  206. 

bibliography,  (8)  277. 

bmabea,  (see  brushes). 

oharacterutios    and  regulation 

(8)  144  to  166. 
compound,  (8)  162. 

definition,  (8)  9. 

starting   and   stopping,    (8) 
343. 
oonstant-ourrent,  (8)  156,  206. 
regulator,  (8)  156. 
testing,  (8)  370. 
constant-potential,  (8)  150, 181. 

three-wire.  (8)  190. 
current  regulation,  (8)  149. 
design  and  construction,  (8)  90 

to  103. 
electrolytio  work,  (8)  183. 
flat-compound,  (8)  152. 
lighting,  (8)  186. 
pnndples,  (8)  1  to  9. 
installation,  (8)  246. 
lighting  service,  (8)  181. 
long  shunt,  defimtion,  (8)  9. 
operating  instruotioss,  (8)  349. 
operation,  (8)  336. 
over-eompounded,  (8)  152. 
railway  service,  (8)  183. 
reactance    voltage   limits,    (8) 

48. 
regulation,  definition,  (34)  561. 
reaiatanoe    characteristics,    (8) 

154. 
separately      exdted,     external 

characteristics,  (8)  144. 
I  characteristics,  (8)  153. 


definition,  (8)  9. 
operation,  (8)  321. 
thort  shunt,  definition,  (8)  9. 


(Senerator,  generators— oontinued. 
shunt,    oritioal   resistanee,    (8) 
146. 
definition,  (8)  9. 
axternal    eaaraoteiiatiei     (8) 

146. 
instability,  (8)  148. 
resistance  eharacteristicB,  (8) 

147. 
starting    and    atopiung,    (8) 
241. 
synchronous  claaaification,  (24) 

222. 
testing,  (8)  257. 
three-wire  balance  eoib,  use,  (8) 
196. 
earliest  type.  (8)  193. 
Rothert  tyjM,  (8)  192. 
unbalaooed  ourrents,  (8)  195. 
train  lightios.  (8)  186. 
types,  daaaiication.  (8)  10. 
▼sxiable  speed,  (8)  186. 
voltage  regulatiao,  (8)  149. 
donble-euirent,  (9)  134. 
definition,  (24)  107. 
design  limitations,  (9)  137. 
eleotrostatic,    classification,    (22) 
257. 
{notional,  (23)  358. 
influence,  (23)  363. 
theory  fnctional  w*^**VTfs, 

360. 

Toepler  machine,  (22)  265 
•ngine-type,  construction,  (8)  100. 
erection,  (10)  729. 
field  structure,  (see  field), 
grounded   neutral  (see  grounded 

neutral), 
heating,  .(sea  heating), 
liomopolar,  (8)  226. 
axial  type,  (8)  228. 
compound,  (8)  238. 
output  equation,  (8)  330. 
radial  type,  (8)  237. 
induction,  definition,  (24)  140. 
interpole  (see  interpolea). 
losses  (see  losses), 
magneto,  telephone,  (21)  26. 
telephone  ratings,  (31)  27. 
marine  cost,  (22)  122. 
merohant  marine  practioe,   (22) 

120. 
name  plates,  standard,  (24)  620. 
operation,  grounded  neutral,  (7) 

114. 
rating,  coal  mines,  (IS)  379. 
ringing,  telephone,  (21)  62. 
shunt,  car  Ughting,  (8)  1. 
structure  identity,  (8)  6. 


,(22) 


shunt,  car  Ughting,  (8)  188. 

(?)«•,„ 

»,.(7)  1- 
idings,  (n 


structure  identity,  w  * 
synehronotts,  definition, 
turbo,    armature    wini 

armature), 
ventilation,  (see  ventilation), 
windmill  operation,  (22)  176. 
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German  ^age,  dafinition,  (4)  34. 
Oerman  stiver,  (4)  148. 
fuuns,  (13}  47. 
fusing  current,  (4)  145. 
Germanium,  atomic  weight,  (19)  170. 

dectro-chemical  equivalent,  (10) 
170. 
Qibba-Helmliolti    e.mi.    equation, 

(19)  SO. 
Girod  furnace,  (10)  90. 
Glasa, 

eompoaition,   temperature  coeffi- 
cient, (4)  273. 

conductivity,  heat,  (10)  84,  86. 

oonduotivity,  thermal,  (4)  300. 

dieleotrio  constant,  (4)  273. 

dielectric  strength,  (4)  273. 

dendty.  (4)  273. 

propertiea,  (4)  373. 

radiation  coefficient,  (22)  15. 

resistivity,  electric,  (4)  273. 

renstivity,  heat,  (10)  85. 

tensile  strength,  (4)  273. 
Olocken  soda  process,  (10)  232. 
Gludnum.  atomic  weifht,  (10)  170. 

•leetrocnemical  equivalent,    (10) 
170. 
Gohmak,  density,  (4)  323. 

dielectric  strength,  (4)  323. 

maomum  temp<rature,  (4)  323. 

properties,  (4)  323. 

resistivity,  electric,  (4)  323. 

tensile  strength,  (4)  323. 
Gold, 

atomic  weight,  (10)  170. 

conducUvitjr,  thermal,  (4)  300. 

electrochemical  equivalent,    (10) 
170. 

expansion,    temperature    coeffi- 
cient, (4)  300. 

density,  (4)  300. 

plating,  i>ractical  rules,  (19)  200. 

refining,  eleotroljrtic,  (19)  216. 

resistivity,  electric,  (4)  138. 

temperature  coefficient,  (4)  138. 

tensile  strength,  (4)  399. 
OSrges,  three-phase  motor,  (7)  294. 
Governors  water-wheelt.  (10)  OM. 

windmill,  (22)  171. 
Grade*  ruUng,  (16)  25. 

virtual,  (16)  24. 
Gram-atom,  definition,  (19)  4. 
Gram-equivalent,  use,  (19)  34. 
Gram-molecule,  definition,  (19)  4. 
Graphite,    artificial,    general    data, 
(19)  119. 

conduct!  vitv,  heat.  ( 19)  84, 86, 105. 

resistivity,  beat,  (19)  86. 
Graphometer,  (3)  234. 
Grassot  fluzmeter,  (3)  298. 
Grate  surface,  (10)  16. 
Grates,  (see  furnaces). 
Ground  connection  lightning  rods, 
(22)  356. 


Ground  detectors,  (3)  62. 

alternating  current,  (3)  80. 
Ground    wires,    telephone    cirouits. 


(21)  15^ 
ndei' 


Grounded  neutral,  circuit  breaker, 
(13)  105. 
switohing.  (10)  803. 

secondary  (12)  103. 
Grounds,    telephone    dreuits,    (21) 

244. 
Grout,  definition,  (4)  402. 
Growth  plant,  effect  of  electricity, 

(22)  156. 
Grove  cell,  (20)  21. 
Gummon,  compressiva  strength,  (4) 

dielectric  strength,  (4)  313. 
maximum  temperature,  (4)  313. 
properties,  (4)  313. 
reaistivity,  electric,  (4)  313. 
tensile  strength,  (4)  313. 


Gums,  insulating  properties,  (4)  267. 
Guns  firing,  electric,  (22)  148. 
Gutta  percha. 


bibliography,  (4)  340. 
conductivity,  thermal,  (4)  368. 
density,  (4)  340. 
dieleotnc  constant,  (4)  340. 
resistivity,  electric,  (4)  840. 
Gyration,  definition,  symbol,  unit. 


radius, 


definition,  (23)  1. 


Hall  effect,  electron  theory,  (22)  222. 
Hammond    volumetric    meter,    (3) 

406. 
Hard  rubber,  ^see  ebonite). 
Hartman    and    Braun,    frequency 
meter,  (3)  279. 
voltmeters,  (3)  70. 
Head-gatee,  (10)  677. 
HeadUghts,  (14)  170. 
Heat, 
analysis,  steam  plant,  (10)  305. 
balance  application,  (19)  42. 
dissipation,  constant,  (6)  77. 
flow  calculations,  (19)  85. 
flow  through  plates,  formulas,  (19) 

88. 
latent,  definition,  unit,  (1)  93. 
mechanical  equivalent,  definition, 

unit,  (1)  97. 
quantity,  definition,  unit,  (1)  88. 
radiation,  (see  radiation), 
reaction,  change  with  temperature, 

(19)  43. 
specific,  definition,  unit,  (1)  89. 
transformation  laws,  (lO)  1. 
units,  (see  units). 
Heaters  depreciation,  (10)  808. 
electric  merchant-marine  practice, 
(22)  112. 
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He*  tine, 
.  converters,  aynohronoiu,  (9)  8. 
i~c.  maohioea,  (S)  110. 
effect  of  humiLD  body,  (22)  26. 
electric,  (22)  11  to  43. 
mdvkntacea,  (22)  27. 
bookbindint    appUanoee,     (22) 

42. 
candy      manufaoturinc     sppli- 

aoces,  (22)  38. 
can,  (22)  24. 

power  requirements,  (22)  25. 
celluloid      manufaototing     ap- 
pliances, (22)  41. 
circuits  wiring,  (13)  88. 
cost,  (22)  28. 

6eld  of  application,  (22)  11. 
froaen  pipes,  (22)  98. 
seneration,  (22)  12. 
Eat  manufacturing  applieanees, 


(22)  37. 
ndustrial.  (22)  34. 


Ii 

kitchen  equipment,  (22)  t.. 
laundry  appliances,  (22)  8S. 
rooms,  (2^  23. 

shoe-making  appliances,  (22)43. 
soldering  appliances.  (22)  40. 
tailoring  a|>pliances,  (22)  36. 
wood-working  appliances,  (22) 
39. 
exhaust  steam,  (10)  201. 
semi-enclosed  machines,  (8)  130. 
standardisation  rules,  (24)  300. 
surface,  boilers,  definition,  (10)  14. 
temperature  rise,  (8)  129. 
totally    enclosed    machines,    (8) 

131. 
ventilated  machines,  (8)  132. 
Helmholti  energy  equation,  (lO)  58. 
Helium,  atomic  weight,  (19)  170. 
elecrochemical     equivalent,     (19) 
170. 
Hemit  compreaaive  atrength,  (4)  313. 
dielectric  atrength,  (4)  313. 
maximum  temperature,  (4)  313. 
propertiea,  (4)  313. 
reeiativity,  electric,  (4)  313. 
tensile  atrength,  (4)  313. 
Henipel  apparatus,  (10)  85. 
Hering  furnace,  (19)  97. 
Horoult  furnace,  (19)  98. 
Heualer'a  alloya,  (4)  204. 

coefficient,  (4)  207. 
Hoepfner  proceaa,  (19)  23. 


line  refining,  (19)  219. 

braking. 


(16) 


lioiating,  dymanio 
465. 

plant,   power   requirements,    cal- 
culation, (15)  224. 
Hoists, 

electric,  drum  type,  (15)  91. 

efBcienoy,  (15)  95. 
motor  appliotions,  (15)  01  to  110. 
balancing  ayatems,  (15)  09. 


Hoists — continued, 
choioe,  (15)  07. 
converter     balaneing     system, 

(IS)  104. 
Ilgner  system,  (15)  100. 
rating,  (15)  96. 
power  requirements,  (15)  04. 
Holbom-Kurlbaum  pyrometers,  (3) 

372. 
Holden  hysteresis  meter,  (3)  317. 
Holts  electrostatic  maoiuDe.(22)  268. 
Hoope's    conductivity    brides,    (3) 

127. 
Hopkinson  divided-bar  test.  (3)  305. 

test  for  d-e.  maehines,  (8)  266. 
Hoppers,  coal,  (10)  161. 
Hoppe'a  weir.  (3)412. 
Hubbell  storage  battery,  (20)  211. 
Hunt  internally  concatenated  motor, 

(7)38S. 
Hunting, 
eonvertecs,  synchronous,  (9)  51. 
induction  generators,  (7)  237. 
machines,  induction,  (7)  250. 
motors,  d-c.  interpole,  (8)  174. 
synchronous    motors,    deSnition, 
(7)74. 
frequency,  (7)  76. 
Hydraulics,  (10)  5BS  to  674. 
of  water-wheeb,  (10)  682. 
Hydraulic  head  measurement,  (10) 

711. 
Hydrogen,  atomic  weight,  (10)  17a 
dielectric  strength,  (i)  368. 
electrochemicaT  equivalent,    (19) 

170. 
potential,  deotrio,  (10)  175. 
Hydrographs,  typical,  (10)  661. 
Hydrometer,  (20)  84. 
Hydroohlorite,  electrolytic   produo- 

tion,  (10)  240. 
Hystereais, 
coefficient,  various  materials,  (4) 

207. 
ourve  measurement,  (3)  314. 
dielectric,  (4)  251. 

definition,  (3)  137. 
loop,  definition,  (2)  89. 
las^(2)  94. 

Sect  of  wave  form,  (4)  210. 
measurements,  (3)  315. 
separate    from    eddy-currents, 
(3)  320. 
meters,  (3)  317. 
principles,  (2)  89. 
separation  from  eddy-currents,  (2) 
104. 
Hyateretic  angle,  (2)  93. 


Ice,  dielectric  constant,  (4)  258. 
dielectric  strength,  (4)  2S8. 
effect  on  stream  flow,  (10)  666. 
resistivity  electric,  (4)  258. 
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Ice-cre»m    apparttua, 
Buznption,  (IS)  127. 
loe-makinc,    Audiffren-Sinip^m  re- 

frigaratiDS  machine,  (IS)  320. 
can  (jrsteiD,  (16)  312. 
center  {reeae  ayatem,  (16)  316. 
pUnta,  elaaaifieation,  (15)  810. 

motor  applicationa,  (15)  302. 
plate  aygtem,  (IS)  314. 
Ignition  automobile  aystema,  (22)  01. 
battery  vs.  magneto,  (22)  97. 

test,  (20)  41. 
break  ayatem,  low-tenaion,    (22) 

93. 
master  multipte-coil  ayatem,  (22) 

96. 
multiple  TibratoT-syatem,  (22)  94. 
■ingle-coil  with  distributor,   (22) 

98. 
Ilgner  motor-generator  ayatem,  (7) 

344. 
niamiDanta,  bibliography,  (14)  305. 
Illumination, 
~  abaorption  ol  light  method,  (14) 

lOS. 
caleulationa,  (14)  171  to  206. 
oharaoteriatics.  (U)  213  to  222. 
ooafficient     of     reflection,     (14) 

227  228 
cost,  (l4)  248  to  251. 
data  elaaaifieation,  (14)  186  to  187. 
deaign,  (14)  241  to  247. 

bibUography,  (14)  260. 
direction  of  diffusion,  (14)  218. 
direction  of  light,  (14)  216. 
effect  of  wall  reflection,  (14)  192. 
efficiency     of     utilisation,     (14) 

188  to  204. 
fliiz,    required   to   produce,    (14) 

195 
^are,  (14)  225. 
intenaitiea  for  varioua  classes  of 

service,  (14)  21S. 

various     lighting     installation 
tables,  (14)  319. 
measurement  practice,  (14)  298. 
methods,  (14)  236  to  240. 
need  for  concealing  sources,  (14) 

224. 
physiological    and    psychological 

effects,  (14)  223  to  234. 
practical,  (14)  207  to  251. 
practice,  bibliographv,  (14)  306. 
principles,  bibliograpuy,  (14)  304. 
standardisation,  rules,  (24)  860. 
on    surface,    definition,    symDol, 

unit,  (1)  86. 
Impedance, 

connection  equations,  (2)  171. 
definition,  symbol,  unit,  (1)  65. 
equationa,  (2)  168. 
measurement,  (3)  148. 
telephone   service    nomenclature, 

(24)  916 


Imperial  gage,  definition,  (4)  17. 
Incandescence,  definition,  (14)  2. 
Indium,  atomic  weight|  (10)  170. 
eleotroohemioal    equivalent,    (19) 

170. 
resistivity,  electric,  (4)  138. 

temperature  coefficient,  (4)  138. 
Inductance,' 
cmls,  calculation,  (5)  123. 

formula,  (2)  60. 
dceed  magnetio  drouit,  (2)  68. 
definition,  symbol,  unit,  (1)  66. 
electromagnetic,  (2)  67. 
formula,  (2)  67. 

Bureau  of  Standarda,  (2)  74. 
magnets,  claculation,  (6)  3l. 
measurements,  (3)  240  to  263. 
mutual,  formulas,  (2)  83. 

measurement,  (3)  263. 
reactors,  power  limiting,  formulss, 

(6)  263. 
standards,  (3)  241. 
Induction, 
coils,  (6)  119  to  154. 

bibliography,  (5)  154. 

calculation,  (5)  119. 

condensers,  (6)  169. 

core  design,  (5)  132. 

deaign,  (6)  131. 

dimensions,  (5)  146. 

flux  density  equation,  (5)  133. 

insulation.  (5)  142  to  147. 

primary  characteristics,  (6)  124. 

primary  type,  definition,(5)  120. 

primary  type,  theory,  (6)  121. 

secondary  type,  theory,  (5)  125. 
space  factor,  (5)  134. 

windings,    (see   windings), 
electromagnetic,  definition,  (8)  2. 

direction  of  e.mX,  rule,  (8)  4. 

laws,  (2)  36. 
interrupters  (see  interrupters), 
machines,  (7)  156  to  286. 

deeign,  (7)  243  to  269. 
permeability  formula,  (4)  201, 
Inertia  moment,  definition,  symbol, 

unit,  (1)  45. 
Injectors,  (10)  346. 

capacity  table,  (10)  347. 
Inspirators,  (10)  849. 

curve  drawing,  (see    instruments 

recording), 
dynamometer,  (3)  32. 
electrical,   bibUography,    (3)   322 
to  332. 

definition,  (24)  225. 
indicating  continuoua-ourrent,  (3) 

00. 
Instrument,  inatrumenta, 
life  eapectanoy,  (10)  900. 
recording,  (3)  235  to  239. 
switchboard  a-c.  coat,  (lo)  824. 

cost,  (10)  789. 

substation,  (12)  72. 
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Instrument,  iiutramanta— ooatinued. 
for  truiuormer,  (S)  221. 

(sM  traoiformeri). 
TBtioua  (aae  nams  of  imtruments). 
Inmiteo  properties,  (1)  347. 
losuUts,    oieleotrio    strracth,    (4) 
323. 
maximam  temperature,  (4)  323. 
properties,  (4)  323. 
resistivity,  eleotrio,  (4)  323. 
Insulated  oils,  (4)  368  to  3M. 
Insulatine  properties,  (4)  347. 
(8)  49. 


eondenser  type, 
Insulation, 
armature,  S40-Tolt,  example, 
107. 
BSO-rolt,  example,  (8)  108. 
oable,  distribution,  (12)  211. 


(8) 


thicknees,  (12)  212. 
commutator,  (8)  113. 
d-o.    machines,    seneral   require- 
ments, (8)  103. 
limiting  temperature,  (8)  lOB. 
materials  tised,  (8)  104. 
disruptive  strength  temperature, 

(7)  111. 
field  coil,  (8)  100. 
field  winding,  (7)  112. 
generator,  failures,  (7)  110. 

leads  and  eonneoUons,  (7)  113. 
heat,  (10)  82. 

heating  apparatus,  (22)  21. 
magnet  wires,  (4)  299  to  301. 
pipe,  steam,  (10)  388. 
puncture  test,  (8)  274. 
rssistanoe, 

definiUon,  (4)  239;  (24)  S8S. 

electric  standard,  (24)  660. 

measurements,     (3)     132;    (8) 
373;  (31)  2S1. 
precautions,  (3)  137. 

surface  resistivity,  (4;  241. 

temperature     coefficients,     (4) 
240. 

volume  rtnstivity,  (4)  240. 
■eries-maehines,  (10)  796. 
slow  burning,  (13)  31. 
spedfio  resistance  measurements, 

(3)  136. 

aUtor  slot,  (7)  108. 
stresses  due  to  switching,  (8)  113. 
tUMS,  (4)  302  to  308. 
telephone  cables,  (21)  143. 
temperature  limits,  (24)  376,  677. 

rises  permissible,  (8)  119. 

safe,  (10)  737. 
test  transformers,  (6)  217. 
transformers,  (6)  3S  to  63. 

terminals,  (8)  48. 
vacuum  diyliig  and  impregnation, 

(4)  348. 
Insulator,  insulators, 

bibliography,  (11)  246. 
definiUon,  (3)  14. 


Insulator ,  i  nsulaton—oontinued. 
distribution  system,  (12)  181. 
line,  (11)  63  to  68. 

effect  of  high  treqaeney,    (11) 

67. 
glass,  (11)  67. 
pin-type,  (11)  60. 
porcelain,  (ll)  58. 
strain  Xyv,  (11)  64. 
susiwnsion,  (11)  61. 
hanging,  (11)  178. 
string  efficiency,  (II)  63. 
testing.  (11)  68. 
theory,  (11)  64. 
Watte  type,  (11)  68. 
pins,  (11)  173. 
cost,  (11)  338. 
steal,  (11)  176. 
telephone,  (21)  219. 
wooden.  (11)  173. 
Insurance,  boilers,  (10)  53. 
definition.  (36)  31. 
power  plant.  (10)  895. 
Intensi^  luminoua,  (24)  853. 

apiiarent     specific,     definitton, 

symbol,  unit,  (l)  86. 
definition,  symbol,  unit,  (1)  82. 
true  specific,  deSmtion,  aymbol. 
unit,  (1)  84. 
Interest  eharges,  definition,  (10)  891. 
compound,  formulas,  (26)  21. 
definiUon,  (36)  17. 
legal  rates,  different  states,  (26) 
19. 
Interpoles,  design  for  commutation 
(8)  61  to  66. 
dimensions,  determination,  (8)  63. 
Interrupters,  (6)  148. 
atonic  (6)  149. 
electrdytic,  (6)  153. 
mercury  type,  (S)  ISl, 
tnotor  driven,  (S)  162. 
oil-immersed,  (S)  160. 
Investment  risks,  (26)  18. 
Iodine,  atomic  weight,  (19)  170. 
electrochenuoal   equivalent,    (19) 

170. 
potential,  electric,  (19)  175. 
Ions,  migraUn^,  model,  (19)  141. 
Iridium,  atomic  waigbt,  (19)  17(L 
electrochemical   equivalent,    (It) 
170. 
Iron, 
ageing,  (4)  188. 
afloys,  (19)  131. 
atomic  weight,  (19)  170. 
cast, 
coefficient,  (4)  207. 
composition,  (4)  190. 
eonauotivity,  thermal,  (4)  376. 
density,  (4)  374. 
expansion    temperature    ooeffi- 

oient,  (4)  376. 
genersl  properties,  (4)  371. 
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Iron,  east— oontiniMd. 

gray,  (4)  873. 

manetio  propertiea,  (4)  190. 

mweeble,  (4)  191.  377. 
tenaile  atreoEth,  (4)  37S. 

power  requirea  to  eui,  (IS)  10. 
to  dnll,  (IS)  10. 

propertiea,  (4)  100. 

radiatkm  eoeffioient,  (10)  00. 

reelativity,  (4)  121. 

■pedfie  heat,  (4)  376. 

strength,  etfeet  o{  oompoaition, 
(4)  374. 

wUte,  (4)  873. 
deaning  solution,  (10)  191. 
eondaetivUy,  heat,  (4)  181,  (19) 

.108. 
copper,  fusing  current,  (13)  47. 
corrosion,  eleetrolytio  tOBonr,  (19) 

144. 
density,  (4)  137. 
electrochemical    equivalent,    (19) 

170. 
electrolyte     melted     in    mcmo, 

propertiea,  (4)  107. 
strength,  (4)  881. 
expansion,  tamperatur*  ooeffident 

14)  129. 
fusing  current,  (13)  47. 
mneral  prajpertiaa,  (4)  114. 
Oarman    auvar,    tnsuig    eucrent, 

(13)  47. 
ingot,  (4)  lie. 

oonduetiTity,  thermal,  (4)  381. 

definition,  (4)  879. 

elastic  Umit,  (4)  379. 

apedfic  heat,  (4)  379. 


tensile  strength,  (4)  379. 
- —    --'- -'-''in,  (8)  136, 
,  (8)  133. 


_    .  calculation,  (8)  136. 

d-c.  machinee,  (I  , 

effect  of  wave  form  factor,  (4) 

Sll. 
tMts,  (6)  209. 
magnetic  properties, 

bibUographv,  (4)  232. 
effeol  of  aluminum  andsili- 
eon,  (4)  170. 
araenio,  (4)  179. 
carbon,  (4)  174. 
chromium.  (4)  178. 
heat  treatment,  (4)  181. 
impurities,  (4)  176. 
manganese,  (4)  175. 
molybdenum,  (4)  178. 
nickel,  (4)  177. 
ailicon   and   aluminium, 

(4)  176. 
sulphur  and  oiygen,  (4) 

180. 
temperature,  (4)  182. 
tungrtm.  (4)  ira. 


mitis,  (4)  196. 
parmeability,    affeot 
ture,  (4)  183. 


of  tempera- 


Iron— eontinned. 

high  frequenoy,  (4)  203. 
potential,  electric,  (10)  175. 
propertiee,  effect  of  high  frequency, 

(4)  164. 
pore, .  eompreeaive  strength,    (4) 

strength,  (4)  378. 

snedfie  gravity,  (4)  378. 
radiation  coefficienta,  (22)  16. 
reduetioD  in  eleetiio  fumaoes,  (19) 

133 
re6ning,  electrolytie,  (IS)  320. 
reeistiTity,  eleetrio,  (4)  116, 147. 
effect  of  impuritiee,  (4)  117. 

temperature  coeffidenL  (4)  118. 
saturation  ourvee,  (4)  184. 

intensity,  roaximam,  (4)  198. 
aheet,  (see  sheets). 

radiation  eoeffioient,  (10)  90. 
spedSo  heat,  (4)  180. 
tensile  strength,  (4)  128. 
wrought,(4)  192. 

power  required  to  out,  (15)  10. 
to  dnll.  (15)  10. 

properties,  (4)  378  to  383. 
Iromng  machinee,  power  consump- 
tion, (IS)  427. 
Ivory  resistivity,  electric,  (4)  269. 


Jaw  crushers,  power  consumption, 

(15)  200. 
Johnson's  rule  for  balancing  equa- 

tiona,  (10)  35. 
Joule's  law,  (2)  27. 
Junker  ealoriuetar,  (3)  390. 


Kaolin  properties,  (4)  200. 
Kapp     loa^ding-baek    methods,   (8) 
267. 

vibrator,  (7)  327. 
Kdler  furnace.  (19)  100. 
Kellosg   selective  train  dispatching 

aystem.  (21)  121. 
Kdvin  balance,  (3)  100. 

double  bridge.  (3)  123. 

galvanomstera,  (3)  13. 

law,  (13)  76. 
Kerite  propertiea,  (4)  343. 
Keroeene,    dielectne    strength,    (5) 
169. 

power-factor,  (5)  169. 

spedfio   induotive   eapadty,    (6) 
ISO. 
Kieselguhr,  (19)  71. 

oondudUvtjr,  heat,  (19)  84,  86. 

redstivity,  heat,  (19)  86. 
Kirebhoff's  laws,  (3)  29. 
Kitchen  equipment  eleetiio,  (22)  30. 
Koepsel  perms«matar  (3)  810. 
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Koblrwueh's  Uw  of  misration,  (19) 

16fi. 
Krftmer  spaed  control  avitam,   (7) 

SU. 
Krautaberg  air  meter,  (3)  410. 
Krypton,  atomie  weicht,   (19)  170. 

deetrocbemioal    equivalent,    (10) 
170. 
Kutter  f  ormuU,  water  flow,  (10)  027. 


Lamp-baok,  denaity,  (4)  1B3. 
Lamp-blaok,    radiation    ooelfioient 

(10)  00. 
Lamp*, 

acoeeBoriae,  (14)  130  to  170. 
are.  (10)  8M;  (14)  84  to  lit. 
bibUooraphy.  (14)  306. 
carbide-titonium,  (14)  115. 
oarbon  enoloaed,  (14)  02. 

for     phototometrio     data, 
(14)  93. 
ittteuified,  (14)  9«. 
open,  (14)  8S. 
life  of  electrode.  (14)  01. 
Uriit  diatribution,  (14j  89. 
photometrio  data,  (14)  90. 
raoaUnee,  (4)  IM. 
elaaaification,  (14)  88,  87. 
flame,  (14)  97. 
lifht  production  theory,  (14) 

98 
long  burning,  (14)  102. 

electriwl  data,  (14)  104. 
lona  life  of  elactroaea,  (14) 

106. 
medium  bumins,  (14)  101. 
metallic  electrode,  (14)  108. 
aliort  burning,  (14)  90. 
magnatite,  (alao  aae  lamps,  arc, 
metalUe). 
photometric  data.  (14)  111. 
regulating  mechanism,  (14) 
113. 
mechanisms,  (14)  86. 
metallieeleetriealdata,  (14)  100. 
carbon  filament,  (also  sea  lamps, 
incandescent), 
a-c  performance,  (14)  41. 
candle-power     deterioration. 


(14) 39. 
daasification,  (14)  ] 
performance,  (14)  47. 


on  alternating  current,  (14) 
49. 

eurrea,  (14)  38. 
standard  ratings,  (I4>  48. 
treated,  rating,  (14)  34, 36. 
untreated  charaotenatica,  (14) 

36,37. 
electric,     speciflo     consumption, 

(34)  889. 
output,  (34)  888. 


tamps — continued. 
Inaandesoent, 

acceptability,    variation     from 
standard      ratine.       ▼arious 
tvoes.  (14)  29. 
bibliography,  (14)  S06. 
brightnaaa  of  fiJamenta,  (14)  31. 
oharacteriatica.  (14)  10  to  83. 
commercial,  vanoua  typea,  (14) 

20. 
flicker,  vanoua  typea.  (14)  28. 
general,  (14)  10  to  S2. 
Ufa    eivonents,    variooa     fila- 
ments, (14)  24. 
phystoal  enaractcriatics,  various 

filamaats,  (14)  22. 
rating,       spherical       radiation 
factor,  various  types.  (14)  30. 
resiatanoa  charaoteristia,  vari- 
ous filaments.  (14)  20. 
weight,  Hght  effioeney,  (14)  17. 
metalno  manufacture,  (14)  44. 
refleeton,  (see  reflectors). 
tantalum  filament,  (also  see  lamps 
ineandeaoent). 
performance    on    alternating 

current,  (14)  63. 
standard  ratings.  (14)  52. 
taating  aamplea,  (14)  3(X). 
tuber(14)  118  to  126. 

mercury  arc,  (14)  117  to  126. 
electrical  data,  (14)  124. 
high     preaaure,     electrical 

data,  (14)  128. 
low  preaaure,  electrical  data, 

(M)  120. 
quarts  tulie,  eSdeaey,  (14) 
136. 
Moore  carbon  dioxida,  (14)  118. 

nitrogen,  (14)  127. 
Neon,  (14)  129. 
tungsten  filament,  (alao  aee  lamp 
ineandeaoent). 
bulb-blackening    prevention, 

(14)  00. 
olaaaifioation  standard  aisai, 

(14)  08. 
concentrated  type,  (14)  78. 
gaa  filled,  (14)  80  to  83. 
Ufa,  (14)  73. 

loaa  due  to  froating,  (14)  75. 
manufacture,  (14)  66  to  62. 
standard  rating,  (14)  70. 
Lanthanum,  atomic  wei^t,  (19)  170. 
electrochemical  equivalent.  (II) 
170. 
Laplaoe'a  law,  Q)  58. 
Laundry,  elaaaification,  (16)  396. 
collar  and  cuff  maehuwa,  powtr 

eonsumption,  (15)  412. 
dampeners,  power   eonsumptioa, 

(1^4107 
diy-room,    power    oonsumptioa, 
tl5)  SSr. 
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tikundry — continued. 

eleotrio  heating  apnliance8,(22)  36. 
eztnetofs,  (15)  4(». 

speed,  (IS)  404. 
ironing  nutehines,  power  consump- 
tion, (15)  414,  417. 
motor  applicatione,   (15)   393  to 

418. 
rolling  machinery,  (18)  397. 
use  afgteam,  (IS)  394. 
Lava, 

conductivity,  Iieat,  (19)  84. 
dielectric  strength,  (4)  261. 
properties,  (4)  261. 
Lavite, 

compressive  strength,  (4)  202. 
denuty,  (4)  282. 
dielectric  strength,  (4)  262. 
properties,  (4)  282. 
resistivity,  electric,  (4)  262. 
working  temperature,  (4)  262. 
Lea  type,  (3)  412. 
Lead, 

atomic  weight,  (19)  170. 
conductivity,  thermal,  (4)  399. 
density,  (4)  399. 
electrochemical  equivalent,  (19) 

170. 
expansion,  temperature  coefficient, 

(4)  399. 
potential,  electric,  (19)  175. 
radiation,  coefficients,  (22)  15. 
refining,  electrolytic,  (19)  217. 
resistivity,  electric,  (4)  138. 

temperature  coefficient,  (4)  138. 
tensile  strength,  (4)  399. 
Leakage, 

belt,  motors,  induction,  (7)  197 
eml-end,    motors,    induction,    (7) 

196. 
factors,  calculation,  d-o.  machines. 
(8)80. 
ebole  diagram,  construction,  (7) 

207. 
d-c.  machines,  (8)  79. 
magnetic,  bdt,    generators,    a-c., 
(7)  48. 

il-end,    generators,    a-o.,    (7) 
49. 

eSeet,  (2)  83. 

generators,  a-c,  (7)  36  to  45. 
reactance  equation,  (7)  SO. 
tooth-tip,  generators,  a-e.,  (7) 

reactance   equation,    motors,    in- 
duction, (7)  198. 

motors,   induction,   (7)    193  to 
198. 
slot,  generators,  a-c.,  (7)  48. 
slot,  motors,  induction,  (7)  194. 
tooth-tip,    motors,  induction,  (7) 

195. 
sig-ssg,    motors,    induction,  (7) 

195. 


COU-4 


Leblanc's  phase  modifiers,  (7)  323. 
LeChatelier  thermo-couples,  (3)  346. 
Leolanch«  battery  cell,  (30)  25. 
Leeds  and  Northrup  potentiometer. 

(3)  49. 
Length,    definition,    symbol,    unit, 

(0  24. 
Lens's  law,  (6)  14. 
Leyden  jar,  (6)  156. 

capacity,  formula,  (2)  125. 
Life    exiwctanoy    for    power-plant 

equipment,  (10)  900. 
Light, 

colorimetrio    value,    illuminants, 
(14)  25. 

definition,  (14)  1. 

fiuz.  definition,  (14)  171. 

1  uminous      intensity     standards, 
(14)  260  to  284. 

mean  spfaerioal  candle-power  com- 
putation, (14)  173  to  179. 

mechanical  equivalent,  (14)  12. 

physics,  bibliography,  (14)  303. 

physiological     and    psychological 
effects,  (14)  223  to  234. 

production,  efficiency,  (14)  13. 
general  theory,  (14)  1  to  18. 

speetrophotometrio     value,     illu- 
minants, (14)  25. 

symbols,  (24)  895.     . 

total  flux  computation,  (14)  173 
to  179. 

transmission  through  glass  plates 
various  kinds,  (14)  169. 

sonal     flux,      calculations,      (14) 
180  to  184. 
Lighting, 

calourations,(14)  171  to  206. 

coefficient      of     reflection,      (14) 
227    228 

roat,  (H)  248  to  251. 

demand  factors,  table,  (12)  112. 

desixn.  (14)  241  to  247. 
bibliographv,  (14)  250. 
choice,  of  illuminant,  (14)  242. 
light  re<^uired,  (14)  246. 
spacing  in  height,  (14)  244. 
spacing      in      height,      various 
buildinga,  (14)  245. 

direct,  (14)  238. 

efficiency      of      utilisation      data 
(14)  191. 

definition,  CM  188. 

farm,      storsge     battery     plant, 
(20)  173. 

fixtures,    merchant  marine  prac- 
tice, (22)  106. 

generators,  (see  generators). 

ftlare,  (14)  225. 

incandescent  voltage  drop  allow- 
able, (13)  51. 

indirect,  (14)  237. 
bowls  (see  reflectors). 
fixtures,  (14)  164  to  164. 
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lishtlnc— continued. 

ioaUllation  date,  (14)  164. 
methodi,  (14)  336  to  340. 
n«ed  for  oonoeftling  W)aroea,  (14) 

324. 
powar  pluti,  (10)  695. 
practical,  (14)  207  to  2«1. 
practice,  biblio^aphy,  (14)  306. 
principles,  bibliography,  (14)  304. 
railway  coach,  data,  (14)  162. 
redirecting  daylight  with  ribbed 

^aH,  (14)  168. 
rendenoe,   demand  faeton,    (12) 

113. 
■emi-indirect,  (14)  158  to  164,  238. 
glau  bowls,  photometric  data, 
(14)  160. 
(how-window  reflectors,  (14)  165. 
■tores,  demand  factors,  (12)  113. 
street  reflectors,  (14)  166. 
theatres,    demand    factors,    (12) 
116. 
dimmers,  (6)  200. 
train  axle  generator  system,  (22) 
293. 
storage  batteries,    (20)    130  to 

134. 
systems,  (22)  292  to  298. 
Lightning, 

arTeaterB,j(10)  850  to  868. 
aluminum,  (II)  320. 

cell,  (10)  862. 
cost,  (10)  867. 
deflnitioD,  (24)  733. 
•lectrolytio,     properties,     (19) 

247. 
function,  (12)  147. 

Kaded  type.  (10)  858. 
gaUon.  (12)  163. 
magnetic    blow-oat    principle, 

(10)  861, 
multigaps,  (10)  857. 
rating,  (24)  734. 
rules,  (24)  733. 
telephone  circuits,  (21)  166. 
typM,  (12)  148. 

uses,  classification,  (10)  866. 
characteristics,  (22)  249. 
disturbsncea,   transmission   lines 

(11)  75. 
nature,  (22)  247. 
precaution  buildings,  (22)  256. 
protection,   distribution  systems, 
(12)  146. 
with  rods,  (22)  246. 
rods,  (22)  246  to  266. 

elertrical  constants,  (22)  248. 
installations,  (22)  262. 
source,  (22)  245. 
Lignite,  definition,  (10)  118. 
Lime,  conductivity,  heat,  (10)  84. 
Line-drop  compensators,  (12)  87. 
General  Eleotric,  (12)  89. 
Westingbouse,  (12)  88. 


lines,   arerhead  oonstruetioB,  (12) 
M6. 

Linkages,  magnetic,  definition,  (2) 

63. 
Liquid,  liquids, 

fuels,  bibliography,  (3)  308. 
speeifio  resistance  measurements, 
(3)  136. 
Lithium,  atomic  weight,  (19)  170. 
eleetro-ohemioal    equiralent,  (19) 

170. 
reristivity,  elaetrie,  (4)  138. 
temperature  coamoient.  (4)  138. 
Load  oonneoted,  definition,  (24)  61. 
dispatohiac,  (10)  836. 

talapboae  system,  (21)  133. 
power  plants,  eharacteristies,  (10) 
884. 
Load-curve  terminals,  (10)  884  to 

890 
Load-faotor,  (10)  921. 
definition,  (10)  886;  (24)  5S. 
effect  on  coat  at  energy  production, 

(10)  921. 
in    varioua    rlsssft    of    business, 
(26)  107,  108. 
Loading-back,  oonverters,  synchron- 
ous tests,  (9)  92. 
Locomotive,  locomotives, 

coal  mines,  motor  rating,  (IS)  397. 

storage  battery,  (16)  300. 
electric, 

Baldwin-Westinghouae    table, 

(16)  261. 
Butte   Anaconda   and   Pacific, 

(16)  268. 
classification,  (16)  350. 
Great  Northern,  (16)  265. 
hauling  powar,  (16)  28. 
inertia  revolving  parts,  (16)  62. 
interurbau  lines,  (16)  251. 
main  line  freight,  (16)  253. 
rating.  (16)  358. 
passenger  oonstmetion.  (16) 
260. 
New  York  C^tral,  (16)   256, 

258. 
Penmgrlvania,  (16)  260. 
power  oonsumption,  calculation, 
(16)  84. 
tables,  (16)  86. 
rating.  (24)  830. 
sintfe-phsse  switching,  (16)  264. 

twin  motor,  (16)  363. 
storage  batteries,  r20)  176. 
■witching,  (16)  363. 
trailing  load,  calculation,  (16) 

354. 
train  renstance,  (see   train  re- 
sistance), 
nuning,  (16)  291  to  300. 
adhesion  and   weight    oaleula- 

tious,  (15)  292. 
braking  oaloulations,  (IS)  294. 
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Locomotive,  mining — oontinued. 
traok  ourve  reaiatanoe.  (15)  293. 
•torace  battery,  (15)  300. 
Loi^ritnmio    decrement,    meaaure- 

ment.  (21)  314. 
IiOBaritfama,  eonvenion  rule,  (I)  151. 
hyperbolio,  teble,  (1)  160. 
table,  (I)  M9. 
London  gage,  defioition,  (4)  18. 
Loaaea, 
armature,  (aee  armature). 
boilerB,  (10)  20. 

eonverten,  lyDehroiioas,  (9)  13. 
copper,  (see  copper), 
d-o.  msofainea,  (8)  133  to  143. 
oddy-eurrent    ^eo  eddy-eurrent), 
electrical  maehinery,  (24)  433. 
daanfiestion,  (24)  435. 
determination,  (24)  460. 
■eneraton,  a>c.,  (7)  115  to  128. 
nystereaia,  (aee  hyaterena). 
iron,  (aee  iron), 
motora,  a-c,  m  115  to  128. 
induction,  (7)  210. 
railwaya,  (24)  316. 
■tray,  definition,  (7)  126. 
load,  (24)  434. 

ayncnronous    machinea,    deter- 
mination, (7)  127. 
tnuiaformera,  determination,  (24) 
470. 
Imbrication,  bearings,  <T)  143. 
engines,  bearings,  (10)  188. 

gaa,  (10)  514. 
steam  engines,  (10)  188. 
steam  turbines,  (10)  252. 
Lumen,  definition,  (24)  857. 
Luminescence,  (14)  8. 
Lumner-Brodnun  photometer,  (14) 

268. 
Lux.  definition,  (24)  858. 

M. 

Machine,  maoliines, 
electrical, 

acyclic,  definition,  (24)  141. 
caincity,  (24)  261. 
oommutating,  a-c.,   definition, 
(24)  131. 

daaufi cation,  (24). 

d-c.,  definition,  (24)  130. 

synchronous,  defimtion,  (24) 
132 
drip-proof,  definition,  (24)  168. 
•noloaed  definition,  (24)  164. 
axploaion-proof,  definition,  (24) 

171. 
induction,  definition,  (24)  138. 
losses,  (24)  433. 
moisture-resisting,     definition, 

(24)  168. 
momentary  loads,  (24)  402. 
name  plates, standard, (24)620. 
open,  definition,  (24)  lol. 


Machine,  maoUnes — continued, 
overapeeds,    (24)   398. 
protected,  defimtion,  (24)  182. 
rotating  claasiflcaUon  by  degree 

of  enclosure,  (24)  160. 
self-ventilated,  definition,   (24) 

167. 
semi-enclosed,  definition,    (24) 

163. 
separately  ventilated,  definition, 

(24)  les. 

■hort-ciroait  stresses,  (24)  308. 

standards,  (24)  260. 

submersible,  definition,  (24)  170. 

synchronous,     definition,     (24) 
133. 
deotrioal  temperature  rise,    (24) 
300  to  392. 

unipolar,  definition.  (24)  141. 

water-cooled,  definition,(24)166. 
rating,  (24)  262. 
rotauig,  classification,  (24)  101. 
tools,  definition,  (15)  1. 

group  drive  ««,  individual  drive, 

individual  drives,  (16)  7. 
motorHlrive,  olaasincaUon,  (16) 

a. 

power    consumption,    (16)   11 
to  13. 
Machinery,  dielectric  test,  (24)  480. 
eleotrical  classification,  (24)  100. 
foundation,  (10)  693. 
Magnesia,  conductivity,  heat,  (19) 

furnace  lining,  (19)  80. 
resistivity,  heat,  (10)  86. 
Magnesium,  atomic  weight,  (19)  170. 
conductivity,  thermal.  (4)  399. 
density.  (4)  398. 
electroanemical  equivalent.    (19) 

170. 
electrolytic  production,  (19)  250. 
•ipanaion,  temperature  coefficient, 

(4)  309 
reustivity,  electric,  (4)  138. 

temperature  coefficient,  (4)  138. 
tensile  strength,  (4)  399. 
Magnet,  magnets, 
a-c.  design,  (6)  77. 

polypbase,  (6)  87. 

pull  calculation,  (5)  86. 
ampere-turns  formula,  (5)  101. 
bibliography,  (5)  118. 
coil  construction,  (5)  106. 
coils,  winding,  (5)  105  to  111. 
conditions  for  maximum  worlc.  (6) 

62. 
continuous  duty  rating,  (5)  64. 
d-c.,  long  range,  (5)  46. 
calculation,  (6)  46. 
pull,  (6)  48. 

short  ranee  ealeulation.  (5)  67. 
puTnB)  67. 
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Mainet,  m  agists — continued. 
deBaition,  (6)  1. 
daicn,  (5)  41. 
slwtro,  claaaiSoation,  (5)  12. 

definition,  (5)  3. 

(eneral  tbaoryi  (5)  24. 
heating  calculation,  (S)  90  to  96. 

teat,  (5)  114. 
hish-Bpeed,  (5)  39. 
inductance,  caloulatioa,  (5)  31. 

effect  of  plunger,  (5)  32. 
intermittent  duty  rating,  (5)  65. 
lifting,  (S)  70. 

derngn  data,  (S)  73. 

p  >wer,  (2)  65. 
momentary  duty  ratinga,  (S)  66. 
Iiermanent,  aging,  (5)  5,  10. 

definition,  (5)  2. 

hardening  temperature  for  eteel, 
(4)  230. 

manufacture,  (6)  4  to  11. 
plunger  energy  relatione,  (5)  33. 
portative,  dennition.  (6)  la. 
portative,  deaign,  (5)  74  to  76. 
pull  equation,  (5)  24. 

meaaurement,  (S)  112. 

relation  to  air-gap,  (5)  4fi. 
radiation  eonatant,  (5)  68. 
railway  eicnal  apparatus,  (5)  SO. 
■low-epeed,  (5)  38. 
standard  deeigne,  (S)  63. 
telegr»h  and  telephone  servioe, 

temperature  limiti,  (S)  03. 

temperature  rise,  formula,  (S)  92. 

tenting,  (5)  112. 

time  constant.  (5)  30. 

traotive,  definition,  (5)  16. 
for  long  range,  (S)  46. 

types,  (5)  17. 
■election,  (5)  40. 

winding,  (see  winding). 

wires,  (see  wirea). 

work  performed,  (5)  28. 
Magnetic   conical  plunger  vis.  flat 
plunger,  (5)  60. 

measurements,  precision,  (3)  5. 
Magnetism,     electron     theory,     (4) 
205. 

magnet  theory,  (22)  223. 

optical  theory,  (22)  224. 

residual,  (2)  90. 

units,  (see  units). 
Magnetisation      cnracteristic,     (see 
saturation  curve). 

induced,  formula,  (2)  52. 
Bdagnetomotive  force, 

definition,  symbol,  unit,  (1)  73. 

formula,  (2)  44. 
Magnitude,  (10)  77  to  106. 
Mailing  machines,  power  consump- 
tion, (15)  427. 
Manganese,  (4)  149. 

atomic  weight,  (19)  170. 


Manganese — continued . 

electrochemical    equivalent,  (19) 
170. 

potential,  electric,  (10)  175. 
Manganese  steel,  (4)  309. 
Manholea,  boilers,   (10)   41. 

construction,  (12)  202 

telephone  oonduita,  standard,  (21) 

Marble,' 
eonduetivity,  beat,  (19)  S4. 
crushing  strength,  (4)  400. 
dieleotno  atrength,  (4)  268. 
paneb,  east,  (10)  776. 
propertiea,  (4)  263. 
Marconi  detector,  (21)  302. 

directive  antenna,  (21)  307. 
Marine  uses    ot    eleetndty,  bibli- 
ography, (22)  133. 
Masonry,    eonduetivity,  heat,  (19) 

84. 
Mass,  definition,  symbol,  unit,  (1) 

25. 
Materials,    magnetic    dasaificatlon, 
(4)  168. 
oorapariaon  table,  (4)  199. 
Mavor  multiple  motor,  (7)  284. 
Mazicatar,  (3)  234. 
Maximum    demand    meters,    (13) 
94. 
residences,  (26)  141. 
Maxwell's     equations     of     charge 
system,  (2)  130. 
magnetic  pull  equation,  (5)  24. 
Meaaurement,  measurements, 
precision,  (3)  2  to  7;  (3)  420  to  434, 
electric,  (3)  1. 

and  magnetic,  (3)  322. 
precision,  (3)  2  to  7. 
e.m.f.,  (3)  42. 
magnetic  (3)  1,  202  to  321. 

precision,  (3)  2  to  7. 
mechanical jpower,  (3)  323. 
predaion,  (3)  426  to  434. 
bibliograptiyi  (3)  435. 
calculation,  (3)  427 
theory,  bibliographv,  (3)  435. 
Measures,  biblio^aphy,  (1)   153. 

English,  historical  slcetch,  (I)  6. 
Mechanics,  bibliography,  (23)  47. 

units  (see  units). 
Mener  ohmmeters,  (3)  139. 
Melting-point  of   elements,  (4)  432. 
fuse  wire,  (13)  45. 
various   materials  (see  name  of 
material). 
Merchant  marine  electric  inatallatiott 
rules,  (22)  102. 
mills,  definition,  (15)  240. 
Mercury, 
arc  lamps  (see  lamps,  tube), 
atomic  weight,  (19)  170. 
electrocheiucal  eqiuvalent,    (19) 
170. 
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potentuJ,  eleotrie,  (10)  176. 
resistivity,  electrie,  (4)  138. 
temperature  coefficient,  (4)  138. 
Marahon  dia«ram,  (11)  36;  (12)  35. 
Merts- Price    aystem  of  reUya  pro- 
tection, (10)  820. 
Mesothorium,  (22)  216. 
Metals, 

eleetrolytio  refining,  (19)  207  to 

224. 
power  required  to  out,  (16)  10. 
to  dnU.  (16)  10. 
Meters,  depreciation,  (10)  898. 
mazimun  demand,  (25)  140. 
resistivity  dectric  table,  (4)  138. 
Metric  gage,  definition,  (4)  23. 
Mies, 

conductivity,  thermal,  (4)  368. 
dielectric  constant,  (4)  265. 
dielectric  strength,  (4)  265;  (5)169. 
molded,  dIelectricBtrengtb, (4)334. 
properties,  (4)  324. 
resistivity,  electric,  (4)  324, 
power-factor,  (5)  159. 
products,  (4)  266. 
properties,  (4)  264. 
resistivity,  electric,  (4)  265. 
specificinductiye  capacity. (6)  169. 
Micanitc,  (see  mica,  molded). 
Migration  speed,  (19)  145. 
Miles   Walker,   phase  advancer,  (7) 

322. 
Mill  gages,  definition,  (4)  11. 
Millimeter  gage,  definition,  (4)  23. 
Mineralise  burning  point,  (4)  347. 
dielectric  constsot,  (4)  347. 

strength,  (4)  347. 
melting-pomt,  (4)  347. 
propo-ties,  (4)  347. 
resistivity,  electrie,  (4)  347. 
Mineralise     Eleotrio    Co.,     print- 

ometer,  (3)  334. 
Mines,  electric  operstion,  (22)  163. 
Mobihty,  (19)  146. 

determination  method,  (19)  146. 
migration  of  anions,  (19)  163. 
of  cations,  Uble,  (19)  163. 
Moebiua  process,  silver  refining,  (19) 

214. 
Moisssn  fumsoe,  (19)  93. 
Mol,  definition,  (19)  4. 
Mdybdeniun,  stomio  weight,   (19) 
170. 
deotroehemiesl  equivslent,   (19) 
170. 
Moment  of  inertia,  definition,  (23)  1. 
Momentum,  definition,  symbol,  unit, 

(1)  39. 
Monel  metal, 

density,  (4)  399. 

expansion,   temjierstura  eoeffi- 

eient,  (4)  399. 
tensile  strength,  (4)  399. 


Money,  definition,  (36)  16. 
Morse  pyrometeia,  (8)  373. 
Morse  telegraph  system,  (21)  88. 
Motor,  motors, 
sdjustable^pesd,  definition,  (24) 

153. 
s-o.,  brush  shifting    oontrol,  (7) 
308. 
oommutsting  lasses,  elassifica- 

tion,  (24)  443. 
eommutator,  (7)  286  to  313. 
classification,  (7)  286. 
iuduotion  stairtiiis,  (7)  188. 
pdyphsae,  (7)  294. 
brush  shifting  control,  (7) 

312. 
variable  speed,  (7)  296. 
shunt  polyphase,  (7)  310. 
for  speed  oontrol,  (7)  314  to 

eompenssted     repulsion-induo- 
Uon,  (7)  304. 
reversible,  (7)  306. 
unity  poweMaotor,  i" 
control  concatenation, 
deaign,  bibliography,  n 
elevator  service,  (16)  1: 
induction, 

bibUogrsph^,  (7)  309,  242. 
oharactenstios,    (7)     179    to 

191. 
circle  diagram,  (7)  199. 

detarniinstion,  (7)  206. 
exsot,  (7)  206. 
interpretstioa,  (7)  200. 
leakage  factor,  (7)  207. 
olaasifiostion,  (24)  443. 
oontrol     concatenation,     (7) 
277. 
mulU  speed,  (7)  276. 
primary,  (7)  271. 
secondsry,  (7)  272. 
spinner  motor,  (7)  281. 
vsrisble  power,  (7)  276. 
cost,  (7)  264. 
current,  stsrting,  (7)  220. 
design,  (7)  243lo  2M. 
deaign  dsts,  (7)  317. 
disgrsm,  bssw,  (7)  173. 
effioaency,  (7)  315. 

determination,  (7)  210. 
davator  service,  (IS)  122. 
equivalent  circuit,  (7)  176. 
flux  distribution,  (7)  164. 
formulas.  (7)  180. 
genersl  theory,  (7)  166. 
besting.  (7)  260. 
internsUy  conestensted,   (7) 

286. 
leakage  reactance,  (7)  193  to 

198. 
losses,       olassificsUon,       (7) 

210. 
msgnetising  ean«at,  (7)  192. 
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Motor,  motora  m-e.,  indiution— eon-  I 
tinuad. 
MtTor  muMi^  (7)  284. 
output  aquation,  (7)  245. 
polypbaM  standard  typo,  (7)    | 

•tartins  apparatua,  (7)  310.    ' 
I>ower-faaton,  (7)  21S. 
calculation,  (7)  183. 
repuliion  atartinc,  (7)  300. 
aimilarity  to  tranatormar,  C7) 

1«7. 
■Inctfrlihaaa    charaetariatiea, 
(7)2«2. 
d«ai«n,  (7)  208. 
azeitation,  (7)  2M. 
rapulaion,  itarting,  (7)  300. 
■torting  mathoda,  (7)  208. 
tiMory.  (7)  360. 
apaad  oontrol,  (7)  371  to  388. 
bibUocraphy,  (7)  817. 
apinnar  motor,  (7)  381. 
BrnTts,  (7)  250. 
atartinc    obaraetariatios,    (7) 
221. 
oonditions,  (7)  180. 
aurrant  formulaa,  (7)  180. 
torqua,  (7)  188. 
atray   loaaaa,   datannination, 

(M)  4S9. 
torqua  mazinium,  (7)  184. 

■tartiDC,  (7)  180. 
vector  diagram  analyaia,  (7) 

174. 
waighta,  (7)  218. 
output  aquation,  IT)  180. 
pola  pitch,  (7)  266. 
rapulaion  oompanaatad,  (7)  208. 

aingle-pham,  (7)  291. 
rasiatanoe,   induetioii,  starting, 

^7)  187. 
Sanaa  compensating,  (7)  288. 
polyphase  compensation,  (7) 
296. 


single-phase,  (7)  287. 
>1,  (7} 
jhai 
i-pbasi 
O)  298. 


speed  oontrol,  (7)  ' 
hunt  polyphase,  (7) 
singta~p'>**a 


shunt  poljrphase,  (7)  810. 

compensation. 


split-phase,  small  sise,  (IS)  421. 
starters,  (sea  starters), 
synchronous, 
air  gap,  (7)  106. 

length.  (7)  78.- 
Blondel  dia^am,  (7)  70. 
classification,  (24)  441. 
definition.  (7)  67. 
design.  (7)  92  to  107. 
constants,  (7)04. 
limiUtions,  (7)  06  ta  103. 
Insulation  design, (7)  108toI14. 
meohanioal  oonstruction,  (7) 

140  to  146. 
output  aquatioii,  (7)  04. 


Motor,  moton,  s-r.,  aynclironooe — 
continued. 
aelf  starUng,  (7)  70. 
atarting  methods,  (7)  82. 
atray-losaea     daterminatioa, 

(24)  468. 
ayncwonisiBg,  (7)  85. 
tasting.  (7)  148  to  154. 
theory,  (7)  69. 
ventilation.  (7)  120  to  130. 
torque  formulaa,  (7)  180. 
winHinch  (see  windings), 
applicationa,  coal  mines,  (15)  285. 

machine  toola,  (IS)  1  to  40. 
armature,  (sea  armattir*). 
blower  oontrol,  (16)  103. 
elaasiaeation  speed,  (34)  180. 
coal  handling  service,  (15)  207. 
mines,  locomotives,  rating,  (15) 
207. 
constant  apeed,  deanition.(34)  ISI. 
control,  (IS)  430  to  445. 
bibUogr^hy,  (IS)  468. 
eonvsrtera.  (see  eonvertara). 
euirent  direction,  (8)  6. 
direct-current, 
adjustable      speed,      standard 

ligfating,  (8)  305. 
bibBograpby,  (8)  377. 
brushes,  (sea  brushes), 
eharactenatiea,  (8)  167. 
dsasifiaation,  (8)  10. 
compound    characteristics,    (8) 

170. 
constant  current,  (8)  218. 
constant     potential,   industrial 
sarnce,  (8)  300. 
milk  service,  (8)  303. 
mine  service,  (8)  303. 
railway  service,  (8)  201. 
coats,  affect  of  spaad._»)  180. 

and  waighta,  (8)  177. 
counter-e-m.f.  equation,  (8)  167. 
differential,  (8)  172. 
effect  of  voltage,  (8)  170. 
afEdeney,   effect  of  spaed,  (8) 
180. 
affsot  of  voltage,  (8)  170. 
for  elevator  service,  (16)  131. 
flame  proof,  (8)  204. 
general    deaign    and    eonatrue- 
tion,  (8)  00  to  103. 
principles,  (8)  1  to  0. 
instalUtion,  (8)  346. 
interpole,  (8)  174. 
lasses,  classification,  (34)  440. 
operating  inatruetiona,  (8)  340. 
operation,  (8)  336. 
reactance,    voltage  limits,    (8) 

40. 
series  speed  adjustmeat,  (8)  169. 

operation,  (8)  331. 
ahunt  regulation,  (8)  166. 
apeed  control,  (8)  164. 
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Motor,  motors,  d-«., — ^BCotor-reiMntort 


Motor,  motors,  d-c,  shunt  regnlstion 
— continued, 
speed  and  torque  ehsrscteris- 

tics,  (8)  161. 
variable  epeed,  (8)  163. 
small  siie,  cost,  (8)  178. 
speed  aharactensticB,  C8)  167. 
equation,  (8)  160. 
regulatinJK     rheostats,      (see 

rheostats), 
regulation  automatio,  (8)  171. 
startere,  (see  starten). 
startuc   rheoetata,    (see   rheo- 

sUts.) 
starting  and  stopping,  (8)  244. 
testing,  (8)  2S7. 
tOTque  equation,  (8)  1S9. 
weights  and  costs,  (8)  177. 
weight,  effect  of  speed,  (8)  180. 
voltage,  (8)  170. 
definition,  (24)  102. 
depreciation,  (10)  898. 
electric  automobile,  (IT)  4S  to  61. 
vehicles,  rating,  (17)  SI. 
specifications,  (17)  48. 
fan  control,  (16)  193. 
fidd  structure,  (see  field), 
heating,  (see  heating), 
hoist  oontrola,  (15)  110. 

rating,  (IS)  7B. 
induction,  definition,  (24)  139. 
speed  control  system,  (7)  314 
to  317. 
interpole,  (see  interpoles). 
losses,  (see  loaees). 
machine  tool  drive  rating,  (IS)  8. 
individual     drive     speeifica- 

tiona,  (IS)  8. 
methods  of  application,  (IS)  9. 
merchant,  marine  practice,   (23) 

no. 

name  plates,  standard,  (24)  620. 
quantity,  speed  definition,  (24)  152. 
railway, 

acceleration,  effect  on  capacity, 

(16)  126. 
•Ki.  induction,  (16)  S6. 
repulsion,  (16)  189. 
series,  (16)  188. 

charaeteristica,  (16)  S3, 
single-phase   efficiency,    (16) 
108. 
equipment,  (16)  137. 
induction,  (16)  192. 
split-phase    converter,     (16) 

three-phase,  (16)  191. 
efficiency,  (16)  110, 113. 
equipment,  (16)  139. 
0M>acit^,  (16)  119  to  144. 
required,    motor    car    train 
operation  table,  (16)  134. 
control,  (see  control), 
design,  limitations,  (16)  119. 


Motor,  motors,  railway — continued, 
d-c.  efficiency,  (16)  79.  . 
losses,  (16)  96. 
serial.  (16)  187  to  193. 
characteristics,  (16)  60. 
efficiency,  (34)  816. 
general  eleotrfo,  standard  table, 

(16)  141. 
internal  leases,  (16)  127. 
load  division,  (16)  124. 
locomotive,  (16)  140. 
losses,  (24)  816. 
rating,  (16)  120;  (24)  800. 
service    capacity    eurves,    (16) 

131. 
standardisation  mice,  (24)  1100. 
temperature   limits,    (24)    387, 
804  805 
rise  allowable,  (16)  133. 
thermal-capacity    curves,    (16) 

128 
types,'  (16)  187  to  193. 
Westingbouse   standard    table, 
(1«144. 
regulation,  definition,  (24)  660. 
rolling  mill  types,  (15)  262. 
small     sise,    application     bibli- 
ography, (16)  429. 
eharactenstlcs     and     types, 

(16)  419. 
domestic    application,     (IS) 

427. 
service  rating,  (15)  420. 
speed  regulators,  (see  regulators, 

■peed), 
starteia,  (also  see  starters),  (15) 

420  to  445. 
steel  mills^  rating,  (IS)  249. 
structure,  identity,  (8)  6. 
synchronous,  definition,  (24)  137. 
telepherage  systems,  (15)  227. 
textile  mUla,  (16)  327. 
vanring-spced,  definition,  (24)  154. 
wiring     voltage,     apportionment 
drop.  (13)  63. 
Motor-generators,  (7)832  to  346. 
battwy  chargina,  (7)  338. 
combinations,  (7)  332. 
definition,  (24)  104. 
eleetrolyUo  work,  (7)  339. 
Ilgner  system,  CI)  344. 
induction,  oost.  (12)  63. 
effidenoy,  (12)  63. 
floor  space,  (12)  63. 
motor,  (7)  336. 
railway  service,  (7)  340. 
regulation,  defimUon,  (24)  566. 
sets,  (8)  222. 

vs.  synchronous  converters,  (9) 
S5to64. 
starting,  (7)  337. 
vs.  synchronous  cAnverters,  bibli- 
ography, (9)  139. 
synchronous,  oost,  (12)  63. 


( 
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Motor-generkton,      lynohronoiu — 
oontiDued. 
efficiency,  (13)  63. 
floor  apace,  (12)  63. 
motor,  (7)  33fi. 
Ward  Leonard  system,  (T)  341. 
Moulding,  wooden,  dimensions,  (13) 

9. 
Muslin,  Tarnished,  (see  cloth,  var- 
nished). 
Mutual  Inductance  coefficient,  (see 
inductance,  mutual). 


Name  plates,  standard,  (24)  620. 
National  electrical  code,  (13)  1- 
Navy  electrical  installation  practice, 
(23)  127. 
use*  of  eleottioity,  bibliography, 
(22)  133. 
Needle-gap  e.m.f.  measurement,  (3) 

77;  (24)  636. 
Negative  plates,  definition,  (20)  46. 
Neon,  atomic  weight,  (19)  170. 
electrochemical   equivuent,    (19) 
170. 
Neodymium,  atomic  weight,  (19)  170. 
electrochemical   equivalent,    (19) 
170. 
Nernst's  battery,   e.m.f.   equation, 

(30)  11. 
Neumann's  law,  (6)  14. 
Neutral  axis,  definition,  (23)  1. 
Niohrome,  (4)  1S2. 
Nickel, 

atomic  weight,  (19)  170. 
coefficient,  (4)  207. 
conductivity,  thermal,  (4)  399. 
density,  (4)  399. 
dectroohemical    equivalent,    (19) 

170. 
expansion,     temperature     coeffi- 
cient, (4)  147.  399. 
maximum  worlcing,  (4)  147. 
plating,  practical  rules,  (19)  197. 
potenUal,  electric,  (19)  176. 
reBnini;,  electrolytic,  (19)  218. 
resistivity,  electric,  (4)  138. 
temperature      coefficient,      (4) 
138, 147. 
tensile  strength,  (4)  399. 
Nickel-ctiromium  all<^,  (4)  162. 
Nickel-eteel,  (4)  390. 
alloy,  (4)  151. 

compressive  strength,  (4)  390. 
elastic  limit,  (4)  390. 
expansion,  temperature  coefficient, 

(4)   390. 
tensile  strength,  (4)  390. 
Nitrogen,  atomic  weight,  (19)  170. 
dielectric  strength,  (4)  369. 
electrochemical    equivalent,    (19) 
170. 


Nitrogen — continued . 

fixation  of  atmospheric,  (IB)  257 
to  264. 
prooeases,  (19)  257  to  2«4. 
Noades  coefficient,  (10)  608,  835. 
discharge.     Freeman's     formula, 

(10)  034. 
flow,  formulas,  (10)  632. 

O. 

Oak,  conductivity,  beat,  (19)  84. 
Obsolescence,  (26)  47. 
definition.  (10)  906. 
Ohmlso  propotias,  (4)  347. 
OhmmeteiB,  (3)  139. 
Ohm's  Uw,  (2)  IB. 

a-c.  circuits,  (2)  185. 
Oil,  oils, 

boats,  propulsion,  (18)  45. 
chemical  composition,  (4)  358. 
conducti\'ity,  thermal,  (4)  368. 
dehydrating.  (0)  232. 
density,  (4)  360. 
dielectric  const&nt,  (4)  360,  362. 
dielectrio  strength.  (4)  361. 
electrical  properties,  (4)  360. 
fuel  cost,  (10)  131. 
linseed,  density,  (4)  352. 

properties,  (4)  352. 
mineral,    calorific    value,  various 
kinds,  (10)  120. 
definition,  (10)  127. 
properties,  various  kinds,  (10) 
120. 
radiation,  coeffidenta,  (22)  15. 
temperature  limits,  (24)  385. 
testing,  (3)  392. 

transformer,   burning   point,   (4) 
359 
care,  (6)  231. 

conductivity,  thermal,  (4)  359. 
density,  (4)  369. 
dielectric  strength,  (4)  359. 
flash  point,  (4)  359. 
government    specification,    (4) 

366. 
propctrties,  (4)  359. 
resistivity,  electric,  (4)  359. 
specific  heat,  (4)  359. 
viscosity,  (4)  359. 
Ore  handling  machinery,  (15)  206. 
application,  (15)  206  to  226. 
power  requirements,  (15)  21.'i. 
plant,  power  requirements,  cal- 
culation, (15)  223. 
dock,   power  requirements,   (15) 

222. 
separators,  electrostatic,  (19)  266. 
separators,  magnetic,  (IB)  W&. 
and  electrostatic,  (19)  265. 
Orifices,  coefficient,  (10)  608. 

for  Bow  measurement,  (10)  60S. 
Orsat  apparatus,  (3)  395;  (10)  85. 
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OwilUtioii,  ownUationa, 

eoDtinuoua,  reeeivinc  (21)  300. 

damped,  (21)  26S. 

•quatiou,  (2)  146. 

frequenojr,  eqaation,  (2)  147. 

hisb-frequenoy.  (21)  2M. 

produetion  with  are,  (21)  297. 

undamped,  advantMes,  (21)  296. 
production,  (21)  296. 
OKiUator,  Hertdan,  (21)  204. 
OacUIoftraph,  (3)  271. 

movinc  ceil  type,  (8)  273. 


reeom,  (j)  z/o. 


Ounium,  atomic  weight,  (19)  170. 
electrochemical    eqaivalent,    (19) 
170. 
Otto  cycle,  (10)  48S. 
Output   coefficient,   induction   m»- 
ehines,  (7)  245. 
equation,  inductioD  maehinea,  (7) 
246. 
Overvoltace.  definition,  (19)  178. 
Itydroffen    and    oxyaen,  diilerent 
deotrodee,  table.  (19)  179. 
OxTcen,  atomic  weisht,  (19)  170. 
dielectric  atrenzth,  (4)  309. 
eleotrochemieal   equivalent,    (19) 
170. 
Onto  propertiea,  (4)  347. 
Oiokenite,  dielectric  constant,   (4) 
363. 
propertiea,  (4)  363. 
reeietivity,  electric,  (4)  363. 
Oiooe  applications,  technical,  (22) 
196. 
bactericidal  power,  (22)  194. 
formation,  (IB)  264. 
generators,  (22)  186. 
oxidising  eSect,  (22)  192. 
production,  (22)  183. 
properties,  (22)  183. 
Tentilation,  (22)  193. 
water  purifications,  (22)  196. 

r. 

Pace  effect,  definition,  (4).  189. 
FaUadium,  atomic  weight,  (IB)  170. 
conductivity,  thermal,  (4)  399. 
density,  (4)  399. 
electrochemical   eqmvalent,    (IB) 

170. 
expansion,     temperature     coeffi- 
cient, (4)  399. 
resistivity,  electric,  (4)  138. 

temperature  coefficient,  (4)  138. 
tensile  strength,  (4)  399. 
Paper, 

asbestos,  dielectric  strength,(4)287 
impregnated,  (4)  287. 
maximum  temperature,  (4)  287 
bakeUsed,  density,  (4)  286. 
dielectric  constant,  (4)  286. 
strength,  (4)  286. 


properties,  (4)  284. 

and  pulp  mius,  n 

(16)  ^  to  366. 


Paper,  bakelised — continued. 

expansion,   temperature   coeffi- 
cient, (4)  286. 
maximum  tem|>eratiire,  (4)  288. 
resistirity,  electric,  (4)  286. 
tensUe  strength,  (4)  286. 
eonduotivity,  heat.  (4)  368,  (19) 

84. 
dielectric  constant,  (4)  284, 286. 
dielectric  strength,  (4)  284. 
elongation,  (4)  284. 
machinery,  motor  drive,  (16)  339. 
motor  selection,  (16)  344. 
power  consumption,  (15)  348. 
<^ed,  didectrio  strength,  (4)  286. 
presaboard,  (see  preasboard). 
ies,  (4)  284. 

lip  mills,  motor  sdeotion, 
,    ,  ^  to  366. 
resistivity,  dectric,  (4)  284. 
tapes,  (4)  307. 
tensile  strength,  (4)  284. 
treated,  properties,  (4)  285  to  392. 
Paper-making     machinery,     power 

consumption,  (16)  366. 
Paraffin, 

conductivity,  thermal,  (4)  368. 
density,  <4)  364. 
dideetnc,  constant,  (4)  364. 

strength,  (4)  364. 
paper,  didectric  strength,  (6)  160. 
power-factor,  ^5)  169. 
spedfic  inductive  oapadty,  (6) 
169. 
propotias,  (4)  364. 
resiativity,  electric,  (4)  364. 
Paralld  operation, 

alternators,  (7)  87  to  91. 
compound,  (8)  238. 
converters,    synchronous,      (9) 

72  to  78. 
frequency  changers.  (7)  349. 
ganeratoiB,      dni.      compound 
shunt,  (8)  340. 
interpoie,  (8)  239. 
double-current,  (9)  136. 
abunt.  (8)  236. 
hunting,  (see  hunting), 
induction  generators,  (7)  232. 
polyphase  transformers,  (6)  157. 
I>ower  plant,  (10)  883. 
three-wire  generators,  (8)  199. 
transformers,  (6)  127. 
use  of  auto  tiansf  ormen,  (6) 
178. 
Parsons  turbine,  (10)  236. 
Paul  potentiometer,  (3)  50. 
Pauling  nitrogen  process,  (IB)  263. 
Pavements,  vdiicle  resistance.  (17) 

31. 
Paving,  depredation,  (10)  898. 
Peak-factor,  definition,  (24)  16. 
Peat,  definition,  (10)  124. 
Pdtier  effect,  definition,  (2)  6. 
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Pender  and  Thompson,  taiuion  and 

daflertion  chart,  (11)  116. 
Penatromatara,  (22)  239. 
Penatoolu,  ooat,  (10)  705. 

dtaicn,  (10)  679. 
Period,  deiii^tion,  (24)  8. 
Parmaoant  macnat,  (see  magnet). 
Permeability  ourra.  (3)  293. 
definition,  (2)  SS. 

aymbol,  unit>  (I)  78. 
equation,  (4)  201. 
formula,  (2)  4S. 

and  weak  fields,  equation,  (4)  202. 
Permeameters,  (3)  302,  306. 

traction  type,  (8)  311. 
Pwmeaneea,  oonnection,  aariea  and 
parallel,  (2)  48. 
definition,  aymbol,  unit,  (1)  77. 
Permittance,      definition,      lymbol, 
unit,  (1)  67. 
formulae,  (2)  108. 
Permittivity,     definition,     aymbol, 

unit,  Q)  68. 
Parrine-Baum,  regulation.  (II)  34. 
Phantom  oircuita,  (21)  81  to  87. 
Phaae, 
advancer,  definition,  (24)  114. 
angle,  definition,  (2)  IS7. 
bolt,  definition.  (7)  27. 
oomiwasation,  equationa.  (2)  17S. 
control,  (7)  318  to  331. 
Phaao-converter,  definition,  (24)  113. 
dafinitiona,  (24)  13. 
diffwenoe,  definition,  (24)  19. 
differential  factor,  definition,  (7) 

31. 
modifiers,  (7)  318  to  331. 
bibKography,  (7)  831. 
definition,  (7)  318:  (24)  114. 
deaign,  general,  (7)  330. 
non-aynchronous,  (7)  321. 
aynohronoua,  (7)  319. 
ehiftera,  (see  phaae  modifiers), 
transformation,  (12)  126. . 
Phonograph  talegraphone,  (22)  284. 
Phoapher  bronse,  (4)  133. 
Phoephorus,    atomic    weight,    (10) 
170. 
alectroebemical    equivalent,   (19) 

170. 
general  data,  (19)  128. 
Photometric  adjuncta,  (14)  288  to 
296. 
testing  of  lamps,  (14)  297  to  302. 
Photometers,  (14)  266  to  287. 
Beckstein,  (14)  2S4. 
Bunsen,  (14)  269. 
flicker,  (14)  270. 
integrating,  (14)  279. 
Lummer-Brodhun,  (14)  268.  . 
means  of  ehan^ng  intenaity  of 

Ught,  (14)  272  to  276. 
non-ocular,  (14)  266. 
physical,  (14)  266. 


Fhotometera — continued, 
portable,  (14)  281  to  385. 
scalea,  (14)  289. 
Photometry,  (14)  252  to  302. 
error  avoidance,  (14)  299. 
fundamental  principlea,    (14)  253 

to  300. 
hateroeliromatic,  (14)  259. 
luminoua,     intenaity     standards, 
(14)  360  to  264. 
standarda,  (24)  870. 
meaaurementa,  (14)  307. 
payehology,  (14)  268. 
sampling  of  lampa,  (14)  300. 
aufaatitation  method,  (14)  297. 
aymbola,  (24)  896. 
teats,  stondard  rolaa,  (24)  885. 
units,  (see  units). 
Piano  players,  electric,  (23)  270  to 

275. 
Picon  permeameter,  (3)  312. 
PiesometeiB,  (10)  640. 
Pinch  affect,  (19)  97. 
Pine,  conductivity,  heat,  (19)  84. 
Pipe,  pipes, 

cast  iron,  dimeoaions  and  weights, 

(23)  45. 
eovenng,  (10)  386. 

efficiency,   various  types,   (10) 
887. 
dimanaiona,  (23)  44. 
idnt  typea,  (10)  380. 
mild  Bteel,  bunting  preaaure,  (10) 

384. 
ateam,     radiation     loaaes,     (10) 

886. 
thawing,  tranaformer  eqnipmeats, 

(6)  201. 
thiaada,  Ubie,  (23)  43. 
water-Sow,  tormulaa,  (10)  626. 

leas,  (10)  857. 
water,  friction  loaa,  (10)  630. 
thawing,    by    electricity,    (23) 
98. 
Piping,  (10)  354  to  392. 
coata,  (l(n  393,  910,  914. 
depreciation,  (10)  898. 
elbows,    equivalent   length,  (10) 

359. 
gas-enpne  plants,  (10)  525. 
inataUation,  (10)  390. 
life  expectancy,  (10)  900 
oil,  (10)  364. 

ateam,  arrangement,  (10)  365. 
expansion,  (10)  369. 
flow  loss,  (10)  355. 
requirements,  (10)  354. 
systems,  classification,  (10)  360. 
valves,    equivalent    length,    (10) 
869. 
Piston  meters,  disc  type,  (3)  407. 
Pitch  differential  factor,  definition, 

(7)80. 
Fitot  tube,  gaa  formula,  (3)  418 
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Fitometer,  (3)  410,  (10)  637. 

table.  (10)  639. 
Planck  formula,  (14)  4. 
Planing   mills,    motor  applications, 
(15)  ai  to  70. 
motor  selections,  (16)  61. 
Plant  factor,  deBnition,  (24)  66. 
growth  experiments,  (22)  156. 

with  electricity,  bibliography, 
(22)  165. 
Plant«  plates,  (20)  60. 

formation  process,  (20)  61. 
Plaster  of  Paris,  conductivity,  heat, 

(19)  84. 
Plaster,    radiation    coefficient,    (19) 

90 
Plate  mills.  deBnition,  (16)  240. 
Platinoid,  fusing  current,  (4)  145. 
Platinum, 

atomic  weight,  (19)  170. 
conductivity,  thermal,  (4)  399. 
density,  (4)  399. 
electrochemical    equivalent,   (10) 

170.. 
expansion,      temperature     coeffi- 
cient, (4)  3S9. 
fusing  current,  (4)  145. 
maximum    working   temperature, 

(4)  147.  , 
meltinj^I>oint,  (4)  147, 
reeistivity,  electric,  (4)  138. 
tensile  strength,  (4)  399. 

temperature    coefficient,    (4) 
147. 
Polarisation,  e.m.f.,  (20)  4. 

measurement,  (20)  8. 
P<4e,  polee, 

braces,  (11)  182. 
concrete,  (11)  163. 
design,  (U)  125. 
telephone,  (21)  211. 
cost,  (11)  149. 
depredation,  (10)  898. 
design,  (11)  123  to  126,  182. 
■diameter,  calculation,  (12)  165. 
distribution  systems,  (12)  156. 

Si-l.-rlinn,  n;i  107. 
(juying,  (12)  174. 
life,  (12)  225. 

untreated.  (U)  143. 
lines,  type,  (21)  207. 
magnetic,  deBnition,  symbol,  unit, 

(1)  09. 
preparation,  (12)  170. 
preservative  treatment,  (11)  144; 

(21)   212. 
Bettings,  (11)  153. 
cost,  (11)  231. 
depth,  (21)  210. 
spacing,  (12)  169. 
steel.  (U)  159. 
design,  (U)  124. 
foundation,  (11)  161. 
tripartite,  (ll)  234. 


Pole,  poles  steel— continued, 
strength,     magnetic,     definition, 

symbol,  unit,  (1)  70. 
stresses,  formulas,  (12)  164. 
telephone,  (21)  209. 
guying,  (21)  220. 
weight  and  seasoning,  (4)  423. 
wind  press  ure,  (see  wind  pressure), 
wooden,  (11)  142. 
Butt  treatment,  cost,  (11)  230. 
cost,  (11)  229. 
depth  in  ground,  (11)  162. 
design,  (11)  123. 
specifications,  (II)  161. 
working  stresses,  various  kinds, 
(4)  424. 
Police  alarms,  (21)  140. 

systems,  (21)  136. 
Polyphase,  definition,  (24)  34. 

transformation,  (6)  132. 
Pondage,  definition,  (10)  668. 
Porcelain,  bibliography,  (4)  277. 
composition,    temperature  coeffi- 
cient. (4)  277. 
compresaive  strength,  (4)  277. 
conductivity,    thermal,    (4)    277, 

369. 
dielectric  strength,  (4)  277. 
dry-process,  (4)  275. 

dielectric  strength.  (4)  27S. 
high-vojtage,  properties,  (4)  277, 
properties,  (4)  274. 
spedBo  heat,  (4)  277. 
tensile  strength,  (4)  277. 
wet  process,  (4)  276. 
Positive  plates,  deBnition,  (20)  46, 
Post  office  bridge,  (3)  119. 
Potasaium,  atomic  weight,  (19)  170. 
electrochemical,    equivalent,    (19) 

170. 
resistivity,  electric,  (4)  138. 

tempcniture  coefficient,  (4)  138. 
Potential,  difference,  definition,  sym- 
bol, unit,  (1)  48. 
earth,  measurement,  (16)  447. 
electric,  definition,  (2)  1. 

various  elements,  (19)  173. 
gradient.  deBnition,  symbol,  unit. 


(1)  49. 
di  elect 


lectric.  (2)  107.  _ 
measurements,  precision,  (3)  5. 
regulators,  (see  regulators). 

substation,  (12)  86. 
transformers,     (see   transformers, 
instrumen). 
Potentiometers,  care,  (3)  52. 
current  measurements,  (3)  89. 
deflection  type,  (3)  54. 
Leeds  low  resistance,  (3)  49. 
Paul  low  resistance,  (3)  50. 
precision,  (3)  fi. 
use,  (3)  52. 
volt  boxes,  (3)  63. 
Wolf,  high  rseistance,  (3)  51. 
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Pothaads,  (12)  320. 
Poulaen  aro,  (31)  288. 

telegraphone,  (22)  377. 
Power, 

■Iternstixts,  definition,  (34)  SS. 
meuurement,  (3)  160, 163. 
equation,  (2)  I9S. 
eonaumption, 

aero  power  pulveriiera,  (IS)  270. 

ammonia  oompreaaora,  (16)  308. 

baU  milla,  (15)  263. 

band  law,  (ISJ  43,  62. 

beaten,  (IS)  364. 

bolt  iieading  and  fOTBing  ma- 

cliius,  (IS)  16. 
bolt  and  nut  maeliinei.  (IS)  16. 
Bonnot  pulTerinr,  (16)  289. 
boolcbindins,     heattns     appli- 

anoea,  (22)  42. 
boring  macliines,  (16)  12,  14. 
boring  and  iurning  maohineB, 

(15)  17. 
bread  miiMB.  (16)  427. 
bulldoaen,  (16)  18. 
oan  cutter*,  (IS)  12. 
oandy-heating  applianoca,   (23) 

mixen,  (IS)  427. 
earving  maclunea,  (16)  64. 
eiroular  lawa,  (16^  M,  63. 
eoal-mining  maohinea,  (15)  290. 
ooffee  grinders,  (15)  427. 
collar  and  cuff  machine!,  (IS) 

412. 
eotton-min  machinery,  (16)  332. 
euttinc.oif  machines,  (16)  12. 
door  dampa,  (15)  69. 
drilling,    boring,    and    milling 

maohinea,  (16)  20. 
drilling  machines,  (16)  12.  19. 
multiple  spindle,  (16)  21. 
drop  hammers,  (16)  12. 
edgers,  (15)  46. 
egg  beaters,  (16)  427. 
elevatom.  (15)  141. 
emboasina  preaaes.  (16)  364. 
envelope  sealers,  (16)  427. 
excelsior  machines,  (16)  70. 
extractors,  (15)  406. 
flat-bed  presses,  (16)  360. 
flour-mill  machinery,  (IS)  372. 
folding  machines,  (16)  365. 
Fourc&inier  machine,  (15)  349. 
FuUer  mills,  (15)  267. 
sear  cutters,  (15)  12,  22. 
GrilBn  mills,  (15)  268. 
grinders,  (15)  12,  23. 
gyratory  crushers,  (16)  261. 
hack  saws.  (15)  12. 
hogs.  (15)  49. 

ice-cream  apparatus,  (16)  427. 
ice-making  plants,  (IS)  311. 
ironing  machines,  (15)  414,  417, 

427. 


Power,  consumption — eontiniMd. 
jaw  crusbers,  (IS)  260. 
lointars,  (16)  64. 
Jordan  misemoes,  (IS)  351. 
Kent  mills,  (16)  265. 
knife  grinden,  (16)  67. 
latba,  (16)  12. 
laundry  dampeners,  (15)  410. 

dry  room,  (15)  407. 

heating  appUaboeB.  (22)  35. 
linotype  madiines.  (15)  307. 

metal  pots,  (22)  42. 
maehine  tools,  group  drire  (IS) 
11. 
in  groups,  (16)  13. 
IndiTidual  drive.  (16)  13. 
mailing  maehinas,  (15)  437. 
milliiu(  machines,  (15)  13,  30. 
mortising  machines,  (16)  00. 
nailing  maeUnes,  (lU  64. 
outside  moulders,  (IS)  60. 
panel  raiser,  (16)  M. 
paper  euttecs,  (15)  360. 
paper-making  machinery,   (15) 

355. 
paper  machinery,  (16)  S48. 
pipe-threading  msiiBhiiMs,    (16) 

27. 
planers.  (16)  12,  28. 

and    flooring   maohineB.  (16) 
56. 
platen  presses,  (IS)  358. 
polishing  and  boffiak  machines, 

(15)  30. 
porUble  driU,  (16)  40. 
power  hammers,  (15)  13. 
presses,  hydrostatie  wheel,  (15) 

31. 
pumps,  air,  (15)  427. 

house,  (IS)  437. 
punch  presses.  (16)  12. 
punching  machines,  (16)  33. 
reaaws,  (16)  46. 
rolling  maohineiy,  (15)    397. 
roUs,  Bending  and  atraightcning, 

(15)  33. 
rotary  dryers,  (15)  262. 

lithographic  press,  (15)  382. 

planer,  (16)  29. 
sanding  maehinas,  (IS)  61. 
sawing  maehinery.  (16)  41  t« 

60. 
saws,  cold  and  cut-off,  (16)  34. 
screw  machines,  (15)  12. 
shspers,  (15)  12,  35,  82. 
shears,  (16)  36. 
shoemalung,  heatiiig  applianoa. 

(22)  43. 
sign  flsahers,  (15)  427. 
slashers,  (16)  48. 
Blotters    and    key-seating    mar 

chines,  (16)  37. 
soldering  appuanees,  (22)  40. 
(16)  406. 


starching  maohinos. 


(BsfsrsaosB  are  to  MoUons  aad,  pancrapha — a«t  p«cw) 

I960  \ 

DigilizedbyGoOgle 


INDSX 
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Fow«r,  oonsninption — continued, 
surfaoera,  (18)  U. 
tailoring,    heating    appliances, 

(22)  36. 
tapping  maehinea,  (15)  12. 
tenoning  maehinea,  (IS)  £8. 
timber  aiieia,  (15)  57. 
trimmera,  (15)  47. 
tube  mills,  (15)  2fi6. 
Tacuum  cleanera,  (15)  427. 
washing    maehinea,    domestic, 

(15)  427. 
wet  machines,  (15)  350. 
Williams  mills,  (15)  264. 
wood  lathes.  (16)  65. 

working,  heating  appUaneea, 
(22)  39. 
woolen-milla     machinery,    (15) 
336. 
definition,  aymbol,  unit,  (1)  38. 
electric,  definition,  (2)  3.  26. 

polyphase,  equation,  (2)  221. 
hydraulics,  (10)  604. 
magnetic,  definition,  (4)  160. 
measurement,  (3)  140  to  185. 
high-voltage  circuits,  (3)  178. 
instrument     transformers,     (3) 

179. 
polyphase   circuit,    (3)    171   to 

precision,  (3)  6. 

single-phase  circuit,  (3)  170. 

small  amounts,  (3)  160. 

voltmeter,  (3)  170. 
precision,  measurement,  (3)  154. 
pulsating,  measurement.  (3)  151, 
requirements,  mining  locomotives, 

(16)  291. 
Power-factor, 

oomplez  waves,  (2)  107. 
definition,  (24)  28. 
dielectric,  (4)  252. 
furnaoes,  induction,  (10)  102. 
losses,  leakage,  (5)  162. 
measurements,  (3)  180,  182. 

precision,  (3)  5. 
meters,  (3)  183. 

motors,  induction,  (7)  182,  215. 
sine-waves,  (2)  196. 
transformers,  constant-current,(6) 

172. 
transmission   system,   correction, 

(11)  94  to  06. 
Power  plant,  power  plants, 
boiler-room  practice,  (10)  927. 
buildings,  (10)  681. 

brickwork,  (10)  586. 

costs,  (10)  598. 

types,  (10)  582. 
construction,  economics,  expense, 

(10)  014. 
cost,  (10)  014. 

analysis,  (10)  884  to  032. 

method  of  comparison,  (10)  023. 


Power  plant,  power  plants,  eost-- 
continued. 
N.  E.  L.  A.  classification,  (10) 
918. 
depreciation,  (10)  806. 
dengn,  modem  tendencies,   (10) 

economics,  (10)  884  to  032. 

expense,  (10)  014. 
electrical  equipment,  (10)  715  to 

883. 
excitation,  equipments,  (10)  738. 
exciters,  cost,  (10)  747. 
fire  risks,  (10)  607. 

fortification  speinfications,  (22) 
136. 
gas  ammonia,  recovery,  (10)  540. 

auxiliaries,  (10)  534. 
power  consumption,  (10)  637. 

building,  (10)  684. 

cost,  (10)  545,  020. 

design  data,  (10)  641. 

economy,  (lO)  534. 

engines,    losses,   analysis,    (10) 
015. 

heat  balance,  (10)  450. 

piping,  (10)  520. 

space  required,  (10)  467. 

teating,  (10)  546. 
generators,  choice,  (10)  716. 

erection  cost,  (10)  733. 

operating      temperature,     (10) 
736. 

overload  capacity,  (10)  718. 

size,  choice,  (10)  717. 


speed,  (10)  710. 
hydraulic. 


.  (10)  500  to  714. 

auxiliary,  (10)  700. 

cost,  (10)  680. 

design,  general,  (10)  607. 

floods,  provisions,  (10)  702. 

head  works,  (10)  667  to  681. 

operation  cost,  (10)  605. 

turbines,  selection,  (10)  602. 
hydroelectric  cost,  (10)  010. 
inherent  regulation   choice,   (10) 

722 
lighting,  (10)  695. 
location,  (10)  882. 
oil,  (10)  554  to  690. 

coat,  (10)  579. 

design,  general,  (10)  578, 

piping  cost,  (10)  577. 
operation     expenses,     definition, 

(10)  007. 
piping,  gas,  cost,  (10)  533. 
statistics,  (22)  300. 
steam  engines,  eoet,  analysis,  (10) 
016. 

losses,  analysis,  (10)  911. 

thermall  loeses,    analyais,   (10) 
913. 
switchboards,  (see  switchboards), 
telephone,  (21)  00. 
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Power  plant,  powar  planta — ooot'd. 
tranuormen,     inataliation,     (10) 

837  to  MS. 
ventilation,  (10)  605. 
wiring.  (10)  840  to  881. 
PraaMMiyiiiiuin,  atomio  weicht,  (19) 
170. 
alectroebamieal   oquiTalent,    (10) 
170. 
Praoiiion,     eieetrio    and     masaatie 

measuremenU,  (3)  2  to  7. 
Prauboard,  dieleotrio  atrangth,  (4) 
288. 
properties,  (4)  288. 
resiitivity,  electric,  (4)  288. 
treated,    dielectric   oonatant,    (4) 
289 
dielectrio  atrancth,  (4)  289. 
Preaapahn    oonduotivity.    thermal, 

(4)  368. 
Preaaure,  preaauraa, 

barometric  standard,  (24)  265. 
definition,  symbol,  unit,  (1)  41. 
hydraulic,  (10)  599. 
dynamic,  (10)  601. 
meaaurement,  (10)  711. 
aubmerged  aurfaoe,  (10)  699. 
meaaurement,   boiler  taaCa,    (10) 

440. 
oamotie,  (19)  12. 
Price,  definition,  (26)  7. 

regulation.  (25)  9. 
Prime  mover,  steam  plant,  ohoicii, 
(10)  397. 
rinting  planta,  motor  applioations, 

(15)  356  to  367. 
preesen,  power  conaumption,  (15) 

358,  360,  362. 
'  power  requtrementa,  (15)  356. 
Printometer,  (3)  234. 
Froeeasos,  electrolytic,  (19)   135  to 
172. 
eharacteriatic      feature,      (19) 

135. 
induatrial,  (19)  184. 
Profits  allowed,  public  utility,  (25) 
l.'iS. 
definition,  (10)  893. 
Prony  brake,  (3)  324. 
equation,  (8)  209. 
Property,  definition,  (23)  13. 
Protective  apparatus,  (12)  129. 
Pulmotor,  (22)  8. 
Pulsation,  definition,  (24)  68. 
Pulsometers,  (10)  351  . 
Pumice,     conductiTity,    heat,     (19) 

84. 
Pumping,  coal  mines,  motor  appli- 
cations, (15)  288. 
Pumps,  (10)  328  to  363. 
air,  small  size,  power  conaump- 
tion, (15)  427. 
clamifipstion,  (10)  330;  (15)  148. 
centrifvigal,  (10)  331. 


PHn 


Pumps,  centrifugal— ooatinoed. 
eharaetertoUoa,   (10)  336:  (U 

166. 
cost,  (10)  342. 
efficiency,  (10)  341. 
mechanical    aonatruetion.   (18 

158. 
motor  api>Iieationa,  (15)  158  li 

166. 
multi-ataga,  (IS)  163. 
performanoe  curve,  (IS)  146. 
piping,  (IS)  164. 
priming:  (16)  160. 
auction  lift,  mazimum,  (IS)  141 

aelection,  (15)  150. 

up-keep.  (16)  163. 

oondenser  auziliariea,  (10)  392. 

deprveiation,  (10)  808. 

diaplacement,      power      reqoin 

menta,  (IS)  162. 

aUp.  (16)  180. 

type,  motor  appUeatioiia,  (11 

150  to  167.  ^ 

duty  equation.  (10)  320. 

bouse,  power  oonauraption.  (19 

427. 
faydrauUo  equation,  (10)  328. 
jet,  (10)  345. 

efficiency,  (10)  352. 
life  expectancy,  (10)  000. 
operation,  (10)  844. 
power  consumption,  calculation 

(15)  149. 
reciprocating,  effioieney,  (16)  154. 
rotary,  (15)  156. 

efficiency,  (IS)  187. 
steam,  efficiency,  (10)  338. 
triplex,  efficiency,  (10)  340. 
vacuum,  (10)  296. 
water,  applioationa,  (IS)   148  u 
166. 
Pun^  commutator  motor,  (7)  309. 
Pupin  coils  for  telephone  UniBa,  (21) 

193. 
Purldnje  effect,  (14)  255. 
Pyrometers,  raoording  applieabilit7. 

(3)  377. 
Pyrometry,  (3)  345  to  380. 
abaorption,  (3)  369. 
electrical  resistance,  (3)  361. 
optical,  (3)  368. 

emiasivity  eoDnaetiona,~(3)  373. 
radiation,  (3)  361. 

emiasivity  rorreoUona,  (3)  365. 
recording,  (3)  376. 
rsaiatance  calibration,  (3)  356. 
thermoeleetrio,  (3)  34S. 

Q- 

Quantity,  deetric,  defimtion,  (1)  4<. 
Quarter-phase,  definition,  (24)  33. 
Quarts,  density,  (4)  267. 
diaieetrie  eonatanta,  (4)  267. 
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Quarts — continued. 

reaiativity,  eleotrio,  (4)  207. 
■and,  oonductivity,  neat,  (10)  84. 


Haoka,  dwign,  (10)  681. 
Radiation,  (3)  358. 
alternaton,  (7)  86. 
blaok-body,  (3)  3S8;  (14)  S. 
boilen,  (10)  22. 
ooefficienta.  (22)  15. 
direotiv«,  theory,  (21)  308. 
heat,  (22)  14. 

Ion,  (10)  90. 
illuminating  power,  (14)  11. 
luminous  definition,  (240  860. 
motors,  flynchronoufli  (7)  06. 
pyrometry,  (3)  361. 
.      adeetive,  (14)  7. 
I      steam  pipes,  (10)  386. 
I       transformers,  (6)  76. 
•  ooib,  (6)  72. 

constant,  (6)  76. 
'        ultra-violet,  illumination,(14)  235. 
wire-coil  rheostats,  (5)  217. 
Radioactivity,  (22)  203  to  217. 

bibliography,  (22)  217. 
Kadiotelegrapby,  (21)  264  to  310. 
arc  wave  generators,  (21)  207, 
bibliograpby,  (21)  310. 
coupled  circuiis,  (21)  267. 
measuring  instruments,  (21)  311. 
practice,  (22)  270. 
receiving  circuits,  (21)  284. 
continuous     oscUlations,     (21) 
300. 
resistances,    determination,    (21) 

SIS. 
worldng  distance,  tables,  (21)  291. 
Radiotelephony,  general  iKineiples, 

(21)  303. 
Radio  transmission,  (24)  1000,  1028. 
Badium,  atomic  weight,  (10)  170. 
electroohemieal   equivalent,    (10) 

170. 
uses,  (22)  214. 
Rail,  rails, 

bonding,  (16)  330. 
depreciation,  (10)  898. 
impedance,  (16)  206. 
joint     resistance,     measurement, 

J 3)  128. 
Is.  classification,  (15)  240. 
resistance,  (16)  204,  331. 
steel,  resistivity,  electric,  (4)   126. 
weight  for  coal  mines  locomotives, 
(IS)  206. 
Railroad  bonds,  resistance  measure- 
ments, (3)  120. 
Railways, 
electric, 
braking,  (see  braldng). 
cars,  (see  can). 


Railways,  electrio— continued. 
clsASifioation,  (16)  3. 
-  conductor  system,  definition, 

(24)  766. 
control,  (see  control), 
definition,  (24)  760. 
distribution,   (see  distribution), 
energy  and  power  consumption 

<16)78toll8. 
friotional  resistance  of  trolley, 

(15)210. 
inertia  revolving  parts,  (16)  61. 
load  curve,  calculation,  (16)  268. 
motors,  (see  motor  railways), 
motor  capacity,  table,  (16)  134. 
power  and  energy  calculations. 


(16)  78  to  118. 
ailsysl 


rail  system,  definition,  (24)  771. 
schedule,  calculations,  (16)  64 
to  71. 
speed,  (16)  64. 
signalling,  (see  signalling), 
speed-time  curves,  (see  si>eed- 

time  curves), 
statistics,  (22)  301. 
substations,  (see  substations), 
train  diagrams,  (16)  267. 
train  resistance  (see  train  re- 
sistance), 
trucks,  (see  trucks), 
electrification,  power  distribution 

•ystemt  (16)  263. 
electrolysis,  (see  electrolysis), 
interurban,  stops  duration, (16)  65. 
rapid     transit,    stops,    duration 

(16)  65. 
signal  magnets,  (5),  60. 
steam,  stops  duration,  (16)  65. 
surface,  stops  duration,  (16)  65. 
train  diagram,  (16)  267. 
Rain,  reservoir  storage,  evaporation, 


(10)  657. 
Uunzal 


RainfaU  disposal,  (10)  640. 

records,  (10)  648. 

United  BUtee,  (10)  646. 
Rankine  cycles,  (10)  166. 
Rateau  turbine,  (10)  236. 
Rates. 

block  meter,  (25)  134. 

Dohoty  three-oharga,  (26)  137. 

flat,  (26)  132. 

Hopkinson  two-charge,  (26)  135. 

limited  demand  fiat,  (25)  147. 

off-peak,  (25)  146. 

schedules,  examples,  (26)  151. 

step  meter,  (25)  134. 

straight  line  meter,  (26)  133. 

two-charge  Uock,  (26)  136. 

Wright  (tepiand,  (26)  136. 
Rate-makinc  bibhography ,  (25)  160 

cost  of  service  theory,  (2<Q  130. 

definitions,  (25)  131. 

determination  of  investment, 
charged  against  service,  (26)  144. 
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Itate-inaking-;-cootinued. 
effect  of  diverBity   of   maximum 
demand    on    invostment,    (25) 
143. 
general,  (25)  76. 
principle*,  (2S)  128  to  152. 
tbeorieei  (25)  84. 
valuationt,  (25)  153  to  168. 
Rating,    circuit   breakers,    (24) 
726.     . 
continuous,  definition,  (24)  281. 
duty-cycle,  definition,  (24)  284. 
electric- locomotives,  (24)  830. 
electrical  machines,  (24)  262. 
fuses,  (24)  730. 
intermittent,   d-o.   macfainos,    (8) 

120. 
lightning  arresters,  (24)  734. 
machine  tool  motors,  (15)  8. 
nominal,  definition,  (24)  283. 
reactors,  (24)  737. 
short  time,  definition,  (24)  282. 
standards,  (24)  262. 
substation,  railway,  (24)  765. 
switches,  (24)  722. 
tests,  equivalent,  (24)  286. 
units,  (24)  274. 
Baactance, 
coils,  (see  reactors), 
oondensive,  definition,  (2)  158. 
current  limiting,  (see  reactors), 
definition,  symDoI,  unit,  (1)  64. 
drop,  table,  (12)  31. 
inductive,  definition,  (2)  164. 
leakage,  (see  leakage), 
measurement,  (3)  148. 
transformers  equation,  (8)  81. 
Reaction,     armature,     (see     arma- 
ture), 
chemical,  e.m.f.  calculation,  (10) 
50. 
energy,  (19)  66. 
electrochemical  calculations,  (IS) 

168. 
electrolytic,  e.m.f.,  (IS)  178. 
Reactive     factor,    definition,     (24) 

23. 
Reactors, 
air,  (6)  268. 
applications,  (6)  257. 
current-limiting,  generator  termi- 
nals, (7)  64. 
switching,  (10)  803 
definition,  (24)  82,  214. 
general  type,  (6)  253. 
iron-core,  (6)  264. 
mechanical  etreeses,  (6)  262. 
protective,  definition,  (24)  736. 

rules,  (24)  730. 
rating,  (24)  737. 
Recording     instruments,     (see    in- 
struments). 
Rectifiers,  bibliography,  (6)  297. 
electrolytic,  theory,  (6)  282. 


Rectifiers — continued. 

mechanical,    vibrating    type,    (6) 

289. 
mercury-arc,     battery     ctuLrging, 
(17)  83. 
characteristics,  (6)  270. 
general,  (6)  269. 
rating,  table,  (17)  84. 
theory,  (6)  371. 
thre»-phase,  (6)  275. 
Reducing  agents,  (19)  114. 
Refining,     metals,     (see     name     of 
metal), 
electrolytic,  principles,  (10)  207. 
Reflection  coefficient,  defimtion,  (24) 

866. 
Reflectors,  alominiied,  (14)  144. 
automobile  lighting,  (22)  86. 
classification,  (14^  131. 
commercial  lighting,  (14)   148  to 

153. 
depreciation  due  to  dust,  (14)  151. 
various  types,  (14)  161. 
design,  (14)  135. 
distribution    characteristios,    (14) 

138. 
enamel  paint,  (14)  143. 
enclosing  glassware,  (14)  152. 
industrial    lighting,    (14)    141    to 
147. 
statistics,  (14)  140. 
inverted  bowl  eSect,  distribution 

of  light,  (M)  150. 
mirrored  glass,  (14)  145. 
opaque,  (14)  147. 
porcelain  enameled,  (14)  141. 
prUniatic  glass,  (14)  146. 
Refractories,  claasincation,  (19)  70. 
Refrigerating  plants,  motor  applica- 
tions. (15)  302  to  320. 
motor  selection.  (15)  302. 
Regulation, 
enaracteristic*,    (enerstim,    d-c, 

(8)  144  to  156. 
convarten  aynohronoiia  testa.  (9) 

91. 
definition,  (24)  660. 
e.m.f.  tests,  (24)  580. 
frequency,  geacratotm,  induotion, 

(7)  231. 
generators,    are.,    oaleulation,  (7) 

62. 
inherent,  choice,  (10)  732. 
Thury  syaUm,  (10)  798. 
voltage  dynamotors,  (9)  12W. 
generators,  induction,  (7)  230. 
Regulator,  regulatora, 

contact,  definition,  (24)  211. 
ooanter-e.mJ.,    oarbon-pile,   (20). 

164. 
current,    general    principle*,    (6) 

249. 
e.m.f.,  (10)  783. 

oarbon-pile,  (30)  163. 
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rest 
ea«t,  (loy  769. 
definiUoa,  (24)  210. 
induction,  definition,  (24)  212. 
magneto,  definition,  (24)  213. 
potential,  general  prinoiples,  (6) 
238. 


polyphate,  (6)  344. 
single-p 


single-phase  induotion,  (6)  240. 
variable  ratio,  (6)  239. 
speed,  (IS)  448  to  458. 

armature  and  field  oombination, 

(16)  450. 
d.-e.,  (15)  446. 
field  strength,  (15)  449. 
'  mttltipl»-Toltage,  (16)  448. 
sdf  starting,  (IS)  461. 
series-parallel,  (IS)  462. 
Ward-Leonard,  (15)  447. 
Relay,  relays, 
cost,  (10)  818. 

Merts-Prioe  system,  (10)  830. 
types,  (10)  818. 
uses,  olaamfioation,  (10)  818. 
in     distribution    system,    (12) 

142. 
in  transmission  lines,  (12)  144. 
Reluctanoes,  oonneotion,  series  and 
parallel,  (2)  48. 
dennition,  symbol,  unit,  (1)  75. 
Reluotivity,  definition,  (2)  53. 
symbol,  unit,  (1)  76. 
formula,  (3)  46. 
Rent,  definition,  (26)  16. 
Reservoirs,  storage,    location,    (10) 

656. 
Resins,    insulating    properties,    (4) 

257. 
Resistanoe, 

batter:^,  measurement,  (20)  8. 
coal-mine  cars,  (16)  286. 
drop,  table,  (12)  31. 
effective,  measurements,  (3)  144 

to  148. 
electric,  definition,  (2)  19. 
symbol,  unit,  (1)  52. 
vehicle,  (17)  18. 
electrical  pyrometry,  (3)  351. 
formula,  (2)  20. 
beat,  daoulation,  (19)  87. 
definition,  unit,  (1)  91. 
insulation,     msdiinery    standard 

life,  (24)  550. 
measurements,  (3)  110  to  148. 
a-c  circuits,  (3)  144. 
bridge  methods,  (3)  117. 
electrolytes,  (3)  140. 
fall-of-potential     method,     (3) 

116. 
liquids,  (3)  136. 
magnets,  (5)  116. 
precision,  (3)  5. 
solid  insulators,  (3)  135. 
transformers,  (6)  213. 


Resistanoe— continued, 
parallel  connection,  formula,  (2) 

roUing,  (17)  18. 

series  connection,  formula,  (2)  22. 

small  equivalent,  determination, 

(21)  315. 
standards,  (3)  110. 

classification,  (3)  111. 
temperature  coefficient,  (4)  7. 
truck,  (17)  20. 
units,  (5)  223  to  229. 
rating,  (5)  226. 
vehicle,  (17)  19. 

asphalt  pavement,  (17)  22. 
effect  of  tires,  (17)  24. 
Resistivity,       electric,       definition, 
symbol,  unit,  (1)  68. 
temperature      coefficient,      (4) 

147. 
various  materials,  (see  name  of 
material), 
heat,  definition,  unit,  (1)  92. 

various  refractories,  (19)  86. 
temperature  coefficient,  equation, 
(2)21. 
Resistolac  properties,  (4)  347. 
Resistors,  (5)  183  to  229. 
definition,  (24)  81,  740. 
for  electric  heating,  (22)  19. 
heating   units,   construction,  (22) 


materials,  (4)  148. 
properties,  table. 
Resonance,  current. 


properties,  table,  (4)  147. 
ssonance,  current,  (2)  182. 
parallel,  equations,  (3)  183. 


series,  equations,  (3)  181. 
voltage,  (2)  181. 
Resuscitation    from    electric    shock 
commission  report,  (22)  1. 
instructions,  (22)  3. 
Retardation,  ships,  (18)  7. 
Retentivity,  (2)  90.' 
definition.  (4)  171. 
Reversing  key,  (3)  89. 
Rheostats,    bstteiy    charging,    (6) 
218;  (17)  73  to  76. 
carbon,  (5)  219. 
definition,  (24)  740. 
field,  (5)  186  to  191. 

current  capacity,  (5)  188. 
liquid,  (5)  220. 

solution  conductivity,  (5)  222. 
motor  starting,  (5)  203  to  212. 
speed  regulating,  (5)  1B2  to  199. 
series  motor,  (5)  199. 
shunt-motor  ouculations,  (5) 
193. 
starting  series  motors,  (6)  213. 
shunt  motors,  calculations,  (5) 
206. 
types,  (5)  183. 
water-cooled,  (6)  218. 
wire,  (6)  214. 
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Rheoatats — continued. 

wire  ooils,   dimenaionB,  table,  (5) 
215. 
ndiRtion,  (5)  217. 
Rhodium,  atomlo  weigbt,  (19)  170. 
eleotrocliemical    equivalent,    (19) 
170. 
Riohardaon  weigher,  (3)  402. 
Rivera,  flow,  (aee  stream), 
meaaurementa,  (10)  642. 
bydrographs  typiwl,  (10)  661. 
Roebling  gage,  definition,  (4)  10. 
Roechling-Rodenhauser  f  umaoe,  (10) 

103. 
Rod  mills,  definition,  (16)  240. 
Roentgen  rays,  (22)  226  to  244. 
burns,  (22)  243 
disoovery,  (22)  226. 
eleotrical  generating  apparatus, 

(22)  237. 
nomenclature,  (22)  244. 
t>enetrometer       maaaurement, 

(22)  230. 
properties,  (22)  227. 
theory,  (22)  231. 
transparency,      various  '  sub- 
stances, (22)  328. 
tubes,  (22)234. 
Roentgenonaphy,  (22)  241. 
Rolling  milb,  bibliocrai>hy,  (IS)  284. 
Rolling  stock,  depreciation,  (10)  898. 
Roller  bond  tester,  (3)  130. 
Rope  drive,  (23)  41. 

power,  various  speeds,  (23)  42. 
manila  tensile  strength,  (4)  428. 

weight,  (4)  428. 
transmission,      power,      various 
speeds,  (23)  42. 
Rosenberg   oar-lighting  generators, 
(8)  187. 
variable  speed  generator,  (8)  187. 
Rose's  fusible  alloy,  (4)  143. 

melting-pomt,  (4)  143. 
Rosin,  properties, (4)  356. 
Rotor  oritjcal  speed,  (7)  142. 
Rousseau's  diagram,  (14)  174. 
Rowland   electrodynamometer,    (3) 
83. 
measurement,   ring   method,    (3) 
304. 
Rente,  maximum  temperature,  (4) 
326. 
properties,  (4)  326. 
Rubber,  (4)  330  to  344. 

Chatterton's  compound,  (4)  338. 
chemical  temperature,  (4)  330. 
Clark'a  compound,  (4)  339. 
composition,  (4)  330. 
conductivity,  heat,  (19)  84. 
conductivity,  thermal,  (4)  308. 
crude,  reduction,  (4)  331. 
density,  (4)  334. 
dielectric  eonstant,  (4)  833. 


Rubber — continued, 
electrical  properties,  bibliogrvphy, 

(4)  333. 
eloogatioD,  (4)  334. 
gutta-perehs,  (4)  340. 
maximum  temperature,  (4)  33S. 
mechanical  properties,  (4)  334. 
reaiativity,  electric,  (4)  333. 

temperature,  ooemcient,    (4) 
333. 
sources,  (4)  330. 
apeoifioaUons,  (4)  337. 
substitutes,  (4)  332. 
tMMs,  (4)  305. 
tensile  strength,  (4)  334. 
vuleaniiation,  (4)  331. 
Rubidium,  atomic  wei^t,  (19)  170. 
electrochemical   eqwvaWnt.    (10) 
170. 
Run-off  definition,  (10)  650. 
Ruthenium,  atomic  wei^t,  (10)  170. 
eleotroefaemioal   equivalent,    (19) 
170. 

8. 

Safety  devices,  (15)  80. 
Sage  ohmmeters,  (3)  139. 
Sag-tension  table,  bare  copper  wire, 
(12)  186. 
weather-proof  copper  wire,  (12) 
185. 
Salts,  deoompoeition  voltage,  table, 

(19)  177. 
Bamaiium,  atomic  wei^t.  (19)  170. 
electrochemical    equivalent,    (19) 
170. 
Sand  radiation,  coefficients,  (22)  15. 
Sangamo    ampere-hour    meter,    (3) 
331. 
watt-hour   meter,  a-«.,  teehnicat 
data.  (8)  206. 
d-e.,  tehonjoal  data,  (3)  198. 
Sargent  steam  meters,  (3)  422. 
Saturation  curve,  analysis,  (3)  61. 
definition,  (2)  49. 
no-load  ealciuation,  (8)  83. 
factor,  definition,  (7)  53;  (24)  47. 
percentage,  definition.  (24)  63. 
Sawing   maohinee,    power   requiie- 

mento,  (15)  41  to  60. 
Scales,  automatic  ooal  w^ghing,  (10) 

163. 
Scandium,  atomic  weight,  (19)  170. 
electrochemical  equivalent,    (19) 
170. 
Soherbius,  phase  advancer,  (7)  325. 

speed  control  system,  (7)  315. 
Sohoenherr    furnace     for     nitrogen 

fixation,  (19)  261. 
BchQler  motor,  (7)  801. 
Scimatoo  pyrometer,  (3)  371. 
Screens,  water,  vdooity,   through, 
(10)  291. 
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strength,  (4)  333. 
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Screw  threMb.  toUe,  (23)  43. 

United  States  standard  table, 
(23)  46. 
Sorubben,  (10)  477. 
SearoUighti  merefaant  marine  prac- 
tioe,  (23)  111. 
IT.8.  Ari&y  speeifieationa,  (22)  140. 
Seoohmometer,  (3)  244. 
Section  modnlus,  definition,  (23)  1. 
•tmetural    matbeznatioal   proper- 
tiea,  (28)  2. 
properties,  definition,  (23)  1. 
Seebeok  effect,  definition,  (2)  S. 
Selenium,  atomic  weight,  (19)  170. 
boiling  point,  (4)  146. 
eleatrochemical   eqidvalant,    (18) 

170. 
melting  pcdnt,  (4)  146. 
specific  gravity.  (4)  146. 
Self-inducUon   coeffldenti    (see    in- 

dactance).       * 
Separators  steam,  (10)  376. 
Rerpek  nitrogen  process,  (19)  264. 
Shaefer  method  of  resuscitation,  (22) 

2. 
Shafting,  desisn,  (23)  26. 

power  transmitted,  (23)  36. 
Shafts,  critical  speed,  (7)  141. 
Sharp- Miller  photometer,  (14)  389. 
Sheets,  electrical,  M)  217. 
ageing,  (4)  220. 
commercial  grades,  (4)  318. 
core-loss  curves,  (4)  224. 
effect  of   mechanical  working, 

(4)  219  to  222. 
elongation,  (4)  319. 
hysteresis  coefSdent,  (4)  319. 

loss,  (4)  219. 
properties,  (4)  219. 
resistivity,  electric,  (4)  219. 
tensile  strength,  (4)  219. 
gages,  (4)  10. 

comparison  table,  (4)  30. 
standard,  establishment.  (4)  314. 
systems,  (4)  213. 
U.  S.  Btendard  Ubie,  (4)  215. 
mills,  definition,  (16)  240. 
Shellac,  conductivity,  thermal,  (4) 
368. 
dielectric  constant,  (4)  385. 
prop<»'ties,  (4)  356. 
resistivity,  electric,  (4)  -365. 
Ships,    electrical  installation   rules, 
(22)  102. 
momentum  formula,  (18)  5. 
power  required,  propeller  formula, 

propeller  characteristics,  (18)  13. 
design,  (18)  14. 
drive     internal-c  ombustion 

engines,  (18)  24. 

low-speed  turbines,  (18)  211. 

reciprocating    engines,     (18) 


Ships — continued, 
propulsion,  bibliography,  (18)  73. 
electrio  advantages,  (18)  66. 
study  of  actual  insulations. 
(18)  57  to  73. 
gearing,  (IS)  36. 
vs.  internal  combustion  engines, 

(IS)  68. 
power  required,  (18)  10. 
reaistanee,  (IS)  !• 
types  for  different  service,   (18) 
42  to  54. 
Short-circuit      stresses,      sleotrical 

machinery,  (34)  398.     . 
Shunt,  shunts, 
ammeters,  d-e..  (3)  93. 
galvanometer,   (S)  29. 
universal,  (3)  30. 
Siemens  electrodynamometer,  (3)99. 
Siemens  and  Halska  oopper  process. 
(19)  22. 
■frequency  meter,  (3)  270. 
Sign    fiashers.  power  oonsumption, 

(16)  427. 
Sign  lighting  transformers,  (6)  202. 
Signal,  signals, 

railway,  (16)  382  to  420. 
bibliography,  (16)  437. 
block,  automatic,  (16)  424. 
manual,  (16)  422. 
systems,    classification,    (16) 
421. 
elasdficatioii,  (16)  886. 
definition.  (16)  384. 
electrio      interlocking      Union 
Switch  and  Signal  Co.,  (16)  416. 
track  cireuiu,  (16)  397. 
impedance.  (16)  400. 
eleotro-dynamie,  Qeneral  Eleo 

trio  Railway  Co..  (10)  417. 
fizMl  types,  (16)  387. 
interloddnc  daasifleation,  (10) 
406. 
eleetrio-pnenmatio,  (16)  411. 
meohamcal  arrangement,  (10) 

408. 
power.  (16)  409. 
trollov  operated,  (16)  889. 
submarine,  merchant  marine  prac- 
tice, (22)  117. 
track  circuits,  (16)  392. 
Silica,     conductivity,     heat,     .(10) 
84,  S6. 
density,  (4)  278. 
dielecmo  constants,  (4)  378. 

strength,  (4)  278. 
expansion,  ooeffioient,  (4)  278. 


general  data,  (10)  125. 
melting  point,  (4)  2' 
properties,  (4)  378. 


1278. 


melting  point, 
properties,  (4) 
resistivity,  electrio,  (4)  378. 
heat,  (19)  86. 
SiliooHntrbides,  binder,  (19)  74. 
moulding,  methods,  (19)  73. 
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Silicon,  atomio  weitht,  (18)  170. 

compound  rabmotories,  (18)  72. 

electrochemical   •quivalent.    (19) 
170. 

metallic,  geDeral  data,  (19)  134. 
Silicon-bronie,  (4)  134. 
Silicon-carbide,  general  data,   (19) 

120. 
Bilioon-eteel,  (tee  steel). 
Silk  inauJation  for  macnet  wirea,  (4) 

300. 
SUozicon,  (19)  75 

maximum  temperature,  (19)  75. 
Silver,  atomic  weight,  (19)  170. 

cleaning  solution,  (19)  191. 

conductivity,  thermal,  (4)  S98. 

density,  (4)  399. 

electrochemical    equivalent,    (19) 
170. 

axpanrion,  temperature  coefficient, 
(4)  399. 

plating,  practical  rules,  (19)  198. 

potential,  electric,  (18)  176. 

radiation  coefficient,  (18)  80;  (22) 
16. 

refining,  electrolytic,  (19)  212. 

resistivity,  electric,  (4)  138. 

temperature    ooemcient,    (4) 
138. 

tensile  strength,  (4)  399. 
Bines,  natural,  table,  (1)  147. 
Single-phase,  definition,  (24)  30. 
Sinking  fund,  definition,  (10)  904. 


,  (26)  26. 
(Id)  J 


table, 
Siphons,  (Id)  350. 
Six-phase,  definition,  (34)  33. 
Skin     effect,     copper     conductors, 
Ubie,  (12)  41. 
formula,  (2)  101;  (4)  161. 

table  of  coiMtaiits,  (4)  166. 
taUe,  (13)  41. 
wiring  ealeulationa.  (13)  63. 
Slabbing  mills,  definition,  (15)  240. 
Slate,  conductivity,  heat,  (19)  84. 
conductivity,    thermal,    (4)    268, 

369. 
density,  (4)  268. 
dielectnc  constant,  (4)  268. 

strength,  (4)  268,  269. 
panels,  cost,  (10)  776. 
propertiea,  (4)  268. 
redstivity,  electric,  (4)  368. 
spedfio  heat,  (4)  268. 
SUp.  definition,  (7)  167. 
measurements,  (3)  283  to  391. 
strobosc<mie  method,  (3)  385. 
Smith's  weir  formulss,  (10)  614. 
Smoke  prevention ,  electroetatio,  (19) 

268. 
Soapstone  properties,  (4)  270. 
Sodium,  atomio  weight,  (19)  170. 
electrochemical   equivalent,    (19) 

170. 
electroljrtio  production,  (19)  248. 


Soils,  bearing  power,  (10)  S90. 
Solenoid,  denmtion,  (S)  17. 

iaductenca,  formulas,   (2)    69  to 
78. 
Sparking,   vibrating   rectifiers,    (6) 

292. 
Spark-gaps,  insulation    tests,    (24) 

needle  point,  (see  needle  point), 
spheres,  (see  sphere  gap). 
Si>ecific  lieat  of  elements,  (4)  432. 
Speoifloations,      engineering,      (22) 
306. 

bibliography,  (22)  307. 
Spectrophotometers,  (14)  286. 
Speed,  speeds, 
Gontrol,    auxiliary     commutating 
maohines,  (7)  314  to  317. 
dynamie  braking,  (15)  84. 
gas  engines,  (10)  524. 
moton,  a-o.  series,  (7)  390. 
induction,  (7)  371  to  385. 
bibliography,  (7)  317. 
Krftmer  system,  (7)314. 
Beberbius  system,  (7)  318. 
synehronous         oonTertar 
•ystem,  (7)  316. 
shunt  motors,  (8)  164. 
steam  turbine,  (10)  261. 
critical  of  shaft,  (7)  141. 

synchronous  machines,  (7)  142. 
indioators,  (3)  334. 
limitation  in  design,  d-e.  maohines, 

(8)  73. 
measurement,  (3)  833. 
power-plant  generators,  (10)  719. 
regulation,  hydraulic  idant,  (10) 
693. 
induction,  variat>le  frequency, 

(16)  454. 
moton,  (15)  446  to  458. 
water  wheds,  (10)  693. 
runaway,  (10)  731. 
synehronous  definition,  (7}  167. 
Speed-time     curves,     (16)     31     to 
77. 

a-c.  series  motors,  (16)  S3, 
ealeulationa,  (16)  74. 
definition,  (16)  37. 
with  dni.  motors,  (16)  61. 
formulaa,  (16)  41. 
Ceoaral  application,  (16)  46. 
method  of  plotting,  (16)  73. 
time  Umits,  (16)  44. 
trains,  (16)  31  to  39. 
unit  distance  application,   (16) 
43. 
Sphar»t^>,  construction,  (3)  77. 
e.m.f.  measurements,  (3)  77;  (34) 
538. 
Spinner  motor,  (7)  281. 
Stalloy  properties,  (4)  223. 
Standardisation  obSect,  (34)  260. 
rulas.biUiocr^hy,  (34)  1114. 
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Starter,  atartara, 
a-o..  (IS)  432. 

automatic,  (15)  445. 

primary  reeistanoe,  (15)  433. 

aecondary  resistance,  (15)  435. 

star-delta  switches,  (IS)  432. 
automatic,  (15)  439. 
ourrent-Iimit  relays,  (IS)  441. 
d-«.,  (16)  430. 

apportionment    of    reaiatanoe, 
(15)  431. 

counter-e.m.f.,  (15)  444, 
gas    automobiles,    (see    automo- 
biles), 
necessity,  (IS)  429. 
Stassano  furnaces,  (IB)  94. 
Statistics   electrical   industry,    (22) 

290. 
Steam, 

energy,  (10)  163  to  218. 

flow  through  nosiles,  (10)  223. 

in  pipes  formula,  (10)  355. 
meters,  (3)  420  to  425. 

area  type,  (3)  421. 
nossles.  (10)  223. 
plant,  (10)  393  to  414. 

auziUaries  drive  (10)  406. 
economy,  (10)  398. 
power  requirements,  (10)  404. 

consumption  hi^kw.,  (10)  403. 

cost  itemised,  (10)  411. 

design  load  factor,  (10)  409. 
general,  (10)  393. 
reserve  capacity,  (10)  410. 

economy,  (10)  304. 

beat  analysis.  (10)  395. 

labor  requirements,  (lO)  413. 

location,  (10)  406. 

operation,    cost   analysis,   (10) 
414. 

testing,  (10)  415  to  442. 
pressure  measurement  with  ther- 
mometers, (10)  427. 
quality  test,  (10)  421. 
regenerators,  (10)  207. 
separators,  (10)  376. 
superheat,  effect  of  turbine  steam 

variation,  (10)  267. 
traps,  (10)  376. 

velocity  by  expansion,  (10)  220. 
wire  drawing,  (10)  196. 
superheating  test,  (10)  422. 
Steamers,  cross-ohannel  propulsion, 

(18)  43. 
freight  and  tramp  propulsion,  (18) 

42. 
ocean  liners  propulsion,  (18)  44. 
Steel, 

alloys,  (4)  388  to  393. 

properties,  (4)  196. 
beams,  (see  beams), 
carbon,  (4)  383. 

magnet,  (4)  227. 
cast,  (4)  194. 


Steel,  osst — continued. 

resistivity,  (4)  121.  ' 

chrome,  magnet,  (4)  229. 
coefficient,  (4)  207. 
columns,  (see  columns), 
conductivity    thermal,     (4)    131, 

383. 
copper-clad,  definition,  (4)  100. 
resistivity,   temperature  coeffi- 
cient, (4)  107. 
dynamo  sheet,  properties,  (4)  196. 
enect  of  heat  treatment,  (4)  384, 
387. 
various  materials,  (4)  383. 
expanaion,     temperature     coeffi- 
dent,  (4)  383. 

general  properties,  (4)  114. 
ardness,   temperature  for  maxi- 
mum retentivity,  (4)  230. 

industry,  use  of  eieotno  furnaces, 
(19)  132. 

magnet  composition,  (4)  226. 
desired  onaracteriBtics,  (4)  225. 

mills,  bibliography,  (IS)  254. 
classification,  (IS)  240. 
direct  connected,  (IS)  242. 
fly-wheel  function,  (IS)  247. 

fieared  drive,  (16)  243. 
ay-«ut,  (IS)  241. 
motor  applications,  (15)  240  to 
2S4. 
rating,  (15)  249. 
power  requirements,  (15)  248. 
rope  drive,  (15)  244. 
various     types,     energy     con- 
sumption, (16)  261. 
power  requirements,    (IS) 
250. 
non-aging,  (4)  187. 
pig,  (19)  134 
power  required  to  cut,  (15)  10. 

to  drill,  (16)  10. 
protective  coatini^s,  (4)  394. 
resistivity,   eieotno,   temperature 

coefficient,  (4)  120. 
rolled.  (4)  198. 
sheets,  (see  sheets). 
siUcon,  (4)  187,  391. 
definition,  (4)  20i7. 
speoifio  heat,  (4)  130. 
structural  cost,  (10)  588. 
tensile  strength,  (4)  128. 
tungsten  magnet,  (4)  228. 
Stefan-Boltimann    law,    (3)    260; 

(14)  8. 
Steinmets's  hyatereeis  formula,   (2) 

96. 
Steradian,  value  in  solid  angles,  (!) 

131. 
Stern,  as  estos,  properties,  (4)  326. 

condensite,  properties,  (4)  326. 
Sternoid,     maximum    temperature, 
(4)  326. 
properties,  (4)  326; 


(BetarencM  are  to  sectioni  and  paracrapha — ^not  pacM) 


1060 


DigilizedbyV^iUUgle 


INDEX 


Itolran— awlteh,  nrltchM 


Btokan,  ooit,  (10)  88,  810,  914. 
daptaoUtion,  (10)  888. 
enginea,  (10)  83. 
life  ezpMtuiay,  (10)  900. 
miUDtoiiftnae,  ocsts,  (10)  74. 
■pMifioatlou,  (10)  87. 
tjrpca,  (10)  64. 
Stone,    enahinc    ■trangth,  Tarioua 

kindi,  (4)  40. 
Btorace    Detteriea,    (also    see    bst- 
teriee). 
bacnge  traeka,  (30)  177. 
leaaaetlra matanala,  (20)  SI. 
oapadty,  (20)  Sa. 
deotrolyte    resiaUnee    tem- 
perature table,  (20)  90. 
platea,    elaaatfioaUoiia,     (20) 

S9. 
theory,  (20)  80. 
performanoe  teat,  (20)  103. 
— I  80. 


pil*     (30) 


Plants  platea,  (20) 
regulator,   earbon 
1S3. 
Strain,  definition,  (jnnbol,  unit,  (1) 

42. 
Strand,  ooneentrie,  definition,  (24) 
042. 
definiUoD,  (34)  639. 
Stranding,    atandard     ralaa,     (24) 

6S3. 
Stray  ourrenta,  (16)  4S2. 
Mbliography,  (16)  474. 
nwaaurementa  in  oable  aheatlia, 
,    (16)446. 
In  pipea,  (16)  443. 
prereniion   by   drainage,    (16) 
46ft 
'  by  inaulated  return  feeders, 
(16)  468. 
loaaea,  definition,  (7)  126. 


L 


Stream  flow,  (10)  646  to  666. 
olimate,  (10)  OSS. 
drainage  area,  (10)  664. 
•Seot  of  iee,  (10)  666. 
gaging,  atationa,  (10)  658. 
meaaurementa,  (10)  660. 
rain  fall,  (10)  646. 
run  off,  (10)  6S0. 
atoraga.  (10)  666. 
Strength,  (Bdeotric,  definition,   (2) 

133. 
Stress,  definition,  symbol,  unit,  (1) 

43. 
Strontium  atomia  weight,  (19)  170. 
aleetroohemical    equivalent,    (19) 
170. 
Strovger  automatic  telephone  sys- 
tem, (31)  66. 
Structural  materials,  (4)  371  to  431. 
bibliography,  (4)  431. 
mills,  defimtions,  (IS)  240. 
Strunts  e.m.f.  equation  for  atorage 

batteiiea.  (20)  SS. 
Stub's  gage  definition,  (4)  16. 


Subatationa,  (11)  306  to  315. 
bibliography,  (11)  3S2. 
building,  (11)  306;  (12)  55. 
boa-bar  arrangement,  (12)  56. 
elasaificatioD7(12)  53. 
eonneetion  to  transmiaaion  linee, 

(11)88. 
d-e.,  (18)  S3. 

frequeney-ehangar,  (12)   60. 
function.  (13)  51. 
Indoor,  coat.  (11)  340. 
loeaUon.  (12)  52. 
outdoor,  (11)  215. 

ooat,  (11)  240. 
portoble,  (16)  378. 
protective  equipment  inatallation. 

(11)  308. 
railway.  (16)  364  to  379. 
definition,  (24)  762. 
aynobronona    converters,     (16) 
864. 
equipment,  (16)  371. 
lay-oat,  (16)  871. 
voltages,  (16)  373. 
synehronoua  converter,  (12)  65. 
transformer,  (12)  58. 
lay-out.  (16)  379. 
Sulphur,  atomic  weight.  (19)  170. 
<fielecttie  oonatMit,  (4)  343. 
eleetrodnmiaal  eqtuvalent,    (19) 

170. 
rsaistivltyi  deottio,  (4)  343. 
Sulphurio-acid     solutiona     apeoifio 

gravity  table,  (20)  86. 
Superheated  steam  (see  steam). 
Superheatan,  (10)  12,  469. 
coat,  (10)  810. 
rating,  (10)  IS.  28. 
surface,  claeulation.  (10)  33. 
Surge  impedance,  (21)  187. 
Buseeptance,     definiuon,     aymbol. 


Busoeptibility,  definition,  (2)  52. 


unit,  (i;  68. 

sptibili.. 
S.  V.  W.  properties,  (4)  347. 
Switch,  switches, 

circuit     breakers,    oil,    capacity. 

(10)  813. 
eompartmento,  (10)  875. 
current  capacity,  (10)  780. 
definition,  (34)720. 
d-c  magnetic,  (16)  437. 
disoonneoUng,  (10)  804;  (12)  83. 
eleotroUer,  (IS)  41. 
end-cdl,  (30)  158. 
fidd  breakup,  (0)  66. 
magnetic,  lock-out,  (15)  443. 
oil  cost,  (10)  810. 

mounting,  (10)  808. 

operating  method,  daadfieation 
(10)  815. 

rating,  (10)  810. 

remote  control,  (10)  811. 
rating,  (24)  733. 
seriss  contaoton,  (15)  443. 
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Switch,  switohM — oontinued. 
■ingls-throw,  ooat,  (10)  781. 
anap,  (13)  39. 
standard  rulea,  (34)  720. 
structures,  cost,  (10)  876. 
Btuda,  oonDeetion,  cost,  (10)770. 

current  capacity,  (10)  779. 
substation,  (12)  83. 
Switoliboards, 

»-c.,  ooat,  (10)  829. 

feeder,   mstniment  equipmeut, 
(10)  823. 

generator,    instrument    equip- 
ment, (10)  831. 

types,  (10)  828. 
constant-current  series,  (10)  707. 
cost,  (10)  914. 

d-o.    instruments   required,    (10) 
705. 

pwiels  tyjdcal,  (10)  771. 

station  panels,  (10)  773. 

supports,  (10)  77s. 

three-wire,  (10)  764. 
depreciation,  (10)  898. 
fittincs,  (10)  774. 


■aracs*.  (17)  71  to  84. 
ni(b-tensioi 


lion,  substation,  <12)  80. 
instruments,  eost,  (10)  789. 
lowtension,  substation,  (13)  70. 
operation,  (10)  834. 
panels  cost,  (10)  776. 
suoports,  (10)  773. 
telegraph,  (21)  113. 
telephone  automatic,  (21)  64  to 
75. 
common    battery,  (21)    53    to 
63. 

non-multiple,    commerciBl 
sites,  (21)  56. 
looal-battery   manual,   (31)   39 
to  52. 
multiple,  (21)  41. 
non-multiple,  (21)  40. 
magneto,     non-multiple,  com- 
mercial siies,  (21)  46. 
Switching,  a-c,  (10)  709  to  836. 
princplea,  (10)  799. 
apparatus,  life  ezpeotanoy,  (10) 

constant-current  series,  (10)  701 

to  798. 
d-o.,  (10)  761  to  790. 

olassifieation,  (10)  701. 

series,  (10)  791  to  798. 
grounded,  neutral,  (10)  803. 
group,  (10)  800. 
ataUons,  (II)  314. 
stresses,  on  insulation,  (8)  113. 
transmission  system^  (11)  03,  93. 
Symbols,  electrical  engineering,  (24) 

90. 
Synchronism  measurement,  (3)  287 
to  291. 

lamp  method,  (3)  388. 


Synohronisins  methods  ssmehionons 
motors,  (7)  86. 
power  definition,  (7)  73. 
synchronous  converters,  (0)  72. 

Synchronous  converters,   (see  con- 
verters). 

Synchroscope,  definition,  (24)  238. 
use,  (7)  86. 

Westinghottse,  (3)  280. 
Weston,  (3)  290. 


Tachometers,  (3)  334. 
Talc  properties,  (4)  371. 

specific  gravity,  (4)  271. 
Tangents,  natural,  table,  (1)  148. 
T^^  lead-Uned,  (30)  110. 
Tantalum,  atomic  weight,  (10)  170. 

electrochemical    equivalent,    (19) 
170. 

properties,  (4)  141. 

resisUvity,  aleetrio,  (4)  141. 

temperature   coemdantt    W 

specific  gravity,  (4)  141. 
tensile  strength,  (4)  141. 
Tsr  separators,  (10)  475. 
Targets,  eleetrie  operation,  (33)  161. 
Taxes.  (10)  894. 

imwer  plant,  (10)  894. 
Tegjt,  oompressive  strength,  (4)  313. 
dielectrio  strength,  (4)  318. 
maximum  temperature,  (4)  313. 
propertiee,  (4)  313. 
reeistivity,  electric,  (4)  313. 
tensile  strength,  (4)  313. 
Telautograph,  (21)  114. 
Telefunken  compass,  (21)  310. 
Telegraph, 

army  practice,  (33)  144. 
bridge,  duplex,  (31)  100. 
polar  duplex,  (21)  101. 
quadruplex.     Western     Union, 
(21)  102. 
duplex  repeaten,  (21)  108. 
engine,  merchant  marine  practice, 

(22)  113. 
Field  key  system,  (21)  103. 
half-set  repeaters,  (21)  100. 
.  lines,  (see  pole  linse). 

characteristics,    nomenclature, 

(24)  918. 
circuits,  nomenclature,  (24)  930. 
compensating  transformers,  (6) 

197. 
testing,  (21)  263  to  363. 
magnets,  (5)  60. 
manual  systems,  (21)  88  to  114. 
MiUiken  single-line  repeater,  (21) 

107. 
Mone  system,  (31)  88. 
to  moving  trains.  (21)  112. 
phaotoplex,  (21)  110. 
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Tdacrsph— oontinued . 
phonoplez,  (21)  111. 
polar  duplex,  (21)  98. 
qiudruplez,  PoaUl,  (21)  104. 

repeatera,  (21)  108. 
relays,  (21)  8S. 
(implex,  (21)  93. 
■  ounders,  (21)  97. 
sUtisUoe,  (22)  303. 
■ystenu,  olanification,  (21)  4. 
Bwitohboarda,  (21)  113. 
telephone,  compoeite,  (21)  117. 

sim^ei,  (21)  116. 
testing,  (21)  252  to  262. 
train     dupatchinc     syatema,  (21) 
120. 
Telscraphone,  theory,  (22)  276. 
Telegraphy,  biblionaphy,  (21)  263. 
simultaneous  with  telephone,  (21) 

115. 
standards,  (24)  910. 
wireless,  (see  Radioteleoraphy). 
Teldectrio  piano  player,  (22)  270. 
Telephone, 

apparatus,  protection,  (21)  152. 
army  practice,  (22)  144. 
automatic  opwation,  (21)  89. 

system,  (21)  64. 
batteries,  test,  (20)  40. 
bells,  (21)  24. 
bridging  sets,  (21)  36. 
cables,  (see  cables), 
circuits,  phantom,  (21)  81, 
common-battery    briogins    seta, 
(21)  38. 
system,  (21)  53. 
condensers,  (21)  30. 

rating,  (5)  168. 
depreciation,  (10)  898. 
engine,  merchant  marine  practice, 
^2)  116. 
exchanges,  batteries,  (20)  172. 

Senerators,  (21)  61. 
itoroommunicating  systems,  (21) 
76. 
linemen's  test  set,  (21)  132. 
lines,  (see  pole  lines). 
bslancing  coils,  (21)  170. 
characteristics,     nomenclature, 

(24)  918. 
circuits,  nomenclature,  (24)  930. 
compensating  transformers,  (6) 

197. 
drainage  coils,  (21)  171. 
high-tension  crcasings,  (21)  233. 
inductance  loading,  (21)  193. 
inductivedisturbsncea,  (21)164. 

minimising,  (21)  172. 
Insulating     transformers,      (6) 
198. 

Joint  line  construction,  (21)  234. 
oading,  nomenclature,  (24)  050. 
patrol  systems,  (21)  134. 
protection,  (21)  152. 


Telephonelines— •continued, 
spans,  (21)  213. 
sag  table,  (21)  228. 
stresses,  (21)231. 
testing,  (21)  252  to  262. 
transformers  nomenclature  (24) 

•982. 
transpositions,  (21)  220. 
phantom,  (21)  169. 
system,  (21)  167. 
,   types,  (21)  31. 
local-battery  system,  (21)  39. 
magneto  generators,  (21)  26. 
magnets,  (6)  60. 

protection     for    transmission-line 
circuits,  (11)  197. 
standard,  (21)  154. 
receivers,  (21)  20. 

resistance,  (21)  23. 
repeaters,  (21)  198. 
repetition,  telegraphone, 
semi-automatic  systems, 
series  sets,  (21)37. 


(22)  283. 
(21)  73. 


statistics,  (22)  302. 
switchboards,  (see  switchboards), 
systems,  classification,  (21)  2. 
telegraph,  composite,  (21)  117. 

simplex,  (21)  116. 
testing,  (21)  252  to  262. 
transmitters,  (21)  14. 
wireless,     (see     radiotelephony). 
Talphony,  bibliography,  (21)  263. 
simultaneous  with  telegraph,  (21) 

116. 
standards,  (24)  910. 
transmission  <u  spesch,  (21)  13. 
Telfaarmonium,  (22)  287  to  291. 
Tellurium,    atomic     weight,      (10)- 
170. 
electrochemical    equivalent,    (10) 
170. 
Telpharags    systems,   olaaaification, 
(15)  227. 
motor  applications,  (16)  227  to 
239. 
Temperature, 

ambient,  definition,  (24)  303. 
measurement  during  tests,  (24) 

314. 
reference   to    water-oooled 
machines,  (24)  309. 
definition,  unit,  (1)  87. 
detectors.  (24)  354. 
cradient,  i^nehronous  machines, 

(7)97. 
limitation,  electrical     machinery 
standardisation      rules,     (24) 

300. 
motor,  railway,  (24)  804. 
Umits,  (24)  375. 
cabin,  (24)  677. 
fuses,  (24)  781. 
insulation,  (24)  677. 
special  easel,  (24)  385. 
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Temperature — oontin  iied . 
measurcmenta,  (24)  344. 
boiler  teatinz,  (10)  430. 
generatora,  (10)  736. 
reaistance,  (24)  348. 
thermometer,  (24)  345. 
tranaformeiB,  (6)  215. 
operating,    electrical    machinery, 
(24)  340. 
{  rise,  allowable,  motors,  railway, 

(16)  133. 
economisers,  (10)  320. 
effect  of  altitude,  (24)  308. 
feed-water  heaters,  (10)  300. 
mayneta,  teat,  (5)  114. 
I  oil-insulated    self-oooied  trans- 

former*, (6)  74. 
oil  switches,  (10)  807, 
rheostato,  (S)  106. 
storass  batteries,  (20)  88. 
transformers,  water-cooled,  (6) 
75. 
scales,  (3)  336. 
standard,  (3)  370;  (24)  265. 
tests,    transtormeni,    method    of 

loading,  (24)  303. 
thermometers,  (also    see    pjrrom- 
etry). 

I       Tensile  strength,  Tarious  materials, 
(see  name  of  material). 
Terbium,  atomic  weight,  (10)  170. 
electrochemical   equivalent,    (19) 
170. 
Terra  eotta,  oonduotiTity,  heat,  (10) 
86. 
resistivity,  heat,  (19)  86. 
>       Testing, 

arc.  voltages,  (24)  600. 
batteries,  primary,  (20)  35. 
boiler,  (10)  415. 
cables,  (24)  678. 
oirouit  breakers,  (24)  726. 
condensers,  (10)  431. 
converters,   synchronous,    (0)   85 
to  04. 
loading-back  method,  (9)  92. 
d-e.  machinea,  (8)  257. 
engine,  steam,  (10)  427. 
fans,  (10)  435. 
feed  pumps,  (10)  432. 
friction   and   iron-loss,   d-c    ma- 
chines, (8)  268. 
fuses,  (24)  732. 
generators,  coiistant-«un«irt,  (8) 

270. 
heat  mn,  duration,  (24)  322. 
hysteresis  eoeflSeient,  (4)  207. 
insulation,    eleetrioai    machinery 
voltages,  (24)  500. 
of  machinery,  (24)  480 
lightning  arresters,  (84)  735. 
loading-back  method,  (8)  264. 
motor,  ioduetioo,  einU  diagram, 
(7)206.    • 


Testing— continued, 
no-load  saturation  d-o.  machines, 

(8)  258. 
reactors,  (24)  738. 
regulation    electrical    maciiinery, 

(24)  580. 
retardation  method,  (7)  164. 
steam  plants,  (10)  416  to  442. 
storage  batteries,  (20)  m  to  103. 
I  maohln 


(7)  148  to 


synchronous  i 
154. 

artificial  loading,  (7)  148. 
switches,  (24)  723. 
transformen,  (6)  206  to  221. 
loading  metJiods,  (6)  214;  (24) 
393. 
turbine,  staam,  (10)  429. 
water  wheels,  (10)  706  to  714. 
Textile  mills,  (lUso  see   cotton  and 
woolen  mills), 
meohaniesl  drive,  (16)  321. 
motor  «>pUcations,  (15)  321  to 

selection,  (16)  327. 

processes,  use  of  steam,  (15)  324. 
ThsUium,  atomic  weight,  (18)  170. 

electrochemical   equivalent,    (10) 
170. 

potential,  electric,  (10)  176. 

resistivity,  electric,  (4)  138. 
temperature  coefficient,  (4)  138. 
Theatre  dimmers,  (6)  200. 
Theory,    electric    oirouits,    Inbllog^ 
raph^r,  (2)  233. 

electricity  and  magnetism,  bibli- 
ography, (2)  233. 
Thermite,  raducing  agent,  (19)  116. 
Thermo-couples,  (3)  846. 
Thermo  e.mj.  equation,  (3)  347. 
Thermoohemistiy,  (10)  38. 

constants.  (10)  180. 
acid  radicals,  table,  (19)  182. 
Thermo-dynamics,  (10)  44. 

of  condenaera,  (10)  376. 

steam  engine,  (10)  163. 

steam  turbine,  (l6)  219. 
Thermoeleotridlar.  eleetron   theory, 

(22)  220. 
Thermometen  electric  cost,  (10)736. 

high-temperature,  (3)  341. 

low-temperature,  (3)  342. 

mereurial,  (3)  337. 
Thermometiy,  (3)  336  to  344. 

bibUograpby,  (3)  882. 
Thermostat,  fire  alarms,  (21)  ISO. 
Third-rails,  composition,  (16)  330 

o<testraotion,  (16)  317. 

definition,  (24}  769. 
Thomas  chart  for  sag  and   stress 
determinations,  (II)  111. 

electric  gas  meter,  (3)  416. 

steam  meter,  (3)  424. 

thermometers,  (10)  426. 
Thompson's  permeameter,  (3)  300. 
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Thomson  effect,  de&nition,  (2)  6. 
Inolined  voltmeter,  (3)  67. 
rapulaion  motor,  (7)  282. 
rule  for   ohemioel  e.m.f.  oaloula- 
tion,  (19)  S3, 
error,  (19)  S5. 
Thomeon-Hoiuton  areUchting  gen- 
erator, (8)  210. 
Thorium,  atomic  weight,  (19)  170. 
electrochemical   equivalent,    (19) 
170. 
Three-phase  definition,  (24)  31. 
Thulium,  atomic  weight,  (19)  170. 
electrochemical    equivalent,    (19) 
170. 
Thury    system    of    electric    trans- 
mission, (8)  218.  ■ 
transmission  systems,  (11)  3. 
Thwing  pyrometer,  (3)  863. 
Ties,  depreeiation,  (10)  898. 
Tile,  dieleotrio  strength,  (4)  279. 

properties,  (4)  279. 
Time,  definition,  symbol,  unit,  (1) 

26. 
Tin,  atomic  weight,  (19)  170. 
compressive  strength,  (4)  399. 
conductivity^  thermal,  (4)  399. 
electrochemical    equivalent,    (19) 

170. . 
expansion,  temperature  coefficient, 

(4)  399. 
radiation  coefficient,  (22)  IS. 
refining;,  electrolytic,  .(19)  221. 
resistivity,  electric,  (4)  138. 

temperature   ooemoient,    (4) 
138. 
tensile  streogth.  (4)  899. 
Tires,  automoEile,  bounce  test,  (17) 
25. 
effect  on  energy  consumption, 
(17)  32. 
TlrriU  reguUtor,  (10)  763;  (12)  95. 

cost,  (10)  759. 
Titanium,  atomic  weight,  (19)  170. 
electro-chemical  equivalent,    (19) 
170. 
Toepler  electrostatic  machine,  (22) 

268. 
Torpedo-boat  destroyers  propulsion, 

(18)  64. 
Torque,    definition,    symbol,    unit, 
(1)  40. 
eleotromaaietie,  (8)  6. 
formula,  (2)  40. 
measurements,  (3)  327. 
production,  (2)  40. 
Toai  directive  antenna,  (21)  309. 


Towers,  anchor,  (11)  130. 
•  sign,  (11)  127  1  --- 
flexible,  (11)  129. 


steel,  advantages,  (11)  163. 
cost,  (U)  235. 
erection,  (11)  166. 
cost,  (11)  236. 


Towers,  steel — continued. 

protection  from  oonosion,  (11) 
165. 
Track,  tracks, 
curve  location,  (16)  21. 
de|>reciatiao,  (10)  898. 
design,  coal  mines,  (IS)  296. 
imiiedance,  power-factor  for  signal 

circuit  calculation,  (16)  4(X) . 
resistance,  (16)  293,  331. 
switches  automatic,  (16)  380. 
"telphers,"  (16)  233. 
welding,  (16)  351. 
Tractive  effort,  definition,  (16)  32. 
Train,  trains, 
diagram,  (16)  267. 
dispatching,    telegraph    systems, 
(21)  120. 
telejihone  systems,  (21)  121. 
electncpower  consumption,  tables. 

(16)  S5. 
energy  and  power  consumption, 

(16)  78  to  118. 
inertia  revolving  parts,  (16)  61. 
lightingsystem  oiwration,  (22)298. 
motor  oar  braking,  (see  braking), 
capacity  table,  (16)  134. 
control,  (see  control), 
power     consumption     calcu- 
lation, (18)  83. 
frequent  stop  tables,  (16) 

103. 
tablee,  (16)  85. 
power  consumption  formula,  (16) 

82. 
resistance,  (16)  4  to  80. 

adheeion  coefficient,  (16)  28. 
Berlia-Zoesen  experiments,  (IG) 

defii^on,  (16)  36. 

frietional  factor,  (16)  6. 

vades,  (16)  23. 

power  calculations,  (16)  88. 

reeistance  curves,  (16)  20. 

single-car  formula,  (16)  13. 

slow  speed,  (16)  19. 

tests,  (16)  4. 

train  formula,  (16)  17. 

wind  friction,  (16)  10. 
Transformer,  traiisformers, 

air-blast  cooling  method,  (6)  64. 

insulation,  (8)  47. 
all-day  efficiency,  (12)  102. 
autobalanoe  coils,  (0)  176. 

definition,  (6)  11;  (24)  209. 

general  theory,  (6)  173. 

power  purposes,  (6)  175. 

rq^tlon,  (6)  179. 
bell  ringing,  (6)  200. 
bibliography,  (8)  286. 
booster,  (12)  131. 
olaasifioation,  (6)  12. 
eoil  grouping,  (6)  79. 

insulation,  (6)  43. 
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Transformer,  tranaformera — cont'd, 
compenoatins     'or      neutralising 

inductive      disturbanoea,      (6) 
197. 
connections,  (6)  224. 

sUndard  marldnK,  (24)  600. 
constant-current,  (6)  162. 

aro-lighting,  e6Sciency,  (6)  171. 
ratings,  (6)  171. 

definition,  (6)  8. 

design,  general,  (6)  163. 

formulas,  (6)  167. 
constant-potential,  definition,  (0) 

8. 

rated  current,  definition,   (24) 
203. 
cooling,  forced  oil  circulation,  (6) 
86. 

systems,  (6)  S4  to  77. 
copper  loss  test,  (6)  211. 
cost,  (11)  23S. 
current  (see  transformers  seriep). 

definition,  (6)  10. 
definition,  (6)  1;  (24)  201. 
delta-delta  connection,  (6)  146. 
delta-star  and   star-delta  connec- 
tion, (6)  147. 
depreciation,  (10)  898. 
design,  electrical,  (6)  30. 

general,  (6)  27  to  34. 

insulation,  (6)  35  to  53. 

mechanical,  (6)  78  to  84. 
distribution,     charging     current, 
(12)  101. 

determination  of  caiiacity,  (12) 
111. 

efficiency,  (12)  101. 

losses,  table,  (12)  101. 

regulation,  (12)  101. 

selection,  motor  loads,  (12)  117. 

volUges,  (12)  98. 
efficiency,  calculation,  (6)  25. 
electric  stresses,  (6)  36. 
e.m.f.  equation,  (6)  14. 
excitation,  (6)  16. 
fuses,  (12)  138. 
general  theory,  (6)  14  to  26. 
grounded     neutral     (see    ground 

neutral), 
heat     dissipation     constant,     (G) 

77. 
installation,  general,  (6)  222. 

in  substations,  (11)  207. 
instrument,  (6)  182  to  192. 

correction  factors,  (6)  190. 

cost,  (10)  827. 

definition,  (6)  10-,  (24)  741. 

series  type,  (3)  103. 

shunt-type,  (3)  79. 

e.m.f.  measurements,  (3)  79. 

for  switchboards,  (10)  826. 

tests,  (6)  220. 

used    with    watt-hour    meters, 
(3)  210. 


Transformer,  transformers — cont'd, 
insulating  methods,  (6)  41. 
for  telephone  circuits,  (21)  160. 
for  telephone  lines,  (6)  198. 
insulation  troubles,  (6)  227. 
distributing,  general    design,    (G) 

116. 
life  expectancy,  (10)  900. 
lighting  25  cycles  dimensiona,  (6) 
121. 
efficiency,  (6)  121. 
leases,  (6)  121. 
regulation,  (6)  121. 
weight,  (6)  121. 
60  oyelea  dimenaioiiB,   (6)  120 
to  122. 
efficiencv,  (6)  120  to  122. 
losses,  (6)  120  to  122. 
regulation,  (6)  120  to  122. 
weight,  (6)  120  to  122. 
corotjT>e  M.  shell  type,  (6)  117 
general  cODsidcrations,  (6)  115. 
line  disturbances,  (6)  228. 

drop  compensator,  (6)  194. 
loaded,  characterifitica,  (6)  19. 
losses,  classification,  (24)  445. 
measurement,  (6)  209. 
no-load  determination,  (24)  470. 
magnetic  circuit,  types,  (6)  28. 
man-hole  type,  (6)  126. 
.  marked  ratio,  definition,  (24)  207. 
mechanical  force  on  coils,  (6)  82. 
name  plates,  standard,  (24)  G20. 
oil  case,  (0)  231. 

insulated,   25    cycles  efficiency, 
(6}  09. 
regulation,  (6)  99. 
weight,  (C)  99. 
60  cycles  efficiency,  (6)  94. 
regulation,  (0)  94. 
weight,  (6)  94. 
efficiency,  (6)  94. 
self-cooled  temperature  equa- 
tion, (6)  74. 
heat  transfers,  (6)  61. 
self-cooled,  (6)  69. 
pumping  lay-out,  (6)  234. 
with  open  secondary,  (6)  2. 
out-door,  (6)  90. 
output   relation    to   dimensions, 

(6)  32. 
parallel  operation,  (6)  127. 

different  ratios,  (6)  129. 
polarity  test,  (6)  208. 
polyphase,  (6)  132. 
groups,  (6)  132. 
parallel  operation,  (6)  157. 
polarity,  (6)  156. 
potential,       (see      transformers, 
shunt), 
definition,  (6^10. 
power  characteristics,  (6)  87. 
service,  general  design,  (6)  85. 
station,  (10)  837  to  849. 
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Traaiformer,  tranaformen— cont'd, 
ratine  tebles,  (6)  »4. 
ratio,  de6nition,  (24)  204. 

terts,  (6)  207. 
reaetanoa  calculation,  (6)  81. 
reculation,  calculation,  (6)  26. 

definition,  (24)  S65. 
■eriee,  incandeaoent  lamp  circuit. 
(8)  204. 
inatrument,  ratio  zneaaurement, 

(3)  104. 
ratio,  definition,  (24)  20S. 
standard  rating*.  (6)  191. 
type,  (6)  186. 

Toltan  relatione,  diasram,   (6) 
23. 
ehipping,  (6)  223. 
ehop  teste,  (6)  206. 
ehunt  type,  (6)  182  to  18S. 
sign-Ugfatini,  (6)  202. 
signal  sorTiee,  (6)  193. 
sintfe-phase,  oO-maulated,  rating 
table,  (6)  94. 
H.  tliree  phase,  (10)  840. 
special  oonneotions,  (12)  119. 
star  connection   m.  delta,  (6)  141. 
'  stray  loeaee,   (24)  471. 
stresses,  meenanioal,  (6)  78. 
T-eonnected,  (6)  164. 
telephone     lines     nomenclature, 

(24)  962. 
temperature  measurement,  resist- 
ance method,  (24)  361. 
testing,  (24)  318. 
teeU,  loading,  (24)  393. 
terminals,  (6)  48. 
teeting,  (6)  206  to  221. 
extra-high- voltage,  (6)  199. 
loading  methods,  (6)  214. 
theory,  elementary,  (0)  2. 
three-phase,  (6)  89. 

*«.  aingle-phase,  (10)  840. 
standi^       connections,       (24) 

600. 
unsymmetrical  connections,  (6) 
157. 
three-wire  balance  coils,  (6)  177. 
types,  choice,  (10)  837. 

design,  (6)  187. 
unpaclnng,  (6)  223. 
V-oonnected,  (6)  152. 
volt-ampere,  (2i)  208. 
voltage  classification,  (6)  92. 
ratio,  definition,  (24)  206. 
water-cooled,  25  cycles  efficiency, 
(6)  109. 
regulation,  (6)  109. 
weight,  (6)  109. 
60  cycles  eificiency,  (6)  103. 
regulation,  (6)  103. 
wSght,  (6)  103. 
calculation  of  cooling  e<Al,  (6)  7S. 
ratings,  table,  (6)  103. 
scale  formation,  (fi)  236. 


Transformer,  transformers,    water 
cooled — continued, 
temperatuiv  limits,  (24)  375. 

tests,  (24)  310. 
water  rate,  table,  (6)  103. 
water  cooling,  (10)  841. 
Transients,  discussion,  (2)  138l 

sin^e  and  double  enwgy,  (2)  143. 
Transits,  oonduotivity,  tnermal,  (4) 
316. 
density,  (4)  315. 
expansion,  temperature  eoeffioient, 

(4)  316. 
maximum  temperature,  (4)  315. 
mechanical  strength.  (4)  315. 
properties,  (4)  315. 
resistivity,  eleotrie,  (4)  315. 
Transmission, 
cable    system,   deotrioal     disad- 
vantages, (11)  203. 
conductor,  sise,  choice,  (11)  226. 

voltage  eboiae,  (11)  237. 
efficiency,  (11)  10. 
electric,  bibliccraphy,  (11)  342. 
eleettjcaloalouiations,  (ll)8to 

43. 
lines, 

a-c.  esleuIatioDS,  (11)  13. 
drop  ealeulatiaiis,  (13)  34. 
sin^e-phase  calculationa,  (11) 

14. 
three-phase  caloulatioas,  (11) 
15,24. 
calculations,  (11)  30. 
oharta  and  diagrams,  (11)  33. 
corona  effect,  (11)  48  to  62. 
Merahon  diagram.  (11)  36. 
capadty,  (II)  18. 
effect,  (12)  42. 
formulas,  (2)  120. 
tables,  (II)  39  to  43. 
charging  current,  (11)  21. 

effect.  (12)  43. 
oonduetors,    (also   see    wires); 
(also see  cables);  (II)  224. 
eonstrustion,  (11)  188  to  199. 
J^ng,  (II)  191. 
loading  tables,  (11)  99. 
materials,  (11)  44  to  46. 

choice,  (II)  134. 
mechanicsi    properties,    (11) 

104. 
spacing,  (11)  137. 

construction  fundamentals, 
(II)  131  to  162. 
preliminary  cost,  (II)  228. 
cost  per  mile,  (II)  237. 
cross-arms,    (see      croas-«rms), 
of  depreciation,  (10)  898. 
deeign,  generalfeatures,  (11)  44. 
drop  calculations,  (12)  34. 
electrical  calculations,  (II)  8  to 
43. 
design  bibliography,  (11)  243 
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TruumiMion  lines— eon  tinued. 

equation,  hyperbolio  functions, 

(11)  31. 
KTOund  wire  construction,  (11) 

193. 
crounded,   dissdvantaces,   (II) 

85. 
Euys,  (11)  1S2  to  187. 
Ewisontal     streas     calculation, 

(11)  102. 
induotance,  formulas,  (2)  80. 

tables,  (11)  39. 
Inductive     disturbanoea,     (11) 

197. 
inspection,  (11)  318. 
insulators,  (see  insulators), 
lightning  disturbanees,  (II)  76. 
location,  (11)  131. 
mechanical  design,   (11)  97  to 
130. 
bibliography,  (11)  2S1. 

stresses,  (11)  97. 
operation,    bibliography,     (11) 

2S3. 
oscillation,  (11)  09. 
overhead  oons^ction  crossings, 

(11)  198. 
Perrine-Baum     diagram,      (11) 

34. 
pins,  cross-arm  design,  (11)120. 

icedesifn,  (11)  119. 

supporting  members,  design, 
(11)  119  to  130. 
protection,   bibliography,    (11) 

248 
regulation,  (11)  13. 

definition,  (24)  567. 
relays.  (12)  144. 
repairs,  (11)  319. 
right  of  way    contracts,    bibli- 
ography. (11)  254. 
short  circuits  suppression,  (11) 

78. 
single-phase  drop  calculations, 

(13)  33. 
sise  determination,  (11)  47. 
skin   effect,   calculations,    (12) 

40. 
spans,         oalculatioos         with 
Thomas'  chart.  (11)  115. 

choice,  (11)  135. 

deflection,  (11)  101. 

effect   of   temperature,    (12) 
188. 

formulas,  (II)  98. 

ice  and  wind  effects.  (11)  114. 

(tress  clacttlations,  (11)  106. 

stringing  wire,  (11)  109. 

temperature  eff< 


weighted 
138. 
supporting 
(11)21. 


ect,  (11)  113. 
conductora,     (11) 


structure     design. 


Transmissiott  lines — continued. 

system  disturbances,  (11)  09  to 

80. 
temperature     variations,     (11) 
~     103. 
voltage  distribution,  (11)  20. 

drop,  (II)  9. 
wind   pressure,  (see  wind  pree- 

sure). 
radio,  nomenclature,  (24)  1000. 
systems,  (II)  1  to  7. 

connections,  (II)  81  to  93. 

bibliography.   (II)  249. 
disturbances,  Dibliography,  (II) 

247. 
duplicate  lines,  (11)  82. 
economics,  (11)  222  to  241. 
grounded  advantages,  (II)  84. 
operation,  (11)  216  to  221. 

bibliography.  (11)  263. 
power-factor    correction,    (11) 

94  to  96. 
protection,  bibliography,    (II) 

248. 
raUways,  (24)  760. 
right   of   way  contracts,  bibli- 

ofjraphy,  (II)  254. 
service  continuity,  value,   (II) 

222. 
span  length,  choice,  (II)  224. 


connections. 


(11) 


(11) 
(U) 


substation 

83. 
switching,  (11)  81  to  93. 
transformer    connections, 

91. 
ungrounded    advantages, 
88. 

disadvantages,  (11)  86. 
telegraph,     automatic    repeaters, 
(21)  306. 
commerciBl  limits,  (21)  201, 202. 
theory,  (21)  199. 
telephone,  analytical  theory,  (21) 
181. 
empirical  standards.  (21)  178. 
frequency  range,  (21)  179. 
table  of  equivalents,  (21)  191, 

192. 
test,  (21)  189. 
theory,  (21)  176. 
Thury  system,  (8)  210. 
towers,  (see  towers). 
Transposition,  telephone  lines,  (11) 
196. 
transmission  lines,  induotance.  (11) 
194. 
Traps,  steam,  (10)  375. 
Traveling  cranes,  (see  cranes). 
Trenton  Iron  Co.'s  gage,  definition, 

(4)  20. 
Trolley    construction,    (16)    299   to 
306. 
wheels.  (16)  310. 
wire  definition,  (24)  777. 


surges.  (11)  69. 
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Traoki,  c*r.  (It)  381  to  ast. 

olsuificaaon.  (16)  231. 
Tudor  platn.  (20)  69. 
Tug-boats,  propuUon,  (in  47. 
Tungsten,  atomic  weight,  (19)  170. 
eontsota,  (4)  140. 
ductile,  teiuile  strength,  (4)  140. 
dectroehemioal    equivalent,   (19) 

170. 
melting-point,  (4)  189. 
properties,  (4)  139. 
resistivity,    eleotrio    temperature 

coefficient,  (14)  64. 
specific  gravity,  (14)  64. 
steel,  (4)  392. 
tensile  strength,  (14)  64. 
Turbine,  turbines, 

classification,  (10)  683. 
depreciation,  (10)  898. 
hydraulic,  definition,  (24)  S70. 
Uie  expectancy,  (10)  900. 
steam,  (10)  219  to  274. 

auzUiariea,  (10)  268. 

back-pressure  effect,  (ID)  225, 

blade  fastenings,  (10)  248. 

bleeder,  (10)  243. 

buckets,  (10)  228. 

oast,  (10)  269. 

definition,  (24)  568. 

design,  iwindpal  features,  (10) 
244. 

effect  of  8uperheat,(10)  257. 
of  vacuum,  (10)  256. 

efficiency,  (10)  258. 

friction,  (10)  222. 

Eovemora,  (10)  262. 
igh-speed  propulsion,  (18)   33. 
loeaea.  (10)  221. 
low-pressure,  (10)  206. 
low-speed  propulsion,  (18)  31. 
lubrication,  (10)  262. 
nosslee,  (10)  233. 
operation,  (10)  270. 
performance  test,  various  types, 

(10)  254. 
pressure     compounding,      (10) 
234. 


typos,  (10)  242. 
rating.  (10)  250. 


L 


reduction  gears,  (10)  264, 
ship  propeller,  (18)  21. 
specifications,  (10)  265. 
speed  control,  (10)  261. 

limitations,  (10)  245. 
starting,  (10)  271. 
testing,  (10)  429. 
thermodynamics,  (10)  219. 
types,  (10)  231  and  236. 
velocity     compounding,      (10) 
233 

staging,  (10)  240. 
water-rate  curves,  (10)  265. 
water,  (10)  682  to  696. 

characteristics,  ourvee,  (10)  683. 


Turbine,  turbines. water — oontinued. 

draft  tubes,  (10)  690. 

efficiency.  (10)  685. 

hydraulics,  (10)  682. 

mechanical  details,  (10)  687. 

rating,  (10)  689. 

settings.  (10)  688. 

speed,  (10)  684. 

testing.  (10)  706. 

type  selection,  (10)  692. 
Two-phase,  definition,  (34)  32. 

V. 

Ulbrieht    integrating    sphere,     (14) 

380. 
United  States  Standard  gage  defini- 


tion, (4)  36. 
Units,  (1)  1  to  152. 


absolute,  (1)  3  (oi), 
aeoeleration,     linear,     conversion 

table,  (1)  138. 
snries,    plane,    conversion  table, 

(1)  139. 
avoirdupois    weight,    oonversion 

table.  (1)  127. 
B.  A.,  (1)  3(ei). 
bibliography.  (1)  153. 
board  measure,  oonvenion  table, 

(1)  123. 
C.O.a,  (l)8(di). 

eleotrio,  names,  (1)  79. 

magnetic,  names,  (1)  79. 

relation  to  praotioal  units,  (1) 
80. 

symbols,  table,  (1)  80. 
olanification,  (1)  2. 
oubis  measure,  conversion  table, 

(1)  134. 
customary  English,  (1)  3(o>). 
density,  oonversion  table,  (1)  139. 
derived.  (1)  3(ci) 
dimensi  onal  formulas,  (1)  98. 
dry    measure,    oonversion    table, 

(1)  133. 
dynamical  system,  (1)  3  (oi). 
eleetrio,  definitions,  (1)  46. 

symbol,    dimension,    abbrsvia- 
tion,  etc.,  (1)  116. 
electrochemical,  (19)  8. 

calculations,  (19)  173. 

conversion  ratios,  (19)  173. 

symbol,    dimensional    formula, 
abbreviations,  (1)  116. 
eleotromagetic,  evolution,  (1)  15 
empirioal,  (1)  3  (ai) 
energy,  oonvermon  table,  (1)  134; 
English  historical  sketch,  (1)  5. 
flow,     water,     oonversion     table. 

(1)  142. 
forces,  conversion  table,  (1)  132. 
fundamental,    auxiliary,    symbol, 
dimension,  abbreviation,  etc., 
(1)  111. 

definitions,  (1)  34. 
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(JniU,  fundamentml— BOBtinued. 
aymbol,    dimeuion,    abbravia- 
tion,  etc,  (1)  110. 
feometrieaU    lipinbol    dimennon, 
abbreviation,  ato.  (1)  113. 


Oiorgi,  (1)  3  (<f«) 
HeaTiaide,  (1)8< 
hybrid.  (1)3(B). 


8<ei) 


linear  meamire,  eonvarsion  table, 

(1)  110. 
liquid  meaaore,  oonverrion  table, 

(1)  1S^  136. 
macnetie,  definitions,  (1)  46, 

■ymboi,    dimeniion,    abbraria- 
tion,  eto.,  (1)  114. 
maai,    linear,    eonvenion    table, 


(1)  140. 
neebanieal  equii 
▼ernon  tabto,  (1)  146. 


lieiJ  eqaiTalant  heat,  eon- 


symbol,    dimanrion,    abbrevia- 
tion, ete.,  (1)  113. 
metrie,  (1)  8  (e<). 

Ustofioal  iketoh,  (1)  g. 

inter-relation,  (1)  104. 

prefixaa  taUe,  (I)  103. 
M.O.S.,  (1)  ZUt). 
nature,  (1)  1. 
nondeaeript,  (1)  3  (bt). 
pbaae  diaplaeement,  (3)  163. 
photometeio,  dafinitiona,  (1)  81. 

units  and  abbreviations,  (34) 

symbol,  aquation,   dimenaional 
volume,  (1^  117. 
power,  conversion  table,  (1)  135. 
practical,     relation     to     C.Q.S. 

unita,  (1)  80. 
pressure,  conversion  table,  (1)  133. 
Q.E.a.  (1)  3  (d.) 
square  measure,  conversion  table, 

(1)  130. 
standard,  (1)  S  (ai). 
aurveyor's    measure,    oonversion 

cable,  (1)  131. 
■ystematio,  (1)  3  (bi). 
temperature,     eonvenion    table, 
I      (1)144. 
thermal,  definitions,  (1)  87. 

aymbol,  dimensionial    formula, 
(1)  118. 
tharmoohemioal,  (19)  41. 
time  intervals,  eonvarsion  table, 
.    (1)  130. 

torque,  conversion  table,  (1)  136. 
troy    weights    conversion    table, 

(1)  138. 
use  in  equationa,  (1)  4. 
various  quantitiaa.  (alao  see  name 

of  quantity), 
velocity,      angular,      conversion 
table.d)  141. 

linear,   conversion     table,     (I) 
137, 
water  storacs.  oonveraion  table. 

(1)  143. 


Unloader.  iiower  requirements,  (IS) 

330. 
Uptakee  calculation,  (10)  34. 
Uranium,  atomio  woght,  (19)  170. 

electrochemical  equtvalent,    (19) 


170. 


V. 


Vacuum, 
cleaners,  power  conaumption,  (16) 

437. 
efleot    on    turbine    ateara    con- 
sumption, (10)  366. 
pumps,  (10)  396. 
Vanadium,  atomio  weishC!  (19)  170. 
deetroehemioal   equivalent,    (19) 
170. 
Vanadium  stssi,  (4)  893. 

tensile  strength.  (4)  893. 
Valence,  definition,  (19)  30. 

determination,  (19)  31. 
Valuation,  general,  (36)  76. 
intangible  values,  (36)  166. 
for    rate-makinc    purpoaea,    (36) 

183  to  158. 
standards,  (25)  77. 
Value,  definition,  (36)  6. 
Valves,  back-pressure,  (10)  378. 
friction  losses,  (10)  369. 
reducing,  (10)  879. 
Bafe^^7l0)  86. 

U.  a  Inspector's  rules,  (10)  37. 
steam,  (10)  877. 
Varnishes  insulating  prapertiee,  (43 

346,  346. 
Vector  diagram,  definition,  (24)  30. 
Vectors,  ealoulation,  (3)  163. 
Vehicles,  electric,  abdications,  (17)  3. 
art,  (17)  1. 

balance  drive,  (17)  40. 
batteriea.  (17)  63  to  66;  (30) 

118  to  139. 
bibUography,  (17)  08. 
chassis  construction,  (17)  11. 
classifieation,  (17)  8. 
commercial  service  selection 
number,  (17)  96. 
type,  (17)  94. 
compared  with  gaa  and  hone, 

(1^89. 
controllers,  (17)  63  to  61. 

•yatems,  (17)  54. 
oost  of  energy,  (17)  87. 
energy  consumption,  (17)  20. 
floating  ahaft  and  chain  drive, 

(17)38. 
instruments,  (17)  67  to  70. 
maintenance  coat,  (17)  90. 
motors,  (17)  45  to  61. 
perfwmance     compared     with 

gasoline,  test,  (if)  88. 
performance     economy,      (17) 

86  to  07. 
power  consumption,  (17)  39. 
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nnue-motor     doubl»-reduot>on 

chain  driTO,  (17)  87. 
■piral  gear  driTe,  (17)  30. 
standardintion,  (17)  3. 
taohnifal  data  rariou*  makes, 

(17)  21. 
tirea,  teat,  (17)  3S. 
traction  reaiatanoe,  (17)  18  to 

34. 
transmiaaion  geara,  (17)  38  to 

44. 
wheel-drive  a^tsma,  (17)  41. 
Velooity,  ansular,  definition,  aymbol, 
u^t.Xl)  03,  38. 
linear,    definition,    aymbol,   unit, 
(1)33. 
Ventilation  (aae  ooollnc). 

coal    minea,    motor   applioationa, 
.       (IS)  389. 
d-e.  msohinaa,  (8)  116  to  133. 
power  plants,  (10)  885. 
aynohronoiia    maehinea,    (7)    129 
to  130.  . 
Venturi  gaa  meter,  (3)  417. 
meter,  (3)  409  (10)  636. 
VietoUo  propertias,  (4)  347. 
Virpn  ourre,  (3)  00. 
Vision,  oolor  blindnaas,  (14)  387. 
fundamental!,  (14)  307  to  313. 
yellow  ipot,  (14}  386. 
Volt,  international,  (3)  43. 
Volta  effeot,  definition,  (3)  5. 
Voltage  drop  line  reaetanea,  (IS)  03. 
regulation,  (aee  regulation), 
tranaieni,  (3)  138. 
Voltalao  propertiea,  (4)  347. 
Voltameter,  copper,  (3)  87. 
current  measurements,  (3)  86. 
ga«.  (3)  88. 
Voltmeteis,  (3)  S. 
a-o.  oalibration,  (8)  73. 
elaaaifieation,  (3)  60. 
cost,  (10)  834. 

eCFeet  of  ntray  fields.  (3)  74. 
oontsot-maldng,  (12)  93. 
definition.  (34)  336. 
dynamometer  type,  (3}  67. 
•ieetrio  Tehiolee  operation,  (17)  68. 
dectrostatio  (3)  71. 

oalibration,  (3)  73. 
highHension  teat.  (34)  633. 
hot-wire,  (3)  70. 

oalibration,  (3)  78. 
induction,  (8)  68. 

calibration,  (3)  73. 
inaulation  tests,  (34)  630. 
iron  loss,  (6)  300. 
laboratory  standard,  (3)  67. 
fine  drop  compensator,  definition, 

(24)  230. 
recording,  definition,  (24)  229. 
aoft  iron  vane,  (3)  68. 

calibration,  (3)  73. 


Voltmeters— ooBlinned. 

•witohboard,  (3)  68. 

Weston,  (3)  58. 
aoft  iron  instruments,  (3)  09. 
Volume,    definition,    symbol,  unit. 


(1)28. 
'onuebe 


Von  lieben  detector,  (21)  303. 
Vreeland       oscillator,      inductance 
meaaursment,  (3)  346. 
resistance    meaanramenta,     (3) 
140. 
Vuloabeston,  dielecttie  strength,  (4) 
337. 
maximum  tamperaturs,  (4)  327. 
meoiianical  strangth,  (4)  837. 
pn^Mrtiea,  (4)  327. 
resistivity,  electric,  (4)  327. 
Vulcalosa  propoties,  (4)  329. 
Vuleanits,  (sea  eboute) 


Wagner    aingle-pliase    motor.     (7) 

302. 
Wanner  psrrometer,  (3)  370. 
Ward  Leonard  motor-generator  sys- 
tem. (7)  341. 
bibliography,  (7)  843. 
Washburn  ana  Moan  gage,  defini- 
tion, (4)  18. 
WaaUng  manhinws,  domestic,  power 

consumption,  (16)  4  to  37, 
Water, 
conductivity,  heat,   (4)  368;  (19) 

84. 
current  meters,  (10)  602, 
density,  (4)  433. 
flow,  (10)  003. 

Basin's  formula,  (10)  639. 
Baardaley'a  formula,  (10)  038. 
in  channel,  (10)  634. 
friction,  factoia,  (10)  630. 
fricti<m  loaa  fittings,  (10)  633. 
meaaurement,  (10)  60S  to  648, 

660  to  666. 

meter,  (10)  687. 

nosslas.  (10)  683. 

oiifieea,  (10)  005. 


.  (10)  682 

ikir 


pipes,  (L_, 

Kutter  formula,  (10)  627. 

Iiitometer,  (10)  637. 

units,  (sea  nnita). 
meter  noasles,  (10)  636. 

piston  types,  (3)  408. 

turbine  type.  (3)  411. 

Venturi,  (10)  636. 
type,  (3)  409. 

volumetric,  (3)  404. 
purification,  (ssa  feed-water  puri- 
fication), 
radiation,  eoeCBoients,  (22)  IS. 
resistivity,  electric,  (4)  288. 
apecifio  heat,  (4)  434. 
storajce,  (10)  666,  007. 

umta,  (see  units). 


(B«f  aranca*  ars  to  ssetions  and  paracraplii — mot  pacaa) 

1980 

Di.jiiizr,ib,v^iue)yie 


INDBX 


Water — WMton  oall 


Water — oon  tinned . 
■upply    boiler    feed,     (see    feed 

water). 
unite,  (see  unite), 
weight,  (3)  400;  (10)  437. 
Wfttthour  meters,  (3)  187  to  236. 
•-0.,   (3)  188  to  208, 201  to  210. 

coat,  (10)  824. 
aoeursoy,  (3)  211, 
commutator  type,  (3)  18S. 
oonneotiona,  (3)  207. 
eonetant,  (3)  321. 
d.-o.  technical  data,  (8)  198, 
induction,  (3)  202. 

technical  data,  (3)  206. 
installation,  (13)  94. 
capacity,  (3)  22fi. 
maximum  demand,  (25)  140. 
•       mercury-motor  type,  (3)  195. 
printing  attachment,  (26)  140. 
recordina;  definition,  (24)  230. 
standard,  (3)  216. 
tasting,  (3)  212  to  226. 
formulas,  (3)  322. 
Wattmeters,  (3)    166  to  166, 399  to 
412. 
are.  cost,  (10)  824. 
oalibratioD,  (3)  163. 
connections,  (3)  167. 
definition,  (24)  231. 
Duddell-Mather,  (3)  156. 
dynamometer,     calibration,     (3) 

163. 
electrodynamometer,  (3)  168. 
error,  (3)  165. 
inclined-coil,  (3)  169. 
induction,  (3)  160. 

calibration,  (3)  164. 
losses,,  eorraetion,  (8)  168. 
precision,  (3)  5. 
recording,  definition,  (24)  225. 
switchboard,  (3)  162. 
Westinghouse,  precision,  (3)  166. 
Whitney,  (3)  161. 
WsTS,  waves, 
analysis,  (2)  209. 
oomplex,  (2)  190. 
effective  Talus,  eslculstion,  (2) 
201. 
day  transmission,  (21)  290. 
detectors,  types,  (21)  288. 
distortion  by  hysteresis,  (2)  91. 
due  to  oondensive  reactance,  (2) 

192. 
due  to  ioductivs  reactance,   (2) 

191. 
effective  value,  (2)  199. 
electric,  formula  for  length,  (21 
313. 
logarithmic    decrement,      (21) 
314. 
energy  component,  (2)  198. 
length  constant,  (21)  184. 
meters,  (21)  312. 


Wave,  waves— eontinned. 
sins,  eflectivs  value,  (2)  200. 
generation,  (2)  151. 
properties,  (2)  152. 
terminology,  (2)  160. 
vdocity  of  propagation,  (21)  ISS 
Wave-form,  defimtion,  (24)  11. 
generators     a.-o.,    determination. 

(7)  26  to  34. 
measurements,  (3)  267  to  277. 

Btep-by-step  method,  (3)  263. 
sUndartb,  (3)  276;  (24)  405. 
Wax,  propertiee,  (4)  366. 
Wealth,  definition,  (25)  12. 
Weber  photometer,  (14)  283. 
Weight,    definition,    symbol,    unit, 
(1)  31. 
EngUsh,  historical  sketch,  (1)  6. 
and  measures,  (see  units). 
bibliography,  (1)  153. 
Wein's  displaoement  law,  (14)  4. 
Weirs,  (3)  412. 

construction,  (10)  611. 
design,  (10)  609. 
discharge  tables,  (10)  617. 
ormulas,  (10)  613. 
notch,  (10)  622. 
Weisbach's  coeffldent,  (10)  608. 
Welding,  electrie  are     Bsmardos" 
proceasj  (22)  50. 
characteristics,  carbon,  proo- 
(22)  49. 


cost,  (33)  62. 
"KjeUb      ■    ■ 


'Kjellberg's"  proeess.    (33) 

69. 

matallio    "SlavinoS"    pro<^ 
ees,  (22)  68. 
brass,  energy  consumption,  (32) 

48. 
classification,  (22)  44. 
copper,    energy     consumption, 

incandescent  process,  (22)    46. 
iron,  energy  consumption,  (22) 

spot  process,  (22)  46. 
Thompson  process,  (23)  48. 
track^  Oe)  361. 
Wsstinghouae     eleatrostatio     volt- 
metera,  (3)  71. 
frequency  meter,  (8)  280. 
induotion  voltmeton,  (3)  69. 
induction  wattmeter,  (3)  160. 
power-factor  meters,  (3)  184. 
precision  ammeter,  (3)  100. 
recording  instruments.  (3)  838, 
synchroscope,  (3)  289. 
watt-hour  meter, 

a-e.,  technical  data,  (3)  306. 
d-o.,  technical  data,  (3)  19& 
wattmeter,  (3)  165. 
Weston  cell,  (3)  45;  (20)  28. 
frequency  meter,  (3)  281. 
power-factor  meters.  (3)  183. 
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Weston  cell — eonttnued. 
synobroMope,  (3)  290. 
voltmeter,  (3)  67. 
irattmeter,  (3)  1£8. 
Wheatetone  bridge,  (3)  118. 

theory,  (2)  80. 
Wheela,  wmter.  (10)  682  to  606. 
Whitney  wkttmeter,  (3)  101. 
Wion'slaw,  (31  3R7. 
Wili-or  weigher,  (3)  403. 
Wind  pressure,  (22)  167. 
calculations,  (12)  166. 
resistance,  (16)  10. 

experiments,  (16)  11. 
velocities,  (22)  166. 
Windage  losses,  (7)  119. 
calculation,  (8)  142. 
synchronous  machines  meaeure- 
ment,  (7)  153. 
Windings,  armature,  (see  armature). 
B-c,  generators,  (7)  16  to  22. 
classilication,  (7)  17. 
fractional-pitch,  (7)  20. 
full  pitch,  (7)  17. 
single  layer,  (7)  17. 
(hrco-phftse,  (7)  18. 
two-layer  lap,  (7)  19. 
calculations  for  magnets,  (6)  105. 
damper,  (9)  43.  < 

field,  (see  field). 

induotion-ooil  design,  (6)  138  to 
.       147. 
magnet,    ohms    i>er    cubic  inch, 
table.  (S)  104. 
per  poimd,  table,  (S)  106. 
turns    per   square   inch,  table, 
(5)  102. 
motors,  a-o.  induction.  (7)  162. 

single-phase,  (7)  270. 
multi-oircuit,  (7)  22. 
reactors,  (8)  260. 
rotor,  motor,  induction,  (7)  163. 
'  squirrel-cage,  (7)  163. 

temperature  kmito,  (24)  388. 
stator,    motor,   classification,  (7) 
102. 
Windmill  characteristics,  (22)  160. 
efficiency,  (22)  170. 
electric  plant,  bibliography,  (22) 
182 
cost,  (22)  179. 
generating  plant,   (8)    189;    (22) 

166. 
testa,  (22)  172. 
Winter-Eichberg  commutator  motor, 

(7)  310. 
Wire,  wires, 

aluminum,  elastic  limit,  (11)  104. 
expansion,   temperature   coclB- 

cient,  (11)  104. 
fusing  current,  (12)  133. 
ohms  per  mile,  (11)  38. 
tables,  (4)  86.  87. 
tensile  strength,  (11)  104. 


Wire,  iriree— continued. 
UbUography,  (4)  167. 
bronse,  pr<verties,  (4)  136. 
conductor,  eoonomy,  (13)  73. 

sise,  determination,  (13)  76. 
eonduit,  cost,  (13)  09. 
copper,  (also  see  copper). 
asn«uod  standard  table,  (4)  SO. 
breaking  loads  table,  (4)  69. 
current  caiiacity,  (13)  22. 
elastic  limit;  (11)  104. 
expansion,   temperature  coeffi- 
cient, (11)  104. 
furing  current,  (12)  133. 
hard-<]rawn,  sag-tension  table, 

(12)  186. 
ohms  per  mile,  (11)  38. 
skin  effect,  (4)  161. 
specifications.  (4)  77. 
tensile  strength,  (11)  104. 
trolley,  standard  sections,  (4)  78 
eurrent-oarrying  capacity,  (12)  47. 
definitions,  (13)  20;  (24)  63S. 
deiireciation,  (10)  898. 
diameters,  measurement,    (4)  28. 
distribution,   fixed    charges,    for^ 

mula,  (12)  229. 
fuse,  melting-points,  (13)  45. 
gages,  (4)  10. 

comparison,  table,  (4)  30. 
German  gage,  table,  (4)  29. 
iron,  fusing  current,  (13)  47. 
galvanised,  resistance,  (4)  122 
123. 
tables,  (4)  123. 
twrmeabihty,  (4)  135. 
resistance  tests,  (4)  116. 
skin  effect,  (4)  163. 
magnet  insulation,  (see insulation) 

table  of  siiea,  (S)  08. 
phono-electric  properties,  (4)  137. 

tables,  (4)  135. 
reactance,  (see  reactance), 
resistance,  (see  resistance), 
resistors,  properties,  table,  (4)  147. 
slov  burning,  (13)  31. 
standard,  (24)  636. 
copper-clad  resistance,  tempera- 
ture coefficient,  (4)  107. 
copper-clad,  (4)  102. 

commercial  grades,  (4)  103. 
densitjr,  (4)  110. 
expansion,  temperature  coeffi- 
cient, (4)  109. 
properties,  (4)  106. 
ranges  of  resistivity,  (4)  112. 
skin  effect.  (4)  162. 
specifications,  (4)  113. 
table,  (4)  104. 
tensile  strength,  (4)  111. 
galvanised,  cost,  (11)  238. 
spring,  tensile  test,  (4)  398. 
table  of  properties,  (4)  395. 
troUey  table,  (4)  124. 
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Wire,  wires — continued, 
atranded  definition,  (24)  640. 
stringing,  (11)  188;  (12)  182. 
tension  in  apan,  (12)  183. 
table,  copper,  complete,  (4)  47. 

for     liigh-frequenoy,     low     ro- 
resietance,  (21)  816. 
telegraph,  (21)  222. 
telephone,  (21)  222. 
Bixe  and  weight,  (21)  222. 
terminolocy,  (13)  20. 
trolley,  (16)  301. 
tungsten,    tenaile    strength,    (14) 

64. 
twin,  definition,  (24)  651. 
weatner-proof,    copper,    sag-ten- 
aion, table,  (12)  184. 

depreciation,  (12)  226. 
Wireless,  merchant  marine  practibe, 

(22)  119. 
Wiring, 

a-e.,  calculations,  (13)  61. 

distribution     system/*-  ffeUtaifi- 
cation,  (13)  77.        !   l}y 
aeoeaaories,  (13)  39  to  47. 
allowable  voltage  drop,  (13)  61. 
aluminum,  current  capacity,  (13) 

27. 
annunciator,  (13)  112. 
automobile  lighting,  (22)  87. 

starters,  (22)  84. 
beU,  (13)  108. 
bibliography,  (13)  113. 
burglar  alarm,  (13)  110. 
oalculationa,  (13)  48  to  90. 
circular  loom,  (13)  11. 
coal    mines,   motor  circuits,   (15) 

281. 
conductor,     sise    determination, 
(13)  49. 

terminology,  (13)  20. 
conduits,  atandivd  sises,  (13)  17. 
cost,  (13)  97. 

various  methods,  (13)  19. 


depreciation,  (10)  898. 
fire  alarm,  (13)  110. 
fittings,  (13)  89  to  47. 


flexible  conduit,  (13)  16. 
bigb-tension,  spacing,  (10)  ■870. 
Installation,  (13)  91  to  102. 
insulated  specifications,  (13)  21. 
Iron  conduit,  (13)  13. 
knobs  and  cleats,  (13)  6. 
knob  and  tube,  (13)  7. 
layouts,  (13)  48  to  90. 
load    centre   determination,  (13) 

60. 
merchant   marine  practice,    (22) 

124. 
metal  moulding,  (13)  10. 
methods,  classification,  (10)  5. 
motor  circuits,  (13)  88. 
National  Electrical  code,  (13)  1. 
naval  practice,  (22)  131. 


Wiring — continued. 

panel  boxes,  (13)  02,  96. 
power  stations,  (10)  869  to  881. 

east,  (10)  881. 
proteotion,  (13)  103  to  107. 
residence,  cost,  (13)  98. 

plants,  (13)  84. 
resistance  calculations,  (13)  48. 
service  entrances,  (18)  91. 
standard  symbols,  (13)  93. 
substation,  (11)  213. 
switchboards,  (10)  775. 

looal  batterv,  (21)  60. 
telephone,  (13)  109. 
United    States    Army    specifica- 
tions, (22)  138. 
wooden  moulding,  (13)  8. 
Wohlw  11  process,  gold  refining,  (19) 

216. 
Wolf  potentiometer,  (8)  61. 
Wood,  woods* 

ashes,  conductivity,  heat,  (19)  84. 

beams,  (see  beams). 

columns,  (see  columns). 

oompoeition,  (4)  410. 

decay  and  prevention,  (4)  426. 

definition,  (10)  129. 

dieleotrie  constant,  (4)  272. 

strength,  (4)  272. 
insulating  properties,  (4)  272. 
paraffin,   resistivity,  electrio,   (4) 

272. 
preservative  methods,  (4)  426. 

treatment,  brush  method,  (11) 
145. 
full-cell  method,  (11)  147. 
open  tank  method,  (11)  146. 
properties,  (4)  410  to  427. 
radiation  eoeffioient,  (19)  90;  (22) 

specific    gravity,    various    kinds, 
(4)  416. 

specific  heat,  (4)  417. 

standard  names,  (4)  418. 

strength,  effect  of  moisture,  (4) 
419. 

various   kinds,  working  stresses, 
(*)  420. 

treated  dieleetrio  properties,  (4) 
272. 
Wood-working  machines,  motor  ap- 
plications, (15)  41  to  70. 

stresses,  (4)  420. 
Wood,  arc  generator,  (8)  213. 
Wood'i  •        - 


Wool,   conductivity,   beat,  (4)  368; 

(19),  84. 
Woolen    mills,    machinery,    power 

consumption,  (IS)  336. 
Worthington    liquid    weigher,    (3) 

401. 
Wright  ampere-hour  meter,  (3)  229. 

demand  meter,  (8)  232;  (25)  140. 


(BaftranoM  ara  to  saetloiu  and  paragraphs — ^not  paca>) 


1983 


yGoogle 


INDBX 
X-nn — Kiasonlum 


X-rays,  (■••  Reentcen  nyi).  - 
Xenon,  atomic  weight,  (19)  170. 
eleetroehemical   equivalent,    (19) 

T. 

Ytterbium,  atomic  weiflit,  (19)  170. 

electrochemical    equivalent,    (19) 

170. 

Yttrium,  atomic  weight,  (19)  170, 

electrochemical    equivalent,    (19) 

170. 

Z. 

Zinc,  atomio  weight,  (19)  170. 
cleaning  nlution,  (19)  191. 

(B«t«r«neM  are  to  Motions 
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conductivity,  thermal,  (4)  399. 

dcoaity,  (4)  399. 

dcctrochemical   equivalent.    (19) 

170. 
expansion,     temperature     eoeiB- 

dent,  (4)  399. 
general  data,  (19)  127. 
plating,  practical  rules,  (19)  203. 
potenUal,  electric,  (19)  175. 
radiation  coefficients,  (22)  15. 
refining,  electrolytic,  (19)  219. 
Nsistinty,  eleotrie.  (4)  138. 

coefficient,  (4)  138. 
tensile  strength,  (4)  399. 
Zirconium,  atomic  weight,  (19)  170. 
eleectroohemiosl    quivalent,    (19) 

170. 
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